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Preface

With the world population projected to reach 7.5 billion, the world’s farmers will have to produce 40% more
grain in 2020, and the challenge is to revive agricultural growth at the global level. The Fourth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC) stated that the world has been more drought-
prone during the past 25 years and that climate projections indicate an increased frequency in the future. This
carries significant implications for the agriculture sector, especially in the developing countries.

One of the critical components of national drought strategies is a comprehensive drought monitoring system that
can provide early warning of the onset and ending of droughts, determine the severity, and deliver that
information to the users in the agriculture sector. In February 2009, the Commission for Agricultural
Meteorology of the World Meteorological Organization (WMO) held the International Workshop on Drought
and Extreme Temperatures in Beijing, China, to review the increasing frequency and severity of droughts and
extreme temperatures around the world. The workshop adopted several recommendations to cope with the
effects of increasing droughts and extreme temperatures on agriculture, rangelands, and forestry. One of the
main recommendations was for WMO to make appropriate arrangements to identify the methods and marshal
resources for the development of standards for agricultural drought indices in a timely manner.

WMO, together with the National Drought Mitigation Center (NDMC) and the School of Natural Resources of
the University of Nebraska—Lincoln (USA), organized the Inter-Regional Workshop on Indices and Early
Warning Systems for Drought at the University of Nebraska in December 2009. The Lincoln Declaration on
Drought Indices recommended that a working group with representatives from different regions around the
world and observers from UN agencies and research institutions (and water resource management agencies for
hydrological droughts) be established to further discuss and recommend, by the end of 2010, the most
comprehensive index to characterize agricultural drought.

Accordingly, WMO and the United Nations International Strategy for Disaster Reduction (UNISDR), in
collaboration with the Hydrographical Confederation of Segura River Basin and the State Agency for
Meteorology of Spain (AEMET), organized the Expert Group Meeting on Agricultural Drought Indices in
Murcia, Spain, June 2-4, 2010. The meeting reviewed drought indices currently used around the world for
agricultural drought and assessed the capability of these indices to accurately characterize the severity of
droughts and their impacts on agriculture.

Fifteen papers presented at the expert group meeting are brought together in this volume. These papers present
an overview of agricultural drought indices; the strengths, weaknesses, and limitations of different agricultural
drought indices currently in use in selected countries; the integration of crop, climate, and soil issues in
agricultural drought indices; and a summary and recommendations on agricultural drought indices.

We wish to convey our sincere thanks to Mr. Michel Jarraud, the Secretary-General of WMO; Dr. Marta Moren
Abat, Director General of Water of the Ministry of Environment, Rural and Marine Sector of Spain; and Dr.
Rosario Quesada Gil, President of the Hydrographic Confederation of Segura, for their encouragement and
support in the organization of the expert meeting in Murcia. We also wish to thank Mr. Mario Urrera Mallebrera,
Chief of the Hydrological Planning Office, and Mr. Adolfo Merida Abril, Chief of the Service of the
Hydrographic Confederation of Segura, for their excellent cooperation in coordinating the arrangements for the
meeting.

Mannava V.K. Sivakumar
Raymond P. Motha
Donald A. Wilhite
Deborah A. Wood
Editors
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Segura River Basin: Spanish Pilot River Basin Regarding Water Scarcity
and Droughts

M. A. Urrea Mallebrera®, A. Mérida Abril*, S.G. Garcia Galiano®
'Hydrographic Confederation of the Segura River, Hydrological Planning Office, Murcia,
Spain
*Technical University of Cartagena, Department of Civil Engineering, Cartagena, Spain

Abstract

The issues and strategies of planning and managing water resources during drought and water
scarcity conditions in the Segura River Basin (SRB, Spain) are presented. This basin, located
in the southeastern part of the Iberian Peninsula, was selected as a pilot basin under the
framework of the European Group of Experts for Water Scarcity and Droughts. The SRB has
the lowest percentage of renewable water resources of all Spanish basins. It is highly
regulated and has a semiarid climate, and its main water demand is agriculture. Drought
impacts and the SRB’s drought action plan are discussed.

Introduction: Main Characteristics of the Segura River Basin

Human activities and demographic, economic, and social processes exert pressures on water
resources (WWDR3 2009). These pressures are in turn affected by factors such as public
policies and climate change. According to the Intergovernmental Panel on Climate Change
(IPCC), in southeast Spain, an intensification of the water cycle is expected, with an increase
in extreme events.

The Segura River Basin is located in southeast Spain (Figure 1). Agricultural surface in the
Segura River Basin accounts for more than 43% (809,045 ha) of the basin (SRBP 1998), but
only one-third of that surface is under irrigation (more than 269,000 ha). Nevertheless, most
efforts and investments are focused on irrigated areas because of their very high profitability,
together with the fact that the most important management measures can only be taken on
irrigated systems (such as dam management and water transfers). The basin’s main
characteristics are summarized in Table 1.

Spain

Europe

Figure 1. The Segura River Basin.



Table 1. Segura River Basin main characteristics.

Surface (km 2) 18.815 |
Population (inhabitants). Year 2009 1.969.370 |
Summer population (inhabitants). Year 2009 > 2.500.000
Total length of channel network (km) 1.470
Irrigated surface (ha) 269.029

Table 2 and Figure 2 show the key meteorological and hydrological characteristics of the
Segura River Basin. The mean annual rainfall and potential evapotranspiration (PET)
correspond to 300 mm and 700 mm, respectively. Therefore, mean annual runoff is minimal.
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Figure 2. Segura River Basin rainfall, PET, and runoff. Period: 1940/41-1995/96. Source: DBW 2000.

Table 2. Segura River Basin meteorological and hydrological characteristics (SRBR 2008).

Average rainfall PET Natural resources Ratio per

Surface (km? (mm) (mm) (hm®lyear) inhabitant

S.R.B.| 18815 (3.7%) 365 827 803 (0.7%) 442 m°lyear
Spain 506474 711 842 111186 2460 m®/year

The Segura River Basin is a semiarid basin; it has the fewest renewable water resources of all
the Spanish river basins.

In addition, available water resources per inhabitant in the Segura River Basin (only 442
m3/inhabitant/year) are much lower than the national water scarcity threshold, which is set at
1000 m3/inhabitant/year, according to international organizations such as the United Nations
and the World Health Organization. Consequently, water scarcity is a major issue in the
Segura River Basin.

Water Resources and Demands: Main Problems

Only those demands and resources that can be managed by means of the hydraulic system
(dams, desalination plants, water transfer, and management rules) will be considered.
Therefore, non-irrigated areas, or water resources that are not stored in a dam, will not be
included in this analysis.



Water Resources

The water resources expected to be available in the Segura River Basin by 2015 are presented
in Table 3. The relevance of non-conventional resources, with a contribution of 65.43 %,
must be emphasized (Table 3).

Table 3. Segura River Basin resources (OSI 2010).

CONVENTIONAL RESOURCES NON-CONVENTIONAL RESOURCES
Surface water hm® TOTAL
(80-05 average) | Groundwater hm® | Water transfer hm® | Desalination hm® | Reuse hm®
Expected 2015 296 334 540 460 192 1822
% 16.25% 18.33% 29.64% 25.25% 10.54% 100%
Main Trends

During the last 30 years, the runoff average of Segura River Basin (surface water) has
decreased noticeably, increasing the water scarcity problem of the basin (Figure 3).
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Figure 3. Time evolution of Segura River Basin runoff.

Some groundwater sources are overexploited as a consequence of the water scarcity and
drought problems of the basin (Figure 4).
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Figure 4. Segura River Basin groundwater bodies. Ratio k=abstraction/recharge. Source: GRBD 2007.

Water Demands

Table 4 summarizes the water demands of the basin. Agricultural water demand from
irrigated areas must be highlighted because it accounted for 85% of the total water demand in
2007. Agriculture is important in the Segura River Basin not only because of its very high
profitability (with an average value production of 1.93 €/m? and a net margin of 0.72 €/m?),
but also because of its role in the sustainability of rural areas and the environment.

Table 4. Segura River Basin resources.

Demand/Time Horizon 2007 2015 2027
Urban supply and industrial
demand 263.2 318.9 360
Irrigation 1662 1549 1549
Environmental demand 30 30 30
Total (hm°) 1955.2 1897.9 1939

Water Balance

Despite efforts to increase water resources and to reduce demands by measures like investing
in irrigation modernization or providing non-conventional water resources, there is still a
deficit in the water balance (Figure 5).

Against this background, recurrent and severe droughts that occur in the basin have become a
major issue and have led to important developments in drought management aimed at
reducing impacts.
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Figure 5. Segura River Basin water balance. Expected by 2015.

Drought Management in the Basin—Indicators

Legal Background

Water policy in Europe has been established by the Water Framework Directive (WFD
2000). It sets the water management unit as the “River Basin District” (the area of land and
sea made up of one or more neighboring river basins together with their associated
groundwater and coastal waters), and it also directs all member states to develop water
management plans. But only a few guidelines are given about drought management.

The WFD has been adapted to Spanish regulations by the Refunded Water Law RDL 1/2001
(RWL 2001).

Spain has developed more regulations for drought management since it is an important
problem in the country. The National Hydrological Plan Law (NHPL 2001), released in
2001, established the obligation to develop drought action plans at the River Basin District
level. The Segura River Basin Drought Action Plan (SRBDAP 2007) and other basins’ plans
were endorsed in 2007.
Spanish Drought Action Plans
The plans have the following characteristics:

o They define the onset/appearance of drought.

o They describe the measures to be taken, depending on the severity of the drought.

They also define when those measures have to be applied.
o They establish the severity of a drought, using indicators.
o They identify the parties responsible for carrying out the measures.



Droughts in the Segura River Basin
In the search for drought indicators, the Standard Precipitation Index (SPI) was evaluated in
the Segura River Basin for the last 65 years (Figure 6).
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Figure 6. SPI in the Segura River Basin.

The SPI shows several droughts in the basin. Some of them are quite severe, like the last
one, which has lasted for 4 years.

Indicators of the Segura River Basin Drought Action Plan

Drought Indicator Assessment

The Segura River Basin indicator has two parts: the first one dealing with the resources in the
basin (basin subsystem) and the second one dealing with the water transfer system (water
transfer subsystem).

The indicator is intended to reproduce water deficit. Water released from reservoirs is
closely linked with demands and it is a good way to assess deficits. Several factors were
taken into account when selecting the most suitable parameters to create the indicator. The
graph below includes factors time series together with the water released time series. As
shown in Figure 7, runoff is the most similar factor to the water released from reservoirs time
series.
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Figure 7. Indicator parameters. Time series of hydrological variables of the global system.



Drought Indicator Expression
After the assessment process, the resulting indicators were:

-Basin subsystem: Ve = 0,66*Runoff(annual)+0,33*water in reservoirs
-Water transfer subsystem: Ve = 0,33*Runoff(annual)+0,66*water in E+B reservoirs
-Global indicator Ve = a*Ve(basin)+b*Ve(water-transfer)

a, b depend on water rights given in each Sub-system (a=0,48; b=0,52)

Once the indicator is established, an associated index is assessed (monthly) as follows: Index
(le) varies between 0.5 and 1 when Ve>Vmed, and between 0 and 0.5 when assessed
Ve>Vmed, as shown in Figure 8.

1

0,5 .5

%mm
Figure 8. Drought index assessment.
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Drought Severity
Four levels of severity are defined according to the drought index value (Figure 9).
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Figure 9. Drought severity and drought index evolution. Updated information can be found at
https://www.chsegura.es/chs_en/cuenca/sequias/gestion/index.html.

Measures of the Segura River Basin Drought Action Plan
Several types of measures have been defined:
e Forecast, administrative, and management measures.
e Operative measures, such as:
o Measures to provide additional water resources (measures to enhance supply,
i.e., increase water resources).
o Measures to reduce demands significantly (measures aimed at managing the
demands).
e Monitoring and recovery measures.


https://www.chsegura.es/chs_en/cuenca/sequias/gestion/index.html

Following the Drought Action Plan, several measures were implemented during the last
drought period (2005-2010):
e Weekly monitoring system.
New desalination plants.
Operation of the Well Strategic Network.
Emergency investments in new infrastructures to increase water resources or to
improve demand management.
Water rights transfer, using water transfer infrastructure (up to 70 hm®/year)
Restrictions to irrigation supply, up to 50%.
Improving installations and networks to reduce water losses.
Modernization of irrigation systems.
Economic measures to compensate farmers for water supply restrictions.

Administrative measures, including a drought decree to improve water resource
management.

One example of how measures were applied is the management of the Well Strategic
Network (Figure 10).

Strategic Battery of Pumping (Bateria Estratégica de Sondeos)

Abstracted volume at the end of the Hydrological year.

140
128 1235
120

105,83

43,582

200472005 2005/2006 2006/2007 2007/2008 200872009

‘ Total Volume (2004/09) = 492,44 Hm?

Figure 10. Well Strategic Network.

Consequences of the Last Drought (2005-2010)

On the positive side, by temporarily increasing water availability, and by a proper
management of demands, there were no major constraints on domestic water supply, and
urban water supply (services and industry), and environmental and socioeconomic impacts
decreased.

The impacts on agriculture, compared with former drought periods, are summarized in Table
5.



Table 5. Analysis of drought impacts.

NORMAL | DROUGHT NORMAL | DROUGHT

PERIOD PERIOD PERIOD PERIOD

AVERAGE | AVERAGE AVERAGE | AVERAGE
(1990-92) (1993-94) | A (%) (2002-2004) | (2005-2006) | A (%)
0 [ SURFACE (Ha) 189.334 176.052 | -7,0% 177.557 173.689 2,2%
E OUTPUT YIELD (TiHa) 1,28 1,23 | 39% | | 0,80 0,63 -21,6%
£ [outPuT(m 242.935 217.042 | 10,7% | | 141.907 108.867 -23,3%
£ | ECONOMIC YIELD (€/Ha) 407 421 36% | | 180 146 -18,7%
S [OUTPUT VALUE (M€ of 2002) 77,019 74,165 | -3,7% 31,957 25417 -20,5%
o | SURFACE (Ha) 156.383 141.664 | -94% 156.494 152.821 -2,3%
| | OUTPUT YIELD (TiHa) 15,97 14,84 | -71% 17,27 16,91 2,1%
$ [outPUT(M 2.497.608 | 2.102.322 | -158% 2.703.028 | 2.583.526 4,4%
& | ECONOMIC YIELD (€Ha) 5.701 5476 | -3,9% 6.959 6.154 -11,6%
= [ QUTPUT VALUE (M€ of 2002) 891,614 775,803 | -13,0% 1.089 940 -13,6%
w [ SURFACE (Ha) 3.691 4325 | 17,2% | | 6.455 5.985 7,3%
3 [OUTPUTYIELD (THa) 157,47 144,48 | -83% | | 140,26 135,10 3,7%
Z [ouTPUT(T) 581.285 624.790 7,5% 905.438 808.579 -10,7%
it | ECONOMIC YIELD (€/Ha) 59.903 55.370 -7,6% 486.977 40.877 -13,0%
& [oUTPUT VALUE (W€ of 2002) 221,121 239,447 8,3% 303,255 244,646 -19,3%
SURFACE (Ha) 349.409 322.040 | -78% 340.506 332.495 2,4%
2 | QUTPUTVIELD (THa) 9,51 914 | -38% 11,01 10,53 -4,4%
= [outPUT(D 3.321.829 | 2.944.153 | -11.4% 3.750.462 | 3.500.972 6,7%
= | ECONOMIC YIELD (€/Ha) 2.264 2530 | 11,7% | | 4.183 3.641 -13,0%
OUTPUT VALUE (M€ of 2002) 791,198 814,765 3,0% | | 1.424,190 | 1.210,511 15,0%

On the negative side, there were still significant impacts:
e Restrictions on irrigation supply, up to 50%.
e Increased pressure on groundwater supplies (aquifers).
e Great investment effort: 406.46 M€ from 2004-05 to 2008-09.
e Water price (also connected with water scarcity):
o Desalination water costs: up to 0.72 €/m?* (in 2008).
o Urban supply water price: 0.55 €/m* (in 2008).
o Abstracted water cost: up to 0.25 €/m’.

European Expert Network on Water Scarcity and Droughts

As a consequence of the release of the European Water Framework Directive (WFD 2000),
the Common Implementation Strategy (CIS) was created to ease the implementation process.
In the field of water scarcity and droughts, and within the WFD CIS structure, the European
Expert Network on Water Scarcity and Droughts was set up in December 2006. The
Network developed the technical document Drought Management Report, including
Agricultural, Drought Indicators and Climate Change Aspects (DMP Report 2007).

The main tasks (among others) are:
e Support the definition of commonly accepted indicators for water scarcity and
droughts in Europe.
e Support the creation of drought risk maps, through commonly agreed-on
methodology and scales.
The lead countries are Spain, France, and Italy.

Pilot River Basins

The Segura River Basin has been selected by the Spanish Ministry of the Environment and
Rural and Marine Affairs as the Spanish Pilot River Basin, within the Expert Network on
Water Scarcity and Droughts (Figure 11).

The role of the pilot river basins is to share their experiences in the indicator selection

process. Member states will evaluate the initial results in pilot river basins and check their
effectiveness.
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The map server of the European Drought Observatory (EDO) at the European Commission
Joint Research Centre (JRC) will be a valuable tool for implementing the results of this
process:

http://edo.jrc.ec.europa.eu/php/index.php?action=view&id=201

Segura river basin

and Drought FILOT RIVER BASIN

Figure 11. Segura River Basin: Water Scarcity and Drought Pilot River Basin.

Next steps of the Expert Network
The timetable for the Expert Group:

e Year 2010: First set of indicators to be tested in the pilot member states (including
Spain, Italy, and France); contributions to EDO.

e Presentation of initial results at the International Conference “Droughts and Water
Scarcity: The Way towards Adaptation to Climate Change”, Madrid, Spain, 18-19
February 2010.

e Year 2011: Practical application of indicators for additional member states
(voluntarily); contributions to EDO, and potential contribution to the development of
an integration of WS&D aspects under the Water Information System for Europe
(WISE) on a voluntary basis.

e Year 2012: Support the creation of drought risk maps and assessment, contributions
to EDO.

Conclusions

The Segura River Basin suffers recurrent and severe droughts, as well as an important water
scarcity problem. Drought management has become a major issue in the basin, resulting in
the development of a drought action plan, which includes the assessment of drought
indicators to be applied in the basin. This plan has guidelines for determining when a
drought appears, how severe it is, which measures have to be applied, and who is responsible
for those measures.

Some drought management measures:
e New desalination plants constructed.
e Operation of the Well Strategic Network.
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e Restrictions to irrigation supply, up to 50%.

e Emergency investments in new infrastructures to increase water resources or to
improve demand management.

e Modernization of irrigation systems.

Even with this drought action plan in place, some impacts still occurred during the last
drought period (although they were less severe than impacts of the former drought period):
Restrictions on irrigation supply, up to 50%.

Increased pressure on groundwater sources.

Increased investment effort: 406,46 M€ from 2004-05 to 2008-09.

Increased water prices (also connected with water scarcity).

As a consequence, the basin will provide a good test to check the effectiveness of drought
indicators. This is why the Segura River Basin has been selected by the Spanish Ministry of
the Environment and Rural and Marine Affairs as the Spanish Pilot River Basin, within the
European Expert Network on Water Scarcity and Droughts.
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Quantification of Agricultural Drought for Effective Drought Mitigation and
Preparedness: Key Issues and Challenges

Donald A. Wilhite
School of Natural Resources
University of Nebraska—Lincoln

Abstract

The goal of the WMO Expert Meeting on Agricultural Drought Indices was to move forward in
the selection of a single drought index that would be used worldwide in the assessment of
agricultural drought and its severity. This chapter discusses the challenges in identifying a single
index to accomplish this task. Given the complexities of drought and its diverse sectoral
impacts, this is a formidable task. However, highlighting the key issues and challenges and
recognizing a process or methodology to move the science community forward to achieve
aspects of this goal would be a critical step forward. As the next step, identifying a series of
alternative approaches to characterize agricultural drought in various settings depending on
available data and local capabilities would be an important achievement. Ultimately, all
countries should continue to work toward implementing a composite approach in which multiple
indices and indicators are used to characterize agricultural drought, its severity, and impacts.

Introduction

Drought is a normal, recurring feature of climate; it occurs in virtually all climatic regimes. It is a
temporary aberration, in contrast to aridity, which is a permanent feature of climate and is
restricted to low rainfall areas. Subhumid, semiarid, and arid regions are especially drought
prone because these regions are often characterized by highly variable interannual precipitation.
Agriculture in these regions is frequently quite tenuous, even in normal years, but it is especially
vulnerable in below-normal years. Even in more humid climatic zones, drought is often a
common feature of the climate, so agriculture is one of the key sectors affected by drought. The
agricultural sector would be a primary beneficiary of improved drought monitoring, early
warning, and decision-support tools that would reduce the impacts of drought on society and the
environment.

Water scarcity is receiving increasing attention and is often confused with drought. Water
scarcity can be defined in many ways, but for the purposes of this paper, it is equated with an
excess of water demand over available supply (non-sustainable development). It can result from
a series of factors, including prevailing institutional arrangements, prices, and the
overdevelopment or overallocation of available water resources. Some of the key indicators of
water scarcity are the mining of groundwater, increasing conflicts between water use sectors,
streams becoming intermittent or permanently dry, and the degradation of land resources. Water
scarcity may also be a product of affluence or the expectations of supply in excess of that which
is commonly available, or an alteration of supply, such as may be associated with climate change
(i.e., increased temperatures, decreased precipitation).
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Drought is the consequence of a natural reduction in the amount of precipitation received over an
extended period of time, usually a season or more in length, although other climatic factors such
as high temperatures, high winds, and low relative humidity are often associated with it in many
regions of the world and can significantly aggravate the severity of the event. This natural
reduction of precipitation may lead to a situation where supply is insufficient to meet the
demands of human activities and the environment. The result is a series of cascading impacts in
a wide range of economic sectors and the environment. Drought is also related to the timing
(i.e., principal season of occurrence, delays in the start of the rainy season, occurrence of rains in
relation to principal crop growth stages) and the effectiveness of the rains (i.e., rainfall intensity,
number of rainfall events). Thus, each drought episode is unique in its climatic characteristics.
Many of the world’s drylands are characterized by the seasonality of precipitation, a
characteristic that complicates water management because of the need to store surface water
during the rainy season for use during an extended dry season by agriculture and other sectors.

Drought as a Natural Hazard

Drought differs from other natural hazards in several ways. First, since the effects of drought
often accumulate slowly over a considerable period of time and may linger for years after the
termination of the event, the onset and end of drought are difficult to determine. Because of this
characteristic, drought is often referred to as a creeping phenomenon. Climatologists continue
to struggle with recognizing the onset of drought and scientists and policy makers continue to
debate the basis (i.e., criteria) for declaring an end to drought.

Second, the absence of a precise and universally accepted definition of drought adds to the
confusion about whether or not a drought exists and, if it does, its degree of severity.
Realistically, definitions of drought must be region and application (or impact) specific. This is
one explanation for the scores of definitions that have been developed (Wilhite and Glantz 1985,
Wilhite and Buchanan-Smith 2005). Although many definitions exist, many do not adequately
define drought in meaningful terms for scientists, policy makers, and other end users. For
example, the thresholds for declaring drought are arbitrary in that they are not linked to specific
impacts in key economic sectors. These types of problems are the result of a misunderstanding of
the concept by those formulating definitions and the lack of consideration given to how other
scientists or disciplines will eventually need to apply the definition in actual drought situations
(e.g., assessments of impact in multiple economic sectors, triggering drought mitigation
programs, drought declarations or revocations for relief or emergency assistance programs).

Third, drought impacts are nonstructural, in contrast to floods, hurricanes, and most other natural
hazards. Its impacts are spread over a larger geographical area than are damages that result from
other natural hazards. For these reasons, the quantification of impacts and the provision of
disaster relief are far more difficult tasks for drought than they are for other natural hazards.
Emergency managers, for example, are more accustomed to dealing with impacts that are
structural and localized. Because impacts are largely nonstructural, the effects of drought are
largely concealed and do not have the visual impact of quick-onset natural hazards such as floods
and earthquakes.
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Fourth, several types of drought exist, and the factors or parameters that define drought will
differ from one type to another. For example, meteorological drought is principally defined by a
deficiency of precipitation from expected or “normal” over an extended period of time, while
agricultural drought is best characterized by deficiencies in soil moisture, a critical factor in
defining crop production potential. Hydrological drought, on the other hand, is best defined by
deficiencies in surface and subsurface water supplies (i.e., reservoir and groundwater levels,
streamflow, and snowpack). These types of drought may coexist or may occur separately. The
existence of different types of drought confuses scientists, policy makers, and the public as to
whether or not drought exists and its severity.

These four characteristics of drought have impeded development of early warning systems and
accurate, reliable, and timely estimates of severity and impacts and, ultimately, the formulation
of drought preparedness plans.

Drought Characteristics and Severity

Three essential elements distinguish droughts from one another: intensity, duration, and spatial
extent. Intensity refers to the degree of the precipitation shortfall and/or the severity of impacts
associated with the shortfall. It is generally measured by the departure of some climatic indicator
or index from normal and is closely linked to duration in the determination of impact. Many
indices of drought are in widespread use today, such as the decile approach (Gibbs and Maher
1967, Lee 1979, Coughlan 1987) used in Australia and the Palmer Drought Severity Index and
Crop Moisture Index (Palmer 1965 and 1968, Alley 1984) in the United States. A relatively new
index that has gained considerable popularity worldwide is the Standardized Precipitation Index
(SP1), developed by McKee et al. (1993 and 1995). The SPI has undergone rigorous statistical
testing (Guttman 1998) and has been shown to be effective in detecting the early emergence of
drought because it can be calculated for multiple time scales. This characteristic lends itself well
to the initiation of mitigation actions to reduce drought impacts.

Another distinguishing feature of drought is its duration. Droughts usually require a minimum of
two to three months to become established but then can continue for months or years. It is quite
common for dryland regions to suffer consecutive drought years, but this may also occur in more
humid climates. The magnitude of drought impact is closely related to the timing of the onset of
the precipitation shortage, its intensity, and the duration of the event. As droughts extend from
one season to another and from one year to another, potential impacts are magnified since
surface and subsurface water supplies continue to be depleted and a larger number of users are
affected. Frequent and multi-year drought events offer no opportunity for natural and managed
systems to recover, a critical problem for fragile arid and semiarid ecosystems.

Droughts also differ in terms of their spatial characteristics. Droughts are regional in nature and
may affect millions of square kilometers (Figure 1). Because of drought’s long duration, its
epicenter shifts from season to season and from year to year. Drought monitoring systems must
rely on multiple indicators to adequately identify areas of maximum severity and be able to
evaluate how changes in the spatial dimension of drought alter current and future impacts and the
activation and termination of mitigation actions and emergency programs.
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Figure 1. Percent area of the United States in severe and extreme drought, January 1895-May 2010.

Drought Risk and Vulnerability Assessment

Many people consider drought to be largely a natural or physical event. In reality, drought, like
other natural hazards, has both a natural and a social component (Wilhite 2009). The risk
associated with drought for any region is a product of both the region’s exposure to the event and
the vulnerability of society to the event. Exposure to drought varies regionally and there is little,
if anything, we can do to reduce the recurrence, frequency, or incidence of the event. It is of
critical importance that countries develop a comprehensive understanding of the climatology of
drought and how the frequency, severity, and duration of these extreme climatic events vary
spatially. Understanding the nature of the hazard helps identify those regions most at risk to
drought because of varying degrees of exposure.

In order to have a more complete picture of drought risk, however, we must also understand our
vulnerability, which is the product of social factors. Population is not only increasing but also
shifting from humid (i.e., water surplus) to more arid (i.e., water deficit) climates and from rural
to urban settings for many locations. As population increases, so does pressure on natural
resources. People are also forced to reside in climatically marginal, more drought-prone areas.
Urbanization is placing more pressure on limited water supplies and the capacity of water supply
systems to deliver that water to users, especially during periods of peak demand. An
increasingly urbanized population is also increasing conflict between agricultural and urban
water users, a trend that will only be exacerbated in the future. Increasingly sophisticated
technology decreases our vulnerability to drought in some instances while increasing it in others.
Greater awareness of our environment and the need to preserve and restore environmental
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quality is placing greater pressure on all of us to be better stewards of natural and biological
resources. Environmental degradation (i.e., desertification) is reducing the productivity of some
landscapes and increasing vulnerability to drought events. All of these factors emphasize that
our vulnerability to drought is dynamic and must be reevaluated periodically so that we
understand how these changes will affect us and who and what is most at risk for future drought
events. We should expect the impacts of drought in the future to be different, more complex, and
more significant for some economic sectors, population groups, and regions. The world’s
dryland areas are most at risk to changes in exposure and the pressures of increasing populations.
Improving drought management implies an attempt to use natural resources in a more sustainable
manner. This will require a partnership between individuals and government.

Droughts have occurred in the past and they will continue to occur in the future since they are a
normal part of climate. The impacts associated with drought may increase because of an
increased exposure to the event, increased societal vulnerability, or a combination of the two.
For this reason, it is imperative that countries assess their exposure to drought (i.e., historical
analysis of drought and its characteristics) and conduct a vulnerability assessment (i.e., create a
vulnerability profile) to determine who and what is at risk and why. It is also important to
critically assess how exposure to drought may change in the future because of changes in climate
variability or climate state and how these changes may affect future vulnerability and adaptation
strategies.

Scientific investigations of climate change resulting from an increased concentration of
greenhouse gases in the atmosphere suggest that the incidence and severity of meteorological
drought may increase for some regions in the future (Pachauri and Reisinger 2007). In recent
years, numerous countries have experienced an increased incidence of meteorological drought,
but it is unknown at present whether this increase is the result of climate change or a part of
normal climate variability. Regardless, this increased frequency of drought has resulted in
significant consequences and greater awareness of the need to plan for drought events.
Developing countries have been particularly affected because they often lack the institutional
capacity to deal effectively with extended drought episodes.

Drought Monitoring and Early Warning

Effective drought early warning systems (DEWS) are an integral part of efforts worldwide to
improve drought preparedness. Timely and reliable data and information must be the
cornerstone of effective drought policies and plans. Monitoring drought presents some unique
challenges because of drought’s distinctive characteristics.

An expert group meeting on early warning systems for drought preparedness, sponsored by the
World Meteorological Organization (WMO) and others, recently examined the status,
shortcomings, and needs of DEWS, and made recommendations on how these systems can help
in achieving a greater level of drought preparedness (Wilhite et al. 2000b). This meeting was
organized as part of WMO’s contribution to the UNCCD. The proceedings of this meeting
documented recent efforts in DEWS in countries such as Brazil, China, Hungary, India, Nigeria,
South Africa, and the United States, but also noted the activities of regional drought monitoring
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centers in eastern and southern Africa and efforts in West Asia and North Africa. Shortcomings
of current DEWS were noted in the following areas:

¢ data networks—inadequate density and data quality of meteorological and hydrological
networks and lack of data networks on all major climate and water supply parameters;

e data sharing—inadequate data sharing between government agencies and the high cost of
data limit the application of data in drought preparedness, mitigation, and response;

e early warning system products—data and information products are often not user friendly
and users are often not trained in the application of this information to decision making;

e drought forecasts—unreliable seasonal forecasts and the lack of specificity of
information provided by forecasts limit the use of this information by farmers and others;

e drought monitoring tools—inadequate indices for detecting the early onset and end of
drought, although the Standardized Precipitation Index (SPI) was cited as an important
new monitoring tool to detect the early emergence of drought;

¢ integrated drought/climate monitoring—drought monitoring systems should be
integrated and based on multiple indicators to fully understand drought magnitude, spatial
extent, and impacts;

e drought impact assessment methodology—Ilack of impact assessment methodology
hinders impact estimates and the activation of mitigation and response programs;

e delivery systems—data and information on emerging drought conditions, seasonal
forecasts, and other products are often not delivered to users in a timely manner;

e global drought early warning system—no historical drought database exists and there is
no global drought assessment product that is based on one or two key indicators, which
could be helpful to international organizations, NGOs, and others.

Participants of the expert group meeting on DEWS made several recommendations. Those
recommendations that pertained directly to early warning systems were that these systems should
be considered an integral part of drought preparedness and mitigation plans and that priority
should be given to improving existing observation networks and establishing new
meteorological, agricultural, and hydrological networks.

Effective drought monitoring requires the integration of a variety of indices and indicators.
Indices commonly used to monitor drought and rainfall conditions include the Standardized
Precipitation Index, deciles, percent of normal rainfall/precipitation, the Palmer Drought Severity
Index, the Surface Water Supply Index, and the Vegetation Condition Index, among others (see,
for example, the U.S. Drought Monitor [http://drought.unl.edu/dm/]). Other indicators of
drought often used to monitor conditions include soil moisture, snowpack, streamflow,
groundwater levels, reservoir and lake levels, vegetation health, and short-, medium-, and long-
range forecasts. Remote sensing offers new and exciting opportunities to monitor drought
conditions because of higher resolution. These techniques are especially advantageous in

regions lacking adequate weather station networks.

Considering the complexity of drought and the many indices and indicators necessary to assess
its severity and likely impacts, the most successful approach to date (drought.unl.edu/dm) is the
U.S. Drought Monitor (Figure 2). This map is produced weekly through a collaborative
partnership between the U.S. Department of Agriculture, the National Oceanic and Atmospheric
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Administration, and the National Drought Mitigation Center at the University of Nebraska. It
incorporates multiple indices and indicators of drought, including impacts, into the assessment
process. Although many countries do not have the range of data available to replicate this
process fully, any approach that incorporates information beyond precipitation and, perhaps,
temperature data is going to provide a more accurate picture of drought severity.
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Figure 2. U.S. Drought Monitor for July 28, 20009.

Drought Policy and Preparedness

Article 10 of the U.N. Convention to Combat Desertification (UNCCD) states that national
action programs should be established to “identify the factors contributing to desertification and
practical measures necessary to combat desertification and mitigate the effects of drought”
(UNCCD 1999). In the past 10 years there has been considerable recognition by governments of
the need to develop drought preparedness plans and policies to reduce the impacts of drought.
Unfortunately, progress in drought preparedness during the last decade has been slow because
most nations lack the institutional capacity and human and financial resources necessary to
develop comprehensive drought plans and policies. Recent commitments by governments and
international organizations and new drought monitoring technologies and planning and
mitigation methodologies are cause for optimism. The challenge is the implementation of these
new policies, methodologies, and technologies.

One of the trends associated with recent drought events has been the growing complexity of
drought impacts. Past drought impacts have been linked most closely to the agricultural sector,
reducing the capacity of many nations to be food secure. In both developing and developed
countries the impacts of drought are often an indicator of non-sustainable land and water
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management practices, and drought assistance or relief provided by governments and donors
often encourages land managers and others to continue these practices. It is precisely these
existing resource management practices that have often increased societal vulnerability to
drought (i.e., exacerbated drought impacts). This often results in decreased resilience of
individuals and communities and an increased dependence on government. One of the principal
goals of drought policies and preparedness plans is to move societies away from the traditional
approach of crisis management, which is reactive in nature, to a more pro-active, risk
management approach. The goal of risk management is to promote the adoption of preventative
or risk-reducing measures and strategies that will mitigate the impacts of future drought events,
thus reducing societal vulnerability. This paradigm shift emphasizes preparedness, mitigation,
and improved early warning systems (EWS) over emergency response and assistance measures.

Drought-prone nations should develop national drought policies and preparedness plans that
place emphasis on risk management rather than the traditional approach of crisis management,
where the emphasis is on reactive emergency response measures (Botterill and Wilhite 2005).
Crisis management decreases self-reliance and increases dependence on government and donors.
This approach has been ineffective because response is untimely (i.e., post-impact), poorly
coordinated within and between levels of government and with donor organizations and NGOs,
and poorly targeted to drought-stricken groups or areas. Many governments and others now
understand the fallacy of crisis management and are striving to learn how to employ proper risk
management techniques to reduce societal vulnerability to drought and therefore lessen the
impacts associated with future drought events.

Developing vulnerability profiles for regions, communities, population groups, and others will
provide critical information on who and what is at risk and why. This information, when
integrated into the planning process, can enhance the outcome of the process by identifying and
prioritizing specific areas where progress can be made in risk management.

In the past decade or so, drought policy and preparedness plans have received increasing
attention from governments, international and regional organizations, and NGOs. Simply stated,
a national drought policy should establish a clear set of principles or operating guidelines to
govern the management of drought and its impacts (Wilhite 2000a). The policy should be
consistent and equitable for all regions, population groups, and economic sectors and consistent
with the goals of sustainable development. The overriding principle of drought policy should be
an emphasis on risk management through the application of preparedness and mitigation
measures. Preparedness refers to pre-disaster activities designed to increase the level of
readiness or improve operational and institutional capabilities for responding to a drought
episode. Mitigation actions, programs, or policies are implemented during and in advance of
drought to reduce the degree of risk to human life, property, and productive capacity.
Emergency response will always be a part of drought management because it is unlikely that
government and others can anticipate, avoid, or reduce all potential impacts through mitigation
programs. A future drought event may also exceed the “drought of record” and the capacity of a
region to respond. However, emergency response should be used sparingly and only if it is
consistent with longer-term drought policy goals and objectives.
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A national drought policy should be directed toward reducing risk by developing better
awareness and understanding of the drought hazard and the underlying causes of societal
vulnerability. The principles of risk management can be promoted by encouraging the
improvement and application of seasonal and shorter-term forecasts, developing integrated
monitoring and drought EWS and associated information delivery systems, developing
preparedness plans at various levels of government, adopting mitigation actions and programs,
and creating a safety net of emergency response programs that ensure timely and targeted relief.

One thing is certain: continuing to address drought impacts in a reactive, crisis management
mode will do little to reduce the impacts of these events in the future. If government continues
to “bail out” those people most affected by drought, they will have no incentive to adopt methods
that will improve protection of the natural resource base. Should society subsidize poor land
managers or reward good land managers? Risk management is aimed at the latter; crisis
management, the former. It is precisely these existing resource management practices that have
often increased societal vulnerability to drought (i.e., exacerbated drought impacts). Many
governments and others now understand the fallacy of crisis management and are striving to
learn how to employ proper risk management techniques to reduce societal vulnerability to
drought and therefore lessen the impacts associated with future drought events.

Summary

Drought is a creeping phenomenon with no universal definition. Definitions of drought must be
region and application or impact specific. Many indices and indicators are available to assist in
the quantitative assessment of drought severity, and these should be evaluated carefully for their
application to each region or location and sector. To best characterize drought it is critically
important to use a combination of indices and indicators since no single one can capture the full
severity of a particular drought event. This is an especially difficult assignment for agricultural
and hydrological drought.

Data sources are varied between countries, and the development of an effective drought early
warning and delivery system requires interagency cooperation to assess drought severity,
impacts, and the implementation of appropriate mitigation strategies. The development of
systems to deliver that information to decision makers at all levels requires their active
participation in the development of decision support tools from the earliest stages of that process.

Drought risk is best defined as a combination of a location’s exposure to drought and its
vulnerability to drought. Exposure to drought is characterized through an analysis of the
historical climatology of a region, including an analysis of trends or changes in climate state
and/or its variability. Drought impacts are a key indicator of vulnerability. Therefore,
conducting a vulnerability assessment involves an analysis of the historical impacts associated
with previous drought episodes. Since societies are constantly changing, vulnerabilities are also
likely to change due to increasing population, land degradation, urbanization, technology, and
many other factors. Each occurrence of drought for a particular region is layered upon a society
with differing vulnerabilities.
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Early warning systems are the foundation of effective drought mitigation and preparedness plans.
The goal of our meeting on the selection of appropriate drought indices or indicators to
characterize agricultural drought was to reach consensus on a single index to accomplish this
task. That is a formidable task given the complexities of agricultural drought and the variable
institutional capacity of drought-prone nations. At best, we should strive to identify a series of
alternative approaches to characterize agricultural drought in various settings depending on
available data and local capabilities. As a part of this approach, we should continue to work
toward implementing a composite approach (i.e., incorporate multiple indices and indicators) to
characterizing agricultural drought.
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Agricultural Drought—WMO Perspectives
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Abstract

The increasing frequency and magnitude of droughts in recent decades and the mounting losses
from extended droughts in the agricultural sector emphasize the need for assigning an urgent
priority to addressing the issue of agricultural droughts. As the United Nations specialized
agency with responsibility for meteorology and operational hydrology, WMO, since its inception,
has been addressing the issue of droughts. In this respect, WMO promotes systematic
observation, collection, analysis, and exchange of meteorological, climatological, and
hydrological data and information; drought planning preparedness and management; research
into the causes and effects of climate variations and long-term climate predictions with a view to
providing early warning; capacity building; and the transfer of knowledge and technology.

The fight against drought receives a high priority in the Long-term Plan of WMO, particularly
under the Agricultural Meteorology Programme, Hydrology and Water Resources Programme,
and Technical Cooperation Programme. Within the context of this Plan, WMO continues to
encourage the greater involvement of the national Meteorological and Hydrological Services
(NMHSs) and regional and subregional meteorological and hydrological centers in addressing
the issues of drought.

This paper presents a short description of the perspectives of the World Meteorological
Organization (WMO) on drought in general and agricultural drought in particular. This is
followed by a short narrative on WMO’s activities in the area of drought. The Commission for
Agricultural Meteorology (CAgM) of WMO since 1967 has appointed a number of working
groups and rapporteurs with specific terms of reference. These have mainly addressed several
applications, including drought monitoring, forecasting, and control; meteorological aspects of
drought processes; operational use of agrometeorology; measures to alleviate the effects of
droughts; assessment of the economic impacts; and capacity-building activities. A number of
different indices have been used to describe agricultural droughts, and some examples are
presented.

The role played by NMHSs in drought monitoring, risk assessment, and early warning is
described with examples from China, South Africa, and Portugal. WMO has also been placing
considerable importance on organizing capacity-building activities in the area of drought
preparedness and management, especially in the developing countries, and a list of activities
carried out since 1990 is presented. WMO’s support in strengthening the capabilities of regional
institutions with drought-related programs and in promoting collaboration with other institutions
in drought- and desertification-prone regions is described.
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Introduction

Drought is a normal, recurrent climatic feature that occurs in virtually every climatic zone

around the world, causing billions of dollars in loss annually for the farming community.
Drought ranks first among all natural hazards according to Bryant (1991), who ranked natural
hazard events based on various characteristics, such as severity, duration, spatial extent, loss of
life, economic loss, social effect, and long-term impact. This is because, compared to other
natural hazards like flood and hurricanes that develop quickly and last for a short time, drought is
a creeping phenomenon that accumulates over a period of time across a vast area, and the effect
lingers for years even after the end of drought (Tannehill 1947). Hence, the loss of life, economic
impact, and effects on society are spread over a long period of time, which makes drought the
worst among all natural hazards. For example, the Murray-Darling River Basin in Australia was
subjected to periods of protracted drought with two decade-long droughts in the last century.
Since 2001 it has been experiencing the worst drought in recorded history. System inflows in the
three years ending October 2008 were almost half the previous three-year minimum and less than
a quarter of the long-term average. In 2010, the worst drought in six decades in southwest China
has plunged more than 2 million people back into poverty. A severe drought has swept the
southwestern region, including Yunnan, Sichuan, and Guizhou provinces; Guangxi Zhuang
autonomous region; and Chongging municipality.

Because drought affects so many economic and social sectors, scores of definitions have been
developed by a variety of disciplines. Wilhite and Glantz (1985) analyzed more than 150 such
definitions of drought and then broadly grouped those definitions under four categories:
meteorological, agricultural, hydrological, and socio-economic drought.

Losses from extended droughts in the agricultural sector can often amount to hundreds of
millions of dollars. Direct losses result from reduced crop yields, diminished pasture growth,
and mortality of livestock while indirect losses include lost opportunities in agriculture and
livestock sectors and losses to abandonment of land and changes in land use following droughts.
According to the U.S. Federal Emergency Management Agency (FEMA), the United States loses
$6-8 billion annually on average because of drought (FEMA 1995). During the 1998 drought, the
state of Texas alone lost a staggering $5.8 billion (Chenault and Parsons 1998), which is about
39% of the $15 billion annual agriculture revenue of the state (Sharp 1996). The aggregate
impact of drought can be quite negative on the economies of developing countries, in particular.
For example, GDP fell by 8-9% in Zimbabwe and Zambia in 1992 and 4-6% in Nigeria and
Niger in 1984.

This paper presents a short description of the perspectives of the World Meteorological
Organization (WMO) on drought in general and agricultural drought in particular. This is
followed by a short narrative on WMO’s activities in the area of drought.

WMO’s Focus on Drought
As the United Nations specialized agency with responsibility for meteorology and operational

hydrology, WMO, since its inception, has been addressing the issue of droughts. In this respect,
WMO promotes systematic observation, collection, analysis, and exchange of meteorological,
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climatological, and hydrological data and information; drought planning preparedness and
management; research into the causes and effects of climate variations and long-term climate
predictions with a view to providing early warning; capacity building; and the transfer of
knowledge and technology.

The fight against drought receives a high priority in the Long-term Plan of WMO, particularly
under the Agricultural Meteorology Programme, Hydrology and Water Resources Programme,
and Technical Cooperation Programme. Within the context of this Plan, WMO continues to
encourage the greater involvement of the national Meteorological and Hydrological Services
(NMHSs) and regional and subregional meteorological and hydrological centers in addressing
the issues of drought.

The Commission for Agricultural Meteorology (CAgM) of WMO has been very active in
addressing the issue of agricultural drought and made recommendations regarding the role of
agrometeorology in helping to solve drought problems in drought-stricken areas, particularly in
Africa. The Commission appointed a number of working groups and rapporteurs with specific
terms of reference. Based on the activities of these working groups and rapporteurs, a number of
reports were published and distributed by WMO.

Working Groups on Drought Appointed by CAgM (1967-2010)
Following are the working groups on drought appointed by CAgM at its sessions since 1967:

a) Fourth Session of CAgM (CAgM-1V) (Manila, Philippines, 1967) — Working Group on
Assessment of Drought

b) CAgM-V (Geneva, Switzerland, 1971) — Working Group on the Meteorological Factors
Concerning Certain Aspects of Soil Deterioration and Erosion

c) CAgM-VI (Washington, USA, 1974) — Rapporteur on the Frequency and Impact of
Water Deficiencies for Selected Plant-Soil Systems (Resolution 2) — Drought and
Agriculture

d) CAgM-VII (Sofia, Bulgaria, 1979) — Working Group on the Agrometeorological Aspects
of Land Management in the Arid and Semi-Arid Areas with special reference to
Desertification Problems; Rapporteur on Drought Probability Maps

e) CAgM-VIII (Geneva, Switzerland, 1983) — Working Group on Meteorological Aspects
of Agriculture in Drought-Prone and Semi-Arid Areas; Rapporteur on Drought
Probability Maps

f) CAgM-IX (Madrid, Spain, 1986) — Working Group on Monitoring, Assessment and
Combat of Drought and Desertification

g) CAgM-X (Florence, Italy, 1991) — Working Group on Extreme Meteorological Events

h) CAgM-XI (Havana, Cuba, 1995) — Working Group on Desertification and Drought

i) CAgM-XII (Accra, Ghana, 1999) — Working Group on the Impacts of Desertification and
of Drought and other Extreme Meteorological Events

j) CAgM-XIII (Ljubljana, Slovenia, 2002) — Expert Team on Reduction of the Impact of
Natural Disasters and Mitigation of Extreme Events in Agriculture, Rangelands, Forestry
and Fisheries
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K)

CAgM-XI1V (New Delhi, India, 2006) - Expert Team on Drought and Extreme
Temperatures: Preparedness and Management for Sustainable Agriculture, Rangelands,
Forestry, and Fisheries

CAgM-XV (Belo Horizonte, Brazil, 2010) — Expert Team on Weather and Climate
Extremes and Impacts and Preparedness Strategies in Agriculture, Rangelands, Forestry,
and Fisheries

WMO Publications on Drought and Agrometeorological Applications Addressed
Following are important titles on drought produced by CAgM since 1963:

a)
b)
c)
d)
e)
f)
9)
h)

i)
)
K)

1)

Drought and Agriculture (WMO 1975)

Drought Probability Maps (WMO 1987)

Drought and Desertification in Asia (WMO 1988)

Climate Applications Referral System — Desertification (WMO 1989)

Report on Drought and Desertification (WMO 1992)

Monitoring, Assessment, and Combat of Drought and Desertification (WMO 1992)
Drought Preparedness and Management for Western African Countries (WMO 1995)
WMO/UNEP Publication on Interactions of Desertification and Climate (Williams and
Balling 1996)

Climate, Drought and Desertification (WMO 1997)

La prévention et la gestion des situations de sécheresse dans les pays du Maghreb (WMO
1998)

Early Warning Systems for Drought and Desertification: Role of National Meteorological
and Hydrological Services (WMO 1999)

Early Warning Systems for Drought Preparedness and Drought Management (WMO
2000)

m) Coping with Drought in Sub-Saharan Africa: Better Use of Climate Information (WMO

n)

2000)
Drought Monitoring and Early Warning: Concepts, Progress, and Future Challenges
(WMO 2006)

Drought Applications Addressed by WMO

The activities of the different working groups and rapporteurs on drought appointed by CAgM,
and the publications on drought produced over the years, mainly addressed the following
applications:

Drought monitoring, forecasting, and control
Meteorological aspects of drought processes
Operational use of agrometeorology
Measures to alleviate the effects of droughts
Assessment of economic impacts
Capacity-building activities
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WMO’s Perspectives on Drought

Given the extensive number of activities undertaken, it will be difficult to provide an exhaustive
description of WMO’s perspectives on droughts in this short paper. Hence, a short description of
different perspectives is provided below, using the material from the different publications listed
above.

Understanding of Droughts and Drought Definitions

WMO’s early efforts placed emphasis on many meteorological facets of drought, including its
definition and early recognition; its effect on plants, animals, and diseases; and methods of
surviving under its influence. Clarifications were provided on the distinction between drought
and aridity; the linkage between drought and water balance (soil water, precipitation, dew and
fog, and surface runoff); fire hazards; drought, ecological imbalance, and soil erosion; the space
and time characteristics of droughts; causes of droughts; and forecasting of droughts (WMO
1975). Some detailed studies of past droughts suggested that changes in the surface albedo,
existence of a deep dust layer in the atmosphere, changes in sea surface temperatures, and an
increase of carbon dioxide may lead to changes in the general circulation features, which may
cause drought (WMO 1987).

Drought definitions used over time vary from region to region and according to the purpose for
which they are defined. A general survey of drought definitions has indicated that they can be
classified according to the criteria used. A classification of drought definitions was given
(WMO 1975) under each of the following subheadings:

a) Rainfall

b) Rainfall with mean temperature

c) Soil water and crop parameters

d) Climatic indices and estimates of evapotranspiration
e) General definitions and statements

As an example, looking more closely into definitions based solely on rainfall, it was shown that a
number of these refer to short period “droughts” or “dry spells” (WMO 1975).

» Lessthan 2.5 mm in 48 hours

« Rainfall half of normal or less for a week

« 10 days with rainfall not exceeding 5 mm

« 15 days with no rain

« 15 consecutive days, none with 0.25 mm

« 15 consecutive days, none with 1 mm

« 21 days or more with rainfall less than 30% of normal

» 21 days with precipitation less than one-third of normal

These appeared to be geared mainly to climatic experience in the British Isles or perhaps the
northeastern United States, where rainfall is received at fairly frequent intervals and crop and
animal husbandry and water-storage operations are not geared to the long spells of rainless
weather that are seasonally normal in the semiarid regions (WMO 1975).

28



Agricultural Drought and Drought Index

Agriculture is often the first sector to be impacted by drought because access to water resources
and soil moisture reserves determine crop productivity. Drought in the agricultural sense does
not begin with the cessation of rain, but rather when available stored water will support actual
evapotranspiration at only a small fraction of the potential evapotranspiration rate (WMO 1992).
The rate of transpiration by a crop depends largely upon the availability of soil water as
determined by the root systems of crops. In a drought situation, the dearth of soil water is often
aggravated by an increased heat load imposed on the plant by net radiation because of less
cloudiness and possibly lower albedo. The deficiency may result either from an unusually small
moisture supply or an unusually large moisture demand. Plants may be subjected to severe
temperature stress with accompanying deleterious biochemical and physiological effects.

A majority of the countries affected by agricultural drought are found in the drylands of the
world, which include the arid, semiarid, and subhumid regions (Sivakumar and Stefanski 2007).
Crop production in these regions is largely determined by climatic and edaphic features. Several
researchers have stressed the need for quantification of the effects of climatic variables.
Information on the onset, spread, intensification, and cessation of drought can contribute to better
drought preparedness and management in the agricultural sector.

Based on the defined drought criteria, the intensity and duration of agricultural drought can be
expressed using a drought index. In principle, a drought index should integrate various
parameters like rainfall, temperature, evapotranspiration (ET), runoff, and other water supply
indicators that impact crop growth and development during incidences of drought into a single
number and give a comprehensive picture for operational decision making in the agricultural
sector. Values of drought indices may be plotted over a given region to quantify the areal
distribution of drought at different time intervals.

The purposes of a drought index are as follows:

a) To evaluate climatic proneness to aridity

b) To estimate areal irrigation requirements

c) To evaluate drought in a local setting

d) For periodic reporting of the severity and regional extent of drought

Meteorological Indices of Agricultural Drought

Rainfall data are widely used to calculate drought indices, because long-term rainfall records are
often available. Although some scientists have used meteorological data to develop methods for
computing the extent and severity of agricultural drought, others have maintained that
meteorologically derived indices are useless (WMO 1975). The opponents of drought indices
are, essentially, pointing out that the problem is so complex that no single index can possibly
take full account of all the pertinent physical and biological factors.

In as much as drought is regarded as abnormal dryness, rather than a climatic state or type, the

various indices of aridity, designed to delineate or characterize climatic types, are not considered
to be true drought indices.
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Agricultural Drought Indices—Some Examples

The amount of available soil moisture in the root zone is a more critical factor for crop growth
than the actual amount of precipitation deficit or excess. The soil moisture deficit in the root
zone during various stages of the crop growth cycle has a profound impact on the crop yield. For
example, a 10% water deficit during the tasseling, pollination stage of corn could reduce the
yield by as much as 25% (Hane and Pumphrey 1984). A number of different indices have been
used to describe agricultural droughts, and some examples described in WMO (1975) are given
below:

« Potential evapotranspiration methods (WMO 1966)

» Actual evapotranspiration methods (Baier and Robertson 1966, Baier 1967)

« Drought for spring wheat (Mack and Ferguson 1968 — soil water accounting procedures)

» Drought for maize (Barger and Thom 1949 — statistical analysis of yield and rainfall data
at six stations in lowa)

* Moisture stress days (Denmead and Shaw 1962 — turgor loss points for corn as a function
of evapotranspiration at field capacity and root zone moisture; Dale 1964; Dale and Shaw
1965; Dale 1968)

« Drought and fire in vegetation (Keetch and Byram 1968)

» Drought in semiarid pastoral areas (White 1955)

« Palmer Drought Index (Palmer 1965)

WMO Activities to Address Agricultural Droughts

As vulnerability to drought has increased globally, greater attention has been directed to reducing
the risks associated with its occurrence through the introduction of planning to enhance
operational capabilities such as climate and water supply monitoring and building institutional
capacity, and mitigation measures that are aimed at reducing the impacts of drought. Important
components of effective drought management are improved drought monitoring and early
warning systems. An effective monitoring, early warning, and delivery system continuously
tracks key drought and water supply indicators and climate-based indices and delivers this
information to decision makers. Early warning systems allow the farming community to act in
sufficient time to reduce the damage to crops. An assessment of risk provides the basis for an
effective warning system by identifying potential threats to agriculture from the drought hazard
and establishing the degree of local vulnerability. This allows for the timely triggering of
mitigation and emergency response measures, the main ingredients of a drought preparedness
plan.

An important component of early warning is weather and climate forecasts, and for droughts,
predictions are still heavily reliant on monitoring observed patterns of monthly and seasonal
rainfall, streamflow, groundwater levels, snowpack, and other parameters (WMO 2006).
Developing predictive skill for large geographical regions on monthly and seasonal timescales
(e.q., physically and statistically based Global Circulation Models) offers promise for
increasingly useful forecasts of the onset, severity, and duration of droughts. Through WMO
programs, the prediction of El Nifio and its associated impacts are becoming possible, with
reasonable skill, within time spans ranging from seasons to more than one year, thanks to the
Tropical Ocean and Global Atmosphere (TOGA) project (successfully completed in 1994) of the
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World Climate Research Programme (WCRP). For example, a strong coherence of climate
anomalies in the Asia-Pacific region is associated with the EI Nifio/Southern Oscillation (ENSO)
phenomenon; this is the basis for current predictions on seasonal timescales.

WMO’s Climate Information and Prediction Services (CLIPS) project, which is designed to
promote the use of climate information and prediction services, capacity building,
multidisciplinary research, and the development of new applications, actively promotes the
generation and dissemination of seasonal to interannual climate forecasts. The ultimate aim of
CLIPS is to assist decision makers and other users of climate information, including those
concerned with drought and desertification. In this connection, WMO has been involved in the
organization of several Regional Climate Outlook Fora in different continents. Consensus long-
range forecasts on droughts, which were issued at these fora, provided good early-warning
information to governments.

WMO promotes a better understanding of the issues of climate change and variability, and
enhancing climate change assessment and monitoring. In this regard, WMO continues to
encourage scientists to participate more actively in the work of the WMO/UNEP
Intergovernmental Panel on Climate Change (IPCC) and to assist their governments in the
development of strategies and actions aimed at meeting the future challenges in climate research
and climate change. In particular, WMO encourages the enhanced prediction of seasonal
variations and improved projections of human-induced climate change and regional variations
and their impacts on ecosystems, including the dryland ecosystems where drought is a major
preoccupation.

At its sessions, which are held every four years, the WMO Congress has been urging member
countries to continue to strengthen and expand their activities relating to research, training, and
capacity building, and collection and exchange of observational data on matters relating to
drought, early warning, preparedness, and public awareness. The Congress continues to
emphasize the need to encourage and support actions to be undertaken by WMO Regional
Meteorological Training Centres to include in their programs dealing with drought and
desertification, monitoring and early warning, preparedness, and mitigation strategies.

At a global level, the WMO Integrated Global Observing System (WIGQOS) and the Hydrology
and Water Resources Programme, which are coordinated by WMO, provide a solid operational
framework on which to build improved warning capacity. The geographical coverage and
around-the-clock nature of WIGOS, the analytical capability of the Global Data Processing
System, and the ability to disseminate the warnings through the Global Telecommunication
System form the basis for early warnings for drought. Plans are aimed at rehabilitating and
improving meteorological observing, telecommunications, data processing, and management and
forecasting facilities, and in developing capability for manufacturing basic equipment and
consumables in the member countries. These measures will no doubt contribute to the
improvement of the quality and quantity of data and products available to the NMHSs and to
user communities as well as regional and global meteorological centers.

WMO actively involves the NMHSs, the regional and sub-regional meteorological centers, and
other bodies in the improvement of hydrological and meteorological networks for systematic
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observations and exchange and analysis of data. WMO also works closely with other UN
agencies and international organizations to develop long-term strategies aimed at promoting
meteorological and hydrological activities that contribute to better drought monitoring and use of
medium- and long-range weather forecasts and to assist in the transfer of knowledge and
technology.

Role of NMHSs in Drought Monitoring, Risk Assessment, and Early Warning

WMO’s Agricultural Meteorology Programme and the Hydrology and Water Resources
Programme work through the NMHSs in drought preparedness and drought management. The
provision of meteorological and hydrological support for drought early warning is perhaps the
most fundamental service supplied by NMHSs, and they contribute to all four phases of Early
Warning Systems (WMO 2000):

a) Mitigation or prevention
b) Preparedness

c) Response

d) Recovery

NMHSs play a crucial role in the drought task force at the national level and provide seasonal
forecasts and early warnings. They help build public awareness of droughts and teach people
about drought. NMHSs provide information on

» Timing of droughts

« Drought intensity

» Drought duration

« Spatial extent of a specific drought episode

» An analysis of the risk of the phenomenon and its likely effect on agricultural production.

The following examples from China, South Africa, and Portugal (WMO 2006) illustrate the role
of NMHSs in the provision of drought monitoring, risk assessment, and early warning.

China

The Beijing Climate Center (BCC) of the China Meteorological Administration (CMA) has used
the Standardized Precipitation Index since 1995 to monitor drought occurrence and development
in China on a 10-day basis. The monitoring results are published in the China Drought
Monitoring Bulletin issued by the BCC. A Chinese drought monitoring and early warning system
was developed between 1995 and 1999 and put into operation on a daily basis in 1999. This
system provides accurate information on drought to various related governmental agencies and to
the general public, which helps in the development of measures to mitigate the impacts of
drought. The core of the system is the Comprehensive Index (CI) for drought monitoring
developed by the BCC as a result of its long experience in drought monitoring and impact
assessment. Cl is a function of the last 30-day and 90-day SP1 and the corresponding potential
evapotranspiration. Based on CI and soil moisture monitoring from an agricultural
meteorological station network and remote-sensing-based monitoring from CMA’s National
Satellite Meteorological Center, a number of drought monitoring products have been produced:

32



* Bulletin of China Drought Monitoring, which targets governmental agencies and is published at
varying intervals;

* A drought monitoring and impact assessment briefing, broadcast on CCTV every Wednesday
since 2004;

* Daily drought monitoring maps, which have been available on the BCC homepage since
February 2003 (http://www.bcc.cma.gov.cn/en).

South Africa

In response to recurring drought in the country, the South African Weather Service (SAWS)
established a drought monitoring desk where information regarding observed rainfall and long-
range forecasts could be presented in one place for easy access. It also allows people to compare
the current year’s rainfall with amounts from previous dry periods to assist them in their decision
and planning practices. On 23 November 2005, the Department of Agriculture issued a report
indicating that eight of South Africa’s nine provinces were being severely affected by drought.
The severity of the situation was clearly reflected in the different timescales of the SPI maps on
the SAWS Drought Monitoring Page (http://www.weathersa.co.za/DroughtMonitor/
DMDesk.jsp), updated at the beginning of December 2005 (Figure 1). A very dry winter and the
lack of good spring rains exacerbated the dry conditions in some areas.
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Figure 1. Standardized Precipitation Index (SPI) for South Africa, November 2005 (top left); September to
November 2005 (top right); June to November 2005 (bottom). Source: South African Weather Service.
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Portugal

The Institute of Meteorology of Portugal uses the Palmer Drought Severity Index (PDSI) to
characterize drought in Portugal by adapting and calibrating the PDSI to the specific climatic
conditions of mainland Portugal. Evolving drought patterns are presented in monthly PDSI maps
that show the spatial distribution of drought in Portugal. These maps are used to monitor spatial
and temporal variations in drought across mainland Portugal, which is helpful in delineating
potential disaster areas for agriculture and other sectors, allowing for improved on-farm
decisions to reduce impacts. The spatial distribution of the PDSI index during 2004/2005 is
represented in Figure 2. The maps reveal a deterioration of drought conditions during the winter
months, with some attenuation in March because of the occurrence of precipitation in the
country’s northern and inner regions. During June, July, and August, the drought situation
worsened. The impacts of the drought on agriculture, energy, and urban water supply were
significant.

Capacity-Building Activities

WMO has also been placing considerable importance on organizing capacity-building activities
in the area of drought preparedness and management, especially in the developing countries.
Following is a list of activities carried out since 1990.

(a) Regional Workshop on the Impact of Agrometeorological Applications on Agriculture,
Forestry and Related Sectors in ECOWAS Member States, Yamoussoukro, Cote d’Ivoire, 14-19
February 1994.

(b) International Conference/Workshop on Agrometeorological Research and Applications in
South and Central America, La Paz, Bolivia, 23-27 May 1994.

(c) Two Workshops/Training Seminars on Drought Preparedness and Management: the first
organized jointly with the United Nations Office to Combat Desertification and Drought
(UNDP/UNSOQ), for the member countries of the Economic Commission of West African States
(ECOWAS) in Banjul, the Gambia, 4 to 9 September 1995; and the second for the northern
African countries, Casablanca, Morocco, 24 to 28 June 1996.

(d) Workshop on Drought and Desertification, in Bet Dagan Israel, 26 to 30 May 1997.

(e) Three Roving Seminars on Agrometeorology Related to Extreme Events: in Pune, India, 28
April to 10 May 1997; Addis Ababa, Ethiopia, 9 to 21 April 1998; and San José, Costa Rica, 24
August to 4 September 1998.

(f) UNDP/UNSO/WMO International Workshop on Coping with Drought in sub-Saharan Africa:
Best Use of Climate Information, Zimbabwe, 4-6 October 1999.

(9) Expert Group Meeting on Early Warning Systems for Drought Preparedness and Drought
Management, Portugal, 5-7 September 2000.
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Figure 2. Spatial distribution of the Palmer Drought Severity Index during 2004/2005 in Portugal (Source:
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(h) Roving Seminars on the Application of Climatic Data for Drought Preparedness and
Management of Sustainable Agriculture in a number of affected countries in Ghana, 1-12
November 1999; China, 15-24 May 2001; and Antigua and Barbuda, 21-30 April 2004.

(1) Training workshops for improving the capacity for national climate data management and
developing drought preparedness and management strategies in Burkina Faso, Djibouti, Ghana,
Guinea, Kenya, Mauritania, Mozambique, Namibia, Niger, Senegal, and Swaziland .

(1) Workshops for CLIPS Focal Points and of Regional Climate Outlook Forums, which have led
to trained and skilled expertise in seasonal forecasts of climatic conditions.

Support to Regional Institutions

WMO is supporting the strengthening of the capabilities of regional institutions with drought-
related programs and promoting collaboration with other institutions in drought- and
desertification-prone regions, with emphasis on Africa, Asia, Latin America, the Caribbean, and
the northern Mediterranean region. Examples of such institutions in Africa are the AGRHYMET
Regional Centre and the African Centre of Meteorological Applications for Development
(ACMAD), both located in Niamey, Niger, and the WMO Drought Monitoring Centres (DMCs)
for eastern and southern Africa, located in Kenya and Zimbabwe, respectively.

Following the severe droughts in the West African Sahel in the early 1970s, WMO expert
missions in 1972 led to establishment in 1974 of the AGRHYMET Regional Centre in Niamey
(Niger) under the auspices of the Permanent Interstate Committee for Drought Control in the
Sahel (CILSS). The two Drought Monitoring Centres (DMCs) in Nairobi (Kenya) and Harare
(Zimbabwe) were established in 1989/90 by 24 countries in eastern and southern Africa with
WMO as executing agency and with initial funding from the United Nations Development
Programme (UNDP). At the end of the UNDP-funded Project in 1998 and as a result of the
increased demand for climate information and prediction services, the Nairobi and Harare
components started operating independently. DMC—Nairobi caters for countries in IGAD
(Intergovernmental Authority on Development) and other countries in the Horn of Africa region,
while DMC—Harare is responsible for countries in southern Africa. In October 2003, the heads
of state and governments of the Intergovernmental Authority on Development (IGAD) held their
10th Summit in Kampala, Uganda, where DMC—Nairobi was adopted as a specialized IGAD
institution. The name of the institution was at the same time changed to IGAD Climate
Prediction and Applications Centre (ICPAC) in order to better reflect all its mandates, mission,
and objectives within the IGAD system. A protocol integrating the institution fully into IGAD
was signed on 13 April 2007.

WMO and the Economic Commission for Africa (ECA) sponsored the establishment of the
African Centre of Meteorological Applications for Development (ACMAD) in Niamey (Niger)
in 1993.

WMO and the UNCCD Secretariat collaborated actively for the establishment of the Drought
Management Centre for Southeastern Europe (DMCSEE) in 2007. The 11 countries in the region
elected Slovenia to host this Centre and an international steering committee is now in place to
guide its establishment and operations.
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Conclusions

Agricultural drought depends on the crop evapotranspiration demand and the soil moisture
availability to meet this demand. Agricultural impacts of droughts are the result of short-term
precipitation shortages, temperature anomalies that increase evapotranspiration demand, and soil
water deficits that could adversely affect crop production. Hence an agricultural drought index
should integrate various parameters like rainfall, temperature, evapotranspiration (ET), runoff,
and other water supply indicators into a single number and give a comprehensive picture for
decision making. Agricultural drought indices should be based on soil moisture and
evapotranspiration deficits and should help effectively monitor agricultural drought.

In order to ensure that information to cope with agricultural droughts is generated in a timely and
effective manner and is disseminated widely for use by the farming community for drought
management, it is important to ensure that:

a) Comprehensive data are available to support development of an effective drought monitoring
and early warning system.

b) The most effective and reliable indices and indicators for drought assessment and common
methodologies are developed for application.

c) Effective drought risk assessments are carried out, including the identification of the principal
stakeholders, in order to develop appropriate drought mitigation strategies and policies.

d) Specific training needs and exchange of expertise necessary to build capacity for drought
management are identified.

e) A comprehensive, timely, and effective data and information delivery system on drought
management that incorporates stakeholder/end user is developed.

f) Augmenting the growing capability to provide seasonal and interannual climate forecasts is
necessary to mitigate the effects of drought and desertification. Research into the causes and

effects of climate variations and long-term climate predictions with a view to providing early
warning is an essential component of this effort.

In this context, WMO will continue to place emphasis on sound monitoring and assessment of
droughts, including hazard analysis and vulnerability assessment. WMO has a major role
(through its early warning systems and preparedness strategies) to play in reducing the
vulnerability of the farming community to risks associated with drought and will continue to
place stress on capacity building related to drought preparedness and drought management.
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Abstract

Drought has had a significant impact on American agriculture. The Dust Bowl years of the
1930s came as the nation suffered from severe economic depression, causing devastating socio-
economic impacts. The U.S. Department of Agriculture (USDA) established agencies and
programs to help American farmers cope with drought and its far-reaching impacts. In order
make program decisions during drought emergencies, USDA actively utilized available drought
monitoring tools that were at its disposal. The Palmer Drought Severity Index (PDSI) was used
for more than 30 years as a drought indicator beginning in the 1960s. The U.S. Drought
Monitor, a much-improved composite index, was introduced in 1999 and was used as the USDA
drought trigger shortly thereafter. A review of these programs and activities is presented.

Introduction

The 1930s are a benchmark for the U.S. Department of Agriculture’s long history with drought
monitoring and drought assistance for agriculture. That decade marked one of the worst
droughts in American agriculture history, and it was made one of the worst by the “Great”
economic depression. Thus, crop failures were compounded by a severely bad economy
throughout the nation. The 1930s drought was the most widespread in areal extent, affecting
about two-thirds of the country and extending into parts of Canada (Felch 1978). Agriculture
was devastated throughout the Great Plains as farmers could not grow any crops, the bare soils
were exposed to the hot winds, and severe dust storms of disastrous proportions expanded across
the nation. Plains grasslands had been deeply plowed and planted to wheat. During the
preceding years when there was adequate rainfall, the land produced bountiful crops. As the
droughts of the early 1930s worsened, the farmers kept plowing and planting but nothing would
grow. The ground cover that held the soil in place was gone. The Plains winds whipped across
the fields, raising billowing clouds of dust to the sky. The sky could darken for days, and even
the most well sealed homes would have a thick layer of dust on the furniture. In some regions,
the dust would drift like snow, covering both rural areas and urban centers. Poor agricultural
practices and years of sustained drought caused the Dust Bowl.

The Dust Bowl

The most visible evidence of how dry the 1930s became was the dust storm (Worster 1979).
Tons of topsoil were blown off barren fields and carried in storm clouds for hundreds of miles.
Technically, the driest region of the Plains—southeastern Colorado, southwest Kansas, and the
panhandles of Oklahoma and Texas—became known as the Dust Bowl, and many dust storms
started there. But the entire region, and eventually the entire country, was affected.

The Dust Bowl got its name after Black Sunday, April 14, 1935. More and more dust storms had
been blowing up in the years leading up to that day. In 1932, the Plains experienced 14 dust
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storms. In 1933, there were 38 storms. By 1934, an estimated 100 million acres of farmland had
lost all or most of the topsoil to the winds. By April 1935, there had been weeks of dust storms,
but the cloud that appeared on the horizon that Sunday was the worst. Winds were clocked at 60
mph. Then it hit. “The impact is like a shovelful of fine sand flung against the face,” Avis D.
Carlson wrote in a New Republic article. “People caught in their own yards grope for the
doorstep. Cars come to a standstill, for no light in the world can penetrate that swirling murk.
We live with the dust, eat it, sleep with it, and watch it strip us of possessions and the hope of
possessions. It is becoming real” (Hughes 1976).

The day after Black Sunday, an Associated Press reporter used the term Dust Bowl for the first
time. “Three little words achingly familiar on the western farmer’s tongue, rule life in the dust
bowl of the continent — if it rains.” The term stuck and was used by radio reporters and writers,
in private letters and public speeches.

In the Central and Northern Plains, dust was everywhere. New scientific evidence suggests that
the drought of the 1930s was the worst in North America in the last 300 years, but it may pale in
comparison with droughts in prehistoric times. The data suggests that droughts may have lasted
decades or even longer, much longer than the seven years between 1933 and 1940.

The impact of the Dust Bowl was felt all over the United States. During the same April as Black
Sunday, 1935, one of FDR’s advisors, Hugh Hammond Bennett, was in Washington, D.C., on
his way to testify before Congress about the need for soil conservation legislation as a dust storm
arrived in Washington all the way from the Great Plains. As a dusty gloom spread over the
nation’s capital and blotted out the sun, Bennett explained, “This, gentlemen, is what | have been
talking about.” Congress passed the Soil Conservation Act that same year. The Soil
Conservation Act enacted the Soil Conservation Service, which is currently the Natural
Resources Conservation Service (NRCS).

Climatic Extremes of the Late 1900s

There were several years of severe drought during the 1950s, but the development of center pivot
irrigation systems helped alleviate some of that pain for those who could afford them. Over the
last half of the 20™ century, climate extremes increased in intensity and frequency around the
world, with severe socio-economic impacts. Studies have shown that the number of natural
catastrophes per decade has increased fourfold and the number of economic losses 14 times
during the last half century. Increased frequency of climate extremes, manifested in droughts,
floods, heat waves, and tropical cyclones, among other natural hazards, has significant (and
sometimes devastating) impacts on agriculture. Extreme climatic variability within the long-
term trends has a profound influence on the agro-ecosystem of a region.

In the United States, on average, drought causes $6 billion in agricultural losses annually,
according to the National Climatic Data Center (NCDC). Agriculture changed dramatically after
1950, including new technologies, mechanization, seed hybrids, fertilizers and chemical use, and
government policies that favored maximizing production. These changes have had many
positive effects and reduced many farming risks as food production increased substantially.
Thus, while new technologies generally helped American farms become larger and produce more
during the latter part of the 20™ century, farmers still had to cope with climate extremes and
changing climate as part of their everyday farm management strategy to harvest their crops and
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nurture their livestock. People strove to get the most out of productive land, marginally
productive land, or even unproductive land. However, there have also been significant costs.
Prominent among these are topsoil erosion, groundwater contamination, water supply shortages,
and the increasing economic costs of agricultural production.

The three principle goals of sustainable agriculture are environmental quality, economic
profitability, and socio-economic equity. Stewardship of land and natural resources involves
maintaining or enhancing this vital resource base for the future. This requires an
interdisciplinary effort in both research and applications to ensure the vitality of these resources.
A systems perspective is essential to understanding and achieving sustainability. The next
section briefly discusses the responsibilities of each agency in USDA for weather and climate,
especially as they focus on drought.

United States Department of Agriculture (USDA)

Natural Resources Conservation Service (NRCS)

On March 23, 1935, the USDA formed the Soil Conservation Service (SCS) as part of the Soil
Conservation and Domestic Allotment Act of 1935. This act educated farmers on how to use
their lands without damaging them and provided funds for planting trees to serve as wind breaks
and native grass to stop soil erosion. SCS changed its name to NRCS in 1994. NRCS has a
national Water and Climate Center (WCC), which is responsible for climate information in
natural resource assessment and conservation planning across the nation. Snowmelt provides
approximately 80% of the streamflow in the West. The western reservoir system supplies
irrigation water for agriculture and water reserves for major urban centers. Thus, during major
drought episodes, competition between rural and urban sectors becomes particularly intense.

The NRCS/WCC established the Snow Survey and Water Supply Forecasting (SS/WSF)
Program to collect snow information through a network of more than 600 Snow Telemetry
(SNOTEL) sites and traditional snow courses and develop more than 4,000 water supply
forecasts annually for water users in 11 western states and Alaska. A new emphasis in the
SNOTEL program activity is on improved measurement precision and data quality, increased
sampling frequency, timely data availability, and support for new water supply forecast services.
Additional sites containing sensors for soil moisture and soil temperature have been established
to supply data required for soils research and water balance and forecast modeling. Agricultural,
municipal, industrial, hydropower, and recreational water users are the primary recipients of
these forecasts. Coordinated water supply forecasts are critical to the federal government in
administering international water treaties with Canada and Mexico along with states that manage
intrastate streams and interstate water compacts. Water supply forecasts and climate information
help irrigators make the most effective use of available water supplies for achieving their
agricultural production goals. Farmers who collectively irrigate more than 10 million acres of
land in the western United States benefit from these information products. Other federal
agencies and private organizations also use water supply forecast information to help them carry
out their missions.
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Forest Service (FS)

FS has collected meteorological data to assist in the prediction and control of forest and range
fires and in the management of smoke from prescribed burning. A national weather program
was established to coordinate all FS meteorological activities and to meet the increasing need for
diverse weather information. The major objectives of the program are to 1) improve quality
control of weather data, 2) improve the design and operation of data collection from networks, 3)
increase data recovery from the weather stations, and 4) upgrade station maintenance.
Meteorological data collected from manual weather stations and Remote Automated Weather
Stations (RAWS) support research of weather effects on forestry management, forest fires,
smoke management, visibility protection in wilderness areas, and atmospheric disposition. FS
currently operates more than 1,200 RAWS and manual stations, many in the western United
States. Air temperature, relative humidity, dew point temperature, wind direction and speed, and
precipitation are transmitted via NOAA'’s Geostationary Operational Environmental Satellite
(GOES) telemetry or via radio modem. The primary use of the data is the calculation of fire
danger rating for the FS and cooperating agencies. These data are also used by other resource
managers, such as road engineers, wildlife biologists, and hydrologists who monitor
precipitation; silviculturalists who are attempting to maximize tree-planting opportunities; and
ecologists, soil scientists, and fisheries biologists who monitor the effects of runoff. The main
secondary user of RAWS data is the National Weather Service for fire weather forecasting and
flood warnings.

Agricultural Research Service (ARS)

The research efforts of ARS relate directly to the effects of climate on agricultural production
and the natural resource base. They are directed toward developing technologies and systems for
1) managing precipitation and solar energy for optimum crop production, 2) improving our
understanding of water-plant-atmosphere interactions, 3) optimizing the use of energy, water,
and agricultural chemicals, 4) reducing plant and livestock losses from pests and environmental
stress, 5) developing improved techniques for irrigation and drainage, and 6) minimizing the
adverse effects of climate and weather, including atmospheric contaminants, on the environment.

National Institute of Food and Agriculture (NIFA)

NIFA coordinates research programs in the state agricultural experiment stations; the 1862,
1890, and 1994 Land Grant Distributions; and cooperating forestry schools. These institutions
conduct a wide variety of research applicable to agriculture and range and forestry management.
Meteorological research at these institutions is conducted to improve our understanding of
climatology and microclimatology as basic science and to evaluate their role in the control of
agricultural, range, and forested ecosystem conditions and production capacity. A portion of
each state’s program is consolidated into broad regional research projects that address common
research priorities. Research is conducted at multiple scales and addresses the need for
understanding climatological effects on individual plants and animals as well as the interactive
effects of climate on aggregated ecosystems. Specific areas of focus are 1) the impact of
possible environmental changes on the sustainability and economic viability of agriculture and
forestry; 2) developing an improved understanding of the fundamental mechanisms of plant,
insect, and animal responses to environmental factors, water, temperature, light (including UV-
B), and nutrient and atmospheric chemical composition; 3) providing the basic information
needed to assess environmental conditions and the sustainability of crop, forest, and rangeland
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production; 4) research on the potential, interactive, and beneficial effects of farming, range,
forestry, and other agricultural practices on water resources; and 5) advancing information
networks that integrate, synthesize, and provide users with access to biological, chemical,
physical, social, and economic information. The research is also coordinated with an extension
network to deliver weather information and management advice to agricultural managers and the
public.

National Agricultural Statistics Service (NASS)

NASS monitors crop conditions in the United States and makes timely forecasts and estimates of
crop acreage, yield, and production from survey information. The conventional survey
component has three major sources of data: farmer reports, extension agency reports, and
“objective” yield data such as plant counts, fruit counts, and fruit weights. Ongoing research
continues to investigate models relating weather parameters to overall crop yield and individual
yield components, such as corn ear weight and wheat head weight for operational use. Weather
data from the NWS observing network has been an integral part of NASS’s state crop reporting
system. NASS’s Remote Sensing Section develops map products utilizing satellite and ground-
based weather data to provide supplementary information to help policy makers assess crop
conditions and forecast crop production. These products are especially useful in years when
floods or drought affect large areas. GIS-based yield forecasting, utilizing layers such as
previous cropping history, soil types, field conditions, planting dates, varieties, plant populations,
local weather, insects, and diseases, offers new potential tools in weather—yield analyses.

Farm Service Agency (FSA)

FSA uses agricultural weather data and related reports to trigger civil defense (in conjunction
with the Federal Emergency Management Agency [FEMA]) and national or economic security
programs. This includes food distribution, agricultural chemical supplies, and civil defense.
FSA also uses agricultural weather for the Noninsured Crop Disaster Assistance Program and
programs for dairy, trees, and livestock. The information is used to support Secretarial Disaster
Designations, the Administrator for Physical Loss Designations, and the Presidential
Emergency/Major Disaster Declarations, and by the Deputy Administrator for Farm Loan
Programs for emergency and operating loans. FSA uses weekly agricultural weather information
in commodity operations for the storage, transportation scheduling, and distribution of
commodities. FSA also uses the data to support daily operation and policy decisions involving
farm programs such as commodity loans, production adjustment programs and compliance
monitoring programs, establishing and modifying reporting dates, and the release of conservation
reserve acreage. Historical and current agricultural weather data are used for triggering the
Emergency Conservation Program and for analyses of other environmental and conservation
programs. FSA’s Economic and Policy Analysis Staff uses weather data for commodity
programs to develop supply, demand, and price estimates and to analyze the economic and
outlay impacts of proposed FSA programs. FSA works with NASS, FAS, and the World
Agricultural Outlook Board to assess the domestic and foreign commaodity production for USDA
commaodity reports.

Risk Management Agency (RMA)

RMA uses weather data or analyses containing the data in Research and Development, Insurance
Services (claims, underwriting, reinsurance, and field investigation), and Compliance. It is used
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directly or indirectly in establishing rates and coverage, high risk areas, planting and harvesting
dates, crop hardiness areas, and new crop programs and developing new crop models and current
year loss estimates. RMA and reinsured companies also use specific weather data such as
precipitation, wind, and temperature to establish if insurable natural conditions caused the loss.
Some of the causes of loss for crop damage include drought, wind, frost, freeze, and excess
moisture. Historical and current weather data are used by Insurance Services and compliance
programs as an additional information resource in determining if losses are reasonable and if
producers and reinsured companies are in compliance with the insurance contracts under the
Standard Reinsurance Agreement (SRA).

World Agricultural Outlook Board (WAOB) and the Joint Agricultural Weather Facility (JAWF)
WAORB is located within the Office of the Chief Economist (OCE). WAOB?’s primary objectives
are consistency, objectivity, and reliability of outlook and situation-related material, including
weather information, developed within the U.S. Department of Agriculture. WAOB coordinates
all weather and climate information and monitoring activities within USDA. WAOB also
manages JAWF, which serves as the focal point in the Department for weather and climate
information and impact assessment.

JAWE is jointly operated by WAOB of the USDA and the National Oceanic and Atmospheric
Administration (NOAA) of the Department of Commerce (DOC). Created in 1978, the primary
mission of JAWF is to routinely collect data and information on global weather and agriculture,
and to determine the impact of growing-season weather conditions on crops and livestock
production prospects. NOAA meteorologists provide global weather information and products,
weather analyses, and weather-satellite imagery for use in the agricultural assessments. A
primary source of information is the standard meteorological station data provided over the
World Meteorological Organization’s Global Telecommunication System (WMO/GTS) and
provided through NOAA’s data network systems. WAOB agricultural meteorologists merge
these data with climatological analyses and global agronomic data and derive indices that relate
basic weather parameters to crop growth, to assess the weather’s impact on potential agricultural
production.

JAWF has the primary responsibility of disseminating global weather data to the other agencies
within USDA. Thus, JAWF serves as the Department’s focal point for current global
agricultural weather information. To improve the Department’s assessment capability with the
increasing agency demands for greater spatial and temporal resolution, WAOB/JAWF has
increased its resources to obtain domestic data from a variety of local and regional networks
around the nation. These data networks concentrate on diverse agricultural areas where the
success or failure of a crop season is strongly influenced by weather conditions.

Basic Mission of JAWF

The primary mission of JAWF is to routinely collect global weather data and agricultural
information to assess the impact of growing-season weather conditions on crops and livestock
production prospects (Puterbaugh et al. 1997). JAWF meteorologists monitor global weather
conditions and crop developments on a daily basis and prepare real-time agricultural
assessments. These assessments keep USDA commodity analysts, the OCE, and the Secretary of
Agriculture and top staff well informed of worldwide weather-related developments and their
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effects on crops and livestock. OCE/WAOB agricultural meteorologists at JAWF prepare special
assessments when adverse or anomalous weather conditions (e.g., droughts, heat waves, freezes,
floods, and hurricanes) occur in major crop-producing regions. These special assessments are
prepared using Geographic Information System (GIS) to overlay weather data, crop information,
and any other special data for the detailed analysis. When integrated with economic analyses,
these crop-weather assessments provide critical information to decision makers formulating crop
production forecasts, trade policy, and disaster relief. Inputs from JAWF are integrated into
USDA’s monthly foreign crop production estimates. The Senate and House Agricultural
Committees periodically request agricultural weather briefings that focus on the severity and
impact of drought.

Daily JAWF agricultural assessments are prepared to keep USDA commodity analysts and the
Secretary of Agriculture and top staff informed of worldwide weather conditions and their
effects on crops and livestock. Each morning, a written summary of current weather affecting
agriculture in United States is sent to the Secretary’s office. Furthermore, alerts of anomalous
weather conditions impacting agriculture around the globe are included in a daily report of
agricultural developments that is sent to USDA policy makers each afternoon.

Inputs from JAWF are integrated into USDA’s monthly foreign crop production estimates.
JAWF provides an objective procedure for translating the flow of global weather information
into assessments of crop-yield potentials, which are then integrated into USDA’s analytical
process for estimation of global area, yield, and production statistics. These data are in turn used
to evaluate global supply use estimates. The evaluation of a crop’s yield response is based upon
the cumulative effects of weather during crop development. The crop’s response to anomalous
weather is a function of crop type and growth stages.

JAWF serves as the USDA focal point for weather data received from the Global Observing
System, a worldwide network of nearly 8,000 meteorological reporting stations managed by the
World Meteorological Organization (WMO). The WMO data are stored and maintained at
JAWEF in a sophisticated data warehouse that utilizes advanced database technology. These data
are used at JAWF and other USDA agencies for a number of agricultural applications. The
agricultural meteorologists of OCE/WAOB/JAWF merge these weather data with climatological
analyses and global agronomic data to determine the weather’s impact on crop development and
yield potential. A major source of domestic weather and climate data that are often used in
special operational crop and weather analyses for the United States comes from the NWS’s
Cooperative Observer (COOP) Network of more than 3,500 daily reporting stations.

Weekly Weather and Crop Bulletin (WWCB) and other USDA Publications

Weekly domestic and international crop-weather assessments are published in the Weekly
Weather and Crop Bulletin (WWCB), which is JAWF’s flagship publication (Motha and
Heddinghaus 1986). The WWCB is jointly produced by USDA/OCE/WAOB, USDA/National
Agricultural Statistics Service (NASS), and the DOC/NOAA/NWS/NCEP/CPC. First published
in 1872 as the Weekly Weather Chronicle, the publication has evolved over the past 138 years
into one that provides a vital source of information on weather, climate, and agricultural
developments worldwide. The publication is a unique example of how two major departments
(USDA and DOC) within the federal government can cooperate, combining meteorology and
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agriculture to provide a service that benefits the economic well-being of the nation. Data and
information contained within the WWCB are generated by the efforts of thousands of people,
including about 3,000 county extension agents, NASS crop reporters, field office personnel, state
universities, National Weather Service Forecast Offices, and more than 5,000 weather observers,
mostly volunteer, working with the NWS. The WWCB highlights weekly meteorological and
agricultural developments on a state, national, and international scale, providing written
summaries of weather and climate conditions affecting agriculture as well as detailed maps and
tables of agrometeorological information that is appropriate for the season.

The WWCB emphasizes the cumulative influence of weather on crop growth and development.
Weather conditions influence important farming operations such as planting and harvesting, and
greatly influence yield at critical stages of crop development. The WWCB also provides timely
weather and crop information between the monthly Crop Production and World Agricultural
Supply and Demand Estimates reports, issued by USDA/NASS and USDA/OCE/WAOB,
respectively. The WWCB is available in electronic form from the OCE web site at
http://www.usda.gov/oce/weather/index.htm.

The main users of the WWCB include crop and livestock producers, farm organizations,
agribusinesses, state and national farm policy makers, and government agencies. Information
contained in the WWCB keeps farmers, commaodity analysts, economists, and producers up-to-
date on worldwide weather related developments and their effects on crops and livestock. The
WWCB provides critical information to decision makers formulating crop production forecasts
and trade policy. Agricultural statistics are used to plan and administer other related federal and
state programs in such areas as consumer protection, conservation, foreign trade, education, and
recreation. Crop and weather reports are especially important in farming areas. A dry or wet
planting season may prompt farmers to switch to another crop. A poor grain harvest may affect
the feeding activities of cattlemen. A regional drought can boost planted acres elsewhere to
offset the expected production decline. Government policy makers may adjust farm programs to
meet the changing conditions.

Knowledge of historical climate data and agricultural production patterns in agricultural regions
around the world is critical in JAWF’s assessments of weather’s impact on crop yields. In
September 1994, OCE/WAOB/JAWF published the Major World Crop Areas and Climatic
Profiles, Agricultural Handbook No. 664 (Joint Agricultural Weather Facility 1994). This
reference handbook provides the framework for assessing the weather’s impact on world crop
production by providing information on climate and crop data for key producing regions and
countries. Coverage includes major agricultural regions and crops, including coarse grains,
winter and spring wheat, rice, major oilseeds, sugar, and cotton. World maps show the normal
crop developmental stage by month. An electronic version of the handbook was developed to
provide periodic updates to the printed version as additional data become available. The
electronic version is available from the OCE web site at:
http://www.usda.gov/oce/weather/pubs/Other/MWCACP/index.htm.

Drought is one of the most costly natural disasters affecting the United States. In the summer of

1999, the U.S. Drought Monitor was developed to help assess drought conditions in the United
States. The Drought Monitor is a collaborative effort between federal and academic partners,
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including OCE/WAOB/JAWF, NOAA/NWS/CPC, NOAA/NESDIS/National Climatic Data
Center, and the National Drought Mitigation Center (NDMC) at the University of Nebraska—
Lincoln. Approximately ten lead authors rotate the responsibility of preparing the Drought
Monitor. Produced on a weekly basis, the Drought Monitor is a synthesis of multiple indices,
outlooks, and impacts depicted on a map and in narrative form. The official Web site for the
Drought Monitor is http://www.drought.unl.edu/dm/monitor.html.

The Drought Monitor is released each Thursday at 8:30 a.m. eastern time. Because the Drought
Monitor is prepared in a GIS format, it can be overlaid on agricultural data to create agricultural
weather products that quantify the spatial extent of drought affecting various agricultural
commodities. These agricultural weather products, along with the Drought Monitor, serve as the
main source of information for briefing the Department’s Drought Task Force on U.S. drought
developments.

The North American Drought Monitor (NADM) is a cooperative effort between drought experts
in Canada, Mexico, and the United States to monitor drought across the continent. The NADM
was initiated in 2002 and is part of a larger effort to improve the monitoring of climate extremes
on the continent. Issued monthly since March 2003, the NADM is based on the end-of-month
U.S. Drought Monitor analysis and input from scientists in Canada and Mexico. Major
participants in the NADM program include the entities involved with the production of the U.S.
Drought Monitor, as well as Agriculture and Agrifood Canada, the Meteorological Service of
Canada, and the National Meteorological Service of Mexico. The NADM Web site is
http://www.ncdc.noaa.gov/oa/climate/monitoring/drought/nadm/nadm-map.html.

USDA Drought Monitoring Programs

This section discusses the tools USDA has had at its disposal to make decisions to cope with
drought in the United States. A fairly extensive network of weather stations was established
throughout the United States in the late 1800s, operated by the U.S. Weather Bureau. The
USDA assumed management of the U.S. Weather Bureau on July 1, 1891, when all weather
instrumentation and staff were transferred from the Army Signal Corps to the Department of
Agriculture. The Weather Bureau remained in USDA until 1940, when it was transferred to the
Department of Commerce. Before the 1960s, operational drought monitoring was based mainly
on analyses of precipitation deficiencies and temperature patterns in agricultural areas. Moisture
deficiencies during the crop seasons combined with temperature anomalies were indicators of
various levels of drought severity.

Palmer Drought Severity Index (PDSI)

In 1965, Wayne Palmer, a researcher for the U.S. Weather Bureau (now the National Weather
Service), developed an index to “measure the departure of the moisture supply” (Palmer 1965).
Palmer based his drought index on the supply-and-demand concept of the water balance
equation, taking into account more than just the precipitation deficit at specific locations. The
Palmer Drought Severity Index (PDSI) uses temperature and rainfall in a formula to determine
the degree of dryness. The PDSI was developed in 1965 following two decades of severe
drought episodes in the United States (the 1930s and the 1950s). Using historical data, Palmer
was able to devise an index based on only temperature, precipitation, the available water content
of the soil, and Thornthwaite’s method for calculating potential evapotranspiration. The PDSI is
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most effective in determining long-term drought over a matter of several months, but it is not
good with short-term forecasts over a matter of weeks. A peculiarity of the Palmer Index is
backtracking—i.e., values previously reported for past months may be changed on the basis of
the newly calculated values for the present month. Thus, using the index as an “operational”
index is problematic because it may not be known until a later date whether the Palmer Index is
actually in a dry or wet spell (Heddinghaus and Sabol 1991). Because of this tendency to change
the index values at a later time, the index may not be representative of current conditions.

The objective of the PDSI was to provide a measurement of moisture conditions that were
“standardized” so that comparisons using the index could be made between locations and
between months (Palmer 1965). Palmer developed the PDSI to include the duration of a drought
(or wet spell). His motivation was as follows: an abnormally wet month in the middle of a long-
term drought should not have a major impact on the index, and a series of months with near-
normal rainfall following a serious drought does not mean that the drought is over. Therefore,
Palmer developed criteria for determining when a drought or a wet spell begins and ends, which
adjust the PDSI accordingly.

The PDSI is a “meteorological” drought index and responds to weather conditions that have been
abnormally dry or abnormally wet. When conditions change from dry to normal or wet, for
example, the drought measured by the PDSI ends without taking into account streamflow, lake
and reservoir levels, and other longer-term hydrologic impacts (Karl and Knight 1985). The
PDSI is calculated based on precipitation and temperature data, as well as the local available
water content (AWC) of the soil. From the inputs, all the basic terms of the water balance
equation can be determined, including evapotranspiration, soil recharge, runoff, and moisture
loss from the surface layer. Human impacts on the water balance, such as irrigation, are not
considered. The PDSI is slow to detect fast-emerging droughts, and does not reflect snowpack,
an important component of water supply in the western United States. Thus, the PDSI is not
accurate in the winter or early spring months, nor is it particularly useful in the west where
irrigation is an important factor in the water balance. Complete descriptions of the equations can
be found in the original study by Palmer (1965) and in the more recent analysis by Alley (1984).

The PDSI varies between less than -4.0 and greater than +4.0. Palmer arbitrarily selected the
classification scale of moisture conditions (see Table 1) based on his original study areas in
central lowa and western Kansas (Palmer 1965). Ideally, the PDSI is designed so that a -4.0 in
South Carolina has the same meaning in terms of the moisture departure from a climatological
normal as a -4.0 in Idaho (Alley 1984). The PDSI has typically been calculated on a monthly
basis, and a long-term archive of the monthly PDSI values for every Climate Division in the
United States exists at the National Climatic Data Center from 1895 through the present. In
addition, weekly Palmer Index values (actually modified PDSI values; Heim 2005) are
calculated for the Climate Divisions during every growing season and are available in the
WWCB.

49



Table 1. PDSI classifications.

PDSI Classifications for Dry and Wet Periods

Drought Severity Class
4.00 or more Extremely wet
3.00t0 3.99 Very wet
2.00t0 2.99 Moderately wet
1.00to 1.99 Slightly wet
0.50t0 0.99 Incipient wet spell
0.49 to -0.49 Near normal
-0.50 to -0.99 Incipient dry spell
-1.00 to -1.99 Mild drought
-2.00 to -2.99 Moderate drought
-3.00 to -3.99 Severe drought
-4.00 or less Extreme drought

There are considerable limitations when using the Palmer Index, and these are described in detail
by Alley (1984) and Karl and Knight (1985). Drawbacks of the Palmer Index include:

e The arbitrary designation of drought severity classes resulted in rather loosely defined
categories such as “severe” and “extreme.” The values quantifying the intensity of the
drought and signaling the beginning and end of a drought or wet spell were arbitrarily
selected based on Palmer’s study of central lowa and western Kansas.

e The two soil layers within the water balance computations are simplified and may not be
accurately representative for a location. The model assumes the capacities of the two
layers are independent of seasonal or annual changes in vegetation cover or root
development. These temporal changes are particularly important in cultivated areas.

e Snowfall, snow cover, and frozen ground are not included in the index. All precipitation
is treated as rain, so that the timing of PDSI values may be inaccurate in the winter and
spring months in regions where snow occurs.

e The natural lag between when precipitation falls and the resulting runoff is not
considered. In addition, no runoff is allowed to take place in the model until the water
capacity of the surface and subsurface soil layers is full, leading to an underestimation of
the runoff.

« Potential evapotranspiration is estimated using the Thornthwaite method. This technique
has wide acceptance, but it is still only an approximation. Thus, there is no universally
accepted method of computing potential evapotranspiration.

What is most difficult to discern is onset and cessation of drought. This is, of course, dictated by
the definition of drought and by appropriate terminology. However, several weeks or months
may pass before it is truly recognized that a drought is occurring. A drought can end just as
gradually as it began. Thus, drought is often referred to as a creeping disaster. Within a short
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period of time, the amount of moisture in soils can begin to decrease. The effects of a drought
on flow in streams and rivers or on water levels in lakes and reservoirs may not be noticed for

several weeks or months. Water levels in wells may not reflect a shortage of rainfall for a year
or more after a drought begins.

The PDSI was being used widely for many operational monitoring activities, in which the onset
and end of drought was of importance. Heddinghaus and Sabol (1991) noted the operational
problem in the PDSI formulation and presented an improved solution. The original formulation
was not continuous, but was measured from the beginning of a wet or dry spell that was
determined by calculating a 100% “probability” that the opposite spell was over. Problems arose
in using the PDSI as an operational index since often it was not known until a later date when the
drought or wet spell ended. Thus, in 1989, a modified method to compute the PDSI was begun
operationally (Heddinghaus and Sabol 1991). This modified PDSI differs from the PDSI during
transition periods between dry and wet spells. During transition periods, the modified PDSI
takes the sum of the wet and dry terms after they have been weighted by their respective
probabilities. This method eliminates the flipping between positive and negative values when
the probabilities cross 50%. The modified index is continuous, likely to be more normally
distributed, and is similar to the original PDSI during established wet or dry spells.

Despite these drawbacks, the PDSI has been popular and has been widely used for a variety of
applications across the United States. It was relatively effective for measuring soil moisture
conditions impacting agriculture (Willeke et al. 1994). In fact, the PDSI was the first
comprehensive drought monitoring index and was used for about three decades in the United
States, from the mid-1960s to the 1990s. The PDSI was widely utilized by a variety of users: the
press and news media to depict areas and severity of drought across the United States; private
consultants to describe U.S. crop conditions and assess commodity markets; hydrologists to
survey levels of streamflow, lakes, reservoirs, and groundwater; agricultural meteorologists,
economists, and policy decision makers to estimate soil moisture, rangeland conditions, and
economic impacts; researchers to study spatial and temporal characteristics of dry and wet
episodes; and foresters to indicate conditions for fire ignition and potential severity
(Heddinghaus and Sabol 1991).

The PDSI was used by USDA and a number of states to trigger drought relief programs, and was
used to start or end drought contingency plans (Willeke et al. 1994). Alley (1984) identified
three positive characteristics of the Palmer Index that contribute to its popularity: 1) it provided
decision makers with a measurement of the abnormality of recent weather for a region; 2) it
provided an opportunity to place current conditions in historical perspective; and 3) it provided
spatial and temporal representations of historical droughts. Several states, including New York,
Colorado, Idaho, and Utah, used the Palmer Index as one part of drought monitoring systems,
and a number of states included the PDSI in their criteria for evaluating drought in their state
drought plans.

Despite significant limitations that have been fully documented and evaluated, the PDSI has been
used for a wide variety of applications and has a historical archive. Moreover, early warning
systems and state drought plans have used the PDSI criteria as one of the factors in their drought
programs. Thus, while the PDSI was limited in its capabilities to fully address drought

51



monitoring, it was recognized as a first major step for nearly three decades toward an effective
integrated drought monitoring tool.

During periods of drought, state governments also issued bans on open burning in an effort to
reduce the risk of wildfire, based on the PDSI. In an example application of a climate forecast
for the Northern Rockies, seasonal temperature forecasts using Pacific sea surface temperatures
and proxies for soil moisture (PDSI) allow managers to anticipate extreme fire seasons in the
Northern Rockies with a high degree of reliability. As is often the case with climate forecasts,
however, forecasts for the Northern Rockies do not provide a large degree of precision: while
they can indicate whether a mild or active wildfire season is likely, they cannot provide a precise
estimate of the amount of area burned or suppression expenditures given a mild or extreme
forecast (Westerling et al. 2003).

The Forest Service has developed statistical relationships between number and location of large
fire events in the West and climate, drought, and fire index variables. They found that a model
to predict large fire occurrences using monthly mean temperature and the PDSI showed potential
to distinguish areas of high probability of large fires from areas of low to moderate probability of
large fires. The model was superior to predictions based on historical fire frequency.

Interagency Agrometeorological GIS Applications: The U.S. Drought Monitor

In 1999, government and university scientists began working together to produce the U.S.
Drought Monitor (USDM), a weekly product designed to provide a single snapshot of the spatial
extent and intensity of drought across the United States (Svoboda et al. 2002). Drought experts
from four organizations are responsible for coordinating USDM production each week. These
institutions include the NWS Climate Prediction Center (CPC), National Climatic Data Center
(NCDC), National Drought Mitigation Center (NDMC), and the World Agricultural Outlook
Board (WAOB). On a rotating basis, an individual from one of these organizations serves as the
product author for the week, and typically authors the product for two consecutive weeks. Each
Monday, the author consults data from numerous sources, including products derived from
various quantitative observational networks, model output, satellite and radar imagery, and
subjective reports. The author uses these data to prepare a first draft of the USDM for that week
and distributes the draft via an email list server to approximately 250 experts, including fellow
authors and climate and water experts from around the country. Members of the drought list
provide input, including validation and suggestions, to the author, who uses this information to
refine the analysis. Through an iterative process, the author prepares and distributes at least two
and as many as three drafts of the USDM on Monday, Tuesday, and Wednesday of each week to
obtain the best product possible. The final product and an accompanying text summary are
posted every Thursday at 0830 LT on the USDM web site
(http://www.drought.unl.edu/dm/monitor.html).

In 2002, the USDM authors began using ArcGIS to create the USDM, with each USDM author
obtaining ArcGIS training to help familiarize them with the software. This training provided the
basics necessary to create and draw drought areas, annotate the map, and print and export the
product. ArcGIS provides a mode to more precisely quantify the spatial extent and intensity of
drought across the United States. This analytical capability enables users to more accurately
assess the impacts of drought on many of the nation’s resources, including agriculture, forests,
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water supplies, transportation, energy use, and the economy. For example, WAOB
meteorologists have used ArcGIS and the USDM product to examine the spatial extent and
intensity of drought relative to major domestic crop and livestock areas. Such analyses have
helped WAOB meteorologists and economists obtain a better understanding of how livestock
inventories, pasture and range conditions, and crop sowing patterns vary in response to drought.

North American Drought Monitor

Building upon the early success of the USDM in 2002, the USDM authors began collaborating
with drought experts from Canada and Mexico to create a North American Drought Monitor
(NADM) product. The primary goal of the NADM is to provide an assessment of drought across
the continent. In addition to the four U.S. organizations that coordinate development of the
USDM, the major contributors from Canada and Mexico include Agriculture and Agrifood
Canada, the Meteorological Service of Canada, and the National Meteorological Service of
Mexico (SMN - Servicio Meteorologico Nacional). In contrast to the USDM, which is produced
weekly, the NADM is created monthly. Similar to the USDM, the NADM is prepared using
ArcGIS. The United States contribution to the NADM each month is the most recent weekly
USDM analysis. Currently, Mexican drought experts share their input on the spatial extent and
intensity of drought within Mexico, but a USDM author draws the Mexican drought areas in
ArcGIS. In contrast, the Canadian contribution to the NADM is prepared entirely by Canadian
drought experts. The Canadian analysis is then merged with the U.S. and Mexican analyses in
GIS to create the NADM each month.

Although the NADM is being made available to the public each month, the product remains
experimental as this collaboration continues to grow. The NADM analysis can be found on the
NCDC web site at http://www.ncdc.noaa.gov/oa/climate/monitoring/drought/nadm/index.html.

In recent decades, numerous organizations have begun to recognize the enormous benefits of
using GIS to display, manage, and statistically evaluate spatial data and the relationships among
multiple datasets. One feature that makes GIS so valuable is that the system is not discipline
specific. A GIS can be used to map and analyze any dataset that has a spatial component, such
as economic, landmark, population, and transportation data. For agricultural meteorologists at
the WAOB, GIS has become an important tool for displaying and analyzing agrometeorological
data. Several examples were presented above in which WAOB meteorologists have used GIS to
display and analyze agricultural and meteorological data. Additional examples demonstrated
how GIS can be used to overlay these datasets to visualize and assess the spatial extent and
intensity of favorable or unfavorable weather relative to major crop-producing areas worldwide.

USDA Drought Assistance Programs

However, even before the concept of NIDIS was developed, various agencies with USDA were
actively working toward the creation of a comprehensive system to provide the public with early-
warning agricultural weather information and drought disaster assistance. USDA’s WAOB takes
part in several department-wide activities, including the coordination of weather-related
activities among USDA agencies and representation of the department's interests in
meteorological policy to outside agencies and organizations. WAOB, NRCS, FS and FSA have
coordinated weather and climate activities over the past 50 years to ensure a seamless flow of
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data, products, and information to meet agency requirements, from the perspective of both
producers of information and users of information.

FSA and Risk Management Agency (RMA) utilize the Drought Monitor as an aid to identify
drought-stricken areas and to provide disaster assistance where needed. A number of USDA
programs provide drought assistance to the agricultural community. Many of these programs are
based on disaster declarations by the U.S. Secretary of Agriculture, who currently keeps up to
date on the latest drought conditions with the U.S. Drought Monitor, which shows the status of
the severity and duration of drought in each state at the county level. During severe drought,
FSA issues the Emergency Conservation Program (ECP) to provide emergency water assistance
for livestock and for irrigation systems for orchards and vineyards. ECP also provides funds for
rehabilitating damaged farmland. FSA releases emergency haying and grazing land through the
Conservation Reserve Program (CRP) and helps producers recover from production losses due to
drought through the Emergency Loan Assistance (EM) program. The Emergency Disaster
Designation and Declaration Process allows producers to apply for low-interest emergency (EM)
loans in designated counties through FSA. The Noninsured Crop Disaster Assistance Program
(NAP) provides financial assistance to producers of noninsurable crops when low yields, loss of
inventory, or prevented planting occurs because of drought or other natural disasters. RMA
offers crop insurance policies for a large number of crops as one risk management option.
Producers should always carefully consider how a policy will work in conjunction with their
other risk management strategies. FSA also provides surplus USDA stocks of nonfat dry milk to
livestock producers in areas hardest hit by continuing drought, based on the USDM.

In addition to FSA, NRCS undertakes emergency measures through the Emergency Watershed
Protection Program (EWP) to purchase flood plain easements for runoff retardation and soil
erosion prevention to safeguard lives and property from drought and floods. NRCS provides
technical assistance to monitor climate and hydrologic conditions necessary to produce water
supply forecasts in the western United States. The FS uses the National Fire Danger Rating
System to monitor and predict the conditions for wildland fires throughout the fire season using
daily input from more than 1,500 weather stations in their fire weather network to run various
models and algorithms, and they closely monitor input data for the USDM.

National Drought Policy Commission (NDPC)

In July 1998, the U.S. Congress enacted Public Law 105-199, the National Drought Policy Act.
This law created the National Drought Policy Commission, hereafter referred to as NDPC, to
advise Congress on the formulation of a national drought policy based on preparedness,
mitigation, and risk management rather than on crisis management. The law directed the
Commission to conduct a thorough study of ongoing drought programs, to present a strategy that
shifts from an ad hoc federal action toward a systematic process similar to those for other natural
disasters, and to integrate federal programs with state, local, and tribal programs to ensure a
coordinated approach to drought response.

The task was immense. Although drought occurs frequently in most areas of the United States,
there was no coordinated, national policy that focused on reducing the impacts of this natural
disaster. Many states and local governments include drought in their comprehensive risk
management, water management, land use, and long-term planning strategies. Some have
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devised separate drought plans. State, local, and tribal governments must deal individually with
each federal agency involved with drought assistance. Although the federal government plays a
major role in drought, there is no single federal agency in a lead or coordinating position
regarding drought. Thus, crisis or reactive management generally typifies the federal response to
drought emergencies rather than planning and proactive mitigation measures that can be more
effectively carried out at the state and local level under the umbrella of a national drought policy.

To succeed in the development of a national drought policy, the guiding principles should
include favoring preparedness over insurance, insurance over relief, and incentives over
regulation. Research priorities should be set based on the potential of the research results to
reduce the drought impacts in the particular regions and for the particular sectors of concern.
Finally, it is essential to coordinate the delivery of federal services through effective
collaboration with all appropriate nonfederal entities to ensure that all partnerships are fully
established.

The National Drought Policy Commission established five goals of national drought policy.
Goal 1 calls for proactive mitigation and planning measures, risk management, public education,
and resource stewardship as key elements of effective national drought policy. Goal 2 urges
greater collaboration to enhance the nation’s observation network and information delivery
system to improve public understanding of and preparedness for drought. Goal 3 recommends
that comprehensive insurance and financial strategies be incorporated into drought preparedness
plans. Goal 4 recognizes that a safety net of emergency relief based on sound stewardship of
natural resources and self-help must be maintained. Goal 5 requires coordination of drought
programs and response in an effective, efficient, and customer-oriented manner and creates the
National Drought Council to coordinate federal drought programs and ensure effective service
delivery in support of non-federal drought programs. The Secretary of Agriculture was the
federal co-chair of the National Drought Council, as proposed by the drought legislation.
Although the national drought policy was never fully achieved, parts of the NDPC goals have
been implemented. From Goal 2, the National Integrated Drought Information System (NIDIS)
Act was signed into law in 2006 (Public Law 109-430). The NIDIS Act calls for an interagency,
multi-partner approach to drought monitoring, forecasting, and early warning, led by the
National Oceanic and Atmospheric Administration (NOAA). NIDIS has been developed to
characterize current drought conditions, forecast future conditions, and provide a better basis to
identify triggering mechanisms for federal drought assistance.

Summary

USDA has been actively involved in drought monitoring, disaster assistance, emergency relief,
and crop insurance related to agricultural drought, especially since the Dust Bowl years of the
1930s. USDA established agencies and programs to help farmers cope with drought and
improve agricultural management strategies. The PDSI was used for more than 30 years as a
drought indicator until USDA partnered with NOAA and the National Drought Mitigation Center
to develop and implement the U.S. Drought Monitor. Fortunately, the USDM has been
successful in its decade of operational application for agricultural drought monitoring to identify
appropriate levels of drought to trigger disaster assistance and emergency response. Success has
come slowly. The Natural Resources Conservation Service provides technical assistance to
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monitor drought, climate, and hydrologic elements in the western United States. The Forest
Service provides technical assistance to monitor and predict conditions associated with drought
for wildland fires throughout the fire season. The Risk Management Agency provides financial
assistance to manage risk for agricultural producers in order to improve the economic stability of
agriculture. The National Institute of Food and Agriculture provides grants and supporting
research for environmental services to promote farming systems that support soil conservation
and sustainable agriculture and contribute to climate change mitigation. In 2008, the USDA
Farm Bill for the first time identified the USDM as the official criteria for FSA to trigger
authorization for disaster program payments for specific farm programs. The farm bill is a 5-
year program.
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Monitoring Drought Risks in India with Emphasis on
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Abstract

This paper highlights the drought indices that are currently in use for monitoring meteorological
and agricultural drought risks in India. For meteorological drought monitoring in India,
percentage rainfall departure from normal is used as an index. The Standardized Precipitation
Index (SPI), which is being developed and tested, has also shown promise in monitoring
meteorological drought. Drought risks have been identified by delineating the country into
chronically (probability of drought occurrence exceeds 20%), frequently (probability of drought
occurrence 10% -20%), and least drought prone (probability of drought occurrence less than 10%)
areas. No trend in meteorological drought has been found to exist in India. For monitoring and
assessing agricultural drought, an aridity anomaly index is used in India. Remote sensing
applications could also be very effective in assessing severity of agricultural droughts, their
impacts on sectors like agriculture, and related policy decisions.

Introduction

The economy of India is greatly dependent on water resources as well as rainfall. The erratic
nature of monsoon rainfall gives rise to low rainfall in some years (leading to drought) and
normal to excess rainfall in others. Drought, which may lead to famine, is indeed one of the
worst environmental hazards because its onset is slow, the affected area is quite widespread, and
the adverse impacts are ruinous. Drought imparts a creeping long-term setback to the socio-
economic fabric of the society which has the misfortune to be visited by it (Kulshrestha 1997).
During the 30-year period 1963-1992, although the number of deaths directly attributable to
droughts is much less (3%) compared to that caused by floods (26%) and tropical cyclones
(19%), the number of persons affected by drought (33%) is the highest among all the natural
disasters (number of persons affected by floods and tropical cyclones being 32% and 20%,
respectively), and the damage caused by drought is significant (22%) and is comparable to the
corresponding values of floods (32%) and tropical cyclones (30%) (WMO 1994). India gets
nearly 80% of its annual rainfall during the southwest monsoon season (June to September).
Delayed onset of the monsoon, prolonged breaks in the monsoon during the normally most
active months of July and August, early withdrawal of the monsoon, and erratic distribution of
rainfall during monsoon season make our country, especially the low rainfall belts, vulnerable to
droughts.

For proper monitoring and assessment of droughts, different drought indices are used. India
Meteorological Department (IMD) monitors meteorological and agricultural drought based on
“percentage of rainfall departure” and “aridity anomaly index,” respectively, whereas the
National Remote Sensing Center (NRSC), Hyderabad, monitors agricultural drought using
remote sensing techniques. The Standardized Precipitation Index (SPI) has also been found to be
an effective tool in monitoring meteorological drought.
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Drought Monitoring in India

A well-established drought monitoring system exists in India. IMD and NRSC have been
monitoring drought over the country by the conventional way of rainfall monitoring and remote
sensing methods, respectively.

IMD monitors both meteorological drought and agricultural droughts. Meteorological drought
over an area is defined as a situation when the monsoon seasonal (June-September) rainfall over
the area is less than 75% of its long-term average value. It is further classified as “moderate
drought” if the rainfall deficit is 26-50% and “severe drought” when the deficit exceeds 50% of
the normal.

Further, a year is considered a “drought year” when the area affected by moderate and severe
drought either individually or together is 20-40% of the total area of the country and seasonal
rainfall deficiency during the southwest monsoon season for the country as a whole is at least
10% or more. When the spatial coverage of drought is more than 40% then it is called an all-
India severe drought year (www.imd.gov.in).

Based on the index of percentage departure of rainfall from normal, IMD has delineated drought
by subdivision since 1875. The droughts over a period of 135 years (1875-2009) have been
identified and classified so far. Further, the drought-prone areas have been identified and
probabilities of moderate and severe drought occurrences have also been computed by
subdivision over the country (Table 1).

Table 1. Subdivision frequencies of moderate and severe drought during 1875-2009 and probabilities of
drought years.

Sl.No. Name of subdivision Moderate Severe Total Drought
probabilities
(Total) %
1. Andaman & Nicobar 17 0 17 13
Islands
2. Arunachal Pradsh 7 1 8 6
3. Assam & Meghalaya 5 0 5 4
4. Nagaland, Manipur, 12 0 12 9
Mizoram & Tripura
5. Sub-Himalayan West 7 0 7 5
Bengal
6. Gangetic West Bengal 2 0 2 1
7. Orissa 5 0 5 4
8. Bihar 12 0 12 9
9. Jharkhand 6 0 6 4
10.  East Uttar Pradesh 13 1 14 10
11.  West Uttar Pradesh 13 1 14 10
12.  Uttarakhand 16 2 18 13
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13.  Haryana, Delhi & 21 4 25 19
Chandigarh
14.  Punjab 20 4 24 18
15.  Himachal Pradesh 20 3 23 17
16.  Jammu & Kashmir 21 6 27 20
17.  West Rajasthan 22 12 34 25
18.  East Rajasthan 18 5 23 17
19.  West Madhya Pradesh 14 0 14 10
20  East Madhya Pradesh 12 0 12 9
(including Chhattisgarh)
21.  Gujarat Region 17 11 28 21
22.  Saurashtra & Kutch 16 15 31 23
23. Konkan & Goa 9 0 9 7
24.  Madhya Maharashtra 7 2 9 7
25.  Marathwada 17 1 18 13
26.  Vidarbha 16 1 17 13
27.  Coastal Andhra Pradesh 13 0 13 10
28.  Telangana 18 0 18 13
29. Rayalaseema 20 2 22 16
30. Tamil Nadu & 12 0 12 9
Pondicherry
31.  Coastal Karnataka 5 0 5 4
32.  North Interior Karnataka 10 0 10 7
33.  South Interior Karnataka 9 0 9 7
34. Kerala 10 0 10 7
35.  Lakshdweep 10 3 13 10

Data in Table 1 reveal that the arid west, namely West Rajasthan (34 cases) and Saurashtra and
Kutch (31 cases), have the highest occurrences of drought. The adjoining Gujarat region, which
mostly belongs to a semiarid climate, also experiences high incidences of drought (28). Other
areas recording large incidences of drought are Haryana, Delhi and Chandigarh, Punjab,
Himachal Pradesh, and East Rajasthan in northwest India and Rayalaseema in the southern
peninsula. The subhumid and humid areas of east and northeast India (Arunachal Pradesh,
Assam and Meghalaya, Orissa, Gangetic West Bengal, and Jharkhand), for obvious reasons,
have the lowest occurrences of drought.

Based on the probabilities of occurrence of drought (percentage), the entire country has been
divided (Figure 1) into chronically drought-prone areas (probability of occurrence of drought
more than 20%), frequently drought-prone areas (probability of occurrence of drought 10-20%),
and least drought-prone areas (probability of occurrence of drought less than 10%) (IMD 2005).
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PROBABILITY OF OCCURRENCE OF DROUGHT (
AND DROUGHT PRONE AREAS 1875 - 2004

CRONICALLY DROUGHT PRONE AREA
( PROBABUTY OF OCCURRENCE OF DROUGHT MORE THAN 20%)

FREQUENTLY DROUGHT PRONE AREA
{ PROBABILITY OF OCCURRENCE OF DROUGHT 10% TO 20%)

LEAST DROUGHT PRONE AREA
(PROBABILITY OF OCCURRENCE OF DROUGHT LESS THAN 10% )

Figure 1. Probability of occurrence of drought (%6) and drought prone areas, 1875-2004.

Figure 1 shows that West Rajasthan and the entire Gujarat State fall in the category of
chronically drought-prone areas. Therefore, these areas deserve special attention for drought
proofing, like evolving crop varieties resistant to moisture stress, better water management, and
effective land management. East Uttar Pradesh, Uttarakhand, Haryana, Punjab, Himachal
Pradesh, East Rajasthan, West Madhya Pradesh, Marathwada, Vidarbha, Telangana, Coastal
Andhra Pradesh, and Rayalaseema fall in the category of frequently drought-prone areas, which
can expect drought once in 6-10 years. These areas generally belong to the subhumid climate
zone (IMD 2005).

Index Based on SPI

Although rainfall deviation from the long-term mean continues to be a widely adopted indicator
for drought intensity assessment because of its simplicity, its application is strongly limited by its
inherent nature of dependence on mean. Rainfall deviations cannot be applied uniformly to
different areas having different amounts of mean rainfall since a high and a low rainfall area can
have the same rainfall deviation for two different amounts of actual rainfall. Therefore, rainfall
deviations across space and time need to be interpreted with utmost care (Naresh Kumar et al.
2009).
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SPI expresses the actual rainfall as standardized departure from rainfall probability distribution
function and, hence, this index has gained importance in recent years as a potential drought
indicator permitting comparisons across space and time (Naresh Kumar et al. 2009).

A few studies (Hughes and Saunders 2002, Hayes et al. 1999, Mihajlovic 2006) have been done
on SPI-based drought monitoring on a monthly/seasonal time scale. Keeping this in mind, an
attempt has been made to analyze drought (Table 2) over India based on SPI. The main objective
was to see how effective SPI was in diagnosing drought intensity over a longer period of time.
Rainfall data (All India Seasonal rainfall [June—September]) used for the study was from 1875 to
2009. Computation of SPI involved fitting a gamma probability density function to a given
frequency distribution of precipitation totals. The alpha and beta, shape, and scale parameters of
the gamma distribution were estimated for a suitable timescale for each year. Alpha and beta
parameters were then used to find the cumulative probability of an observed precipitation
amount, which was then transformed into the standardized normal distribution. Thus, SPI could
be said to be normalized in space and time scale. SPI as a drought index is very versatile as it
can be calculated on any timescale, so it is suitable for agricultural and hydrological applications.
This versatility is also critical for monitoring the temporal dynamics of a drought, including its
development and decline. These aspects of a drought have always been difficult to track with
other indices; further, as SPI values are normally distributed, the frequencies of extreme and
severe drought events for any location and timescale are consistent.
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Table 2. Drought intensity over India based on Standardized Precipitation Index (SPI).

Drought Seasonal (June-Sept.) SPI Drought
year rainfall (cm) value | intensity as per
SPI value
1877 58.7 -3.47 ED
1899 62.1 -3.01 ED
1901 76.5 -1.21 MD
1904 77.6 -1.08 MD
1905 72.7 -1.66 SD
1911 75.1 -1.38 MD
1918 66.1 -2.48 ED
1920 73.3 -1.59 SD
1941 76.3 -1.23 MD
1951 71.5 -1.81 SD
1965 72.0 -1.75 SD
1966 76.4 -1.22 MD
1972 67.0 -2.37 ED
1974 77.4 -1.11 MD
1979 714 -1.82 SD
1982 75.2 -1.36 MD
1986 76.8 1.18 MD
1987 70.9 -1.88 SD
2002 71.3 -1.83 SD
2004 76.6 -1.20 MD
2009 69.8 -2.02 ED

ED = extreme drought (SPI: more than -2.0);
SD= severe drought (SPI: -1.50 to -1.99);
MD = moderate drought (SPI: -1.0 to -1.49)

The analysis revealed that out of 135 years (1875-2009), SPI diagnosed five years (1877, 1899,
1918, 1972 and 2009) as All India extreme drought years when the SPI value exceeded -2.0. This
result was in agreement with the analysis of Mooley (1994), who while analyzing data from 1871
to 1996 found that in the years 1877, 1899, 1918, 1972, and 1987, Phenomenal All India
droughts affected the country. Mooley (1994) defined Phenomenal All India drought as a
phenomenon occurring when percent departure of monsoon season rainfall was < -2 SD (i.e., -
20%) and the percentage area under deficient monsoon rainfall was equal to or more than
mean+2 SD (i.e., 47.7%). Therefore, Phenomenal drought years identified by Mooley (1994)
have been effectively diagnosed as extreme drought years by SPI. SP1 was also able to properly
diagnose the other All India moderate/severe drought years that affected the country. Further,
when SPI was used to examine whether any trend existed in drought over the country, no trend
was found (Figure 2).
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However, it should be mentioned that despite the current optimism about SPI, it cannot solve all
moisture monitoring concerns. Rather, it can be considered as a tool that can be used in
coordination with other tools, such as the aridity anomaly index or remote sensing data, to detect
the development of droughts and monitor their intensity and duration. This will further improve
the timely identification of emerging drought conditions that can trigger appropriate responses by
the policy makers.
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Figure 2. Temporal variation of Standardized Precipitation Index (SP1) in India, 1875-2004.

Index Based on Aridity Anomaly

Thornthwaite’s (1948) water balance technique is generally used to compute the aridity anomaly
index at a location. This index is one of the tools to monitor agricultural drought. According to
the methodology that is now widely used to represent crop moisture stress, an index known as
aridity index (la) is computed as given below:

_ Water deficit
~ Water need
_ PE-ET

- PE

la
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where ET is the actual evapotranspiration computed from the water balance technique and PE the
potential evapotranspiration, which is supposed to represent the water need of the plant. For
monitoring and mapping agricultural drought, a shorter time interval, say a week, is generally

considered. The difference between the actual 12 and its normal value for that week (i.e., 12)
furnishes an anomaly that is expressed as percentage:

Aridity Anomaly= Iallla X 100

a

When the anomaly is worked out for a large network of stations for different weeks, plotted, and
analyzed, it is possible to identify areas where the crop might be suffering from moisture stress
of various degrees. The anomaly is used to categorize agricultural drought of various types, as
below :

Anomaly of Aridity Index Agricultural Drought Intensity
1-25 Mild
26 — 50 Moderate
>50 Severe

Using this technique, IMD is monitoring agricultural drought during both kharif and rabi seasons
using a wide network of stations. This is done on real-time basis every fortnight of the two crop
seasons and supplied to various users.

Based on this aridity index, weekly/fortnightly Aridity Anomaly Maps/Reports for the southwest
monsoon season for the whole country and for the northeast monsoon season for the five
meteorological subdivisions (coastal Andhra Pradesh, Rayalaseema, south Interior Karnataka,
Tamil Nadu and Pondicherry and Kerala) are prepared and sent to various user communities on a
near real time basis for their use in agricultural planning and research purposes. The aridity
anomaly maps are also uploaded to the departmental website (www.imd.gov.in). This index
helps to assess the moisture stress experienced by growing plants. A few aridity anomaly maps,
pertaining to the drought year 2009, are presented in Figures 3 and 4.
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Figure 3. Aridity anomaly chart of India (June 11-17, 2009).
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Figure 4. Aridity anomaly chart of India (June 18-24, 2009).

Monitoring Drought by Remote Sensing Method

NRSC (Department of Space, Government of India) has been assessing and monitoring
agricultural drought since 1989 under the National Agricultural Drought Assessment and
Monitoring Systems (NADAMS). Under NADAMS, agricultural conditions are monitored at
the district level using daily observed coarse resolution (1.1 km) NOAA-AVHRR data for the

68



entire country and at the subdistrict level using better spatial resolution Indian Remote Sensing
Satellite (IRS) AWIFS/WIFS data .

IRS series (IRS 1C, IRS 1D, and IRS P3) have WIFS (Wide Field Sensor) payload, which
collects data in two spectral bands: 0.62-0.68 um (red) and 0.77-0.86 um (near infrared) with
spatial resolution of 188 m and ground swath of 810 km with a revisit period of 5 days. The IRS
P6 (Resource Sat) has advanced WIFS (AWIFS) sensors that provide data with spectra,
radiometric, and spatial (56 m) resolutions for better monitoring of agriculture. The combination
of AWIFS/WIFS would help increase the frequency of images, with almost one coverage in two
days time, which is useful to minimize cloud contamination.

The crop/vegetation reflects high energy in the near infrared band because of its canopy
geometry and health of the standing crops/vegetation and absorbs high in the red band due to its
biomass and photosynthesis. Using these contrasting characteristics of vegetation in near
infrared and red bands, which indicate both the health and condition of the crops/vegetation, the
Normalized Difference Vegetation Index (NDV1) is derived by the difference of these
measurements and divided by their sums. The vegetation index is generated from each of the
available satellite data irrespective of the cloud cover present. To minimize the cloud, monthly
time composite vegetation index is generated.

The monthly vegetation index maps for the states with district boundaries overlaid are given in
specific colors for the vegetation index ranges. Yellow through green to violet indicate
increasing green leaf area and biomass of different vegetation types. Cloud and water are
represented in black and blue colors, respectively. The bare soil, fallow, and other non-
vegetation categories are represented in brown.

The composite NDVI images are generated for each month of the monsoon separately for the
total geographic area and for the agricultural area of the state. The seasonal progression of
NDVI compared to that of normal and complementary ground data on rainfall and crop sowing
progress are utilized in the assessment of agricultural drought. Figures 5 and 6 depict monitoring
of agricultural drought by remote sensing during the monsoon season of 2009 (NRSC 2009).
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Fig. Progression of surface wetness (NDWI) duning Sowing period June - July 2009

Second fortnight

11917 June

Figure 5. Progression of surface wetness (NDWI) during sowing period (June-July) in 2009 in India (above)
and AMSR-E soil moisture during the sowing period in 2009 in India (below).

Fig. AWIFS NDVI over Agricultural area over Andhra Pradesh state, khanf - 2009
{showing persistant low NDVI and delayed agncultural season due to agril. drought)

i

Agnl. Drought assessment
Khart 2009

Mod Severe 16 dntn4ls
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Figure 6. AWIFS NDVI over agricultural area over Andhra Pradesh State during the 2009 rainy season
(showing persistent low NDVI and delayed agricultural season due to agricultural drought).
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Conclusions

This chapter has highlighted the drought indices that are currently in use for monitoring drought
risks in India. Drought risks have been identified by delineating the country into chronically
(probability of drought occurrence exceeds 20%), frequently (probability of drought occurrence
10% -20%) and least drought-prone (probability of drought occurrence less than 10%) areas. For
meteorological drought monitoring in India, percentage rainfall departure from normal is used as
an index. SPI, being developed and tested, has also shown promise in monitoring meteorological
drought. No trend in meteorological drought has been found to exist in India. For monitoring
and assessing, an agricultural drought aridity anomaly index is used in India. Remote sensing
applications by NRSC could also be very effective in assessing drought severity and impacts on
sectors like agriculture, and related policy decisions.
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Abstract

The aim of this chapter is to give an overview of the agricultural drought indices in current
use in Brazil, considering the products provided by the National and Regional Meteorological
and Hydrological Services (M&HS). A systematic survey was done using the online
information provided by the M&HSs at national and state levels. The survey considered the
drought indices specifically available for agricultural applications. The country has three
national and nine regional M&HSs. All of them provide some kind of meteorological and/or
agricultural drought indices. Among the meteorological drought indices, the rainfall anomaly
and Standard Precipitation Index (SPI) are the most common. For monitoring agricultural
drought, the indices used are mainly based on the outputs of the water balance (WB):
accumulated water deficiency, accumulated drought index, relative water deficiency index,
Palmer drought severity index adapted, crop water development index, crop moisture index,
and soil water storage. Different WB models are in current use, requiring distinct inputs and
resulting in diverse outputs. Among them, the most used is Thornthwaite and Mather’s
climatological WB, which requires as input potential evapotranspiration (ETP), rainfall (R),
and soil water holding capacity (SWHC) and has as output soil water storage (SWS), actual
evapotranspiration (ETa), and water deficiency (WD). In this case, some critical factors
impose limitations on determining agricultural drought indices, such as ETP estimate
methods, SWHC adopted, differences among crops and development phases, and crop
management. All these factors will influence the drought index and cause different impacts
on crops during the growing season. It makes agricultural drought monitoring very complex,
especially in a country with continental dimensions and with climates ranging from temperate
to tropical and from humid to semiarid.

Introduction

Brazil is the largest country in South America. It has 26 states and the Federal District,
covering an area of 8,514,876 kmz2. The country is located between latitudes 5°16'20" N and
33°44'32" S, and longitudes 34°47'30" W and 73°59'32" W. As a function of its large
dimensions and according to all the macroclimatic factors that control the weather systems in
this region of the world, the country presents a huge variety of climates, ranging from tropical
in the center-north to temperate in the south, and from humid at the north part of the Amazon
region to semiarid in the greater part of the Northeast region, where the biome Caatinga
prevails.

Considering the diversity of climates of Brazil and the high interannual variability of rainfall
observed in several regions of the country, droughts occur often, generating great impacts on
water resources, agriculture, and the economy. Even humid regions, like the Amazon Rain
Forest in the Amazonas state and the Pampas region in the Rio Grande do Sul state, have
experienced severe drought spells during the few last years, causing disasters for several
human activities, mainly agriculture (Berlato and Cordeiro 2005, Marengo et al. 2008,
Phillips et al. 2009).
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An important source of climate variability in Brazil is the El Nifio Southern Oscillation
(ENSO) phenomenon (Stuck et al. 2006). The positive ENSO phase, known as El Nifio, is
normally related to droughts in the northern part of the country, including Northeast Brazil
and the Amazon Rain Forest. On the other hand, the negative phase (La Nifia) normally
intensifies the drought spells in southern Brazil, including the states of Parana, Santa
Catarina, and Rio Grande do Sul.

The drought impacts in Brazil are diverse, depending on the duration and intensity of the dry
period, the region, and the season. Some of these adverse drought impacts include yield
losses in agriculture, which is one of the main economic activities in the country.
Agricultural drought is detected when continuous and intense soil moisture stress leads to
significant yield reduction, as shown in Figure 1.

SoybeanYieldin Rio Grande do Sul State

3000
=== Annual Yield == == AvgYield -«------- Linear (Annual Yield)

2500 A

2000 A

1500 - OO

Yield (kg ha')

1000 -

500 A

1975 |
1976 |
1977 |
1978 |
1979 |
1980 |
1981 |
1982 |
1983 |
1984 |
1985 |
1986 |
1987 |
1988 |
1989 |
1990 |
1991 |
1992 |
1993 |
1994 |
1995 |
1996 |
1997 |
1998 |
1999 |
2000 |
2001 |
2002 |
2003 |
2004 |
2005 |
2006 |
2007 |
2008

Figure 1. Historical soybean yield data for Rio Grande do Sul state, Brazil, showing the impact of intense
droughts on yield losses. Source: IBGE/Brazil.

According to Boken (2005), the most important kind of drought is agricultural drought,
which can cause serious disasters for food security, since crop yields are directly affected by
soil moisture shortage. Drought assessment, monitoring, and preparedness planning should be
considered essential components of integrated water resources management systems, as
mentioned by Wilhite (2005), to reduce societal vulnerability to future drought events.

Meteorological drought occurs when the seasonal or annual precipitation falls below its long-
term average. Hydrological drought develops when meteorological drought is prolonged and
causes shortages of surface and groundwater in the region. Agricultural drought is detected
when continuous and intense soil moisture stress leads to significant crop yield reduction.
Finally, socio-economic drought is a manifestation of continued drought of severe intensity
that causes economic and sociopolitical instabilities in a region or country. Whereas
meteorological drought is just an indicator of precipitation deficiency, hydrological and
agricultural droughts can be considered the physical manifestations of meteorological
drought, and socioeconomic drought results from the impacts of hydrological and agricultural
droughts on the society.

Even considering the importance of monitoring agricultural droughts, selecting indices for
monitoring is not easy because these indices will require information from different sources,
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like climate (rainfall and evapotranspiration), soils (holding capacity and moisture), crops
(species, variety, root depth, and phenological phase), and crop management (sowing dates,
crop rotation, irrigation, no tillage, and intercropping), which should be integrated to produce
a unique value. The combination of these factors leads to different impacts on agriculture
when a drought occurs, making it difficult to decide which is the best index to quantify the
drought for agriculture.

As there is an urgent need to mitigate the effects of agricultural droughts in the short term, the
recommendation has been made that the national or regional Meteorological and
Hydrological Services (M&HSs) provide assessment and monitoring of this natural disaster
as part of their products. The objective of this chapter is to give an overview of the
agricultural drought indices in current use in Brazil, considering the products provided by the
M&HSs, as well as to discuss some of their strengths and limitations.

Meteorological and Agricultural Drought Assessment and Monitoring in Brazil

A systematic survey of drought information was done using the online data provided by the
regional and/or national M&HSs of Brazil. The survey identified services provided by three
national and nine regional institutions, as shown in Table 1.

Table 1. National and regional meteorological and hydrological services in Brazil and their respective
websites.

Level State Name* Website address
- INMET www.inmet.gov.br

National - AGRITEMPO Www.agritempo.gov.br
- CPTEC/INPE www.cptec.inpe.br
Bahia CEMBA www.inga.ba.gov.br/cemba/
Ceara FUNCEME www.funceme.br
Goias SIMEGO WWW.Simego.sectec.go.gov.br/
Parana IAPAR Www.iapar.br

Regional  Parana SMA/FABC sma.fundacaoabc.org.br
Pernambuco LAMEPE www.itep.br/lamepe.asp
Rio Grande do Sul ~ Agrometeorologia RS  www.agrometeorologia.rs.gov.br
Séo Paulo INFOSECA www.infoseca.sp.gov.br
Santa Catarina CIRAM ciram.epagri.sc.gov.br

* INMET = National Institute of Meteorology; AGRITEMPO = Agrometeorological
Information System of EMBRAPA (Brazilian Agricultural Research Company);
CPTEC/INPE = Center for Weather Forecast and Climatic Studies of National Institute for
Space Research; CEMBA = Meteorological Center of Bahia State; FUNCEME = State of
Ceara Foundation for Meteorology; SIMEGO = Meteorological System of Goias State;
IAPAR = Agronomic Institute of Parana; SMA/FABC = Agrometeorological Information
System of ABC Foundation; LAMEPE = Meteorological Center of Pernambuco State;
Agrometeorologia RS = Agrometeorological Information System of the state of Rio Grande
do Sul; INFOSECA = Center for Drought Mitigation of the State of S&o Paulo; CIRAM =
Natural Resources and Hydrometeorological Information System of Santa Catarina State.

The evaluation focused on all information related to drought assessment and monitoring,

considering any time scale (e.g., daily, ten-day, monthly), and any format of publication (e.g.,
online data and maps, bulletins, advisories). The following information was considered:
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rainfall anomaly data and maps, water balance data and maps, satellite information, and
meteorological and agricultural drought indices.

Meteorological and Agricultural Drought Indices in Current Use in Brazil

The systematic evaluation of the three national and nine regional M&HSs allowed the
identification of a huge variety of meteorological and agricultural drought indices in current
use in Brazil. These indices are presented below.

Rainfall Anomaly: Maps of rainfall anomaly in relation to the climatological normal are
provided by several of the M&HSs on a ten-day and monthly basis. INMET and
AGRITEMPO provide these maps for the entire country based on observed data, whereas
CPTEC/INPE generate this kind of map based on satellite data. Figure 2 illustrates the
rainfall anomaly in Brazil during September 2010.
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Figure 2. Rainfall anomaly during September 2010 in Brazil. Source: www.inmet.gov.br.

Standard Precipitation Index (SPI): SP1 was developed primarily for defining and monitoring
drought. It allows the user to determine the rarity of a drought at a given time scale of interest
for any rainfall station with historic data. SP1 is based on the cumulative probability of a
given rainfall event occurring at a station (Blain 2005). The historic rainfall data of a given
station is fitted to a gamma distribution. This is done through a process of maximum
likelihood estimation of the gamma distribution parameters. The process described above
allows the rainfall distribution for a station to be effectively represented by a mathematical
cumulative probability function. Based on the historic rainfall data, one can then determine
the probability of the rainfall being less than or equal to a certain amount. Thus, the
probability of rainfall being less than or equal to the average rainfall for that area would be
about 0.5, while the probability of rainfall being less than or equal to an amount much smaller
than the average would be even lower, depending on the amount. Therefore if a particular
rainfall event gives a low probability on the cumulative probability function, this is indicative
of a drought event. SPI has been provided by national (INMET and AGRITEMPO) and
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regional (INFOSECA) M&HSs. Figure 3 presents SPI for 3 months for Brazil, to September
2010.
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Figure 3. SPI accumulated for 3 months (to September 2010) in Brazil. Source: www.inmet.gov.br.

Palmer Drought Severity Index Adapted to Sdo Paulo State (PDSI-Adapted): The Palmer
Drought Severity Index (PDSI) is widely used to characterize droughts. The PDSI is based on
the water balance equation over an area of concern (Palmer 1965). Calculating PDSI requires
data on precipitation, temperature (for potential evapotranspiration estimation), soil moisture,
and the previous PDSI value. Although precipitation and temperature time series data are
easily available for most locations, this is not always the case with soil moisture because of
the lack of monitoring networks. PDSI is a drought index that involves aspects related to
duration, magnitude, and severity of a drought and also includes information on the onset and
termination of a drought event. PDSI was adapted to the climatic conditions of the state of
Sé&o Paulo by Blain (2005) and has been used by the INFOSECA system as one of their
drought monitoring indices, as presented in Figure 4, using the following classification (Table
2).

Table 2. PDSI classification used by the INFOSECA system in the state of Sdo Paulo, Brazil. Source:
www.infoseca.sp.gov.br/.

PDSI interval Classification
>3.00 Extremely wet
2.00to 2.99 Very wet

1.00to 1.99 Moderately wet
0.51t00.99 Beginning of wet
-0.50 to 0.50 Normal

-0.99to0 -0.51 Beginning of dry
-1.99 t0 -1.00 Moderately dry
-2.99t0 -2.00 Very dry

<-3.00 Extremely dry
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Figure 4. PDSI adapted for the state of Sdo Paulo, Brazil, for August 2010. Source:
www.infoseca.sp.gov.br.

Number of days without rain (NDWR): This index simply accumulates the number of days
without rain for a given region. When a rain event occurs, NDWR becomes zero and a new
accounting starts. Two variations of this index are the number of days without rain above 5
mm (NDWR>5) and 10 mm (NDWR>10), which are considered more appropriate for
agricultural drought monitoring. NDWR and NDWR>10 are used by INFOSECA, in the state
of Séo Paulo, and NDWR>5 is used by AGRITEMPO on the national level.

Accumulated Drought Index (ADI): This drought index has rainfall (P) and potential
evapotranspiration (ETP) as inputs. Its determination is based on the relationship between
these two variables (Table 3), and the drought classification follows the categories of the
accumulated index (Table 4). ADI is calculated as

ADI=Y DI/ (3 nN) (1)
where DI is determined for each period by the P and ETP relationship presented in Table 3, n
is the number of periods considered, and N is the number of periods without rain above 10
mm (NDWR>10). For N =0, ADI is calculated by

ADI=3% DI/ (3 n) (2)

Table 3. P and ETP relationship for determination of the drought index (DI). Source:
www.infoseca.sp.gov.br.

P & ETP relationship  Classification DI
P>2ETP Wet 5
ETP<P<2ETP Lightly wet 4
YETP <P <ETP Normal 3
O0<P< %ETP Lightly dry 2
P=0 Dry 1
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Table 4. ADI and drought classification. Source: www.infoseca.sp.gov.br.

ADI Classes Classification
ADI >1.50 Extremely wet
0.80 < ADI < 1.50 Very wet
0.40 <ADI <0.80 Wet
0.20<ADI<0.40 Normal
0.04<ADI<0.2 Dry

ADI <0.04 Very dry

Accumulated Water Deficit index (AWD): Water deficit is an output of the climatological
water balance, determined by Thornthwaite and Mather’s WB model. The water deficit (WD)
is the difference between potential (ETP) and actual (ETa) evapotranspiration. The WD
magnitude for a given condition will depend on the soil water holding capacity (SWHC)
adopted for the WB. When accumulated during the growing season, this index will have a
good correlation with crop yield losses. Figure 5 presents two examples of the AWD maps
for Brazil during the dry and wet seasons. Negative values represent the AWD, whereas
positive values represent the accumulated water surplus (AWS).
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Figure 5. Accumulated water deficit (WD) and water surplus (WS) during April and September 2010 in
Brazil, with SWHC = 125 mm. Negative values correspond to WD and positive to WS. Source:
www.inmet.gov.br.
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Relative Water Deficit Index (RWDI): This index is obtained by the relative difference
between actual (ETa) and potential (ETP) evapotranspiration:

RWDI = (1-ETa/ETP) 100 3)
where ETa is an output of Thornthwaite and Mather’s climatological water balance,

considering the SWHC of the respective soil type for the region, ranging from 50 to 150 mm
for a 1-m soil profile. This index is non-accumulative and is calculated by the total ETa and
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ETP for the period considered. Figure 6 presents an example of an RWDI map for the state of
Sédo Paulo.
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Figure 6. Weekly RWDI for the state of S&o Paulo, Brazil, for October 11-17, 2010. Source:
www.infoseca.sp.gov.br.

Crop Moisture Index (CMI): CMI is a non-cumulative index based on the difference between
the current ETa and the expected ETa (climatological value) for the same period, as proposed
by Palmer (1968):

CMI = ETagpserved — ETaexpected (4)

Negative values indicate that deficient evapotranspiration occurred, indicating a drought
condition, whereas positive values show that ETa was more than expected for the period.

Crop Water Development Index (CWDI): CWDI is an agricultural index used to follow the
development conditions of crops in general. This index is based on the relationship between
soil water storage (SWS) and SWHC, called the crop water development fraction (CWDF).
SWS is obtained from the climatological water balance of Thornthwaite and Mather (1955),
but can also be estimated with different WB models. CWDF and CWDI are calculated by the
following procedures:

CWDF = SWS/SWHC (5)
CWDI = (CWDF *0.4) — 1 (6)
Accumulated CWDI (ACWDI) is then obtained for normalized conditions, by

ACWDI =Y CWDI/ (1.5 n) @)

where n is the number of periods considered. The classification of the crop development
conditions is presented in Table 5.
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Table 5. Classification of ACWDI for crop development conditions. Source: www.infoseca.sp.gov.br.

ACWDI lasses Crop development conditions
0.8<ACWDI<1 Very good

0.6 <ACWDI<0.8 Good

0.4 <ACWDI<0.6 Reasonable
0.3<ACWDI<04 Unfavorable
0.2<ACWDI<0.3 Critical

0.1 <ACWDI<0.2 Severe

ACWDI <0.1 Extremely severe

Soil Water Storage (SWS) (or relative soil moisture): Another way to identify agricultural
droughts is by soil water storage monitoring. SWS is an output of the water balance (WB).
This variable can be obtained by different WB methods, such as those proposed by
Thornthwaite and Mather (1955), Molinas and Andrade (1993), Allen et al. (1998), and
Ritchie (1998). Each kind of WB method will require specific inputs, but basically they
require climate (rainfall and potential evapotranspiration), soil (physical properties), and plant
(crop type, leaf area, crop sensitivity to water stress, crop water requirement for each
phenological phase, and management practices) information, depending on their complexity.
In Brazil, Thornthwaite and Mather’s WB is used by INMET, AGRITEMPO, and several
regional M&HSs. CPTEC/INPE employs Richards’s equation (Hillel 1998, Gevaerd and
Freitas 2006), also known as the hydrological model, using rainfall and temperature data
derived from satellite images as inputs, whereas FUNCEME uses MUSAG WB model
(Molinas and Andrade 1993), which has rainfall, ETP, soil water storage in the previous
period, and pedo-transfer functions for hydraulic soil characterization as inputs. Figures 7, 8,
and 9 present examples of the products provided by INMET, CPTEC, and FUNCEME, where
SWS data are spacialized in maps.
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Figure 7. SWS in Brazil at the end of September 2010, determined by Thornthwaite and Mather’s WB,
considering a SWHC = 125 mm. Source: www.inmet.gov.br.
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Figure 8. SWS in South America, October 28, 2010, determined by a hydrological WB model, for two soil
profiles (37.5 and 137.5 cm). Source: www.cptec.inpe.br.
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Figure 9. SWS, in percentages, for Ceara state, October 28, 2010, determined by MUSAG WB model.
Source: www.funceme.br.
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Normalized Difference Vegetation Index (NDVI): NDVI is a numerical indicator that uses
visible and near-infrared bands of the electromagnetic spectrum, and is used to analyze
remote sensing measurements and assess whether the target being observed contains live
green vegetation. NDVI1 has found a wide application in vegetative studies, as it has been
used to estimate crop yields and performance. It is often directly related to other ground
parameters such as percent of ground cover, photosynthetic activity, surface water, leaf area
index, and amount of biomass. Because of this, the severity of a drought situation can be
assessed by the extent of NDVI deviation from its long-term mean. Maps using relative
greenness are quite useful for assessing a drought situation, and hence this indicator has been
used by CPTEC/INPE for monitoring agricultural drought indirectly.

Strengths, Weaknesses and Limitations of Agricultural Drought Indices Used in Brazil

Among the different types of drought (meteorological, hydrological, and agricultural),
agricultural drought is by far the most complex and difficult to determine. Part of this
complexity is related to the fact that crop yield can be affected by several factors: abiotic (soil
water, soil fertility, soil type, and weather); crop management (soil tillage, soil depth,
fertilization, planting density, sowing date, weeding, pests, and disease control); land
development (field size, terracing, drainage, and irrigation); socio-economic (infrastructure,
market, prices, and costs); and catastrophic (flooding, frosts, hailstorms, and droughts), which
can make establishing the relationship between yield losses and drought difficult.

When an agricultural drought is expressed by indices that depend solely on rainfall data,
despite the advantage of their simplicity (easy to apply and understand, and do not require
much computational power), the relationship between the drought and yield losses will not be
very clear, since other aspects, such as crop evapotranspiration, soil water storage, and crop
phase, are not considered. On the other hand, when indices are based on the outputs of the
crop water balance, the correlations between them and yield losses will be better defined.
However, these indices will require more input variables, some of which are not always
readily available, such as crop ET, soil hydrological characteristics, and crop phase. Another
limitation of more complex agricultural drought indices is the great complexity of agriculture
itself, with several crops being cultivated during the growing season in the same region and
having different stages of development at a given time. It is very well known that the same
water deficit will impact yield differently if it occurs in distinct phases of crop development.

Another source of uncertainty for agricultural drought indices that are based on WB outputs
is related to the different ways to estimate ETP. Different ETP methods will result in different
values for the same weather conditions. This will make agricultural drought indices
vulnerable to these methods, in terms of the right dimension of the drought index. This is a
problem when the Penman-Monteith method cannot be applied because of lack of data. So,
agricultural drought indices based on ETP or ETa estimated by different methods are not
comparable. The ideal would be the Penman-Monteith FAO56 model (Allen et al. 1998);
however, this is not always possible, since this method requires a complete meteorological
dataset, including net radiation. When alternative ET estimate models are employed, one
should pay attention to the characteristics of the models. Some of them, like Thornthwaite,
tend to underestimate ETP during dry periods, whereas the Hargreaves and Samani method
can overestimate ETP during the wet season. The type of soil, the depth of the roots, and the
resulting SWHC is another source of uncertainty for the WB-based agricultural drought
indices. The greater the SWHC, the smaller the impact of a given drought on crop yield.
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Even considering their limitations, the WB-based agricultural drought indices are the best
option for monitoring droughts for agriculture, presenting better correlations to yield losses
than indices based only on rainfall data.

Conclusions

In Brazil, several national and regional M&HSs have different ways to monitor drought under
agricultural perspectives. These M&HSs estimate water balance by four different methods:
Thornthwaite and Mather, MUSAG, hydrological with satellite data, and hydrological with
observed data. The method of Thornthwaite and Mather (1955) is the most used by the
National Met Service (INMET and AGRITEMPO) and other regional agrometeorological
services. In the state of Sdo Paulo, several agricultural drought indices are in use, with the
majority of them based on Thornthwaite ETP and Thornthwaite and Mather’s WB. Even
considering the strengths of the WB-based agricultural drought indices, the WB, determined
by any method, will depend on some critical factors, such as the ETP method, the SWHC
adopted, crop/variety type and phase, and crop management. These factors will lead to
different agricultural drought index values, which will require calibration and testing of them
for each location and crop condition. However, agricultural drought indices based on WB
outputs are expected to have better relationships with crop yield losses than meteorological
drought indices, which are based only on rainfall.
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7

Agricultural Drought Indices in Current Use in Australia: Strengths,
Weaknesses, and Limitations

Roger C. Stone
Australian Centre for Sustainable Catchments, University of
Southern Queensland, Toowoomba, Australia

Abstract

Although indices relevant to meteorological drought, based on rainfall deciles, have proved
useful in Australia as a good first indicator of agricultural drought severity, the widely
varying nature of Australia’s climate, soils, and farming systems has meant more
sophisticated application of crop and pasture models have provided valuable insights into
agricultural drought severity. This approach has somewhat overridden the application of
potentially simpler to apply and more versatile agricultural drought indices such as the
Palmer Drought Severity Index (PDSI) in drought assessments. However, surprisingly,
indices such as the PDSI have proved very useful in analysis of agricultural drought in
Australia under various climate change scenarios and general circulation model applications.
The various attributes of a number of drought indices, including those subjectively derived,
that have been utilized in some application areas in Australia are also described.

Background

Australia has one of the most variable climates in the world, especially when considering
year-to-year rainfall variability. This variability is particularly evident in more eastern and
northern regions. Additionally, noticeably wet decades such as the 1950s contrast strongly
with protracted dry periods and decades such as the 1990s or since 2002 (Nicholls and Wong
1991, Nicholls 1997, Productivity Commission 2009). An example of this high interannual
rainfall variability is provided (Figure 1) in an example for Bowen, a major agricultural
production center in northern Queensland.

In southwestern, southern, and eastern Australia, the recent meteorological drought from
2002 has been severe and prolonged, and has been compared with the infamous “Federation
Drought” (1902-1904) and the severe and protracted drought of the 1940s. Droughts can
have particularly devastating social and financial impacts on farmers and their communities
in Australia, as well as adverse environmental effects (Productivity Commission 2009).
Although it is believed that many in the agricultural community regard drought more as an
unexpected deviation and aberration from the “normal” or “good” years and not a component
of a long-term climatic continuum, a key aspect in the formation of the National Drought
Policy (recently under major review) is a focus on self-reliance by farmers and farming
communities to manage their enterprises through most drought events (Smith et al. 1992,
White et al. 2005).

Agronomists will quickly argue that, for a country such as Australia with exceptionally high
year-to-year rainfall variability, widely varying soil types, and associated variation in
moisture holding capability, it may simply be too difficult to identify and measure drought by
the quantity of rain alone, as the timing and frequency of precipitation “as well as soil type,
topography, and land management practices will affect plant responsiveness and the
effectiveness of the rainfall received” (White et al. 2005). This is despite the fact that Gibbs
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and Maher (1967) identified a high correlation between the incidences of (agricultural)
drought based on production criteria with annual rainfall in the first decile in Australia.
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Figure 1. Monthly rainfall variability at Bowen, North Queensland.

The Federal National Drought Policy (NDP) (Australia Parliament 1992) was accompanied
by State Drought Policy initiation with a key emphasis in both state and federal jurisdictions
on the utilization of an improved understanding of the science aspects of droughts, including
return periods, severity, and access to useful seasonal forecasting to better prepare for
drought—all with a strong focus on aspects of self-reliance. In this respect, the NDP
provided three objectives: “(1) to encourage primary producers and other segments of rural
Australia to adopt self-reliant approaches in managing for climatic variation, (2) to facilitate
the maintenance and protection of Australia’s agricultural and environmental resource base
during periods of increasing climatic stress, and (3) to facilitate the early recovery of
agricultural and rural industries to levels consistent with long-term sustainable production”
(Australia Parliament 1992, White and Walcott 2009). As White and Walcott (2009)
maintain, “all three objectives require comprehensive, but not necessarily identical, methods
for monitoring and assessment to successfully reduce the effects of droughts” (Australia
Parliament 1992, White and Walcott 2009). It is against this framework that the application
of agricultural drought indices is explored as the aim of this chapter.

Thus, “risk management” became a common-place term in Australia, focusing on objective,
science-based decisions associated with improved preparation for drought. To further assist
farmers and agricultural communities, as well as those providing exceptional drought relief
assistance, the term “safety-net” also became common parlance to emphasize that
governments recognized that it was almost impossible to prepare for extreme drought events
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such as 1in 20 or 1 in 25 year events, although some state governments, such as Queensland
(Department of Primary Industries, Queensland 1992), aimed to provide some assistance for
1in 10 year events: all so-called “exceptional circumstances.” Aspects related to inputs of
science, agronomy, and mathematics (drought frequency distributions) were highlighted in
order to assist drought policy and the implementation of drought policy in Australia,
particularly since 1992.

Science issues have also come to the fore in policy and operational discussions regarding
what “drought”—or especially “exceptional drought”—actually is, and it is within this
context that application of drought indices has particular relevance. However, in Australia,
this author is aware that although declaration of “drought exceptional circumstances” (DEC)
has been based on an assessment of objective scientific information, it has also incorporated
independent advice that could be described as “subjective agricultural-drought indices,”
presented by claimants to government agencies such as the Rural Adjustment Scheme
Advisory Council (RASAC).

Australian Drought Definitions

McVicar and Jupp (1998) provide the following definitions of drought, relevant to Australia.

1. Meteorological drought—lower than average precipitation “for some time period”; in
some cases, air temperature and precipitation anomalies may be combined.

2. Agricultural drought—occurs when plant available water, from precipitation and
water stored in the soil, falls below that required by a plant community during a
critical growth stage. This leads to below-average yields in both pastoral and grain-
producing regions.

3. Hydrological drought—one parameter or a combination of parameters such as
streamflow, reservoir storage, and groundwater.

4. Socio-economic drought—defined in terms of loss from an average or expected
return. (It can be measured by both social and economic indicators, of which profit is
only one.)

Approaches to the Development of “Drought Indices” in Australia

In addition to Federal Drought Policy and assistance measures for exceptional agricultural
drought, Australian states may also incorporate their own state drought policies and what they
refer to as “drought indices,” although detail as to the actual types of indices that have been
applied appear to be excluded in compilations of such measures. For example, in
Queensland, as a pertinent example, a recommendation for a Queensland State Drought
Declaration is made by the Local Drought Committee (LDC) after considering:

1. A one in ten-to-fifteen year rainfall deficiency over the past twelve months (note the
difference with Federal Drought Declaration criteria).

2. Rainfall distributions or other extenuating circumstances that relate to agricultural
drought and which may distort an area’s total yearly rainfall records should also be
considered.

State Local Drought Committees also consider a range of somewhat subjective measures
that are considered as drought indices. They are more closely related to agricultural
drought, and they include:
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» Auvailability of pasture.

» Availability of water.

+ Condition of stock.

» The extent of drought movements of stock to forced sales or slaughter and to
agistment.

» Quantity of fodder introduced.

» Importantly, to assist agricultural drought assessment, use is made of other
“indicators or indices ” such as knowledge of the major water-holding capacities of
soils (measured in mm) and, at the regional level, knowledge of plant available water
holding capacity together, importantly, with the latest soil water recharge levels (V.
Rudwick 2010, personal communication; Potgieter et al. 2005). Seasonal climate
forecasts, often integrated with crop simulation modelling systems, assist agricultural
drought assessment processes for rural areas.

Similarly, mapped soil moisture information is available as an “agricultural drought index”
for core agricultural production regions, especially for crop production areas such as
southwest Western Australia and eastern Queensland. This approach appears to have negated
the application of soil moisture-based indices such as the PDSI. In Western Australia, soil
moisture-based assessments are based on values calculated at 188 real-time rainfall stations
using the STress INdex (STIN) model (Stephens et al. 1998).

Additionally, stress models can be used to ascertain crop yields as a function of soil moisture.
This approach has been regularly used as a drought index in assessing exceptional
agricultural droughts in winter-grain cropping regions. Application of the knowledge of soil
moisture levels as well as application of crop simulation models to assist as an agricultural
drought index has been developed in Queensland for winter wheat (Oz-Wheat; see Potgieter
et al. 2006) and grain sorghum (Potgieter et al. 2005). An example of the latter is provided in
Figure 2, where percentage soil recharge using the Agricultural Production Systems
Simulation Model (APSIM) through a winter fallow is provided.
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Figure 2. Example of percentage soil recharge using the APSIM model through a winter fallow for
sorghum-growing regions in eastern Australia. In this example, the excessively dark shaded regions are
where soil moisture recharge is over 90% (a recent example for November 2010). The opposite would be
expected with major drought occurrence (from A. Potgieter 2005; A. Potgieter, personal communication,
November 2010).

For drought assessments associated with livestock production, the computer program
GRAZPLAN has been developed to aid the management of livestock grazing temperate
pastures in southern Australia; the GrassGro decision support system (Moore et al. 1997)
predicts pasture growth and quality in a form suitable for input to GrazFeed (Freer et al.
1997), which is the GRAZPLAN animal production model. Donnelly et al. (1998) used
GrassGro to provide an index of agricultural drought, especially to assess and rank
agricultural droughts at sites near Wellington in the Dubbo Rural Lands Protection Board
district of central New South Wales. They were able to estimate pasture production and
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supplementary feed requirements for the survival of grazing animals in a way that might have
practical use in monitoring specific types of agricultural drought.

The Value of Crop and Pasture Simulation Models in Drought Assessment in
Australia—Use as an Agricultural Drought “Index”

The value of crop simulation models to provide value in drought assessment has been a major
theme in the implementation of drought policy in Australia. The primary argument for this
approach and the simulation of agricultural system performance is that meteorological
conditions alone do not sufficiently capture the important issues of rainfall intensity and
distribution in relation to the state of the agricultural system. In the models, rainfall at one
time of the year can be carried over through fallows to be used at other times of the year.
Failure of planting rains at a critical time may downgrade otherwise average seasonal rainfall
conditions in terms of production potential. “A crop-soil management systems simulation
model can then integrate the meteorological and agricultural dimensions of the production
system and assist in creation of more objective criteria for estimating the severity of drought
for cereal production regions in Australia” (Keating and Meinke 1998).

Governed largely by the demands of providing inputs into national drought policy (and the
complexity of implementation of that drought policy in Australia), the use of crop modelling
systems has provided a unique opportunity to capture a multitude of crop production inputs
that include rainfall timing and effectiveness. In particular, APSIM is a “software
environment which consists of models of elements of a system (referred to as modules) and a
communications system (engine and module interfaces) that allow modules to share
information” (McCown et al. 1996), which can be applied to a variety of dryland cereal
production systems in Australia. Importantly, APSIM does this in a manner that can provide
a modelled drought index for that particular environment. This approach appears to work
especially well in agricultural drought assessment as it has been noted that APSIM can
simulate systems that are characterized by both summer and winter cereals interspersed with
fallow periods of varying lengths in a region that exhibits extremely high rainfall variability
(Keating and Meinke 1998).

APSIM can be applied to characterize major agricultural drought periods over the historical
climate record, which can reach 100 years (Figure 3). Additionally, Keating and Meinke
(1998) point out that APSIM is a “model of a point in space, which is used in this context to
assess a phenomenon that is expressed on a regional basis,” an approach that is inherently
valuable in agricultural drought assessment. In this approach, the application of APSIM to
multiple “points” in a region is used to build up a regional agricultural drought assessment.
The approach has been demonstrated to have excellent application for wheat and sorghum
cropping systems, appears robust, and constitutes a substantial improvement over using
meteorological conditions alone for agricultural drought assessments. One wonders why this
concept of application of sophisticated modelling systems such as APSIM in agricultural
drought assessment has not been pursued further in order to also create a more generalized
but nevertheless robust “agricultural drought index” that could also have widespread global
application.
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Figure 3. Characterizing wheat yield for the Wentworth Shire (county) in southern Australia over a 100-
year period in order to assess the level of agricultural drought severity. The period questioned (denoted
with “?”) is the period under examination in regard to the effectiveness of reduced rainfall in reducing
actual crop yield and thus, provided an assessment of agricultural drought as opposed to meteorological
(from Keating and Meinke 1998).

In Australia, an approach was developed that would capture a multitude of agricultural
drought assessment methods to assist drought declarations, especially drought exceptional
circumstances. This approach was pursued through the National Agricultural Monitoring
System (NAMS) and appeared to contain all the requirements that would deliver scientific
objectivity into the agricultural drought assessment process. Indeed, a science advisory group
was included which would oversee that the “best indices and production models in Australia”
(whether for rainfed cereals, pastures, or irrigated systems) were employed in order to help
overcome disputes within the scientific community and between various scientific institutions
regarding drought status. It is not known why NAMS has recently been discontinued.

Valuable assessments have been made in Australia that show that when various drought
indices are compared, especially for grazing enterprise purposes, in respect to rainfall, soil
moisture, pasture growth, animal liveweight, and generated income, they will generally all
identify the major droughts in the relevant regions of Australia (Stafford-Smith and McKeon
1998).

However, Stafford-Smith and McKeon (1998) point out these measures may well differ in
respect to ranking the more contentious droughts in which affected farmers may be very
sensitive in eligibility for associated “exceptional drought” assistance (severe droughts of a 1
in 20 to 25 year occurrence). As individual grazing properties in Australia can be relatively
large, these assessments on drought status will be also “dependent on assumptions about soil
types and pasture condition which are quite specific to individual properties” (Stafford-Smith
2003).

On the other hand, more straightforward, easily calculated drought indices and measures that
are based on just rainfall or soil moisture and which can be calculated on a more universal
manner appear, unfortunately, to be less closely aligned with issues of farmer hardship in
Australia and maybe less relevant to application for assessment of exceptional drought
assistance, to which drought indices in Australia are inexorably applied.

Indeed, it has been noted that a single national measure (index) of exceptional and extreme
drought is “likely to create inequity between regions” (Stafford-Smith 2003). This is
especially the case of a country as large as Australia in that the timing and pattern of drought
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declarations is likely to differ between regions and types of agricultural land use (Stafford-
Smith 2003, White and Walcott 2009).

In a similar manner to that employed by Keating and Meinke (1998) in respect to assessment
of agricultural drought for cereal cropping enterprises, Stafford-Smith and McKeon (1998)
emphasize the need for an integrated index for application but focused on pastoral enterprise
drought assessment. They applied 100-year pasture growth and animal liveweight-gain
simulations (using the GRASP simulation model for pasture production) in relation to the
monitoring, assessment, and declaration of droughts in Australia and recommended a form of
an integrative index since information on soil moisture and pasture growth noticeably give
differing results from a rainfall index alone (Stafford-Smith and McKeon 1998, White and
Walcott 2009).

Utilization of “Common” Single Agricultural Drought Indices

To an Australian agronomist, drought tends to be defined as below-average rainfall that
restricts typical plant growth for agricultural production. On the other hand, measurements of
amounts of rainfall expressed as deciles are rarely questioned by drought relief agencies in
terms of recognition of meteorological drought, unless a dispute on the density of rainfall
gauges is raised. However, because of the widely varying nature of soils, crops, and pasture
species, disputes may be initiated by farmers or different assessment agencies (usually state
agencies) with other drought assessment agencies (usually federal agencies) over “which is
the more reliable crop or pasture model to apply as an index in agricultural drought
assessment,” especially if state governments provide their own scientific inputs, which may
be at odds or even in competition for notoriety with federally produced scientific inputs—
such has been the nature of state-federal politics in Australia and competition or even
jealousy between scientific agencies and individuals.

To assist, many agriculturally-specific drought indices have been developed and proposed,
based on rainfall data, soil moisture models, crop simulation models, and so forth, although,
in the main, they have been found limiting for the purposes of ranking agricultural droughts
for the very needs of government policy intervention, which could be a prime purpose in
Australia.

To assist in the identification of potential agricultural drought indices, White and Walcott
(2009) compiled a remarkably useful listing of indices together with their positive attributes,
weaknesses, and limitations for Australia (Table 1).

Table 1. A listing of agricultural drought indices that have some application in Australia—drawn from
White and Walcott 2009.

Index Description Strengths Weaknesses and
limitations
Palmer Drought Water balance for Widely used Value questioned
Severity Index (PDSI) | droughts—potentially | internationally— in regions with
(Palmer 1965, 1968) high value for comparisons between | high climate
agricultural droughts. | PDSI and soil moisture | variability such
quite promising— as Australia.
relevance under
climate change (Burke
and Brown 2008).
Prescott (ratio) index | Periods of plant stress. | It’s simple— includes | Excludes
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(Prescott 1949)

evaporation losses.

transpiration
losses —may be
unsuited for

accurately

monitoring crops

and losses.
Hutchison Drought Progressive index Uses only rainfall data. | Omits rainfall
Severity Index (HDSI) | aimed at targeting effectiveness and
(Smith et al. 1992) agricultural droughts. temperature.
Plant growth index Estimates the duration | An intermediate level | Requires further
(McDonald 1994) of the pasture growing | index. evaluation—

season.

including across
a wider range of

agricultural

ecosystems.
Enhanced vegetation | Improved Remote sensed Limited
index (EVI) (Huete et | monitoring— less MODIS data. dataset—

al. 2002)

atmospheric influence.

launched in 2000
as a scientific
rather than
operational
Sensor.

Temperature
Condition Index (TCI)
(Kogan 1995)

Rising leaf
temperatures with
plant moisture stress.

Remotely sensed by
NOAA AVHRR data.

No ability to
normalize for
variation in daily
and seasonal
meteorological
conditions.

Normalized Monitoring vegetation | Remotely sensed Current data are

Difference Vegetation | using NOAA/AVHRR | repeatable and synoptic | best compared

Index (NDVI) data. measurement. with long-term
NDVI dataset
“limited to 29
years”

Soil moisture anomaly | Soil moisture index Highly relevant for Limited

and recharge levels vegetative health and observations of

(SMA) (e.g., Potgieter agricultural production. | soil moisture

et al. 2005) mean that

operationally it
may not always

be practical.
Vegetation Condition | To assess the impact Remotely sensed The emphasis is
Index (VCI) (Kogan of changing weather repeatable and synoptic | on seasonal

1990)

on NDVI signals.

scale measurements.

dryness rather
than ranking
extended
droughts (from
White and
Walcott 2009)
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The indices listed by White and Walcott (2009) provide a remarkably useful assessment of
agricultural drought indices that may lead to application for Australian needs. However, as
White and Walcott (2009) note, ‘it is unlikely that a single index will be suitable for use
under all conditions in Australia’. It is therefore interesting that, to a considerable extent,
crop and pasture simulation modelling has overtaken application of use of agricultural
drought indices due to the very nature of the requirements of drought relief assessment policy
and implementation in Australia and the need for very detailed and specific assessments
depending on the commaodity in question and the region in question.

However, it is also noted that for certain specific purposes, such as, for example, climate
change studies, standard agricultural drought indices hold promise as an additional measure
that can assist analyses and understanding of extreme drought likelihood in a country with
such extreme variability in climate, soils, water holding capacity, and farming systems as
Australia.

The Value of Standard Agricultural Drought Indices, Especially the PDSI, in Australia
in Application for Drought and Climate Change Research

Standard, published agricultural drought indices have been identified as being potentially
suitable for drought assessment in Australia. The PDSI, developed by Palmer (1965) (also
see Alley 1984) to provide information on the “cumulative departure of moisture supply”
from normal, may have potential for application in Australia, despite the well-known high
levels of interannual climate variability in this country, an issue most often quoted as being
counter-productive in the utilization of the PDSI. Sivakumar and Wilhite (2002) note “the
Palmer Index” is more effective in determining long-term drought rather than shorter-term
events. Nevertheless, they point out that the PDSI “is popular” in many world regions,
especially the United States, where it is most effective in measuring agricultural impacts
sensitive to soil moisture (Willeke et al. 1994).

As noted by Burke et al. (2006), the potential evaporation required as input to the PDSI was
calculated using the Penman-Monteith equation instead of the Thornthwaite (1948) equation.
Analysis shows that the PDSI has a memory of ~12 months, resulting in effective use of this
index in many world regions. It is also noteworthy that this index has such wide application
in a country such as the United States, where modified values of the PDSI appear regularly in
the Weekly Weather and Crop Bulletin, suggesting considerable value and application for
policy makers, regulators, and general users from such an index if it were to prove an
effective agricultural drought index for a country such as Australia. A useful summary of the
“Palmer Index” may be obtained in Hayes (2006), who noted the problems in applying the
PDSI in a region such as Australia if the index is used for ongoing assessment and associated
regulatory purposes.

Conversely, the PDSI has been successfully applied in Australia when used in a research
framework. For example, the relationships between severe drought and the El Nifio-Southern
Oscillation (ENSO) have been effectively explored by Dai et al. (1998) through utilizing the
PDSI for analyses in regions and countries that include Australia. These analyses using the
PDSI suggest an increase in the combined percentage areas in severe drought—and also
severe moisture surplus—since the late 1970s.

In a further research application, it is noteworthy the PDSI has been effectively applied as an
index in estimates of future drought frequency when utilizing climate change scenarios for
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Australia and elsewhere. Comparisons between PDSI and soil moisture (Sheffield et al.
2004) suggest that the PDSI might also provide useful indication of future agricultural
drought in many world regions (Burke and Brown 2008). It has been noted that although
there are uncertainties in these types of regional drought projections because of some
uncertainty in the distributions of precipitation, “it is possible to show that there are major
increases in potential evaporation and percent changes in area associated with PDSI” (Burke
and Brown 2008). Burke et al. (2006) and Burke and Brown (2008) demonstrated that in
utilizing climate change scenarios (Hadley Centre Model), the Standardized Precipitation
Index (SPI) showed little change in the proportion of land surface in drought. However,
agricultural drought indices “which included a measure of the atmospheric demand for
moisture” showed a significant increase in the proportion of land surface in future drought.
This was especially demonstrated to be the case where the PDSI was employed and which
could provide information such as potential evaporation in Australia (Dai et al. 2004, Burke
and Brown 2008).

In a similar vein, Hobbins et al. (2008) utilized the simple water balance model underpinning
the PDSI together with other attributes of the PDSI to estimate likely ecohydrologic impacts
of climate change in Australia. The PDSI provides such value as the authors note that it is an
index based on a hydrologic model that effectively “predicts evaporative demand from the
direct effect of surface warming.” Furthermore, Mpelasoka et al. (2001) demonstrated
application of the PDSI for climate change implications for Australia using the CSIRO Mk3
General Circulation Model (GCM). They noted that under enhanced greenhouse conditions,
the model shows an increase in drought relative frequency, intensity, and duration of
droughts, particularly droughts defined by PDSI < -2 corresponding to moderate to severe
droughts.

In an assessment of Australia’s worst droughts, Ummenhofer et al. (2009) used a five-year
running average of the PDSI in order to better understand, through linkages to near-global
climate mechanisms (such as, for example, the Indian Ocean Dipole and ENSO), the more
extreme and severe droughts in Australia.

Interest in and popularity of remote sensing systems for a large country such as Australia for
drought monitoring in a research mode has been relatively high and has resulted in
development of a number of satellite-based agricultural drought indices such as the
Normalized Difference Vegetation Index (NDVI), Temperature Condition Index, and
Enhanced Vegetation Index, although these systems may have been regarded more as
providing useful scientific research platforms at this stage rather than capability for fully
operational systems. Exceptions to this have occurred in states such as Queensland, where
NDVI applications have been forthcoming for needs of recent state drought assessments.

Conclusions

Demands for simple “standard” drought indices would be attractive to policy and decision
makers because of their ongoing needs to approve aspects such as “drought exceptional
circumstances,” which are associated with drought relief payments in Australia. Thus, the
application of agricultural drought indices in Australia has been more focused on whether
simple indices, such as the SPI, may suffice or whether more complex agricultural drought
indices, potentially indirectly available through use of crop or pasture simulation modelling,
can provide needed requirements for drought assessment in a country with such diverse
rainfall, soil, and farming systems. Application of robust crop and pasture simulation

95



modeling in drought assessment now appears well established in Australia, and this approach
may have overridden development of standard drought indices that otherwise may have also
contributed to drought assessment needs in Australia. Additionally, some government
agencies have sought to develop more subjectively based drought indices (based on local
knowledge) as a means of exceptional drought occurrence assessment.

It is now well established that agricultural droughts must be distinguished from
meteorological and hydrological droughts (e.g., Wilhite 2000). Agronomists and crop
simulation modellers have been quick to point out that there can be many instances where
drought occurrence and severity (especially in terms of extreme events) based on rainfall data
alone may well differ in terms of level of production loss for pastures or crops.

Standard indices, such as the PDSI, have been used sparingly in year-to-year drought
modelling and assessment in Australia, although these have, interestingly, found more recent
application in research efforts that seek to determine likely future incidence of major
droughts under climate change scenarios and modelling in Australia. Application of remote
sensing systems (e.g., NDVI) as indices for drought assessment may be increasing, possibly
because of the need to provide information to cover vast geographical regions, even at state
government level. However, an overriding outcome from the comprehensive studies of
potential application of drought indices in Australia is that, in the words of White and
Walcott (2009), ‘it is unlikely that a single index will be suitable for use under all conditions
in Australia.”
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Emmanuel Cloppet
Météo-France, Toulouse Cedex (France)

Abstract

Drought is a recurrent event in Europe and part of natural climate variability. It may occur in all
European climatic zones. Different levels of complexity of droughts can be considered, and as a
consequence, a huge diversity of drought indices are used in Europe, from rainfall-based indices
to indices based on soil water content estimation and numerous input parameters like rainfall,
temperature, relative humidity, solar radiation, wind speed, soil moisture, or soil characteristics.
At the moment there is no uniform approach for drought monitoring in Europe. An overview of
some agricultural drought indices used in Europe is presented with suitable examples. Two
drought indices currently being used by Météo-France in an operational context are described.
Experimental drought indices based on multilevel drought reanalysis in the framework of the
Climsec project in France are presented. Drought reanalysis offers identification and description
of past drought events at both local and national scale in France.

Introduction

Drought is considered as an abnormal water deficit in at least one part of the land surface
hydrological cycle. It can also be described in three dimensions: intensity, duration, and the area
it covers. Drought is a recurrent event in Europe and part of natural climate variability. It may
occur in all European climatic zones. It differs from aridity, which is restricted to low rainfall
regions like Mediterranean area and which is a permanent feature of climate. Meteorological
datasets show an increase in mean summer water deficit during the past 30 years, and climate
change scenarios also predict significant decreases in summer precipitation in southern Europe,
which could lead to an increase in drought frequency. Recent droughts in Europe, like the one in
2003, are a good illustration of the potential impact of increasing drought frequency. Different
types of drought can be considered: meteorological, hydrological, agricultural, and socio-
economic. Agricultural drought deals with agricultural impacts such as extensive damage to
crops and loss of yield, focusing on precipitation shortages, evapotranspiration, and soil water
deficits. This paper focuses on agricultural drought and drought indices used in Europe.

Drought Indices at the European Level

WMO defines a drought index as an index that is related to some of the cumulative effects of a
prolonged and abnormal moisture deficiency. A drought index value is typically a single number,
which is more useful than raw data for decision making. The choice of relevant drought indices
depends on the socio-economic activity domain. There is no universal drought index. Drought
monitoring can also be based on a synthesis of multiple drought indices. The complexity of
drought indices depends on the number of parameters taken into account. Different levels of
complexity can be considered and as a consequence a huge diversity of drought indices are used
in Europe, from rainfall-based indices to indices that are based on soil water content estimation
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and numerous input parameters like rainfall, temperature, relative humidity, solar radiation, wind
speed, soil moisture, or soil characteristics. Evapotranspiration estimation is usually a key issue.
Data availability should allow potential evapotranspiration (PET) estimation with the Penman
approach or Penman-Monteith formula. This approach is more accurate and is consistent with
WMO recommendations. It is worth emphasizing the role that evapotranspiration plays in the
development and therefore also the definition of a drought. It is therefore important to define
evapotranspiration as overall water loss through evaporation and transpiration from plants. The
PET depends on the meteorological factors listed above and follows the hypothesis that there is
enough water in the soil for vegetation at any time. The difference between actual and potential
evapotranspiration depends on soil moisture. Following this approach, both crop and soil water
supply and demand are fully taken into consideration. It is a key for more complex crop
modeling, but it requires more data because of the increased number of parameters included.
Data availability at the station level can be an issue, and different water balance models are
usually location-specific and require local calibration, which makes intercomparison difficult.

At this time, there is no uniform approach for drought monitoring in Europe (Hahne 2008). Table
1 gives an overview of some agricultural drought indices in use in Europe. Drought indices in
different European countries usually refer to the intensity and spatial extent of droughts.
Predictions can be made by coupling agrometeorological models with meteorological data.

Table 1. Agricultural drought indices.

Indice Author Input data Pros Cons
National Gommes Yearly mean Consistent National scale only
Rainfall and precipitation at results at
Index Petrassi regional level national level,

(R (1994) good
correlation with
agricultural
production
Dry Meshcher-  Precipitation Easy to Specific calibration
Conditions skaya and calculate for each region
and Blazhevich  Temperature
Excessive (1997)
Moisture
Index (DM
Index)
Crop- Meyer et Mean Easy to Specific for one
Specific al. (1993) evapotranspiration calculate crop
Drought during crop season
Index
(CSDI) Normal

evapotranspiration
during crop season
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Keetch-
Byram
Drought
Index
(KBDI)
Soil Water
Index from
ISBA land
surface
scheme

1999

Météo-
France

Météo-
France

Standardized
Soil Water
Index from
ISBA land
surface
scheme

SVAT model
AMBAV
model

DWD

USDAFS,

Precipitation

Temperature

Output from soil
vegetation
atmosphere interface
model

Input data are eight
meteorological
parameters, soil
parameters, and
vegetation
parameterization
From SWI index
—Use of a monthly
variable
summed/averaged
over n months
—Kernel density
estimates for each
calendar month and
grid cell
—Quantile-quantile
projection onto
normal distribution

Output from soil
vegetation
atmosphere interface
model

Input data are eight
meteorological
parameters, soil
parameters, and
vegetation
parameterization

Based on fine
fuel moisture
calculation

Run by Météo-
France in
operational
context (SVAT
model from
operational
forecast model)

Run by Météo-
France in
experimental
context

Run by DWD
in operational
context (SVAT
model from
operational
forecast model)
for 13 crops

Empirical

Set up for forest
fire index

Daily soil water
index is not
integrated in time

Computation with
reference to 50-year
local climate

Correspondence
index value / non-
exceedance
probability

Spatial consistency

Different time
scales: 1to 24
months

Daily soil water
index is not
integrated in time
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Crop Palmer
Moisture (1968)
Index

(CMI)

Recon- Tsakiris
naissance (2004)
Drought

Index (RDI)

Palmer Palmer
Drought (1965)
Severity

Index (PDSI)

Precipitation

Temperature

Rainfall amount

PET

Monthly rainfall
amount

Monthly mean
temperature

Soil water content

Independent
from previous
anomalies

The CMI
reflects
moisture supply
in the short
term across
major crop-
producing
regions

Can be
computed for
different time
scales

Similar to SPI
with evapotran-
spiration
Popular

The Palmer
Index has been
widely used for
a variety of
applications
across the
United States

First
comprehensive
drought index
developed in
the United
States

Weekly time step
only

Because it is
designed to monitor
short-term moisture
conditions affecting
a developing crop,
the CMI is not a
good long-term
drought monitoring
tool

Few feedbacks

Well suited for
Mediterranean
climate

Complex

Less well suited for
mountainous area

Empirical

The values
quantifying the
intensity and the
beginning and end
of drought were
arbitrarily selected

The two soil layers
within the water
balance
computations are
simplified

Snowfall, snow
cover, and frozen
ground are not
included in the
index
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PET is estimated

using the
Thornthwaite
method
Self- Monthly rainfall PDSI empirical  Complex
Calibrating amount parameters
PDSI calculated for Few feedbacks
(SC-PDSI) Monthly mean each region
temperature
Soil water content
Palmer Palmer Monthly rainfall Can take into Empirical
Moisture amount account short Complex
Anomaly drought events
Index (Z- Monthly mean
Index) temperature

Soil water content

In Germany, the Deutsche Wetterdienst (DWD) uses the Martonne index, Standardized
Precipitation Index (SPI), and output from the water balance model in order to assess the
intensity of droughts. The agrometeorological department publishes maps of the soil moisture
and the current agromet conditions (soil moisture calculated for a region). The model AMBAYV,
part of a complex agrometeorological model toolbox of the German Weather Service, simulates
the water balance in the crop-soil system using the Penman-Monteith formula on an hourly basis.
The model separately calculates soil evaporation, transpiration, and interception for up to 13
different crop covers considering the relevant processes of heat, water, and vapor transport in the
soil-crop-atmosphere interface, including water losses during irrigation. Crops considered are
winter wheat, spring wheat, winter barley, rye, oats, maize, sugar beets, potatoes, oilseed rape,
grassland, fruit trees, and coniferous and deciduous forest. The model is used to produce
recommendations for irrigation amounts and scheduling, which are disseminated by the DWD by
fax.

Other European countries have carried out research studies on drought indices, but have not used
this research for forecasting. In Great Britain, research has been done on the Meteorological
Drought Severity Index (DSI); in Greece, on the Reconnaissance Drought Index (RDI); and in
Portugal, on the Palmer Drought Severity Index (PDSI). PDSI is a good candidate as it performs
a parameterized computation of the soil water balance and compares the estimated soil moisture
content with its climatological mean. Drought patterns are presented in monthly PDSI maps that
show the spatial distribution of drought in Portugal. These maps are used to monitor spatial and
temporal variations in drought across mainland Portugal, which is helpful in delineating potential
disaster areas for agriculture and other sectors, allowing for improved on-farm decisions to
reduce impacts (WMO 2006). Instituto de Meteorologia of Portugal uses a Geographical
Information System (GIS) to map the PDSI to monitor drought over the country. These maps are
critical to determining drought-prone areas. The maps are available on the meteorological
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institute’s website, and are updated monthly. Drought indices and coefficients are also used as
applications for operational agrometeorology in Bulgaria. This agrometeorological monitoring is
performed by the division of Agrometeorology of the National Institute of Meteorology and
Hydrology of Bulgaria. In this area, crop production is mainly limited by water stress. Different
parameters and indicators can produce useful information for water stress monitoring as
cumulative rainfall amounts or soil moisture monitoring. The Balance of Atmosphere
Moisturizing (BAM) model is run by the division of Agrometeorology in Bulgaria. This model
is defined as the difference between cumulative rainfall and cumulative PET. The drought index
is defined in Bulgaria as the ratio between total cumulative rainfall amount and cumulative PET.
This P/PET index can be used in operational context or for climatological purpose.

Several international projects at the European level aim to standardize the definitions of drought
and develop plans and actions to be taken in case of drought. One of these research projects is
under the lead of the Joint Research Center (JRC) of the European Commission: the Natural
Hazard of the Action Institute for Environment and Sustainability (NAHA-IES). This work was
initiated after the severe droughts in recent years and is based on the experience gained with the
implementation of the system of flood prevention (European Flood Alert System—EFAS). The
aim is to establish a system for monitoring, detecting, and forecasting droughts at the European
level. Precipitation anomalies, soil moisture, and soil moisture anomalies are available freely on
the JRC website. Precipitation anomalies are represented by monthly SPI. SPI values reflect
short-term changes in precipitation as compared to the long-term average of the respective
month, and can be compared well to the top soil moisture as produced by LISFLOOD
simulations. Positive SPI values indicate greater-than-median precipitation, and negative values
indicate less-than-median precipitation. Values of SP1 are commonly classified as McKee et al.
1993. In the forecasting mode, the European Flood Alert System produces information on the
development of soil moisture in Europe for up to ten days ahead. The forecasted soil moisture
seven days ahead is compared to the long-term average conditions of this date as derived from
re-analysis data of the European Centre for Medium-Range Weather Forecasts (ERA-40) for the
period 1958-2001 (i.e., 44 years) and provide a consistent set of forecasted meteorological
parameters.

Another major European initiative is the Drought Management Center for South Eastern Europe
(DMCSEE) within the context of the United Nations Convention to Combat Desertification
(UNCCD) and is based in Slovenia. In the past few decades, it has become more evident that all
countries in southeastern Europe are affected by drought. The idea to establish a drought
management center for the southeastern European region was developed in the context of
UNCCD. DMCSEE was established in 2006 as a joint venture of UNCCD and WMO initiatives.
The Environmental Agency of Slovenia was mandated to host DMCSEE. DMCSEE is primarily
a network: the DMCSEE consortium consists of representatives of NMHSs, national UNCCD
focal points, and representatives of academic spheres. The mission of the Center is to coordinate
and facilitate the development, assessment, and application of drought risk management tools
and policies in SEE. The goal is to improve drought preparedness and reduce drought impacts.
There are 13 founding countries: Albania, Bosnia and Herzegovina, Bulgaria, Croatia,
Macedonia, Greece, Hungary, Moldavia, Romania, Slovenia, Turkey, Montenegro, and Serbia.
With the assessment of vulnerability and risk, DMCSEE will be able to advise on improved
drought management and policy. Drought monitoring is currently based on Global Precipitation
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Climatology Centre (GPCC) data, maps of the SPI, percentiles, and precipitation for the region
(Figure 1). The SPI calculation is based on the distribution of precipitation over long time
periods (1961-1990 period was used).

SPI Aug 2008 (1 month) Precipitation percentiles Aug 2008
GPCC final analysis GPCC final analysis

E] extreme drought D severe drought Dmoderute drought D5 DW O DW 5 DQO D25

SPl<=2 —2<58P|<=-1.5 —1.5<5P <=1

Figure 1. DMCSEE website outputs: SPI and precipitation percentiles maps for southeastern Europe.

The long-term precipitation record is fit to a probability distribution, which is then normalized so
that the mean (average) SPI for any place and time period is zero. Another way to define drought
is with percentiles, using a 50-year period (1951-2000). The 5th percentile is the value below
which 5% of the observations may be found. DMCSEE is also developing a suite of products to
monitor drought and precipitation conditions in the southeastern European region. PDSI and SPI
were chosen to be the first drought indicators implemented in the framework of DMCSEE. The
aim of this system is to demonstrate that the combination of them is useful. Other tools might be
implemented in the future, such as the limited area atmospheric models as analyzing tools and
point water balance models for water demand calculation. A historical DMCSEE model
climatology was computed by Non-hydrostatic Meso-scale Model (NMM), developed by the
NOAA National Center for Environmental Prediction (NCEP). DMCSEE model climatology
daily simulations are driven by ECMWF REA-Interim data.

From these observations and and as a result of droughts in recent years that have affected large
parts of Europe, there is interest in establishing a European drought center if funds become
available. The idea of establishing such a center has existed since 2000. The basis of this center
would be a virtual group of experts and organizations working on drought research and
monitoring for Europe. The aim is to coordinate activities related to drought and reduce the
impacts of droughts, with five major objectives: better understanding of the phenomenon of
drought, improved exchange of knowledge between different research areas involved, a forum
for discussing strategies on responses to drought, collaboration with several international
organizations, and creation of a system of European supervision of droughts that attempts to
predict drought and develop guidelines to follow in case of drought.
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Operational drought indices in France

Two drought indices are cur
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rently run by Météo-France in an operational context. The first index
is based on a simplified operational water balance with two reservoirs and a fixed soil depth
(Figure 2). This index is applied all over France on fescue grass. In order to take into account soil
variability, four soil types are considered for the available water.
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Figure 2. Water balance model with two reservoirs.

Input data are daily rainfall and daily Penman-Monteith PET and output data are remaining water
(value, percentage) and runoff. The main aim of this tool is to provide a synthetic view of the
water balance without interaction of crop and soil kinds. It is easy to calculate at station level,
limitation of this model is that there is no interaction of crop and soil
ot easy. Charts are generated automatically at station level and on

and it is accurate. The main
types, and spatialisation is n
daily time steps.
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Drought assessment can be performed through a comparison of modeled water content with
different statistical thresholds based on percentiles in order to assess the relative frequency of the
event. This drought index is thus directly derived from model outputs (soil water content). The
first product refers to daily soil water content, which is defined as the ratio of soil moisture to
soil moisture storage capacity (Figure 3). A reference dry year is plotted on this chart (1976;
black line). Daily values (blue line) are compared to different statistical thresholds based on daily
percentiles in order to characterize soil moisture. The 10", 20", and 50" percentiles are
considered. The 10th (20th, 50™, etc.) percentile is the value below which 10 (20, 50, etc.)
percent of the daily observations may be found.

drier than 10" percentile: red
drier than 20" percentile: orange
drier than 50" percentile: yellow
wetter than 50" percentile: y

Suivi instantane
Secheresse

BORDEAUX

I Pos de secharesse

Figure 3. Characterization of daily soil water content at station level (Bordeaux 2005).

Agricultural impact is assessed by integrating water deficit from January 1 (Figure 4). Thisis a
good indicator of drought magnitude. It also shows a good correlation with forage production
anomalies.
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Figure 4. Integration of daily water deficit at an annual time step.
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First step: Calculation of daily
soil water content.

Second step: Calculation of
daily water deficit (difference
between field capacity —
100% — and daily ratio
ST/STC) and sums of this
daily value from January 1 to
the day of the analysis.

Third step: Cumulated daily
water deficits are plotted and
compared to daily statistical
thresholds (Q10, Q20, and
Q50). Annual drought
magnitude is characterized.



The second index is extracted from the SAFRAN ISBA MODCOU hydrometeorological model,
which is now used to provide consistent computation of variables within the hydrological cycle.
The SIM hydrometeorological model (Figure 5) consists of three independent modules: the
SAFRAN atmospherical analysis, the ISBA land surface model, and the MODCOU
hydrogeological model. It deals with state-of-the-art hydrological modeling with a spatial
resolution of 8 km. This hydrometeorological suite is described in Habets et al. (2008), Noilhan
and Mahfouf (1996), and Quintana-Segui et al. (2008).

Surface runoff

Figure 5. The SIM hydrometeorological model run by Météo-France consists of three independent modules:
the SAFRAN atmospherical analysis, the ISBA land surface model, and the MODCOU hydrological model.

The first model, SAFRAN, is an atmospheric analysis system that combines ground observations
with large-scale fields from a global reanalysis for producing gridded outputs of several variables
with an 8-km resolution at an hourly time scale. These variables are used to force the ISBA land
surface scheme, which computes water and energy budgets at the soil-vegetation-atmosphere
interface. One output particularly relevant to this study is the Soil Wetness Index. The drainage
and runoff outputs are then used by the MODCOU hydrogeological model to compute river
flows at more than 900 hydrometric stations in France. The SAFRAN model deals with
meteorological drought and the ISBA model deals with agricultural drought. The key output of
this model is the Soil Water Index, which is defined as a normalized soil water content index
ranging from O (water content at wilting point) to 1 (water content at field capacity).
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Where w = water content

wwilt = wilting point
wfc = field capacity

Soil Water Index maps are published and disseminated through the website of Météo-France on a
monthly basis (Figure 6). Ratio to mean maps comparing the current year with climatology are
also provided. These maps are disseminated every ten days throught the Météo-France website,
and are free of charge. This index is useful in assessing impacts on agriculture.
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Figure 6. Soil Water Index anomaly over France (December 2007). Negative values indicate drier conditions
as compared to the normal, while positive values represent wetter than average conditions.

This land surface scheme allows state-of-the-art hydrological modeling with realistic soil and
vegetation parameterization and explicit snowpack modeling through the computation of water
and energy budgets with soil and vegetation databases. Outputs are mainly soil moisture (SWI)
but also actual evapotranspiration, snow cover, drainage, runoff, etc. Products are available on a
regular 8 km grid over France. However, this approach has some inherent limitations: it is a
complex hydrometeorological suite to run and it is available only at national level. Nevertheless,

this surface scheme approach is undoubtedly the way to go in the future and is nearly mandatory
in mountainous areas.

Experimental Drought Indices in France

The SIM operational suite has been used to derive a 50-year hydrometeorological reanalysis,
running from 1958 to 2008. More details about the atmospheric part of the reanalysis performed
by the Direction of Climatology of Météo-France can be found in Vidal et al. (2009a). This long
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dataset has been used to build experimental drought indices based on multilevel drought
reanalysis in the framework of the ClimSec project (Vidal et al. 2010). The ClimSec project is a
2-year project dealing with the impact of climate change on drought and soil moisture in France.
It was motivated by the extensive damage to buildings caused by the shrinking and swelling of
clay soils following the 2003 drought.

Method

The method employed is inspired by the SPI computation, and it has been applied to the Soil
Water Index instead of rainfall amounts in order to derive a Standardized Soil Wetness Index.
The monthly variable is summed or averaged over n months and its distribution is projected onto
a normal distribution. The computation here is done with reference to the 50-year local climate,
so that we have a correspondence between the index value and a non-exceedance probability
(Vidal 2010). That also ensures the spatial consistency of the index, and different time scales can
be considered from 1 to 24 months. The Standardized Soil Water Index is considered an
experimental index but is now automatically produced at a monthly time step by the Climatology
Section of Météo-France. Four time scales (i.e., 1, 3, 6, and 12 months) are considered (Figure
7). A panel of standardized indices from 1958 to 2008 is also available for different time scales.

SPIImoIs Septzmbre 2010 P SPEIOIS Septzmbre 2010 SFI12moIs Septembra 2010

Figure 7. Standardized Soil Water Index maps (October 2010) for four different time steps (1 month, 3
months, 6 months, and 12 months).

A severity assessment is performed as per Table 2. SSWI above 0 characterizes a water period
greater than average and SSWI below 0 deals with drier soil conditions than average. Standard
conditions range from —0.99 to +0.99. An extremely dry event is defined by SSWI below —2.0.

Table 2. Standardized Soil Water Index (SSWI) categories.

Value of SSWI Category Quantile
>2.00 Extremely humid >= 43 years
1.50 - 1.99 Very humid >= 15 years
1.00-1.49 Moderately humid >= 6 years
-0.99 t0 0.99 Around normal 6 years <=
-1.00to -1.49 Moderately dry >= 6 years
-1.50 t0 -1.99 Very dry >= 15 years
<-2.00 Extremely dry >= 43 years
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Drought Characterization

With this index, drought events can be characterized at local scale for each specific grid cell. For
instance, if we choose a drought threshold of 5%, Météo-France can identify different events
over the last fifty years, and derive duration, severity, and magnitude from each of them.
Different characteristics like the starting date, end date, or peak date can also be extracted (Vidal
et al. 2010). A classification of drought events that have occurred in France over the last 50 years
has been performed in the framework of this project. Spatio-temporal characteristics have been
derived from the meteorological reanalysis. Most severe events drought events can be identified
on Severity—Area—Time Scale (SAT) curves inspired from depth-area-duration analysis of storm
precipitation (Vidal et al. 2010).
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Figure 8. Spatio-temporal characteristics of drought events in France from 1958 to 2008 (from Vidal et al.
2009).

Figure 8 shows the combination of mean area, mean duration, and mean severity. Similar mean
severities have been reached for different events, but with different combinations of mean area
and mean duration. The 1988-1990 drought stands out for this specific drought index and
threshold. Figure 9 shows the evolution of the area affected by droughts, defined here by a
threshold of 5% on 3-month indices. Different drought periods like the 1976 drought, autumn
1978 drought, multiyear 1989-1990 drought, and recent 2003 drought can be identified in this
chart. There are differences between the three types of droughts. For example, the soil moisture
deficits were much more severe in 2003 than the precipitation deficits. Standardized drought
indices are undoubtedly powerful analytical tools for characterizing events in space and time.
Drought reanalysis offers identification and description of past drought events at both the local
and national scale in France (Vidal et al. 2010).
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Figure 9. Evolution of the area affected by droughts, defined here by a threshold of 5% on 3-month indices
(from Vidal et al. 2009).
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Conclusions

There is no universal drought index and there is no uniform approach for drought monitoring in
Europe. The complexity of drought indices depends on the number of parameters taken into
account, and different levels of complexity can be considered. However, a focus on drought
indices that offer a consistent estimation of soil water content through a realistic calculation of
evapotranspiration is recommended. Rainfall-based indices are unable to estimate severe soil
moisture deficits when precipitation deficit is not the only driver (2003 drought, for example).

The land surface scheme approach allows explicit snowpack modeling through the computation
of water and energy budgets with soil and vegetation databases. This approach is undoubtedly
the way forward and is nearly mandatory in mountainous areas where snowpack modeling is a
key issue. Lastly, we showed that the SPI normalization approach is not restricted to rainfall and
can be applied to soil moisture. Standardized drought indices are undoubtedly powerful
analytical tools for characterizing events in space and time. Drought reanalysis offers
identification and description of past drought events at both the local and national scale in
France.
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Drought Monitoring in Spain

Antonio Mestre
Spanish Meteorological Agency (AEMET)

Abstract

Peninsular Spain is located in a geographical area that represents a transition zone between
climatic regions influenced by polar and subtropical atmospheric circulation. In all regions of
Spain, there is a high recurrence of drought events, which in some cases have greatly affected
the activity of various productive sectors and caused important economic losses and severe
environmental damage. The longest drought spell of the last 75 years was from 1991 to 1995,
and it affected the southern half of Spain. The drought monitoring system of AEMET, based
on the Standardized Precipitation Index (SPI), has been developed and applied to two of the
recent droughts episodes (with quite different characteristics), and the system’s capacity of
diagnosis has been made clear, especially in long-lasting episodes ending in hydrological
droughts. Soil moisture estimation is an important tool for decision making in different
sectors, particularly for farmers (evaluation of irrigation needs, soil workability, drought
assessment, and early warning), forestry services (forest fire risk assessment and controlled
burning authorization), and hydrology. Hence AEMET developed a 0.2° resolution gridded
national water balance in 1997 aimed at providing a daily assessment of soil moisture
conditions in order to meet the specific needs of the different users. At present, the drought
monitoring program is being operationally carried out at AEMET on a national level. The
operational application allows the monthly generation of a set of graphics and tabulated
products related to the SPI for periods ranging from 1 month to 3 years. These applications
are described with suitable examples.

Introduction

Drought is a complex climatic phenomenon. Because of the accumulation, in a gradual
process through time, of its impacts on several sectors (e.g., agriculture and hydrological
resources), its limits are not easy to establish. Usually drought impacts last for a long time
after the end of the meteorological episode. From an operational point of view, drought can
be approached from several perspectives (each one taking into account different social,
economic, biological, and physical factors) and concepts (meteorological, agricultural,
hydrological, and structural droughts). Even considering just meteorological drought, the
quantification of its intensity level is quite complex, taking into account that it depends not
only on the precipitation deficit with respect to the climatic average, but also on its temporal
and spatial extent.

To characterize meteorological drought, several indices have been developed (Heim 2000).
Among them, the Standardized Precipitation Index (SPI) (McKee et al. 1993, McKee et al.
1995) has been increasingly used since its formulation, to the point of progressively
becoming a reference at a global level. The main advantages of this index are its operational
simplicity, its ability to quantify and compare precipitation deficit intensity between zones of
a varied range of climates, and, overall, the fact that it is possible to integrate it over a wide
range of time scales. This last characteristic makes it useful as an indicator of different type
of droughts: short-period episodes that affect the agricultural, forestry, and cattle sectors, and
long-lasting episodes causing hydrological droughts.
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Drought in Spain

Peninsular Spain is located in a geographical area that represents a transition zone between
climatic regions influenced by polar and subtropical atmospheric circulation. Because of this
frontier situation, the precipitation regime is highly dependent on small latitudinal shifts of
the Atlantic low pressure system trajectories associated with the northern hemisphere’s
circumpolar vortex, especially to the south of the Cordillera Cantabrica. When the low
pressure systems follow high latitude trajectories, their associated high pressure systems tend
to extend over southwestern Europe around the Iberian Peninsula, causing a dramatic
decrease in precipitation. Sometimes this synoptical situation is persistent and provokes long
periods of drought.

Figures 1, 2, and 3 represent a series of annual precipitation volumes over the peninsular
Spanish basins (Cantabrian, Atlantic, and Mediterranean). They show the high variability of
the annual precipitation amount in Spain, as well as the irregular occurrence of drought
cycles, the highly variable duration of droughts, and an average periodicity of 3-5 years. As a
consequence of this high precipitation variability, numerous episodes of severe
meteorological drought have occurred. Several drought episodes affected extended areas of
Spain during the first 30 years of the last century, the late 1940s, and 1957-58. After the
precipitation maximum of the 1960s, a gradual decrease in the amount of precipitation took
place, with a severe drought episode between 1981 and 1983, and another at the end of the
1980s, especially in the peninsular northern part. This decreasing bias culminated with a
long-lasting severe drought, which took place at the beginning of the 1990s and affected the
southern half of the Iberian Peninsula. Between 1990 and 1995, in extended areas, 5 dry or
very dry consecutive hydrological years followed one another (Peral et al. 2000). From 1996
to 2004, a general wet cycle occurred, although interrupted by dry years (1998-99, 1999-
2000, 2001-2002). In November 2004, a new period of meteorological drought began, which
lasted along the hydrological year 2004-2005 and resulted in the driest hydrological year
since 1947 (the year that measurement of average precipitation over the main river basins
began to be done in a systematic way) (Mestre 2005). More recently, a drought period
occurred in the first half of the hydrological year 2007-2008. Its first semester was the driest
of the whole series, although that rain deficit was later compensated by the abundant
precipitation of spring 2008.

The National Water Balance of AEMET

Soil moisture estimation is an important tool for decision making in different sectors,
particularly for farmers (evaluation of irrigation needs, soil workability, drought assessment,
and early warning), forestry services (forest fire risk assessment and controlled burning
authorization), and hydrology. Hence AEMET developed a 0.2° resolution gridded national
water balance in 1997 aimed at providing a daily assessment of soil moisture conditions in
order to meet the specific needs of the different users. The main features of the water balance
are described below (Navarro and Picatoste 1998, Mestre and Moreno 2004).
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Series of annual precipitation volume over the northern Spanish basins
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Figure 1. Precipitation variability in Spain; series of annual precipitation over the northern basins
(period: 1947-2008).
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Figure 2. Precipitation variability in Spain; series of annual precipitation over the Atlantic basins
(period: 1947-2008).
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Series of annual precipitation over the Spanish Mediterranean basins.
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Figure 3. Precipitation variability in Spain; series of annual precipitation over the Mediterranean basins
(period: 1947-2008).

Water Balance General Characteristics

The water balance model inputs are: 10-m wind, 2-m temperature, and surface pressure from
the analysis of HIRLAM 0.2° plus synoptic data, in real time, of sunshine and precipitation as
well as physiographical and edaphological information. The water balance outputs are a set of
variables like soil moisture content, soil moisture percentage with respect to the field
capacity, reference and actual evapotranspiration and precipitation, and the anomalies of
these parameters as compared with their normal values. All these outputs are issued in a grid
of 0.2° resolution (see some examples of water balance outputs in Figures 4 and 5).

The incoming rainwater and the atmosphere extraction are not considered as direct processes,
but dependent on the previous soil moisture content. The maximum soil water retention
values are calculated at the original resolution of the physiographical files and then upscaled
to the water balance grid resolution, based on the soil texture and land-use classes. Daily
precipitation is the main input for computation of the water balance, and it is divided in two
components, the effective precipitation (the fraction of total precipitation that feeds the soil
moisture) and the surplus (runoff and groundwater infiltration). To calculate the effective
precipitation, the total precipitation value is assigned to each grid point by interpolation of the
synoptic stations data. A simplified model based on the concept of Curve Number (Soil
Conservation Service) is applied to estimate the surplus as a function of precipitation,
evapotranspiration, maximum soil water retention, and adimensional (dimensionless)
coefficients.

The real evapotranspiration is evaluated as a function of the reference evapotranspiration
(obtained from the Penman-Monteith approach) and the ratio between actual soil moisture
and maximum soil water retention. The soil resistance to loss of water when soil moisture
decreases is also taken into account. In this regard, a non-linear water extraction function is
being used.
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Figure 4. Example of water balance output: map of soil water content in percentage over the field
capacity.
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Figure 5. Example of water balance output: map of soil water content anomaly.

Drought Monitoring in AEMET

At present, a monitoring program to watch and evaluate drought is being operationally
carried out at AEMET on a national level. SPI maps (Mckee et al. 1993) for Spain are
produced monthly (Mestre and Moreno 2008). The program to calculate SPI uses climatic
data from the National Climatic Data Base, as well as daily rainfall data obtained in quasi-
real time from the synoptical stations network. The resulting products are SPI tables and
graphics representing sites and basins over several accumulation periods ranging from one
month to one year, with the aim of evaluating drought at different time scales. The drought
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module has been developed as an independent module in the framework of the National
Water Balance. Climate data as well as daily precipitation data entering in quasi-real time are
its input data.

The operational application allows the monthly generation of a set of graphics and tabulated
products related to the SPI for periods ranging from 1 month to 3 years. Input data for this
application are local data from AEMET’s synoptic stations plus precipitation volumes
calculated for the main hydrographic basins. Monthly series of precipitation for a total of 90
synoptic stations and monthly series of mean areal precipitation for the 12 geographical areas
defined by the broader Spanish water basins are used as basic information for the system. For
the stations, the data are obtained from the National Climate Database, and the gaps have
been filled by interpolation in the corresponding monthly grid. For each water basin, data are
obtained from the precipitation volume series that started in 1947. Recent data come from the
AEMET National Water Balance. Precipitation volumes are estimated by integrating
precipitation data into the 0.16° grid. Subsequently, these provisional volumes are replaced by
more precise estimations once precipitation data from the whole set of AEMET’s
climatological stations are available in the National Climate Database (usually with a delay of
1-2 months).

From monthly precipitation series, the accumulated values for periods ranging from 1 month
to 36 months are assessed. Data for every month, station, or water basin are fitted to a gamma
distribution to get the corresponding series of SPI values. On the AEMET web page (internal
page), the SPI values appear separately for every station and water basin. For accumulation
times of 1, 3, and 6 months (representative of a short temporal scale) and 1, 2, and 3 years
(representative of a long temporal scale), there are graphical presentations.

The output of this monitoring system is available at the beginning of every month on the
AEMET intranet web page as a set of products, including SPI maps for different
accumulation periods, calculated from station data (Figure 6) and from averaged precipitation
estimated over whole river basins (Figure 7). Time series with recent index values for stations
and basins are also available, thus allowing a monitoring of recent values of SPI for different
time scales (Figures 8 and 9).

Application of the Meteorological Drought Monitoring and Analysis System to Two
Outstanding Drought Episodes of the Last 20 Years

In all regions of Spain, there is a high recurrence of drought events, which in some cases have
greatly affected the activity of various productive sectors and caused important economic
losses and severe environmental damage. The longest drought spell of the last 75 years was
from 1991 to 1995, and it affected the southern half of Spain. The drought monitoring system
of AEMET has been applied to analyze the characteristics of this drought event as well as the
impacts and response measures.
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Figure 6. Example of SPI map for a period of six months, using local data from 90 stations (AEMET’s
network).
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Figure 7. Example of SPI map for a period of six months, representing river basin values calculated from
estimated precipitation volumes.
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Figure 8. Example of SPI calculations for several time scales, using data from Segovia’s meteorological
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Figure 9. Example of SPI calculations for several time scales in the Guadiana basin.
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Figure 10. Map with SPI values for every river basin, estimated September 30th, 1995, and for a 36-
month time scale.

The 1991-95 Drought Episode

A long-lasting and severe drought episode took place between the years 1991 and 1995,
especially affecting the central and southern part of the Iberian Peninsula. To take into
account its duration, SPI values for 36-month periods have been used as a reference for its
analysis. Figure 10 shows the SPI values for each one of the main river basins estimated for
September 1995, the end of the long drought period. In the river basin located in the southern
half of the Peninsula, as well as in the Ebros basin, SPI values were under -1.3, reaching -2
(extreme drought) in the basins of Guadiana, Guadalquivir, and Sur.

The main characteristic of this drought was its long-lasting period. It had an extreme intensity
and it extended over large areas in the central and southern part of the country, especially
affecting its southwestern zone. Neither the peninsular northern part, where the period was
wetter than average, nor the Catalonian basins, where it was near average, were affected.
From the analysis of the SPI series (60 years of data) calculated for 3-year periods, it appears
that SP1 values reached their minimum values over the Guadiana and Guadalquivir basins at
the end of summer 1995 (Figure 11 shows the Guadalquivir basin series). Also during this
drought episode, in January 1993, the absolute minimum was reached in the Tajo basin
series. There were SP1 minimum values in other basins as well: Duero, Sur, Segura, Ebro,
and Jucar. In the case of the northern and northwestern basins, minimum SPI values (-2.2)
were reached in the summer of 1991, as a result of a drought episode that occurred in that
zone at the end of the 1980s. Normal values were progressively recovered in that zone in the
first half of the 1990s. Considering average precipitation for all of peninsular Spain (Figure
12), it can be seen that the 1990s drought episode was the most persistent of the series. The
SPI values for 3-year periods and all of peninsular Spain did not reach the intensity of the
1981-83 drought event. The 1991-95 event affected the peninsula’s southern half, while that
of 1981-83 extended over the whole zone, even the northern part.
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Series of SPI 36 over the Guadalquivir Basin
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1991-95 can be compared with that of the first part of the 1980s.

This persistent meteorological drought led to a severe hydrological drought, which in turn
caused adverse impacts because the precipitation deficit was mainly concentrated in the
winter period, when rainfall is more effective in producing surface runoff. The water
resources stored in some big Atlantic Spanish basins such as Tajo, Guadiana, and
Guadalquivir fell below 10% of total capacity at the end of the long drought spell, in

September 1995.

Because water supply was so limited for such a long period, various productive sectors
experienced a number of direct impacts. The main impacts were the following:
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e Domestic water supply problems: Most urban areas of the southwestern corner of
Spain suffered shortages in domestic water supply, and at the beginning of autumn
1995, about 15% of the Spanish population experienced water shortages and another
15% faced reduced water supply.

e Overexploitation of aquifers: The shortage of water resources in 1995 forced a greater
exploitation of hydrogeological resources, especially for agricultural users, causing a
depletion of groundwater levels. This resulted in the draining of wetlands in some
parts of central Spain and increasing salinisation by marine intrusion in some coastal
aquifers of southeast Spain.

e Reduction of irrigated land surface: Strong restrictions were placed on irrigation in
this period, and this seriously affected irrigated herbaceous crops, reducing the total
land area in these crops by 18% between 1992 and 1993. During the 1992-1995
period, the average area in corn was reduced by 30% (compared with the previous
five years), the area in cotton was reduced by 51%, and the area in rice was reduced
by 33%.

o Decrease of hydroelectric energy production: The average production of hydroelectric
energy for the four hydrological years 1991-92 to 1994-95 was 14.5% less than the
average during the five-year period 1986-1991; in 1992-93 the reduction was 30%.
Electrical companies had to increase thermal energy production by 7% to compensate
for this deficit.

The water shortages were centered in certain areas and crops of the southern half of Spain,
but the growing diversification of the Spanish agrarian sector tended to limit the magnitude of
the adverse climatic impacts on agricultural production at the national level. The worst year
for the agrarian sector in this period was 1995, with a reduction of 10% in final production.
The main crops affected were irrigated herbaceous crops, mainly cereals. In the cereal-
producing sector, the 1995 yield experienced a decrease of 30%, compared to the average of
the 1986-1991 period.

Perennial crops were less affected, but with the persistence of dry conditions, the vineyards,
olives, and citrus fruits were affected from 1994 on. In the 1994-95 season, olive oil
production was reduced by 20% from the average of the four previous seasons. The
viticultural sector was also affected, and average vine production decreased in 1994 and 1995
by 25% compared with 1993 and 40% compared with 1992. Cattle production was also
affected by the decrease in the capacity of pasture lands to sustain cattle.

This prolonged drought severely affected the forested areas in southern Spain, where it
caused a high mortality of Pinus pinaster and severe withering symptoms in oak groves,
scrub, gall oaks, stone pines (Pinus pinea), and cork oak. Forest fire risk conditions also
increased. In the southern half of Spain, the area affected by forest fires increased by 63% in
1991-95 in comparison with the mean of the previous 10 years.

2004-2005 (Hydrological Year) Drought Episode

This drought episode had an extraordinary intensity at the time scale of one year. Figure 13
shows SPI values for a one-year scale and all the main peninsular Spanish basins. As can be
seen, all of them are under -1, and under -2 in the case of the Atlantic basins. Peninsular
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Spain, taken as a whole, was also under -2, making the 2004-2005 hydrological year the
driest of the series.
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Figure 13. The map shows SPI values on September 30, 2005, for a 12-month scale, in the main Spanish
basins.

SPI values for a 12-month scale reached a second minimum value on record in the series of
Tajo and Guadiana basins in September 2005. The SPI value for all of peninsular Spain (-2.2)
was near the absolute minimum value of the series (-2.5), reached in November 1981. The
minimum of 2004-2005 was mainly due to a near-absolute absence of precipitation in the
whole country in November, usually one of the wetter months in extended zones of Spain.
Unlike the drought episodes of the 1990s, a striking aspect of the 2004-2005 drought episode
was that it simultaneously affected all regions. This caused the 12-month SPI for the entire
country to reach very low values when compared with those of the different basins.

The 2004-2005 drought that affected most of the Iberian peninsula caused losses of more than
2,500 millon euros (two-thirds of it corresponding to the agricultural sector, and one-third to
the cattle producing sector).

Conclusions

Drought is a recurrent climate hazard that affects Spain. Precipitation deficits occur in cycles
of highly variable duration and spatial distribution. From a strictly climatic point of view, the
SP1 is very useful for its capacity of establishing, operationally and in a simple and objective
way, the start of a drought period, as well as its end and intensity level. By the application of
a meteorological drought monitoring scheme, based on the SPI and developed at AEMET, to
two recent droughts episodes (with quite different characteristics), the system's capacity of
diagnosis has been made clear, especially in long-lasting episodes ending in hydrological
droughts. In addition, using observational data from different meteorological stations with
precipitation volumes averaged for river basins was found useful for characterizing drought.
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Nevertheless, there is a need to extend this drought monitoring system to explicitly include
other drought indices aimed at the specific needs of the agricultural sector and to produce
drought predictions under a probabilistic approach, taking advantage of the recent
developments in monthly and seasonal prediction. This chapter highlights the need to plan
and develop an integrated management system of water resources in order to prevent and
mitigate the negative effects of drought.
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Abstract

This chapter highlights some of the practical applications of agricultural drought monitoring
over the Greater Horn of Africa based on the experiences gained and lessons learned on
regional and national scales. The paper draws upon the longstanding and sustained efforts by
the IGAD Climate Prediction and Applications Centre (ICPAC) with the drought monitoring
system that has been in operation since 1989, when the Centre was established. ICPAC is a
specialized institution of the Intergovernmental Authority for Development (IGAD), dealing
in climate applications and disaster-related issues in the Greater Horn of Africa region. This
drought monitoring system helps in detecting, early and easily, where and when a drought has
occurred, and how the drought situation is slowly creeping into the sub-region. The onset and
withdrawal dates of a drought can be defined clearly by this system. Also, it is useful for
detecting changes in the rainfall regime. The Standardized Precipitation Index (SPI), which is
an intensive measure that considers rainfall accumulation with the weighting function of
time, is used on operational basis in the IGAD sub-region.

Introduction

The Horn of Africa is prone to extreme climatic events such as droughts and floods, with
severe negative impacts on the key socio-economic sectors. Natural resources (such as water,
vegetation, wildlife, general flora and fauna, and biodiversity) that determine the livelihood
of communities are impacted by temperature and rainfall. Thus climate variability has far-
reaching implications for the livelihoods of most of the rural communities in the region. The
IPCC Fourth Assessment Report (IPCC 2007a) has shown that any change in climate will
have more adverse socio-economic impacts in Africa than in other parts of the world, because
of the vulnerability of society and the sensitivity of the environment. Hazards such as floods,
droughts, desertification, locust infestation, infectious diseases, epidemics, and resources-
based armed conflicts continue to inflict loss of property, injury, death, food insecurity,
health hazards, environmental degradation, poor economic performance, displacement of
people, environmental refugees, and other miseries.

In comparison to weather-related natural hazards such as floods and windstorm events,
droughts develop slowly (Wilhite 2000). However, they are often more widespread and cause
more extensive damage to the Greater Horn of Africa’s population than any other hazard.
Climate change is projected to increase the risk of drought over many parts of Africa in the
21st century (IPCC 2007b), partly through altering the frequency of El Nifio events. Drought
impacts are often aggravated by poor policies, or, alternatively, conflicts over limited water,
food, and grazing resources. Therefore, drought particularly affects societies that have little
resilience and preparedness. Here, the effects can linger for years after the drought event.

The Intergovernmental Authority on Development (IGAD) Climate Prediction and
Applications Centre (ICPAC) is a specialized institution of the seven IGAD countries (Figure
1a) in the Greater Horn of Africa plus Tanzania, Burundi, and Rwanda (Figure 1b). ICPAC is
charged with the responsibility of climate monitoring, prediction, early warning, and
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applications for the reduction of climate-related risks in its member countries. This is in
support of specific sector applications for the mitigation of climate variability impacts,
alleviation of poverty, management of the environment, and sustainable development over
the IGAD sub-region.

(a) IGAD member countries (b) ICPAC member countries

Figure 1. Map showing the ten Greater Horn of Africa countries served by ICPAC.

Monitoring and detection of agricultural droughts in the sub-region is difficult because it
requires climate information such as evapotranspiration and soil moisture, which is not
readily available. Ideally, this information should be integrated to produce unique indices.
ICPAC uses the Standardized Precipitation Index (SPI) approach to monitor effects of
agricultural droughts in the sub-region. Figure 2, for instance, shows the impacts of drought
on agricultural production, which often result in total crop failure. The objective of this
chapter is to present an overview of the agricultural drought indices in current use in the
GHA sub-region, as well as to discuss some of their strengths and limitations.

Figure 2. Impacts of drought on agricultural production, leading to total crop failure due to prolonged
drought.
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Agricultural Drought Assessment and Monitoring over the GHA region

Several indices measure how precipitation for a given period of time has deviated from
historically established norms. Although none of the major indices is inherently superior to
the rest in all circumstances, some indices are better suited than others for certain uses. There
are different types of droughts for any given locality. Meteorological drought is defined as a
deficiency of precipitation from expected or “normal” over an extended period of time.
Hydrological drought refers to deficiencies in surface and subsurface water supplies, leading
to lack of water for meeting normal and specific water demands. Agricultural drought is a
deficiency in water availability for specific agricultural needs, such as a deficiency in soil
moisture, which is one of the most critical factors in defining crop production potential.

Standardized Precipitation Index (SPI)

Drought indices assimilate thousands of bits of data on rainfall, streamflow, and other water
supply indicators into a comprehensible “big picture.” A drought index value is typically a
single number, far more useful than raw data for decision making. Several indices measure
how precipitation for a given period of time has deviated from historically established norms.

The Standardized Precipitation Index (SPI) is an index based on the probability of
precipitation for any time scale. It can be computed for different time scales to provide early
warning of drought and help assess drought severity in any given locality. The SPI is
designed to quantify the precipitation deficit for multiple time scales. These time scales
reflect the impact of drought on the availability of the different water resources. Soil moisture
conditions respond to precipitation anomalies on a relatively short scale. Groundwater,
streamflow, and reservoir storage reflect the longer-term precipitation anomalies. McKee et
al. (1993) originally calculated the SPI for 3-, 6-, 12-, 24-, and 48-month time scales.

The SPI calculation for the various agro-ecological zones in the GHA sub-region is based on
the long-term precipitation record of more than thirty years. This long-term record is fitted to
a probability distribution, which is then transformed into a normal distribution so that the
mean SPI for the zone and desired period is zero (Edwards and McKee 1997). Positive SPI
values indicate greater than median precipitation, and negative values indicate less than
median precipitation. Because the SPI is normalized, wetter and drier climates can be
represented in the same way, and wet periods can also be monitored using the SPI. The
spatial patterns of the observed rainfall and rainfall stress severity index on 10-day, monthly,
and seasonal timescales are used in monitoring drought (Figure 3).
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Figure 3. Map showing (a) distribution of rainfall and (b) calculated drought severity index for February
2010.

The cumulative rainfall record is used by ICPAC to evaluate water stress over various parts
of the GHA.. Figure 4 shows the cumulative dekadal rainfall performance for some selected
stations over an agro-ecological zone.
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Figure 4. Cumulative rainfall series for Kigoma in western Tanzania.
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Climate Severity

McKee et al. (1993) used the classification system shown in Table 1 to define drought
intensities resulting from the SP1. McKee et al. (1993) also defined the criteria for a drought
event for any of the time scales. A drought event occurs any time the SPI is continuously
negative and reaches an intensity of -1.0 or less. The event ends when the SP1 becomes
positive. Each drought event, therefore, has a duration defined by its beginning and end and
its intensity for each month that the event continues.

Table 1. Classification of drought using SPI values (McKee et al. 1993).

| SPI Values

2.0+ extremely wet
|1.5 to 1.99 ]very wet

1.0 to 1.49 imoderately wet
-.99 t0 .99 near normal
-1.0 to -1.49 imoderately dry
-1.5t0 -1.99 severely dry

|—2 and less ]extremely dry

Based on this scheme and analysis of stations in various agricultural zones across the sub-
region, it has been determined that the SPI is in mild drought 24% of the time (near normal),
in moderate drought 9.2% of the time (dry), in severe drought 4.4% of the time (generally
dry), and in extreme drought 2.3% of the time (severe drought). Because the SPI is
standardized, these percentages are from a normal distribution of the SPI. The 2.3% of SPI
values within the “Extreme Drought” category is a percentage that is typically expected for
an “extreme” event. Rainfall severity indices for the GHA sub-region are also derived by
considering all observations that are less than 25% (first quartile) of the ranked historical
records to be dry while those that are more than 75% (third quartile) are considered wet
(Figure 5).
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Figure 5. Time series of standardized seasonal anomalies for different locations and seasons.

Early Warning Drought Indicators

The Normalized Difference Vegetation Index (NDVI) is also used as drought indicator to
assess vegetation conditions mainly in agro-pastoralist zones. Comparison of NDVI values of
the current and previous dekads give a rough indication of vegetation conditions for agro-
pastoralist communities (Figure 6).

[‘i O More Dy
157 0 Less Dy
N [J No change
\ Less improved
More improved

Figure 6. Observed vegetation conditions during a given dekad.

Hydroelectric power in the sub-region is highly dependent on and sensitive to extreme
climatic fluctuations such as droughts and floods. Droughts are known to be accompanied by
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low water levels in the major dams (Figure 7) while floods bring a lot of silt into the dams
and can sometimes lead to destruction of and damage to the turbines. ICPAC provides
statistical forecasts of drought situations with a lead time of three months (Figure 8) by
monitoring global sea surface temperature patterns.

£

i

Figure 7. A view of Masinga Dam in Kenya during the 1999/2000 La Nifia drought. The red arrow shows
the normal water level.
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Figure 8. Statistical model that predicted the drought three months lead time.
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Generation and Timely Dissemination of Products and Services

ICPAC provides timely information regarding past, present, and future expectations of
regional climate stress on 10-day, monthly, and seasonal time scales. In addition to
monitoring climate stress, ICPAC provides information on climate extremes and other
relevant information required for climate change monitoring, detection, and attribution. This
information includes trends of the seasonal rainfall patterns, space—time characteristics of
daily rainfall, and minimum and maximum temperatures.

Limitations of Agricultural Drought Indices Used in the GHA Subregion

Agricultural drought is by far the most complex and difficult type of drought to determine,
compared to other drought types (meteorological and hydrological). In the sub-region,
agricultural drought indices are determined only by rainfall data, despite recommendations
that several parameters be considered. Although SPI1 can be computed for different time
scales, provide early warning of drought, and help assess drought severity, its values are
based on preliminary data, which may change. With these limitations, the SP1 is the best
option for monitoring droughts for agriculture, given the nature of rainfall data available in
the sub-region.

Summary and Conclusions

Meteorological drought occurs when the seasonal or annual precipitation falls below its long-
term average. Hydrological drought develops when the meteorological drought is prolonged
and causes shortage of surface and groundwater in the region. Agricultural drought is
detected when continuous and intense soil moisture stress leads to significant crop yield
reduction. Finally, socio-economic drought is a manifestation of continued drought of severe
intensity that causes economic and sociopolitical instabilities in a region or country. Whereas
meteorological drought is just an indicator of precipitation deficiency, hydrological and
agricultural droughts can be considered the physical manifestations of meteorological
drought, and socioeconomic drought results from the impacts of hydrological and agricultural
droughts on the society.

This evaluation focused on all information related to drought assessment and monitoring,
considering any time scale (10-day, monthly, and seasonal) and any format of publication
(online data and maps, bulletins, advisories, etc). Rainfall anomaly data and maps, satellite
information (NDVI), and meteorological and agricultural drought indices are considered in
monitoring and disseminating drought information.

The SPI1 has been used operationally to monitor conditions across the sub-region since 1989,
when ICPAC was established as a regional drought monitoring center (DMC) in Nairobi.
Dekadal, monthl}:, and seasonal maps of the SPI for the sub-region are provided operationally
on the 8™ and 28" of the month and at the beginning of every season, respectively. The
products are always posted on the ICPAC website (www.icpac.net) and also sent to National
Meteorological and Hydrological Services (NMHSs) of the ICPAC member countries.
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Incorporating a Composite Approach to Monitoring Drought in the United
States

Mark Svoboda
National Drought Mitigation Center, University of Nebraska—Lincoln

Abstract

Drought is a recurring phenomenon without a universal definition. Because the timing, intensity,
duration, and area affected vary with each drought event, we need methods of detecting drought
that are flexible enough to take these differences into account. By combining traditional
approaches to drought monitoring and assessment, which usually involve a single index or
indicator, with new technology and integrated approaches, researchers have been able to improve
drought monitoring and early warning system capacities. This chapter further explores the
evolution of drought monitoring tools and methods.

Introduction

It is obvious why there is not, and should not be, just one definition (Wilhite et al. 1985) of
drought for the entire world, yet many think that there can or should be just one drought index or
indicator that addresses all types of drought. The timing, intensity, and duration of drought and
the area affected are different each time and thus we need a uniquely flexible way of detecting
and depicting drought through a diligent drought early warning system (DEWS). We do not have
the luxury of seeing a drought approaching via satellite or radar, and forecasts are still very
limited in their skill horizon, so it behooves us all to establish and utilize an early warning
system that can watch and wait for drought to emerge. Drought indices and indicators have been
around for nearly a century. However, we have only recently begun to use new technology and
integrated approaches for drought monitoring. These new tools and approaches combined have
helped us advance our drought monitoring and early warning system capacities around the world.
Some of these methods and tools are described below.

An Integrated Composite Approach

Traditional approaches to assessing and monitoring drought have usually employed a single
index or indicator. In the United States, the Palmer Drought Severity Index (Palmer 1965)
(Figure 1) was just such an index. It proved to be the dominant index used, and very little else in
the way of drought indices (except for Palmer derivatives such as the CMI, Palmer-Z, and PHDI)
emerged until the 1990s, when the Standardized Precipitation Index (SPI) (McKee et al. 1993,
1995) came on the scene.
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Drought Severity Index by Division
Weekly Value for Period Ending FEB 26, 2011

Long Term Palmer
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Figure 1. The Palmer Drought Severity Index by climate division.

A drought indicator is simply any parameter (including an index) used to measure or describe
drought conditions. Indicators can include parameters such as precipitation, temperature, soil
moisture, streamflow, snowpack, and reservoir levels. A drought index takes it a step further and
attempts to numerically quantify the qualitative as a means of representing reality on the
landscape. It is a means of simplifying complex relationships in a way that can be (hopefully)
easily communicated.

This led to a period of a decade or so of crudely integrating multiple indices or indicators. But
much of this, before GIS and increased computing/modeling capacity, was still integrated
manually in a subjective nonsystematic way.

In the late 1990s, the internet and GIS really began to make their mark on how we monitor and
utilize drought early warning systems (DEWS) today. A resolution revolution began to emerge
as well. The original versions of the PDSI, CMI, and SPI were all calculated using preliminary
monthly data at the coarser climate division scale up to the late 1990s. After that (in the early to
mid 2000s) we began to get data weekly (and even daily), and GIS allowed us to interpolate from
stations and to extrapolate through gridded coverage at around 40 km?. Given the influence of
topography and a generally erratic distribution of precipitation, this seems to be a relatively
comfortable resolution to work with precipitation operationally, compared to a more uniform
parameter like temperature. An example of the daily updated and gridded SPI on a national scale
is seen below in Figure 2 and at a regional and county-level scale in Figure 3.

As the name would suggest, a composite index is “hybrid” in nature, as it combines many
parameters, indicators, and/or indices into a single product, or indicator. Decision makers prefer
a single map with a simple classification system. In order for tools and indices to be used by
decision and policy makers, it is important to understand and follow this simple premise.
Another advantage of a composite index is that users can extract and utilize/analyze all of the
input parameters individually as well.
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Figure 2. Daily gridded (40 km resolution) SPI courtesy of the High Plains Regional Climate Center and the
National Drought Mitigation Center at the University of Nebraska-Lincoln.
(http://www.hprcc.unl.edu/maps/current/index.php?action=update_product&product=SPIData)
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Figure 3. Daily gridded SPI by region with county overlay for the High Plains region of the United States.
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There are different ways to render this type of index. Commonly, a modeled approach is used. In
the case of the indicators explained below, we look at a percentile ranking approach as the
backbone of our composite efforts in the United States. The method is completely transferable
and can be easily modified to fit those indicators and indices that are readily available around the
world.

The U.S. and North American Drought Monitors

To build as comprehensive and flexible a drought early warning system (DEWS) as possible, it is
important to monitor drought across the many sectors mentioned earlier. A single index will
rarely work for all places at all times and for all types of droughts. Most coordinated monitoring
efforts at the national level are going to need to track all types of droughts. In cases such as
these, it is important to utilize and incorporate a consolidation of indices and indicators into one
comprehensive “composite indicator.” A composite (hybrid) indicator approach allows for the
most robust way of detecting and determining the magnitude (duration + intensity) of droughts
as they occur. Through a convergence-of-evidence approach, one can best determine (for a
particular state, province, country, or region for a particular time of the year) which indices and
indicators do the best job of depicting and tracking various types of droughts. The users can then
determine which indicators to use and how much weight to give each indicator/index in a
“blended approach” that incorporates a multiple parameter and weighting scheme. Such
approaches have been used in the U.S. Drought Monitor (USDM) and North American Drought
Monitor (NADM) as described below and as part of a series of Objective Drought Indicator
Blend (OBDI) products, which are produced weekly for integration into the USDM process. It is,
in fact, the process of the USDM that makes it work, the collaborative nature and integration of
the latest indicators coupled with expert field input from experts around the country.

The U.S. Drought Monitor (USDM): Created in 1999, the weekly U.S. Drought Monitor
(USDM) (Figure 4) was one of the first, if not the first, to use a composite indicator approach
(Svoboda et al. 2002). The USDM is not a forecast, but rather an assessment, or snapshot, of
current drought conditions. The product is not an index in and of itself, but rather a combination
of indicators and indices that are combined using a simple D0-D4 scheme and a percentile
ranking methodology (Table 1) to look at addressing both short- and long-term drought across
the United States. The key indicators/indices revolve around monitoring precipitation,
temperature, streamflow, soil moisture, snowpack, and snow water equivalent. Various indices,
such as the SPI and PDSI, are incorporated and integrated with remotely sensed vegetation
indices to come up with a “blended convergence of evidence” approach in dealing with drought
severity. The ranking percentile approach allows the user to compare and contrast indicators
originally having different periods of record and units into one comprehensive indicator that
addresses the customized needs of any given user. The approach also allows for flexibility and
adaptation to the latest indices, indicators, and data that become available over time. It is a
blending of objective science and subjective experience and guidance through the integration of
impacts and reports from local experts at the field level. The impacts covered and labeled on the
map are (A) for agricultural and (H) for hydrological drought. Nearly 300 local experts from
across the country view the draft maps and provide their input, data, and impacts to either
support or refute the initial depiction. An iterative process works through all the indicators,
indices, data, and field input until a compromise is found for the week. The process then repeats
itself the next week and so on. In addition, a set of Objective Drought Indicator Blends (OBDI)
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is used to help guide the process. This method combines a different set of indicators to produce
separate short- and long-term blend maps that take various indices with variable weightings
(depending on region and type of drought) to produce a composite set of maps, which are
updated weekly. More details and information on the USDM, its classification scheme, and the
Objective Blends can be found at http://drought.unl.edu/dm.
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http://drought.unl.edu/dm Author: Laura Edwards, Western Regional Climate Center

Figure 4. The USDM for March 1, 2011.

Table 1. The U.S. Drought Monitor classification and ranking percentile scheme.

Category Description Ranking percentile
Do Abnormally Dry 30
D1 Moderate 20
D2 Severe 10
D3 Extreme 5
D4 Exceptional 2

Source: National Drought Mitigation Center, USDA, NOAA.
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The North American Drought Monitor: Three years after the USDM was launched, the North
American Drought Monitor (Lawrimore et al. 2002) (Figure 5) debuted in 2002 as an
“experimental” monthly product that is forged out of a partnership between several entities in
Canada, Mexico, and the United States. Since that time, the experimental label has been shed.
As with the U.S. Drought Monitor, the NADM blends science and art. There is no one “correct”
way to measure drought. Drought indices are used to detect and measure droughts, but different
indices measure drought in different ways, and no single index works under all circumstances
(Heim 2002). The ranking percentile principal is the same, but the inputs vary slightly
depending on which parameters are readily available to the respective agencies involved in each
country. As the process stands now, each country follows the same basic methodology, utilizing
their own indicators to depict drought conditions within their borders. The monthly author
(which rotates between the three countries) is then responsible for working out the merging of
the GIS shape files and reconciling any disputes along the borders. Impact and data information
are exchanged in working out any differences in an iterative fashion until all issues are resolved.
More information and details on the NADM can be found at http://www.ncdc.noaa.gov/temp-
and-precip/drought/nadm/index.html.

North American Drought Monitor

January 31. 2011 http://www.ncchAntoaa.gow’nadm.html
Analysts:
o - Y, * Canada -Trs vor Hadwen
Released: Monday F ebruary 14, 2011 * f Rlchard Rlsger
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Figure 5. North American Drought Monitor for January 2011. (http://www.ncdc.noaa.gov/temp-and-
precip/drought/nadm/nadm-maps.php)
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The Objective Blends

Over time, the USDM authors have been asked at various professional meetings and forums why
we do not create two separate USDMs for the short- and long-term periods and why we do not
have a Flood Monitor. The questions have been relatively simple to answer: decision makers
want one map with one number to interpret and the media want one product to display and
disseminate, whether it be for droughts or floods. As a means of addressing the need for two
maps and for those wanting to dig deeper into the science, a short-term (agricultural) (Figure 6)
and a long-term (hydrological) (Figure 7) OBDI were initially tested experimentally over a 12-18
month period and are now used in giving an automated, computer-generated snapshot each week
by climate division. A climate division is a larger, coarser area made up of smaller political units
called counties. When the USDM was gearing up in the late 1990s, most data were available
weekly and usually in climate division format, except for streamflow and some snow data, which
were point-based in nature.

The idea was to combine and weight several different indicators/indices that reflect short- and
long-term drought across the United States by region or season. The same ranking percentile
approach incorporated into the USDM is followed in setting the classes of the OBDI, on both the
dry and wet side. The same percentiles classes are used for the wet side, as seen in the figures
below. In fact, given the strong emphasis on snow and water resources in the western United
States, a customized different weighting scheme is employed across the West, as seen by the
magenta outline in Figure 7 below.

The Short-Term Blend approximates drought-related impacts that respond to precipitation (and,
secondarily, other factors) on time scales ranging from a few days to a few months, such as
wildfire danger, non-irrigated agriculture, topsoil moisture, range and pasture conditions, and
unregulated streamflow.

The Long-Term Blend approximates drought-related impacts that respond to precipitation on
time scales ranging from several months to a few years, such as reservoir stores, irrigated
agriculture, groundwater levels, and well water depth.

The following steps describe the make-up of and steps taken in creating the OBDI each week at
NOAA’s Climate Prediction Center.

e These products are generated using the Climate Prediction Center’s real-time daily and
weekly climate division data, and the National Climatic Data Center’s monthly climate
division data archive, back to 1932.

e The indices used in the blends and their weights are as follows:

o Short-term: 35% Palmer Z-Index; 25% 3-Month Precipitation; 20% 1-Month
Precipitation; 13% Climate Prediction Center Soil Moisture Model; and 7%
Palmer (Modified) Drought Index.

o Long-term: 25% Palmer Hydrologic Drought Index; 20% 12-Month
Precipitation; 20% 24-Month Precipitation; 15% 6-Month Precipitation; 10% 60-
Month Precipitation; 10% Climate Prediction Center Soil Moisture Model.

o All parameters are first rendered as percentiles with respect to 1932-2000 data using a
percent rank method. Most parameters are ranked relative to the National Climatic Data
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Center’s historic climate division data for the current month, except for the Z-Index,
which is rendered relative to all months on record (this introduces evaporative seasonality
into the short-term blend).

e For each blend, the averages of the percentile inputs are calculated, with each input
weighted as described above. This yields a “weighted raw average” of the individual
component percentiles for each blend. Then, each raw average is compared to its historic
(1932-2000) distribution (these have been retrospectively generated from the climate
division data archive). The real-time data are compared to ALL retrospective months, not
just the current month, since the individual percentile inputs were each generated (for all
but the Z-Index) relative to the history of the current month only. This allows for a more
confident estimation of the percentile by using more data to define the historical array (12
times as many as if we assessed the blends’ raw weighted averages relative to the current
month only).

e The precipitation percentile inputs are generated in a somewhat unusual way, combining
month-to-date numbers from the Climate Prediction Center with the National Climatic
Data Center’s monthly totals for prior months. As daily precipitation totals for the current
month are ingested into the x-month totals, an identical proportion of the monthly
precipitation that fell during the first month in the x-month period is eliminated (e.g., to
determine a 6-month precipitation total, from which a percentile will be calculated and
incorporated into the blend, for the period ending September 21, 2002, we add the daily
preliminary precipitation amounts for September 1-21 to the 6-month total for March-
August 2002, then subtract 21/30 of the March total from the result, since 21/30 of
September have been added). This process (a) emulates natural cycles by adding
precipitation as it falls but eliminating early-period precipitation evenly over the course
of a month, and (b) ensures that the data utilized in real time are as consistent with the
historical array as possible. The near-real-time climate division precipitation data are
biased in some areas relative to the final NCDC monthly archive, with wet near-real-time
biases in the central and northern Rockies particularly extreme. The data are adjusted
where appropriate at the end of each month, but the biases remain in the data for all
precipitation time scales since the end of the previous calendar month. In addition, the
biased near-real-time data are used in the Palmer Drought Index, the Palmer Hydrologic
Drought Index, the Z-Index, and CPC’s modeled soil moisture data, and can remain in
those calculations for several weeks.

The next steps always involve looking at ways to continually improve these OBDI through

regional/seasonal assessment and trial and error, along with efforts to move the OBDI to a
gridded format in order to increase the spatial resolution down to the county scale.
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Figure 6. The Short-Term OBDI by climate division. Source: Climate Prediction Center.
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The Vegetation Drought Response Index

Remote sensing products and derivatives obtained via satellites, radar, airplanes, and other
technologies will continue to play a critical role in our ability to monitor drought and in filling in
those areas where critical data voids exist. One example of a composite index utilizing remote
sensing aimed primarily at rangeland conditions, the Vegetation Drought Response Index
(VegDRI) (Figure 8), combines the often used satellite-based vegetation data with climate-based
drought data and other biophysical parameters (soils, land use/land cover, elevation, and
ecoregions) to classify vegetation stress due primarily to drought vs. any other number of
hazards or maladies that may also cause a similar stress signal (Brown et al. 2008). An
empirical-based data mining approach is used to combine and determine the relationships
between satellite-based NDV1 values and drought indices such as the SPI and self-calibrated
PDSI as measures of climatic dryness at a 1-km resolution. The VegDRI is mapped and
classified to generally mimic the PSDI classification scheme.

The VegDRI has been operationally produced for the continental United States since 2008
(http://drought.unl.edu/vegdri/VegDRI_Main.htm). In addition, a twenty-year time series of bi-
weekly VegDRI maps from 1989 to present has also been created for historical VegDRI anomaly
analysis. Interest in expanding the VegDRI concept to other parts of the world has been
expressed by several countries (e.g., Argentina, Czech Republic, India, and other European
Union nations), with a pilot VegDRI project over southern Canada slated for 2011-2012.
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Figure 8. The VegDRI for October 18, 2010.
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Summary

Given the complexity that drought brings to the table, it is essential to integrate and continue to
find ways to simplify and quantify this hazard as part of a vigilant DEWS approach. For those
who are only concerned with one aspect of drought (e.g., hydrological), then monitoring,
analysis, and assessment may be much more focused on a particular reservoir level, groundwater,
or streamflow trigger, but often the picture is not so obvious or clear. A multi-prong approach
utilizing a composite index can be a way to stay on top of the big picture and identify hot spots
before zeroing in on a particular sector or impact with specialized indicators or indices that
require stringent or specific input data requirements at the local level. Composite indicators also
allow the user to remain flexible in utilizing new tools, indices, and indicators as they become
available and/or useful for a particular region or a particular season. Customization of such a
hybrid indicator is a strength as a one size does not fit all when it comes to tracking drought for
any particular region of the world. A DEWS that nests this global-to-local drill-down approach
utilizing composite indicators can serve as a model in moving us forward by continually helping
us to improve our capacity to monitor drought in the 21% century.
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Abstract

An overview of water balance models for integration with agricultural drought indices is
presented in this chapter. The basic concepts of water balance for agricultural purposes are
discussed, focusing on the complexity of the models used to simulate the soil water content.
The models are divided in two groups of complexity according to weather, soil, and plant
data availability. Simple models are those based on the computation of rainfall and
evapotranspiration, whereas complex models deal with soil water dynamics as a function of
the interaction among soil-plant-atmosphere systems. The basic errors associated with these
different models are discussed and a clear distinction is made between systematic and
calibration errors. The water balance models currently most used for agricultural drought
index calculation are presented, with an emphasis on the following models: Thornthwaite and
Mather, MUSAG, Ritchie, and Gevaerd and Freitas. Some examples are used to demonstrate
both the potential and the limitations of each one of these models and how their results, as
actual evapotranspiration and soil moisture, are used to calculate agricultural drought indices.
Finally, strengths, weaknesses, and limitations of the water balance models for drought
monitoring are presented and discussed. Based on this review, it was concluded that water
balance is an indispensable tool for determining agricultural drought indices, but choosing a
given model will depend on input data availability, which is related to the complexity of the
models and errors associated with them.

Introduction

Agriculture is an economic activity that depends on several factors to be successful.
According to Diepen and Wall (1995), agricultural crop yield can be affected by factors such
as abiotic (soil water, soil fertility, soil type, and weather); crop management (soil tillage, soil
depth, fertilization, planting density, sowing date, weeding, pests, and disease control); land
development (field size, terracing, drainage, and irrigation); socio-economic (infrastructure,
market, prices, and costs); and catastrophic (flooding, frosts, hailstorms, and droughts).
Among these factors, weather and catastrophes associated with it are the most significant,
since they affect crop growth, development, yield, and quality.

Several weather parameters such as temperature, relative humidity, solar radiation, wind
speed, and rainfall can affect crop yield, but in general, temperature and rainfall are
considered the most significant (Boken et al. 2005). For a crop well adapted to a region, the
interannual variability of temperature can affect crop cycle duration, and when associated
with solar radiation, relative humidity, and wind speed, it can also affect crop water use or
crop evapotranspiration. Rainfall is the source of water for the soil, and consequently it
affects water availability for crops, which depends on the physical properties of the soil and
also on the balance between water inputs and outputs. This balance is called the water
balance, and it is an accounting of all water that enters and leaves a given volume of soil over
a specified period of time, influencing the soil water content.
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When the objective is to monitor and evaluate the effect of droughts on agriculture, the use of
the water balance data is essential, since it allows the determination of how much water is
effectively used by crops as a consequence of soil moisture and atmospheric demand.
However, an agricultural drought is very complex to quantify, considering several aspects
from the soil-plant-atmosphere systems, such as soil water holding capacity, crop type, crop
sensitivity to water stress, crop water requirement for each one of its phenological phases,
and management practices. Moreover, taking all these aspects into account, the estimation of
the water balance by models is very complex and difficult to use in an operational system. On
the other hand, very simple water balance models cannot be applied for all conditions
because of their empirical limitations, requiring local calibration.

The objective of this chapter is to present the basic concepts of the water balance process for
agricultural purposes, and discuss the strengths, weaknesses, and limitations of some water
balance models used for monitoring agricultural droughts based on indices.

Water Balance Basic Concepts

Water balance is conceptually the balance between the inputs and outputs of water of
reservoirs, which can be a body of water, a catchment, or a volume of soil. For agricultural
purposes, the water balance is normally determined for a volume of soil, following the
principles of the law of conservation of mass: any change in the water content of the soil
during a specific period of time is equal to the difference between the amount of water added
to and withdrawn from the soil volume (Zhang et al. 2002).

Figure 1 shows the main components of the water balance for an agricultural field, as
presented by Zhang et al. (2002). The main water inputs are represented by rainfall (R) and
capillary rise (CR), whereas soil evaporation (E), transpiration (T), and deep drainage (DD)
are considered the main processes of water output. Surface run off (Ro) and subsurface
(lateral) flow (SSF) occur both ways (in and out) and represent the horizontal flow of water
when soil is saturated.

The computation of all components of the water balance results in the change of soil water
storage (ASWS), which can be positive when the inputs are greater than the outputs or
negative when the opposite is observed. The complete water balance equation is usually
expressed as

+*tASWS=R+CR-E-T-DD *Ro + SSF (1)

The water balance equation above has a clear conceptual basis and seems simple in principal,
but in practice it is difficult to measure or estimate each of the components. Although rainfall
(R) and evapotranspiration (E + T) can be relatively easy to measure or estimate, CR, DD,
Ro, and SSF are more complex to determine, requiring site specific measurements of soil
water movement.
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Figure 1. Schematic representation of the water balance for a cultivated volume of soil. ASWS = soil
water storage variation. Adapted from Zhang et al. (2002).

Depending on the objective of the study and data availability, water balance modeling can
have different levels of complexity, although the model is a simplification of the real world,
no matter how complex it may be (Zhang et al. 2002).

Simple models normally are based on the balance between R and ET and are used for longer
time scales (ten-day and monthly). These models when well adjusted for a given region can
be as accurate as complex ones, which require multiple inputs not always readily available or
estimated with enough precision. These models normally require as input rainfall, potential
evapotranspiration, and soil water holding capacity. An example of such a model is the one
presented by Thornthwaite and Mather (1955).

On the other hand, complex models, which deal with soil water dynamics as a function of the
interaction among soil-plant-atmosphere systems, can be more accurate, mainly for short time
scales (daily). These models simulate more complex interactions between soil, plant, and
atmosphere. Examples of complex models are presented by Ritchie (1972), Faria and
Madramootoo (1996), Zhang et al. (2005), and Ji et al. (2009).

However, independent of the complexity, all models inevitably have to be simple enough,
and parameters can be estimated from known climate and system characteristics (Zhang et al.
2005). In other words, users should avoid unnecessary complexity but at the same time
choose the best option to achieve a level of detail consistent with the importance of the
process for the application in question. This is usually to improve the understanding of the
influence of soil water storage on crop growth, development, yield, and quality.

Several aspects must be considered when choosing between simple and complex water
balance models for monitoring soil moisture. The main limitation in using more complex
models is the number and complexity of the input variables, which sometimes are not
available. Another aspect related to the use of a complex model is how understandable it is
for users. Using a complex model without understanding its structure, parameters,
coefficients, and input variables can lead to numerical and interpretation errors. On the other
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hand, when simple models are used, the errors are related to lack of details to describe all the
processes involved. Under these conditions, such a model is not universal, requiring
adjustments and calibration for each new application in different locations and conditions.

When choosing a water balance model, users should be aware of two types of modeling
errors: systematic and calibration (Zhang et al. 2002). Figure 2 presents these errors, which
are associated with the type of the model used. The “systematic error” tends to be greater
with simpler assumptions considered. This error tends to diminish when more processes are
added to the model, which implies increasing its complexity. When the model becomes very
complex, considering all the factors and processes involved with the modeled phenomena, the
“systematic error” tends to zero, but on the other hand, under this condition, “calibration
error” increases, associated with the greater risk of parameterization error resulting from lack
of knowledge of the parameters that are required by the model. According to Figure 2, the
best situation occurs when both errors are balanced, generating the minimum total error.
However, it is not easy to define exactly the best balance between simplicity and complexity.
Users should avoid unnecessary complexity but at the same time choose the best option to
achieve a level of process detail consistent with the importance of the process for the
application in question.

The main factor that is crucial for choosing a water balance model is the availability of
weather, soil, and plant data. Under limited availability of data, a relatively simple model is
likely to be required. When weather, soil, and plant data are not limited, complex models can
be used. However, complexity in this case is not a guarantee of accurate results. If it is not
properly parameterized for the specific conditions of interest a complex water balance model
can give poor results as easily as a simple model can. (Zhang et al. 2002).

Total Error
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Systematic
Error

Error

-
-
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Figure 2. Relationship between model complexity and errors (systematic and calibration). Adapted from
Zhang et al. (2002).

152



Water Balance Models in Current Use for Agricultural Purposes

Several water balance models are available in the literature, ranging from very simple
models, based only on rainfall and evapotranspiration balance for a given volume of soil, to
very complex ones, based on detailed weather, crop, and soil data and considering the soil as
a multi-layer compartment where the water moves up and down depending on the different
vertical and horizontal water inputs and outputs.

Among the simpler models, the one proposed by Thornthwaite and Mather (1955) is the most
used around the world for agricultural purposes. Meteorological services of countries like
Argentina, Brazil, China, India, the United States, and Uruguay use Thornthwaite and
Mather’s water balance for monitoring regional soil water conditions for agricultural crops as
well as for monitoring drought conditions.

The model proposed by Thornthwaite and Mather (1955) requires rainfall (R), potential
evapotranspiration (ETP), and soil water holding capacity (SWHC) as inputs. ETP, also
called reference evapotranspiration (ET0), is the evapotranspiration of a short grass crop
covering all surfaces, actively growing, having leaf area index around 3, not suffering from
water stress, and having a fetch area long enough to avoid advection of sensible heat from
adjacent areas. ETP can be estimated by different methods, as for example those proposed by
Thornthwaite (1948), Priestley and Taylor (1972), Hargreaves and Samani (1985), and
Penman-Monteith, parameterized by Allen et al. (1998) and Camargo et al. (1999).

Thornthwaite and Mather’s model assumes water withdrawal as negative exponential
function, while water reposition is linear, based on the balance between R and ETP (Figure
3). When (R - ETP) < 0, soil moisture will decrease according to the accumulated negative
(NAC) values of (R-ETP). When (R — ETP) > 0, soil moisture will increase proportional to
the amount of R above ETP.
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Figure 3. Soil water withdrawal and reposition as considered by Thornthwaite and Mather’s water
balance model. Adapted from Pereira et al. (2002).

Considering the model in Figure 3, the soil water storage (SWS) will be determined
according to two opposite conditions:
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a) if (R — ETP) <0, the accumulated negative (NAc) is calculated and then used to determine
SWS by the following equation:

SWS = SWHC * EXP [-(NAC/SWHC]|)] )

b) if (R —ETP) >0, the SWS is determined by the sum of the previous SWS and (R — ETP),
and reminiscent NAc is calculated by the following equation:

NAC = SWHC * Ln (SWS/SWHC) (3)

After SWS determination, the next steps of Thornthwaite and Mather’s model are the
calculation of the following:

e Soil water variation (ASWS)
ASWS = SWS; — SWS;; 4)
e Actual evapotranspiration (ETa)
if R-ETP)>0,ETa=ETP (5)
if (R—ETP)<0,ETa=R + |ASWS| (6)
e Water deficiency (WD)
WD =ETP -ETa (7)
e Water Surplus (WS)
if SWS = SWHC, WS = (R - ETP) - ASWS (8)
if SWS < SWHC, WS =0 9)
The outputs of Thornthwaite and Mather’s model also allow calculating relative
evapotranspiration (ETa/ETP) and relative water deficiency (1 — ETa/ETP), variables
normally used in agricultural drought indices.
Thornthwaite and Mather’s model allows calculating the normal water balance, which is
calculated considering the climatological normal data for R and ETP (Figure 4). When data
from specific years are used, the water balance is called serial, and represents what is
happening with the soil moisture during the time period (Figure 5).
In Figure 4, examples of the normal water balance are presented for different Brazilian
regions, clearly showing the humid and dry seasons during the year and characterizing the
climatic differences among them.
An example of the serial water balance is presented for Passo Fundo, in the state of Rio
Grande do Sul, Brazil, during 1990 and 1991. In this case, the water balance was done on a

ten-day time scale. In the upper graph, information about soil water withdrawal and
reposition and water deficiency and water surplus are presented. In the lower graph, soil
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moisture storage in the soil (SWS) and soil water holding capacity (SWHC) are presented
along the period. Periods with (R — ETP) < 0 represented WD and reduced SWS from end of
November to the end of March, characterizing an intense drought period.

Examples of products obtained with Thornthwaite and Mather’s water balance model are
presented in Figures 6, 7, and 8. These products are elaborated, respectively, by the
meteorological services of Argentina, Brazil, and Uruguay, in order to monitor the drought
conditions in these countries on a monthly basis.
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Figure 4. Normal monthly water balances for different Brazilian regions, calculated by Thornthwaite and
Mather’s (1995) model, for a SWHC of 100 mm. The graphs represent the summary of the water balance,
with water surplus (positive values) and water deficiency (negative values). Source: Sentelhas et al.
(1999).
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Passo Fundo, RS, Brazil - from July/1990 to June/1991
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Figure 5. Serial water balance for Passo Fundo, state of Rio Grande do Sul, Brazil, from July 1990 to
June 1991, calculated by Thornthwaite and Mather’s model, considering a SWHC of 50 mm. The upper
graph is the summary of the water balance, with water surplus and water reposition in the soil (positive
values) and water deficiency and water withdrawal (negative values). The lower graph is SWS and its
relation to SWHC.
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Figure 6. Water balance for Argentina, for SWHC = 100 mm, showing conditions from very intense
drought (red) to very wet conditions (dark blue). Source: www.smn.gov.ar.
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Figure 7. Water balance for Brazil, for SWHC = 125 mm. Negative values represent water deficiency and
positive values water surplus. Source: www.inmet.gov.br.
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Figure 8. Percentage of available water in the soil for Uruguay, considering variable SWHC in the
different regions of the country. Source: www.inia.org.uy.

Another model with a higher degree of complexity is presented by Allen et al. (1998). It is
used to determine ET under soil water stress conditions, through the water stress coefficient
(Ks), which is responsible for reduction of transpiration depending on the water available in
the soil. The ET under soil water stress conditions refers to the ETa, as defined earlier. To
estimate ETa, the determination of Ks is required, since ETa = ETP * Kc * Ks, where Ks is
estimated by a daily water balance computation for the root zone.

Ks is calculated as a function of SWHC, a fraction of SWHC that a crop can extract from the
root zone without suffering water stress (p fraction), and root zone depletion (Dr):

Ks = (SWHC — Dr) / [(1 - p) * SWHC] (10)

Root zone depletion (Dr) is calculated by a daily water balance, with the following
components:

Dr;=Driy1— (P —RO); — CR; + ETP; + DP; (11)

where Dr; is the root zone depletion at the end of day i; Dr;_; the water content in the root
zone at the end of the previous day (i-1); P; precipitation on day i; RO; the runoff from the
soil surface on day i; CR; the capillary rise from the groundwater table on day I; ETP;
potential evapotranspiration on day i; and DP; water loss out of the root zone by deep
drainage on day i. The following assumptions are considered by this model:

a) Effective precipitation: if P; < 0.2 ETP, then effective Pi =0

b) Runoff: RO; can be predicted using standard procedures from hydrological texts

b) Capillary rise: if the water table is greater than 1 m, the CR; =0

c) Deep percolation: DPi = (P-RO); — ETP — Drj_. If Dri.; > 0, then DP; =0

d) Water content in the root zone at the end of the previous day: Dr;.; = 1000 (®gc - ®i.1) Zr,
where Zr is the effective root zone.

MUSAG, a soil moisture model for agricultural activities (presented by Molinas and Andrade
[1993]), is another kind of water balance in current use in Brazil. This model is applied by the
state of Ceara Meteorological Foundation (FUNCEME) for monitoring soil moisture in all its
municipalities. The model calculates water balance using the following equation:
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SWS; = SWS;.; + INF; — Qi - Ev; (12)

where SWS; is the soil water storage at the end of day i; SWS;.; the soil water storage at the
beginning of the day i; INF; the infiltration of the rainfall when it occurs, given by the
difference between rain and runoff; g; the water drained; and Ev; the evapotranspiration
during the day i. The MUSAG model has as inputs rainfall, ETP, soil water storage in the
previous day, and pedo-transfer functions for hydraulic soil characterization, based on soil
texture, used to determine SWHC. Figure 9 presents an example of MUSAG use for
monitoring soil moisture conditions in Ceara state, Brazil.

Soil Water Storage in relation to
SWHC (%)

Figure 9. Soil moisture monitoring in the state of Ceara, Brazil, by using MUSAG. Source:
www.funceme.br.

Ritchie’s model (Ritchie 1998) is considered the most complex water balance model in
current use. It is part of the tools available in the Decision Support System for
Agrotechnology Transfer (DSSAT).

The soil water balance module in the crop growth models of DSSAT computes one-
dimensional soil water balance of a stratified profile in a daily time step. Soil characteristics,
climate parameters, and crop management practices are standard inputs to the model
(IBSNAT 1990). Values of plant growth variables estimated by other DSSAT modules are
also input to this water balance. Water from either precipitation or irrigation infiltrates into
the top soil layer after subtraction of runoff. Empirical procedures are used to calculate soil
water flow upward and downward through the profile. Drainage flow is calculated by a
“cascading” approach, in which water surplus above field capacity of a layer is passed
directly to the layer below. Drainage does not occur when soil moisture is below field
capacity. A normalized soil water diffusion equation, parameterized for general soil types of
different textures, is used to simulate upward flux.

ETP and SWS determine the magnitude of evaporation from the top soil layer (0 to 5 cm) and

transpiration from the root zone. Potential evapotranspiration, estimated by Penman-Monteith
or Priestley-Taylor equations, is partitioned into soil evaporation and plant transpiration,
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assuming that evaporation depends on the energy that reaches the soil surface and
transpiration is proportional to the energy intercepted by crop canopy. Actual transpiration is
the minimum between potential transpiration and total root water uptake (TRWU). At each
soil layer, root water uptake by a single root (RWU) depends on soil water availability and
rooting density, according to the following relationship:

RWU =132 *Ke /(7,01 — Ln RLV) (13)

where RWU is limited to a maximum value equal to 0.03 cm® of water cm™ of root day™,
RLV is root length density simulated daily by the growth model (cm of root cm™ of soil), and
Ke is hydraulic conductivity (cm day™), empirically calculated as:

Ke = 10®° EXP [CON (SWS — LL)] (14)

where SWS is actual soil moisture, LL is lower limit of soil available water (both in cm3cm?),
and CON is 45 for LL higher than 0.3 cm®cm, or calculated by:

CON=120-250* LL (15)
Root water uptake from each soil layer in the rooting zone is integrated to calculate TRWU.

Even with all its complexity, Ritchie’s model requires calibration for each new type of soil
and crop, according to the differences imposed on the system by the combination of these
variables. Results from Faria and Bowen (2003) demonstrated that an original soil water
balance module of DSSAT v3.5 showed a low performance for simulating soil moisture
profiles for bare and cropped soils because of inadequacies in the methods used to calculate
soil water flux and root water absorption. The modification of the module with the
introduction of Darcy’s equation to calculate soil water flux significantly improved soil
moisture estimates. Subsequent modification by using hydraulic conductivity derived from
measured data on the equation used to calculate root water uptake provided reasonable
estimates of root water absorption under cropped conditions. Although application of the
modified module is limited because reliable soil retention and hydraulic conductivity data are
difficult to obtain, the existing errors in the current module limit its application in many
studies in which crop yield depends on soil water status.

Another type of water balance is provided by Center for Weather Forecast and Climatic
Studies (CPTEC) of the National Institute for Space Research (INPE). The estimated water
balance by the CPTEC/INPE model is obtained with an algorithm that combines numerical
modeling and products from remote sensing (Gevaerd and Freitas 2006). The soil moisture
(m, in volume of water by volume of soil) is given by Richards’ equation (Hillel 1998):

on/ot=0/dz (Dn o/ oz - Kn) +Sn (16)

where Dn is the hydraulic diffusivity; Kn the hydraulic conductivity; z the depth of layer;
and Sn the water uptake by roots, estimated as a functional relation among soil moisture in
the layer, its field capacity and wilting point, and ETP. ETP is calculated by the Thornthwaite
(1948) method. This water balance model also takes into account the effective rainfall
estimated by satellite; variation of SWHC for different types of soil, classified by texture
classes; leaf area index from satellite images; and runoff. The performance of this model was
tested with data from the ABRACOS/LBA project, for pastures and forests in the Amazon
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region of Brazil. The results obtained by Gevaerd and Freitas (2006) showed moderate
accuracy and high precision, as can be seen in the regression analyses presented below:

a) for pasture: SWSes; = 0.65 SWSgps + 186 and R? = 0.82
b) for forest : SWSeg = 0.87 SWSeps + 52 and R? = 0.90

where SWS, is the estimated soil water storage and SWS,s the observed soil water storage,
during the ABRACOS field experiment.

An example of the maps produced with this kind of technique is presented for two different
soil layers, from 0 to 19 cm and from 0 to 75 cm (Figure 10). The results are impressive since
this model allows determining soil moisture for all South America, with a resolution of 5 km,
giving a general view of the availability of water in different regions of the country, based on
surface and satellite information.

Umidade do Sole (mm*3/mm*3)
Profundidade: 75 cm O40UT20106 OOUTC

e N,

Umidade do Sele (mm*3/mm*3)
Profundidade: 19 em O40UT2010 OQUTC

& T

a

Figure 10. Soil moisture for different soil depths (19 cm — left side and 75 cm — right side) as determined
by the Gevaerd and Freitas (2006) model. Source: http://agricultura.cptec.inpe.br/.
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Water Balance as a Tool for Agricultural Drought Monitoring

Several agricultural drought indices in current use are based on information provided by the
water balance models. Some of these indices are listed below, showing how the water balance
outputs are used as inputs for them.

Accumulated Water Deficiency Index (AWDI): This index is simply the sum of the water
deficiency during the drought period. Water deficiency is calculated as the difference
between ETP and ETa. The method to estimate these two variables can vary, and the results
will vary proportionally. The most common procedure to determine water deficiency is
through Thornthwaite and Mather’s water balance model, with ETP calculated by
Thornthwaite (1948). However, the ETP method can be changed to produce more reliable

results, since the Thornthwaite model used to underestimate ETP during the dry periods
(Sentelhas et al. 2008).

Relative soil moisture index (RSMI): This index is given by the relationship between actual
soil water storage (SWS) and soil water holding capacity (SWHC), in percentage:

RSMI = SWS / SWHC (17)

Relative Water Deficiency Index (RWDI): This index is the water deficiency expressed in
percentage, in relation to ETP:

WDI = (1 - ETa/ETP) * 100 (18)
Crop Moisture Index (CMI): This index is based on the difference between the observed ETa
(ETaons) and the expected ETa (ETaeyp) for the period and was proposed by Palmer (1968) as

a simple way for monitoring crop conditions:

CMI = ETa.obs - ETaexp (19)

Observed ETa is provided by the serial climatological water balance of Thornthwaite and
Mather (1955), whereas expected ETa is the climatological value for the period.

Crop Water Development Index (CWDI): This index is based on soil moisture calculated by
the water balance, according to the following calculations:

 Crop water deficit factor (CWDF):

CWDF = SWS/SWHC (20)
e Crop water development index (CWDI):

CWDI = (CWDF/0.4) -1 (21)
e Accumulated CWDI (ACWDI):

ACWDI =Y [CWDI/ (n * 1.5)] (22)
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The classes of ACWDI are presented in Table 1, showing the relationship between ACWDI
and crop development conditions.

Table 1. Accumulated crop water development index (ACWDI) classes and their relationship to crop
development conditions. Source: www.infoseca.sp.gov.br.

ACWDI Classes Crop development conditions

0.8<ACWDI<1.0 Very good
0.6 <ACWDI<0.8 Good
0.4 <ACWDI<0.6 Reasonable
0.3<ACWDI<04 Unfavorable
0.2<ACWDI<0.3 Critical
0.1 <ACWDI <0.2 Very critical

ACWDI <0.1 Severe

Another drought index that uses the outputs of the water balance models is the Palmer
Drought Severity Index (PDSI). The PDSI is an agrometeorological drought index, and it
responds to weather and consequent water balance conditions that have been abnormally dry
or abnormally wet. When conditions change from dry to normal or wet, for example, the
drought measured by the PDSI ends (Karl and Knight 1985). The PDSI is calculated based on
precipitation and temperature data, as well as the local SWHC. From these inputs, all the
basic terms of the water balance are determined by Thornthwaite and Mather’s model,
including actual evapotranspiration (ETa), soil water storage (SWS), water deficiency (WD),
and water surplus (WS). Complete descriptions of the equations can be found in the original
study of Palmer (1965) and in Alley (1984).

Strengths, Weaknesses, and Limitations of Water Balance Models for
Drought Monitoring

The strengths and weaknesses of a water balance model are related, basically, to their
complexity, as discussed above.

The simpler water balance models, represented here by the Thornthwaite and Mather (1955)
model, have as positive aspects the fact that they are simple to apply, requiring only rainfall
and temperature data (for estimating ETP) and general information from the soil, in terms of
water holding capacity (SWHC). Another advantage of these models is that their outputs are
easy to understand and apply, and they do not require much computational power. Normally,
water deficiency has a high correlation with crop yield losses. On the other hand, these
models do not consider variables such as runoff, rain interception, and detailed soil
characteristics, which make their results limited for more specific studies, generating
systematic errors.

The most complex models, which consider the majority of the processes involved with the
water balance, will produce more reliable results when well calibrated for the location,
having a very high correlation with what is happening in the field. However, the complexity
will require many complex input data, which are not readily available for the majority of
locations. They are complex to apply; require detailed information from soil, crop
development, crop management, and climate; have more complex outputs; need higher
computational power; and, if not properly calibrated, can present calibration errors. An
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example of the calibration problems related to complex water balance models was presented
by Faria and Bowen (2003), when using Ritchie’s model in DSSAT.

As mentioned earlier, users need to find a balance between simplicity and complexity when
choosing a water balance model for drought monitoring with indices. In this way, the most
reasonable option is to evaluate which data are available and which model is the better match
for this data, producing suitable results. Calibration and tests are always recommended.

Conclusions

The topics discussed previously led to the following conclusions:

e The water balance is an important tool for determining agricultural drought indices,
since it takes into account variables from soil, crop, and climate, and has a high
correlation with yield losses. However, its use requires attention, mainly in terms of
the errors associated with the estimates, since complexity does not necessarily
represent an improvement in accuracy.

e Simple models can be as efficient as complex models if tested and adjusted for the
regions of interest.

e Complex models vary, but in general they can produce very accurate results, mainly
after parameterization for the crop, soil, management, and location.

e Data availability is crucial to the decision about the kind of water balance model to
adopt. Simple models only require R, ETP, and SWHC data; complex models will
also require detailed soil, crop, and management data.

¢ Independent of the type of water balance model adopted (simple or complex),
calibration and testing are essential to their success as sources of input data for
agricultural drought indices.
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Use of Crop Models for Drought Analysis

Raymond P. Motha
USDA Chief Meteorologist, U.S. Department of Agriculture
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Abstract

Crop models can play a role in this agricultural management decision making process to cope
with drought and other natural disasters. Crop simulation models are designed to imitate the
behavior of a plant system. These models separate yield prospects into components due to
changing weather trends, genetic improvements, and improved technology. Simulation
modeling is increasingly being applied in research, teaching, farm and resource management,
policy analysis, and production forecasts. Crop simulation models can be used to simulate the
drought-reduced crop yields, but a number of issues limit operational applications.

Introduction

Agricultural producers face a number of risks in their operations. The United States Department
of Agriculture’s Risk Management Agency has defined five primary categories of risk:
production, marketing, finance, legal, and human risk (Harwood et al. 1999). Seasonal climate
variability is a major source of production risks. In fact, the majority of crop failures in the
United States are associated with either a lack of moisture or excess rainfall (Ibarra and Hewitt
1999). Climate variability is also greatly associated with marketing risks. Drought conditions,
extreme wetness and flooding, spring freezes, and similar conditions leading to crop failure can
dramatically affect crop and livestock prices. A good market plan requires an analysis of supply
and demand projections throughout the cropping season. Expectations early in the season are
highly uncertain. Commodity markets respond decisively to these early projections, and seasonal
climate variability plays an important role in modifying the balance between supply and demand.
In order to accomplish the ultimate goal of providing useful information to the agricultural
decision maker that will help to reduce the variety of risks, an integration of monitoring,
modeling, and forecasting tools needs to be readily available in a management toolkit.

Background

Some of the most important decisions in agricultural production, such as what crops to grow and
how much land to allocate, depend on the existing knowledge base of current and future physical
conditions like soil and climate, and yields and prices. Modeling of the various processes in the
system helps us to understand its flow and intricacies. Weather and climate continually alter
some of these major decisions as natural disasters and extreme events disrupt agricultural
activities. Agricultural drought is one of the major disruptive events affecting crop productivity
at the farm level, and sustainable agriculture and food security around the world.

Impacts on agriculture can be addressed at various levels, including crop yields, farm and village

level outputs and income, regional and national production, and global production and prices.
Each level requires different sets of criteria, including methods and input data. However, there is
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a multi-tier relationship between various scales. For example, the data inputs of the crop
response can be fed into the farm level model. The output of the farm level model can then be
used as input to the regional scale. The output from the regional scale can be used as input into
the national assessment, and the resulting output can be used for global crop production
assessments.

The characterization of agricultural drought is entirely different from other types of droughts.
The deficiency of water in sensitive growth stages can reduce production in some crops severely.
The effect of one drought event may continue to affect an area for several growing seasons or
even several years; thus, there is the need to analyze agricultural drought events on the basis of
continuous weather data. The analysis of agricultural drought is also complicated by the fact that
the beginning and end of any drought is often difficult to determine. Furthermore, the impact of
drought often accumulates slowly over a considerable period of time. The impact of drought
may linger long after the termination of the event. The absence of a precise and universally
accepted definition of drought has added to the complexity. Therefore, any realistic definition of
drought must be region and application specific.

Agricultural drought links various characteristics of meteorological drought to agricultural
impacts, focusing on precipitation shortages, differences between actual and potential
evapotranspiration, and soil moisture deficits. Any realistic definition of agricultural drought
should account for the susceptibility of crops at different stages of crop development. The crop
simulation-based analysis of drought may serve to identify crop losses due to agricultural
drought because of the water loss accounting procedures. Crop simulation models can be very
useful tools for the characterization of drought by calculating the water deficiency due to
deficient rainfall, runoff (slope effect), deep percolation (soil effect), and evapotranspiration
(temperature effect). Crop simulation models then can be used to simulate the drought-reduced
crop yields. However, there are many issues to contend with regarding crop modeling. Some of
these will be discussed in this chapter.

Crop Modeling

Models are mathematical equations depicting the relationships between crop growth,
development, yields, technology, and climate. For example, crop yield is a function of complex
interactions of biotic and abiotic factors, including crop management (e.qg., fertility, variety, and
seeding rate), soil and field characteristics (e.g., drainage, topography, and soil water holding
capacity), and weather conditions (e.g., temperature, precipitation, and light use efficiency).
Crop production varies not only spatially but also temporally. The agricultural system is
complex and, although it is nearly impossible to represent the system in mathematical terms,
crop models can provide some sense of reality in terms of phenological development or response
to climate extremes or other environmental or biological parameters affecting crop growth and
development. However, universal models do not exist within the agricultural sector. Models are
built for specific purposes and the level of complexity varies according to the application, data
availability, and objective of the model. Inevitably, different models are built for different sub-
systems, and several models may be built to simulate a particular crop or a particular aspect of
the production system.
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One of the main aims of constructing operational crop models is to obtain an estimate of the
harvestable (economic) yield. The operational applications generally focus on crop yield
forecasting, which often includes an assessment of the soil moisture regime and crop growth and
development. The assessment of crop development and yield response often includes crop
management, such as fertilizing, cultivation, irrigation, and plant protection. However, models
are rarely used for early warnings or mitigation of damages from extreme meteorological
phenomena and natural disasters.

There are different types of crop models. Empirical models are direct descriptions of observed
data. They are generally expressed as regression equations (with one or a few factors) and used
to estimate the final yield. Examples of such models include the response of crop yield to severe
drought, the response of yield to fertilizer application, and the relationship between leaf area and
leaf size in a given plant species. The limitation of this type of model is that it is generally
location specific.

An alternative approach involves the use of crop growth simulation models. Crop growth
models encapsulate knowledge of eco-physiological processes and allow simulation of crop yield
for specific varieties and locations. Simulation models form a group of models designed to
imitate the behavior of a system. They are mechanistic and, in the majority of cases,
deterministic. Since they are designed to mimic the system at short time intervals (daily weather
data, for example), the aspect of variability related to daily change in weather and soil conditions
is integrated. The short simulation time-step demands that a large amount of input data (climate
parameters, soil characteristics, and crop parameters) be available to generate and run a model.

The parameters used in crop simulation models generally include meteorological, physical, and
biological parameters, but a parameter of length of time should also be included. Simulation
models require that meteorological data be reliable and complete. Meteorological sites may not
fully represent the weather at a chosen location. In some cases, data may be available for only
one (usually rainfall) or a few (rainfall and temperature) parameters, but data for solar radiation,
which is important in the estimation of photosynthesis and biomass accumulation, may not be
available. At times, records may be incomplete and gaps may have to be filled.

A stochastic weather generator produces artificial time series of weather data of unlimited length
for a location based on the statistical characteristics of observed weather at that location. These
types of statistical models are generally developed in two steps, with the first step focusing on
the modeling of daily precipitation and the second concentrating on the remaining variables of
interest, such as maximum and minimum temperature, solar radiation, humidity, and wind speed,
which are modeled conditional upon precipitation occurrence. For each month, different model
parameters are used in order to reflect seasonal variations in both the values of the variables
themselves and in their cross-correlations (i.e., in the relationships between the individual
variables over time).

There are two basic types of stochastic weather generator: the “Richardson” (Richardson 1981,

Richardson and Wright 1984) or “serial” (Racsko et al. 1991, Semenov et al. 1998) types. The
types of weather generator available are also described in Wilks and Wilby (1999).
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In a “Richardson” type weather generator (e.g., WGEN), precipitation occurrence is modeled
using a first-order two-state Markov procedure, which describes two precipitation classes (i.e.,
wet or dry) and takes into account precipitation occurrence on the previous day only. More
complex models may involve more than one precipitation class (e.g., low, medium, and high
precipitation amounts) as well as the occurrence of precipitation on a number of days before the
current day, rather than on just the previous day.

The Markov process gives information on transition probabilities (e.g., on the probability of a
wet day following a dry day or the probability of a wet day following a wet day), calculated from
the observed station data. If precipitation occurs, then the amount of precipitation falling on wet
days is determined usually by using a predefined frequency distribution, most commonly the
gamma distribution, although mixed-exponential distributions may provide a better
representation of precipitation amount at some locations. The remaining climate variables are
then calculated based on their correlations with each other and on the wet or dry status of each
day. One of the main criticisms of Richardson-type weather generators is their inability to
adequately describe the length of wet or dry series (i.e., persistent events such as drought or
prolonged rainfall), which are extremely important in some applications (e.g., agricultural
impacts, where the occurrence of a drought during a particular phase of crop development may
result in crop failure).

The serial approach to weather generation was developed to attempt to overcome this problem.
In this type of weather generator, the first step in the process is the modeling of the sequence of
dry and wet series of days. The amount of precipitation and the remaining climate variables are
then generated dependent on the wet or dry series. The serial-type weather generator, first
developed by Racsko et al. (1991), has been substantially updated (LARS-WG; Semenov et al.
1998). Many different versions of weather generators have been developed over the past decade.

Simulation models have been reported as useful in separating yield gain into components due to
changing weather trends, genetic improvements, and improved technology. Simulation
modeling is increasingly being applied in research, teaching, farm and resource management,
policy analysis, and production forecasts. These models can be applied in three areas, namely,
research tools, crop system management tools, and policy analysis tools. However, simulation
models usually offer the possibility of specifying management options, and they can be used to
investigate a wide range of management strategies at low costs. Most crop models that are used
to estimate crop yield fall within this category.

When a model is applied in a new situation (e.g., switching to a new variety), the calibration and
validation steps are crucial for correct simulations. The need for model verification arises
because all processes are not fully understood and even the best mechanistic model still contains
some empirism, making parameter adjustments vital in a new situation. Model performance is
limited to the quality of input data. It is common in cropping systems to have large volumes of
data relating to the above-ground crop growth and development, but data relating to root growth
and soil characteristics are generally not as extensive. Using approximations may lead to
erroneous results.
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Model users need to understand the structure of the chosen model, its assumptions, its
limitations, and its requirements before any application is initiated. At times, model developers
may raise the expectations of model users beyond model capabilities. Users, therefore, need to
judiciously assess model capabilities and limitations before one is adopted for application and
decision-making purposes. Generally, crop models are developed by crop scientists, and if
interdisciplinary collaboration is not strong, the coding may not be well-structured and model
documentation may be poor. This makes alteration and adaptation to simulate new situations
difficult, especially for users with limited expertise. Finally, using a model for an objective for
which it had not been designed or using a model in a situation that is drastically different from
that for which it had been developed would lead to model failure.

Optimizing models have the specific objective of developing the best option in terms of
management inputs for practical operation of the system. These models use decision rules that
are consistent with some optimizing algorithm for deriving solutions. This forces some rigidity
into their model structure, resulting in restrictions in representing stochastic and dynamic aspects
of the modeled agricultural systems. Applications have been developed to assess long-term
changes in agriculture, regional competition, transportation studies, and integrated production
and distribution systems as well as policy issues in the adoption of technology and natural
resource conservation. Optimizing models do not allow the incorporation of many biological
details and may be poor representations of reality. However, a useful option has been to use the
simulation approach to identify a restricted set of management options that are then evaluated
with the optimizing models. CERES is a series of crop simulation models, and DSSAT is also a
framework of crop simulation models, including modules of CERES, CROPGRO and
CROPSIM, that are incorporated into a system of optimizing models.

Modeling Applications in Agriculture

Crop modeling has been applied at various scales in agriculture, from precision farming, to farm
planning, to watershed or regional policy development. CROPGRO Soybean (Hoogenboom et al.
1994) and CERES-Maize (Jones and Kiniry 1986) are process-oriented models that compute
growth, development, and yield on homogeneous units from field to regional scales. Although
crop modeling is a relatively effective tool for simulating yield and yield-limiting factors, as
noted earlier, a large amount of input data is necessary to accurately predict spatial variations. It
has also been expensive to measure dense spatial datasets for use in crop models. Reliable and
cost-effective techniques must be developed to parameterize crop models across a field with high
spatial resolution and to quantify in-field spatial variations.

The crop management system models mentioned above are generally referred to as decision
support system (DSS) models for agriculture. A set of crop models that share a common
input/output data format has been developed and embedded in a software package called the
Decision Support System for Agrotechnology Transfer (DSSAT). DSSAT (IBSNAT 1989, Jones
1993, Tsuji et al. 1994) is a shell that allows the user to organize and manipulate crop, soils, and
weather data and to run crop models in various ways and analyze their outputs. CERES-Maize
and CROGRO-Soybean models are included in the DSSAT v.3.5 software package
(Hoogenboom et al. 1994) to simulate crop growth. These are mechanistic process-based models
that, in response to daily weather inputs, predict soil traits, daily photosynthesis, growth, and
crop management. Fraisse et al. (2001) and Wang et al. (2003) evaluated the CERES-Maize and
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CROPGRO-soybean models for simulating site-specific crop development and yield on Missouri
claypan soils. Additional models running under DSSAT include the CERES (Crop Environment
Resource Synthesis) models for rice, wheat, sorghum, pearl millet, and barley (Ritchie 1985,
Ritchie and Otter 1985, Ritchie 1986); the CROPGRO model for peanut and phaseolus bean; and
a model for cassava and potato (Tsuji et al. 1994). Phenological development and growth in the
CERES models are specified by cultivar-specific genotype coefficients depending on the
photoperiod, thermal time, temperature response, and dry matter partitioning.

Geographic information system (GIS) is a computer-assisted system that acquires, stores,
analyzes, and displays geographic data. Because of the increasing pressure on land and water
resources and the importance of forecasts at different spatial scales (crop, weather, fire, etc.),
geographic information systems have become an essential decision-support tool. GIS has
developed into a powerful tool at the disposition of policy and decision makers (Maracchi et al.
2000). Interfacing crop simulation models with a GIS helps to accomplish spatial and temporal
analysis at the same time.

Spatial model applications, such as interfacing models with GIS, further increase the possibilities
of applying these models for regional planning and policy. GIS is a front-end tool for data
preprocessing and a visualization tool for analyzing the final results. The user interface also
resides within the GIS and facilitates location-specific and crop-specific data input. On
completion of data input, the data access modules acquire the necessary spatial and non-spatial
data from GIS layers and a Relational Database Management (RDBM) System, respectively. An
RDBM system offers a data management system that comprises a set of operating-system
processes and memory structures that interact with the storage. This scenario offers advantages
such as better performance, scalability, and redundancy. Large data files can be stored from a
number of different sources, processed, archived, and retrieved as necessary.

GIS-based modeling of an agroecosystem offers a powerful tool to agricultural managers to
simultaneously assess the effect of soil and water resources on crop production in addition to
farm practices. At present, most of the crop models are location specific (point based) in nature,
but to have a better understanding of the impact on agricultural systems, it is necessary to have
spatially explicit analyses. Therefore, the development of spatially or raster based biophysical
crop models helped to clarify many intricacies of modeling large areas.

Hydrologic models are valuable tools for water resources management. For irrigation scheduling
and crop water requirement estimation, hydrologic simulation models commonly use the water
balance approach (Fangmeier et al. 1990, Fulton et al. 1990, Smajstrla 1990, George et al. 2000).
Precision farming research has demonstrated that field-scale variations in crop yield are
controlled by soil properties and landscape features that affect patterns in water available to
plants, soil drainage, and aeration (Jaynes and Colvin 1997, Mulla and Schepers 1997).

Inclusion of spatially distributed climate, soils, and land-use data dramatically increases the
model’s computational and data requirements. Storage and application of spatial data continues
to challenge traditional modeling approaches.

Geographic information systems are capable of providing the necessary spatial database for
hydrologic models. By exploiting the modeling power of GIS through integration of GIS with
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hydrologic models, a GIS can be transformed from a simple spatial query and visualization tool
to a powerful analytical and spatially distributed modeling tool. Recent advances in GIS
technology facilitate the seamless integration of GIS and computer-based modeling. Multiple
approaches exist to integrate GIS and hydrological models (Maidment 1993, Abel et al. 1994,
Sui and Maggio 1999). The two general categories of approaches are 1) coupling, providing a
common interface or a linkage between the applications, and 2) embedding or merging the
features of different applications into a single application. Rao et al. (2000), Tucker et al.
(2000), and Xu et al. (2001) have successfully developed integrated GIS and hydrological
models.

Agro-climatic models consisting of coupled GIS and crop models, including AEGIS/WIN by
Engel et al. (1997) and CropSyst by Stockle and Nelson (1994), have been used to enhance farm
management practices. Both models simulate the soil water budget, soil-plant nutrient budgets,
crop canopy and root growth, dry matter production, yield, residue production and
decomposition, and erosion. These biological simulation models excel at quantifying the effect
of different management systems on crop production and environmental impacts. AEGIS/WIN
links DSSAT v3 with ArcView to model spatially distributed crop growth (Engel et al. 1997).
Crop-Syst, a multi-year and multi-crop model, spatially and temporally simulates the soil water
budget components and crop growth potential by coupling the model with databases of soil type,
long-term weather conditions, and crop management (Stockle et al. 1997). Both AEGIS/WIN
and CropSyst characterize the soil variability on a regional scale, but assume a single soil layer
within a field. The above models are capable of dealing with a limited variety of crops,
homogeneous soil (on a farm scale), and climate information from a single location.

The GIS-based Water Resources and Agricultural Permitting and Planning System (GWRAPPS)
(Satti 2002) is a more comprehensive distributed model with several unique features: 1)
estimates of crop water requirements are simultaneously simulated for multiple crops and allow
for climate and soil variation as well as differing irrigation management practices, 2) spatial
scales range from a single field to a regional scale, 3) annual and monthly drought water
requirements are determined using a statistically robust frequency analysis of the simulated
historical daily water demand, and 4) the system provides an easy-to-use Graphical User
Interface (GUI) to access GIS data and an RDBMS. Though GIS is capable of storing and
supporting large spatial data, it cannot readily maintain large temporal data. The data storage
approach implemented in the GWRAPPS overcomes this shortcoming and efficiently handles
large temporal and spatial databases by storing the temporally explicit data in a RDBMS and
maintaining appropriate links from a GIS layer to the RDBMS tables.

GWRAPPS is a decision support system for permitting and planning irrigation water demand.
GWRAPPS operates in a Windows environment that tightly couples ArcGIS (ESRI) with the
Agricultural Field Scale Irrigation Requirements Simulation (AFSIRS) model (Smajstrla and
Zazueta 1988) using object-oriented technology. The AFSIRS numerical simulation model
determines the statistical characteristics of the irrigation requirements for a crop based on soil
type, irrigation system, growing season, long-term climate, and irrigation management practice
(Smajstrla 1990). The model calculates the daily soil water budget using the water balance
approach that effectively models crop water requirements in the southeastern United States
(Smajstrla and Zazueta 1988, Villalobos and Fereres 1989). AFSIRS simulates the dynamic

172



processes of soil water infiltration, redistribution, and extraction by evapotranspiration as steady
state processes and schedules irrigation based on an allowable level of soil water depletion from
a two-layer crop root zone.

The analysis components determine water demand at two different scales, the single farm scale
and the regional scale. The permitting tool operates at a single farm scale and allows the user to
simulate water requirements for a crop using either a single soil or an area-weighted average of
all the soils within the farm. The model results include monthly and annual crop water
requirements for median conditions and different drought probabilities. Typical drought
scenarios include 1-in-5 year and 1-in-10 year drought conditions. The planning tool analyzes
the irrigation requirements at a regional scale. The planning tool is similar to the permitting tool
in that the same AFSIRS model and GIS soils and climate data are used to generate the water
requirements. However, the planning tool analyzes all water permits in the region
simultaneously. The simultaneous analysis greatly reduces the time required to analyze a
region’s water demand and facilitates the planning for multiple time horizons and land-use
change scenarios. The generated GIS irrigation requirements layer provides monthly and annual
crop water requirements for the median, 1-in-5 year drought, and 1-in-10 year drought irrigation
scenarios.

GWRAPPS provides a consistent tool for water use planning and permitting by extending the
AFSIRS model from a farm-scale model to a regional-scale irrigation requirements simulation
model. The integrated GIS system facilitates effective usage of spatial distributed data to
estimate farm and regional-scale irrigation requirements. GWRAPPS, with multiple soils,
provides a comprehensive picture of the total water demand that is not readily apparent because
of the complex interaction of soil characteristics and their relative contribution to the area of
interest. GWRAPPS provides water demand maps that facilitate the study of regional irrigation
requirements using farm level inputs. A simple user-friendly interface provides easy access to
the components of the system by maintaining the complex data and control transfer operations in
the background. The system’s most important feature is its ability to quickly and easily provide
regional crop water requirements for different drought scenarios. The present research
demonstrates that the integrated system is capable of providing critical information to planners
and farmers about different crops’ plant-soil-water relationship under a range of drought
conditions. In conclusion, GWRAPPS, with its ability to consider spatial variability of soils and
climate at both farm and regional scales under normal and drought conditions, is a practical tool
that is applicable to a wide range of water resources management and development problems.

The Agricultural Production Systems Simulator (APSIM) has been designed as a multi-purpose
simulation platform (McCown et al. 1996). The APSIM model concept is able to accommodate
various levels of complexity, depending on the intended application. It is composed of a
modular framework. Systems models such as APSIM take this concept further by providing a
means for effective communication across all the disciplines involved to address issues affecting
farming and agriculture.

Originally, the crop models were developed to deal with risky crop management decisions in the

face of climatic variability. The models simulated plant growth and crop development in
response to environmental inputs (water, temperature, solar radiation, nutrients) with the ultimate
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aim of estimating the yield of harvestable material from a commercial crop as precisely as
possible. At the heart of these models is the relationship between crop yield and various inputs
(climatic conditions such as rain, temperature, and solar radiation; nutrients; and management
interventions such as irrigation or fertilization) that may or may not be affected by crop residues
left on the soil surface from a previous crop. These residues can affect surface runoff, soil
temperature, surface evaporation, and soil moisture, and thus can affect many processes that
contribute to crop growth and yield as well as the state of the environment in which the crop is
being grown. This is where the need for good science arises so that the model simulates the
processes appropriately and precisely, in ways that are easily computable, and the results are
believable. In addition to crop yield, models such as APSIM generate a large range of
complementary output variables that can be very helpful in analyzing resource management
problems. Community concern about off-farm impacts of farm inputs such as nitrogen fertilizer
has increased in recent years. Therefore, farm management practices that might cause long-term
resource degradation have come under close scrutiny.

Models such as APSIM are complex, and as such require specialist support and a range of skills
to support simulation building. A soil scientist will need crop physiology or agronomy expertise
to ensure that water use, dry matter production, and maybe yield (assuming a holistic soil
scientist) are drivers for soil processes. Modelers often work in an environment where this broad
expertise is available and essential for the development of useful and reliable systems tools.

Although APSIM is primarily aimed at researchers, an increasing number of derived products
have been developed. Adoption by commercial partners is also increasing, and it is through
these arrangements that consultants and growers who have no prior modeling experience can
evaluate a large range of alternative crop and fallow management options. Given the rapid
changes that are currently taking place in rural industries (driven by economic as well as
environmental factors such as climate change), the importance of APSIM as a quantitative,
predictive tool for scenario development and evaluation is likely to increase.

Heinemann et al. (2008) used a crop simulation model to determine the patterns of drought stress
for short- and medium-duration upland rice around flowering and early grain-filling across 12
locations in Brazil. Simulation models can also provide a tool to assist in understanding, and
incorporating, genotype-by-environment interaction, by combining mechanistic understanding of
a drought (Chapman 2008). Given a historical record of weather for a location, the probability of
a yield increase (and maybe a decrease) resulting from the incorporation of any trait into the crop
can be simulated. Combining the probabilities for yield change with the farmers’ adversity to
risk gives a strong indication to a breeder of the desirability of incorporating a particular drought
trait for cultivars to be grown in a specific location. System analysis can hence allow breeding
for specific drought-adaptive traits to be targeted to those geographical regions where their
benefit will be largest (Sinclair and Muchow 2001). However, in the case of rice, most
simulation efforts have focused on irrigated environments, and an improved rice model needs to
be developed or adapted specifically for the drought-prone rainfed systems, based on better
physiological understanding of rice interaction with the environment under water deficits.

In Europe, only a few models are applied operationally (Eitzinger et al. 2008). Most research
institutions are working on research applications of crop modeling for climate change impact
research on agriculture, whereas the operational applications have the focus on crop yield
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forecasting. The applications often include an assessment of soil moisture, crop growth and
development, and crop yields. The assessment of crop development and yield response to related
crop management, such as fertilizing, cultivation, irrigation, and plant protection, is another
application. Crop models are rarely used for early warnings or mitigation of crop damages from
extreme meteorological phenomena and processes.

Crop model applications are influenced by several uncertainties determining limitations of their
use in research and practice (e.g., Eitzinger et al. 2008). The main reported limitation for
application of crop models in Europe is related to the input data. The most frequently reported
problems are the availability or the low quality of the soil physical model input data (especially
for spatial model applications), the lack of long-term biophysical crop data for model validation
and calibration, and, in some cases, the availability or costs of meteorological data. This is
related to the socio-economic conditions in countries and different local administration of data in
the different regions of Europe. The reliability of data for climate scenarios or seasonal forecasts
is another crucial point for the use of such models for operational purposes or for making long-
term strategic decisions.

Spatial model applications, such as interfacing models with GIS, increase the possibilities of
applying these models in regional planning and policy. Because of their relatively simple
calculation methods, agroclimatic indices are often implemented in GIS in order to show spatial
distribution and developments of the relevant calculated index. These drought indices are used
in the crop models for decision-making tools.

The most promising method of estimating crop yield over larger areas is to combine crop growth
models and remote sensing data. The main benefit of using remotely sensed information is that
it provides a quantification of the actual state of the crop for a large area, while crop models give
a continuous estimate of growth over time. Only a few applications of spatial crop growth
monitoring systems are fully operational in Europe. However, the general theme of remote
sensing data assimilation in crop models has been the subject of numerous research papers in the
last few years. These papers have discussed practical solutions, but the operational application is
still limited by the large amount of data to be processed.

AquaCrop (Raes et al. 2008) is a water-driven stimulation model that requires a relatively small
number of parameters and is a functional balance between simplicity, accuracy, and robustness.
FAO evolved the AquaCrop model from an earlier crop simulation modeling approach that has
been well recognized for operational applications. In AquaCrop, the crop system has five major
components and associated dynamic responses: phenology, aerial canopy, rooting depth, biomass
production, and harvestable yield. Five weather input variables are required to run AquaCrop:
early maximum and minimum air temperatures, daily rainfall, daily evaporative demand of the
atmosphere expressed as reference evapotranspiration (ET), and the mean annual carbon dioxide
concentration in the bulk atmosphere (Mauna Lou Observatory records in Hawaii).

The features that distinguish AquaCrop from other crop models are its focus on water, the use of

ground canopy cover instead of leaf area index, the use of water productivity values normalized
for atmospheric evaporative demand, and the carbon dioxide concentration that extends the
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capacity of the model to extrapolate to diverse locations and seasons, including future climate
scenarios.

With respect to the more complex approaches, namely simulation or process-oriented models,
operational applications are still very limited, except for the simple models. Some simple crop
models focus on irrigation scheduling, or the widely applied models for pest and disease
management. In research, however, process-oriented crop models play a very important role in
the assessment of global and climate change impacts on agriculture. Most of these studies are
carried out on a larger scale, neglecting the necessarily finer spatial resolution to be of relevance
for local practical recommendations for farmers. One of the main difficulties for the spatial
application of process-oriented crop models in a high spatial resolution at the research level is
often the lack of model input data (not available, high costs, expensive data management, etc.).
On the other hand, new methods are being developed to overcome these problems by using GIS
and integrating remote sensing data. Operational crop yield forecasting that integrates all these
available tools is only used at the expert level, and very few examples of it exist.

Summary

Although models are developed by agricultural scientists, the user group includes agronomists,
extension workers, policy makers, farmers, and plant breeders. Because different users possess
varying degrees of expertise in modeling, the misuse of models may occur. Since crop models
are not universal, the user has to choose the most appropriate model according to his objectives.
Even when a judicious choice is made, it is important that aspects of model limitations be borne
in mind such that modeling studies are put in the proper perspective and successful applications
are achieved. Crop/soil simulation models are basically applied in three areas: 1) tools for
research, 2) tools for decision making, and 3) tools for education, training, and technology
transfer. The greatest use of crop/soil models so far has been by the research community, as
models are primarily tools for building a knowledge base. However, effective crop models can
be used for a vast array of operational applications, especially when integrated with GIS and
remote sensing technologies. As research tools, model development and application can help
identify gaps in our knowledge, thus enabling more efficient and targeted research planning.
Models that are based on sound data are capable of providing significant agricultural drought
analyses to assist management strategies.
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Abstract

The Segura River basin, located in southeast Spain, is a territory that is becoming more and
more vulnerable to rainfall variability. This implies uncertainties in agricultural activities due
to the scarcity of water and the increase in droughts. Early detection and spatio-temporal
characterization of droughts, at a regional scale, could contribute to the development of
strategies to mitigate their impact. Methodologies of spatio-temporal analysis of agricultural
drought events, from indicators based on remote sensing and meteorological data, are
presented.

Introduction

Human activities and demographic, economic, and social processes exert pressures on water
resources (WWDR3 2009). These pressures are in turn affected by factors such as public
policies and climate change. According to the Intergovernmental Panel of Climate Change, in
southeast Spain, an intensification of the water cycle is expected, with an increase in extreme
events. The development of strategies to mitigate the impacts of climate change is
fundamental in order to build “adaptive capacity,” which is considered a necessary condition
to design and implement effective adaptation strategies. Adaptive capacity could be reached
by increasing the knowledge of potential climate risks in individual basins (EC 2009).

The Segura River Basin, located in the southeastern part of the Iberian Peninsula (Figure 1),
presents the lowest percentage of renewable water resources of all Spanish basins. It is highly
regulated and has a semiarid climate, and its main water demand is agriculture. As a result,
the development and application of methodologies that permit an evaluation of spatial
patterns of agricultural drought conditions would contribute to the development and
evaluation of mitigation measures. Recently, the Segura River Basin was selected as a
Spanish pilot basin in the framework of the European Group of Experts on Water Scarcity
and Droughts, because of the correct management of severe drought events in recent years.
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Figure 1. Segura River Basin in the Iberian Peninsula.

In this chapter, methodologies are presented for the operational estimation of indices at the
regional scale related to water deficit in soils and water stress of vegetation, integrating
remote sensing and meteorological data.

Methodology

The estimation of water stress indices from remote sensing has been studied by several
authors (Moran et al. 1994, Wang 2001, Fensholt and Sandholt 2003). The classic method for
the monitoring and evaluation of water stress of vegetation is the combined use of surface
land temperature (LST) and multispectral reflectance of land, with the index of normalized
difference vegetation index (NDVI) being derived from them. The range of values defined by
LST vs. NDVI gives information about water stress of vegetation and soil moisture
conditions (Figure 2).
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Figure 2. LST-NDVI space for Segura River basin. Time period: September 14-29, 2001.

On the base triangular space, several spatio-temporal indices have been proposed. Among
them, the Temperature Vegetation Dryness Index (TVDI) developed by Sandholt et al. (2002)

to evaluate the state of soil moisture is defined as
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I—STND\/Ii .min

TVDI =

where;

LST oy e = @ +bDNDVI
LST ;i i = '+ b’NDVI

(1)

()
©)

Figure 2 represents the regression lines LSTNDV Iax and LSTNDV Iyin, Which define the
“dry edge” and “wet edge” of the triangle, respectively. The dry edge represents the rate of
minimum evapotranspiration (dry areas), while the wet edge gives the maximum value (areas

without water restrictions).

183



Then, the Vegetation Temperature Condition Index proposed by Wang et al. (2001), and
widely applied by Wan et al. (2004), for monitoring droughts, is defined as

I—S-I-NIIJ‘\/Ii.max + I—STND\/Ii
LSTNDVIi.max - LSTNDVIi.min

VTCI = (4)

Finally, the Water Deficit Index (WDI), proposed by Moran et al. (1994), is considered. The
WDI is derived from the interpretation of the trapezoid based on the relationship between the
difference of surface temperature and air temperature and from the vegetation index. In the
present work, the WDI approach proposed by Verstraeten (2001; in Ranjan 2006) is applied,
since it only requires Ta (air temperature) as input. This method can be applied at a regional
scale, in near to real time. It is useful for surfaces completely covered by vegetation, and can
also be applied to mixed surfaces (covered by vegetation and with bare land). WDI quantifies
the relative rate of latent heat flux (or evapotranspiration), presenting a value of 0 for surfaces
completely wet (evapotranspiration only limited by atmospheric demand) and 1 for dry
surfaces where there is no latent heat flux. Following Verstraeten (2001; in Ranjan 2006),

AI—STNDW .min ALSTNDVIi

WDI = ®)
ALSTND\/Ii .min AI—STNDVIi -max

where the equations of the edges of the trapezoid (or space) are defined as the regression lines
that identify the minimum and maximum actual evapotranspiration rates:

Min ETeq (dry edge): ALST ovii max = @ +DONDVII (6)

Max ETrea (wet edge): ALST oy min =" +b'NDVII (7

Processing of Remote Sensing and Meteorological Data

The methodology for the proposed monitoring of drought conditions is based on surface
reflectance data and thermal properties derived from the TERRA MODIS (Moderate
Resolution Imaging Spectroradiometer) sensor, and from meteorological information (air
temperature). The processing was carried out by applying the computational system
SORPRESA (Garcia et al. 2007), developed below GRASS GIS.

Compositions of 8 days of satellite images for surface temperature, and 16 days for NDVI,
both with 1-km spatial resolution (products MOD11A2 and MOD13A2, respectively), were
used. In the generation of LST vs. NDVI and (LST-Ta) vs. NDVI spaces, on the basis of 16-
day compositions, maximum values of LST were considered. Several authors demonstrated
that maximum values of LST represent the surface conditions in a realistic form (Cihlar et al.
1991). The temperature data corresponded to the 42 stations of the Agriculture Information
Service (IMIDA, Murcia Region).
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Analysis of Results

The analysis of LST-NDVI spaces, generated for a sufficiently long and representative time
period, permits the detection of changes in soil moisture conditions for the whole analysis
zone (Figure 3). In general, the dry edge always describes a negative correlation with NDVI,
while the wet edge can present positive and negative correlations, which could be related to
dry conditions.
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Figure 3. Example of the evolution over time of LST-NDVI spaces. Time period: January 1, 2005, to June
27, 2005.

Figure 4 represents the time evolution of the spatial distribution of the WDI indicator, for the
time period 2004-2006. From this figure, it can be observed that this index, with variation
from O to 1, is inversely correlated with soil moisture. The driest areas will present the
highest values of WDI.
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Figure 4. Example of time evolution of spatial distribution of WDI, for 2004-2006.

Conclusions and Discussion

Several authors have applied methodologies based on remote sensing and climate data for
monitoring drought conditions at the regional scale, generally showing that indicators based
only on meteorological data are not enough to describe the spatial patterns of droughts
(Bhuiyan et al. 2006).

The time monitoring of spatial distributions of indicators correlated with soil moisture and
vegetation water stress, such as VTCI, TDVI, and WDI, given the strong theoretical base on
which they are founded, has been shown to provide a good approximation for conditions of
water stress or drought at the regional level.

In the present work, it has been demonstrated that during dry conditions (less availability of
soil moisture), the increase in surface temperature (involving temperature of vegetation as
well as soil temperature, according to the cell) serves as a good indicator of vegetation water
stress preceding the onset of drought. The response of vegetation to conditions of high
temperature can occur even when the vegetation is green, because of stomatal regulation to
minimize water loss through transpiration (Wan et al. 2004). This leads to a reduction in
latent heat flux and, consequently, to a noticeable increase in heat flux, resulting in a rise in
leaf temperature with respect to the air temperature. This increase in leaf temperature is often
used to identify stress in crops.

The increasingly widespread availability of satellite images allows evaluation studies to

address drought conditions and impacts from remote sensing, either based on indicators
correlated with soil moisture, or directly on estimates of actual evapotranspiration.
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Abstract

Comprehensive drought monitoring that can provide early warnings of drought is a critical
component of national drought strategies. Effective drought early warning systems for
agriculture should integrate a number of climatic parameters with other relevant parameters
such as soil moisture. The Inter-Regional Workshop on Indices and Early Warning Systems
for Drought, held at the University of Nebraska—Lincoln in December 2009, stressed the need
for undertaking a comprehensive review of all agricultural drought indices documented at the
workshop to help identify the prime drought indices for early warning systems most suited for
use in the agricultural sector. Hence the WMO/UNISDR Expert Meeting on Agricultural
Drought Indices was organized and held June 2-4, 2010, in Murcia, Spain. The meeting
reviewed several drought indices currently used around the world for agricultural drought and
assessed the capability of these indices to accurately characterize the severity of drought and
its impact on agriculture. This chapter summarizes the agricultural drought indices that were
discussed at the meeting in seven distinct categories: precipitation-based indices;
temperature-based indices; precipitation- and temperature-based indices; indices based on
precipitation, temperature, and soil moisture/soil characteristics; indices based on
precipitation, temperature, relative humidity, solar radiation, wind speed, and soil
moisture/soil characteristics; indices based on remote sensing; and indices based on a
composite approach (multiple indicators/indices). A brief review of each of these indices is
presented. The meeting recommended that given the enhanced availability of and access to
data, tools, and guidance materials, countries around the world should move beyond the use
of just rainfall data in the computation of indices for the description of agricultural droughts
and their impacts. This issue becomes very relevant, especially in the context of climate
change, water scarcity, and food security, and hence it is important to use rainfall,
temperature, and soils information.

Introduction

To meet the increasing global demand for cereals to feed the growing populations, the world's
farmers will have to produce 40% more grain in 2020. The challenge is to revive agricultural
growth at the global level and extend it to those left behind. The causes for the current food
crisis are varied, but civil strife and adverse weather predominate. In the developing
countries, where adoption of improved technologies is too slow to counteract the adverse
effects of varying environmental conditions, climate fluctuations, especially droughts, are
indeed the main factors that prevent a regular supply and availability of food, the key to food
security.
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Drought is an insidious natural hazard that results from a deficiency of precipitation from
expected or “normal” that, when extended over a season or longer period of time, is
insufficient to meet the demands of human activities and the environment. Drought must be
considered a relative, rather than absolute, condition. A critical component of national
drought strategies should be a comprehensive drought monitoring system that can provide
early warning of drought’s onset and end, determine its severity, and deliver that information
to a broad group of users in a timely manner. With this information, the impacts of drought
can be reduced or avoided in many cases.

Numerous natural indicators of drought should be monitored routinely to determine the onset,
ending, and spatial characteristics of drought. Severity must also be evaluated on frequent
time steps. Although all types of droughts originate from a deficiency of precipitation, it is
insufficient to rely solely on this climate element to assess severity and resultant impacts.
Effective drought early warning systems (DEWS) must integrate precipitation and other
climatic parameters with water information such as streamflow, snowpack, groundwater
levels, reservoir and lake levels, and soil moisture into a comprehensive assessment of current
and future drought and water supply conditions.

In February 2009, the WMO Commission for Agricultural Meteorology held the International
Workshop on Drought and Extreme Temperatures in Beijing, China, to review the increasing
frequency and severity of droughts and extreme temperature events around the world. The
workshop adopted several recommendations to cope with increasing droughts and extreme
temperatures on agriculture, rangelands, and forestry. One of the main recommendations was
for WMO to make appropriate arrangements to identify the methods and marshal resources
for the development of standards for agricultural drought indices in a timely manner.

The Inter-Regional Workshop on Indices and Early Warning Systems for Drought was held at
the University of Nebraska—Lincoln December 8-11, 2009. It was jointly sponsored by the
School of Natural Resources and the National Drought Mitigation Center of the University of
Nebraska—-Lincoln, the World Meteorological Organization (WMO), the U.S. National
Oceanic and Atmospheric Administration (NOAA), the U.S. Department of Agriculture
(USDA), and the United Nations Convention to Combat Desertification (UNCCD). The
workshop brought together 54 participants from 22 countries from all the different regions of
the world.

The workshop reviewed the drought indices currently in use in different regions of the world
to explain meteorological, agricultural, and hydrological droughts; assessed the capacity for
collecting information on the impacts of drought; reviewed the current and emerging
technologies for drought monitoring; and discussed the need for consensus standard indices
for describing different types of droughts.

The workshop stressed the need for undertaking a comprehensive review of all agricultural
and hydrological drought indices documented at this workshop to help identify the prime
drought indices for early warning systems most suited for use in the agricultural and water
sectors. The workshop recommended that two working groups with representatives from
different regions around the world and observers from UN agencies and research institutions
(and water resource management agencies for hydrological droughts) be established to further
discuss and recommend, by the end of 2010, the most comprehensive indices to characterize
the agricultural droughts.
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Hence the WMO/UNISDR Expert Meeting on Agricultural Drought Indices was organized
and held June 2-4, 2010, in Murcia, Spain. Nineteen experts from eight countries participated
in the meeting, which was hosted by the Hydrographic Confederation of Segura. The meeting
reviewed several drought indices currently used around the world for agricultural drought and
assessed the capability of these indices to accurately characterize the severity of drought and
its impact on agriculture. The different agricultural drought indices, along with their data
needs, are summarized in Table 1.

Table 1. Agricultural drought indices currently in use and their data needs.

Agricultural
Drought Index

Rainfall

Temp.

Estimated
soil
moisture

Vegetation
index

Stream
flow

Potential
evapo-
transpiration

Crop
coefficient

Soil
type

Palmer
Drought
Severity
Index

Deciles

Prescott
Ratio Index

Hutchinson
Index

Plant Growth
Index

Soil Moisture
Anomaly

X?

Enhanced
Vegetation
Index

TCI

NDVI

Aridity
Anomaly
Index

Two reservoir
water balance
model

Soil Water
Index

scPDSI

Drought
Severity Index
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Warm-spell
duration Index

Cold-spell
duration Index

Simple Daily
Intensity Index

Relative Soil
Moisture

Relative Water
Deficit

Accumulated
Water
Deficiency

Accumulated
Drought Index

Crop Moisture
Index (CMI)

Days without
rainfall

Soil Moisture

SPEI

CMI-Palmer
based

Crop Specific
ET

Drought
Monitor

Standardized
Precipitation
Index (SPI)

Percent
Normal

Relative Soil
Moisture

Soil Moisture
Anomaly

Cumulative
rainfall

VegDRI
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The indices given in Table 1 above can be grouped into the following types.
Precipitation-based Indices

It is often noted that the simplest indices measure “meteorological drought,” the effects of
which can then be measured in terms of agricultural, hydrological, and socioeconomic
drought. In this case, drought is normally expressed solely on the basis of the degree of
dryness (often in comparison to some “normal’ or average amount) and the duration of the
dry period. Here, rainfall is the most easily measured meteorological variable, with many
records available for more than 100 years in many countries. Additionally, soil moisture that
is derived directly from rainfall is commonly the factor that is most limiting to plant growth.

It should, however, be noted, that even though the paucity of rain is a main cause of
agricultural drought, rainfall data alone may often be insufficient to assess the effect of
drought on agricultural productivity. Nevertheless, use of rainfall has considerable value in
providing effective summaries of droughts, and, provided the purpose is clearly and precisely
defined in terms of activity, location, and timing, rainfall data can greatly assist activities such
as drought policy decisions (Heim 2000, 2002; White and Walcott 2009).

For rural producers especially, the quantity, intensity, and timing of rain throughout the
growing season determine its effectiveness. Therefore, while “simple rainfall-based indices”
have considerable value, especially in drought policy decisions, it is also possible for
meteorological droughts of apparently equal severity to have differing effects on the
productivity of agricultural crops and pastures (e.g., White et al. 1998). In this respect, Heim
(2000, 2002) and White and Walcott (2009) provide extensive and worthwhile overviews of
commonly applied rainfall-based drought indices. The following is a short summary of such
indices.

Deciles

For countries such as Australia, with especially high interannual rainfall variability, Gibbs
and Maher (1967) observed that the occurrence of annual rainfall in the first decile range for
the period 1885-1965 corresponded very well with information on drought occurrence (Foley
1957). To aid this appraisal, it is noteworthy that Foley (1957) based “agricultural
assessments” on newspaper and other reports of the effects of rainfall in the first decile range
on crop yield and livestock numbers. As a consequence, the Australian Bureau of
Meteorology now operationally identifies “rainfall deficiencies” rather than defining
“droughts,” with a serious rainfall deficiency occurring when the rainfall total over a critical
period lies between the 5™ and 10™ percentile, and a severe rainfall deficiency occurs when
the total is below the 5™ percentile (White and Walcott 2009). (This approach may also tend
to overcome the inherent problems associated with the need for normalized rainfall
distributions in the “percent of normal” drought index.)
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The decile method (Table 2) was selected to describe droughts within the Australian Drought
Watch System because of the capability to simply calculate the results, and the method
requires less data and fewer assumptions than the Palmer Drought Severity Index (Smith et al.
1993, Hayes 2000). As part of Australian drought policy, growers and producers are advised
to only seek exceptional drought assistance if the drought is shown to be an event that occurs
only once in 20-25 years (deciles 1 and 2 over a 100-year record) and has lasted longer than
12 months (White and O’Meagher 1995, Hayes 2000).

Table 2. Decile classifications.

Decile numbers Rainfall category Description
Deciles 1-2 lowest 20% much below normal
Deciles 3-4 next lowest 20% below normal
Deciles 5-6 middle 20% near normal
Deciles 7-8 next highest 20% above normal
Deciles 9-10 highest 20% much above normal

Accumulated Rainfall Deficits

In an extension of the approach of using rainfall deciles, the duration and severity of drought
may also be estimated by summing the rainfall anomalies for each month and graphing this
accumulation over time. Although cumulative rainfall deficits may be difficult to directly
interpret, they can be useful for highlighting a period of rainfall deficit that has been preceded
by a period of above-average rainfall. These systems have also been useful in comparing the
duration of current meteorological droughts with preceding droughts in the same location.
However, the magnitude and importance of the rainfall deficits are very site-specific. They
are therefore of limited value in assessing agricultural droughts.

In another example, rainfall for more recent months can be weighted according to the
seasonal variation in mean rainfall, but may be of little value for operationally determining
exceptional droughts at different locations. For example, enhanced rainfall may be more
valuable during periods typified by low vegetative cover than at the peak of the growing
season (White 1988).

Hutchinson Drought Severity Index (HDSI)

Smith et al. (1993) calculated 6-monthly and 12-monthly percentiles on a month-by-month
basis as the Hutchinson Drought Severity Index (HDSI), but this index may be too sensitive
to minor fluctuations in rainfall to facilitate ranking of droughts. These percentiles may
underestimate the durations of declared droughts, possibly because of probable historical
anomalies in the declaration process.

Standardized Precipitation Index (SPI)

The Standardized Precipitation Index (SPI) has been developed utilizing the quantification
and hence probability of precipitation for multiple time scales, generally between 1 and 48
months but with potential applicability up to 72 months. (McKee et al. 1993, 1995; Edwards
and McKee 1997). A strong foundation in this approach stems from the understanding that a
deficit of precipitation has markedly different impacts on groundwater, reservoir storage, soil
moisture, snowpack, and streamflow (McKee et al. 1993, Hayes 2000).

McKee et al. (1993) further defined a drought event as occurring any time the SPI is
“continuously negative” and reaches an intensity of -1.0 or less (Table 3). The drought event
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ends when the SPI becomes positive. The enhanced value of this approach is that each
drought event therefore has a recognized duration defined by its beginning and end, and an
intensity for each month that the event continues. Additionally, the accumulated magnitude
of drought can also be drought magnitude, and it is the positive sum of the SPI for all the
months within a drought event (Hayes 2000).

Table 3. Values of Standardized Precipitation Index (SPI) related to moisture conditions.

SPI1 Value Moisture condition
+2.0 extremely wet
+1.5101.99 very wet
+1.0t01.49 moderately wet

-.99 10 .99 near normal
-1.0t0-1.49 moderately dry
-1.5t0-1.99 severely dry

-2.0 and less extremely dry

Hayes (2000) notes that based on an analysis of stations across Colorado, McKee determined
that the SP1 is in mild drought 24% of the time, in moderate drought 9.2% of the time, in
severe drought 4.4% of the time, and in extreme drought 2.3% of the time (McKee et al.
1993).

Importantly, the SPI, which is in widespread use, shows evidence of being able to identify
emerging droughts sooner than the Palmer Drought Severity Index (PDSI) in regions of the
United States. In particular, Hayes et al. (1999) and Hayes (2000) report that the SPI is now
widely applied in the United States, especially by water resource managers, to provide an
early warning of drought and assist in the assessment of drought severity. The SPI is
considered simpler to use than the PDSI, although White and Walcott (2009) note that yearly
averages of both may be placed into a frequency distribution for comparative purposes
(Goodrich and Ellis 2006).

Additionally, the SPI may be especially useful for application in developing countries because
of its limited data requirements and relative simplicity of calculation. As with many other
rainfall-only indices, the SPI is more suited to monitoring meteorological and hydrological
droughts than agricultural droughts. Nevertheless, its flexibility in selecting time periods that
correspond with growing seasons, or any particular season of interest, does give it additional
utility to inform on aspects of agricultural drought.

Effective Drought Index (EDI)

Rainfall data may be used as a benchmark indicator for providing drought relief assistance.
Byun and Wilhite (1999) developed the Effective Drought Index (EDI) as a function of the
precipitation needed for a return to normal conditions (PRN), or the recovery from the
accumulated rainfall deficit since the beginning of a drought.

Morid et al. (2006) found the EDI to be especially responsive to emerging drought conditions
in the studies he conducted in Iran, compared with the Decile Index of Gibbs and Maher
(1967) and the SPI. The value in practical application of “simple” meteorological drought
indices has been recognized in the development of software that automatically generates the
EDI and SPI (Smakhtin and Hughes 2007).
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Percent of Normal

This approach (McKee et al. 1993) has value in its simplicity and transparency, especially
because all sectors tend to “know what it means,” and it is noteworthy that this approach has
strong support in countries such as Indonesia. A downside of this approach is that it does not
necessarily detect the extremes in drought conditions, and this can be a problem in very arid
areas. This approach also requires a good knowledge of local conditions to make it useful.
Hayes (2000) suggests analyses using percent of normal are most effective when used for a
single region or a single season. Conversely, percent of normal may be misunderstood and
provide different indications of conditions, depending on the location and season. It is
calculated by simply dividing actual precipitation by normal (30-year mean) precipitation and
multiplying the result by 100%. This approach can be calculated for a variety of time scales,
which generally range from a single month to a group of months representing a particular
season, up to a year. Hayes (2000) points out that one of the disadvantages of using the
percent of normal precipitation is that the mean, or average, precipitation may differ
considerably from the median precipitation (which is the value exceeded by 50% of the
precipitation occurrences in a long-term climate record) in many world regions, especially
those with high year-to-year rainfall variability. Thus, use of the percent of normal
comparison requires a normal distribution in rainfall, where the mean and median are
considered to be the same.

Days without Rainfall

Early in the 20" century, the U.S. Weather Bureau applied “days without rainfall” in an
attempt to better identify and quantify drought. In this instance, drought was defined as
occurring during any period of 21 or more days with rainfall 30% or more below normal for
the period (Henry 1906, Steila 1987). An extension of this approach was through the
associated “accumulated precipitation deficit” (see above in this section) or the “accumulated
departure from normal.” Heim (2002) provides other examples of these early criteria:

1) 15 consecutive days with no rain,

2) 21 days or more with precipitation less than one-third of normal,
3) annual precipitation that is less than 75% of normal,

4) monthly precipitation that is less than 60% of normal, and

5) any amount of rainfall less than 85% of normal.

Heim (2002) notes that as recently as 1957, annual rainfall amount was used as a drought
index in a study of drought in Texas. Similar criteria have been employed in other countries:

1) Britain: 15 consecutive days with less than 0.25 mm (0.01 in.);

2) India: rainfall half of normal or less for a week, or actual seasonal rainfall deficient by
more than twice the mean deviation;

3) Russia: 10 days with total rainfall not exceeding 5 mm (0.20 in.);

4) Bali: a period of 6 days without rain;

5) Libya: annual rainfall less than 180 mm (7 in.).

Heim (2002) notes that most of these indices were developed and thus valid only for their
specific application in their specific region and makes the point that indices developed for one
region may not be applicable in other regions because the meteorological conditions that
result in drought are highly variable around the world.
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Putting Precipitation-based Indices in Context

Although the practical and functional aspects of the (sole) use of meteorological drought
indices are now well recognized, it is also known that for agricultural application purposes,
the quantity and timing of rain events throughout a growing season largely determines the
value of such indices in agricultural production assessments. Meteorological drought indices
can be normalized by using appropriate seasonal indices. However, indices based solely on
rainfall data do not, by definition, take into account other factors such as ambient
temperature, relative or absolute humidity, mean and extreme wind speed, net radiation,
evapotranspiration, deep percolation, runoff, soil type, or the agricultural enterprise (White
and Walcott 2009).

Because the length of a growing season can vary between years depending on when rainfall
occurs, tailoring indices to growing seasons to better assess whether drought conditions are
affecting crops and pastures may remain a difficult task and negate the value of sole use of
meteorological indices in drought assessment. White et al. (1998) and White (2000) note that
other important meteorological factors besides rainfall can greatly influence plant growth in a
country such as Australia in ways not necessarily foreseen, and so a second step is often
recommended in drought assessments besides the sole use of a meteorological drought index.

Modification of drought indices, including just slight modification to indices such as the SPI,
can provide improved practical application in certain regions (Ntale and Gan 2003). In
particular, in a comparison of the PDSI, BMDI, and SPI in different regions of East Africa,
the SPI was rated superior to the other indices tested and greatly superior to the PDSI through
utilization of this modification approach.

Of the seven drought indices assessed in Iran by Morid et al. (2006), the meteorological
drought index (the Deciles Index [DI]) (Gibbs and Maher 1967) was rated as “oversensitive,”
leading to unrealistically high temporal and spatial variations in wet conditions, especially in
summer. However, importantly, the authors noted that this sensitivity could be reduced by
using temporal scales larger than 1 month. Additionally, the importance of using long-term
precipitation records for drought analyses has been highlighted by Morid at al. (2006), who
note that despite utilizing different underlying statistical distributions, the SPI and the China-
Z index (CZI) performed similarly in their ability to detect and monitor drought.

Interestingly, when a whole range of drought indices have been ranked according to
robustness, tractability, transparency, sophistication, extendability, and dimensionality, the
overall superior drought indices often emerge as those being simply based on rainfall data
inputs and otherwise most relevant to meteorological drought assessment (Keyantash and
Dracup 2002). In a study for Oregon (USA), Keyantash and Dracup (2002) found, when
making an overall assessment, that the superior drought indices were rainfall deciles, total
water deficit, and computed soil moisture, while the SPI also emerged as a highly valuable
estimator of drought severity.

Simulation studies (e.g., Donnelly et al. 1998, Stafford Smith and McKeon 1998, White et
al.1998) have demonstrated that, indeed, grassland and agricultural droughts often coincide
with meteorological droughts, as illustrated by rainfall deficits. However, the severity and
duration of grassland and agricultural droughts in a country such as Australia can vary
according to the timing and distribution of the rainfall events. Thus, they point out, a minor
rainfall deficiency can sometimes have major consequences in terms of agricultural
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production, whereas a moderate rainfall deficiency may not always seriously reduce crop and
pasture growth. Such additional models are often invaluable in drought assessment.

Temperature-based Indices

Changes in extreme weather and climate events have significant impacts and are among the
most serious challenges to society in coping with a changing climate (CCSP 2008).
Confidence has increased that some extremes will become more frequent, more widespread,
and/or more intense during the 21% century (IPCC 2007). The sustainability of economic
development and living conditions depends on our ability to analyze and hence manage the
risks associated with extreme events. The creation of an efficient early warning system for
climate anomalies and related extremes has been a focus of WMO and the National
Meteorological and Hydrological Services (NMHSs) for more than a decade in order to
improve climate risk management capabilities among nations (Zhai 2005).

Cold-spell and warm-spell duration indices allow straightforward monitoring of trends in the
frequency or intensity of events, which, while not particularly extreme, would nevertheless be
stressful. These analyses average 10™ and 90" percentile values of daily temperatures in
order to predict extreme cold-warm spells risk. The motivation for analyzing extremes is
often to find an optimum balance between adopting high safety standards that are very costly
on the one hand, and preventing major damage to equipment and structures from extreme
events that are likely to occur during the useful life of such infrastructure on the other hand
(WMO 1983).

The joint World Meteorological Organization Commission for Climatology (CCI)/World
Climate Research Programme (WCRP) project on climate variability and predictability
(CLIVAR) Expert Team on Climate Change Detection, Monitoring and Indices (ETCCDMI)
have made an effort to develop these cold spell/warm spell indices as core climate extreme
indices. Long-term extreme temperature change assessment is conducted by inspecting
changes in percentile-based temperature indices that describe the percentage number of
“extreme cold” days and nights (TN10p and TX10p) and “extreme warm” days and nights
(TX90p and TN9O0p), in addition to other important temperature indices.

One of the key approaches of the indices concept involves calculation of the number of days
in a year exceeding specific thresholds. Examples of such “day-count” indices are number of
days with minimum temperature below the long-term 10™ percentile in the 1961-1990 base
period. A threshold is calculated if at least 70% of data are present (Stott et al. 2010, Klein
Tank et al. 2009). Day-count indices based on percentile thresholds are expressions of
anomalies relative to the local climate. These anomalies have fixed rarity—i.e., the
thresholds are chosen so as to be exceeded at a fixed frequency, often 10%, during the base
period that is used to define the thresholds. Consequently, the values of the thresholds are
site-specific. Such indices allow for spatial comparisons because they sample the same part of
the probability distribution of temperature at each location.

Cold spell duration indicator (CSDI) is defined as annual count of days with at least six
consecutive days when minimum temperature is less than the 10" percentile in the 1961-1990
base period. The index for cold nights TN10p is calculated based on the daily series of
minimum temperature TN at any given station following ETCCDI definitions as the number
of cold nights, as follows:
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TN10p, cold nights: count of days where TN <:|_()th percentile
Let TN i be the daily minimum temperature on dayi in period jand let T\, 10 be the

calendar day 10" percentile of daily minimum temperature calculated for a five-day window
centered on each calendar day in the base period n(1961-1990). Count the number of days

where TN, <TN,10.

TN90p, warm nights: count of days where TN > 9()th percentile
Let TN i be the daily minimum temperature on day iin period jand let T, 90 be the

calendar day 90" percentile of daily minimum temperature calculated for a five-day window
centered on each calendar day in the base period n(1961-1990). Count the number of days

where TN, >TN,90.

Cold Spell Duration Index (CSDI): count of days in a span of at least six days where
TN >10" percentile.

Let TN i be the daily minimum temperature on dayi in period jand let T|\ , 10 be the

calendar day 10™ percentile of daily minimum temperature calculated for a five-day window
centered on each calendar day in the base period n (1961-1990). Count the number of days

where, in intervals of at least six consecutive days, TN ; <TN,10.

The indices for cold day-times TX10p and warm day-times TX90p are calculated based on

the daily series of maximum temperature TX at any given station following ETCCDI
definitions as the number of cold and warm days, as follows:

TX10p, cold day-times: count of days where TX <:|_Qth percentile
Let TX ; be the daily maximum temperature on dayi in period jand let T)X . 10 be the

calendar day 10" percentile of daily maximum temperature calculated for a five-day window
centered on each calendar day in the base period n(1961-1990). Count the number of days

where TX . <TX,10.
TX90p, warm day-times: count of days where TX > goth percentile
Let TX i be the daily maximum temperature on day iin period jand let T X, 90 be the

calendar day 90" percentile of daily maximum temperature calculated for a five-day window
centered on each calendar day in the base period n(1961-1990). Count the number of days

where TX . >TX,,90.

The warm spell duration indicator (WSDI) is defined as annual count of days with at least six
consecutive days when maximum temperature is greater than the 90™ percentile. The
percentile thresholds are calculated from the five—day windows centered on each calendar day
to count for the mean annual cycle.
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Warm Spell Duration Index (WSDI): count of days in a span of at least six days where
X >90th percentile.

Let T X, be the daily maximum temperature on dayi in period jand let TX ; 90 be the

calendar day 90" percentile of daily maximum temperature calculated for a five-day window
centered on each calendar day in the base period n (1961-1990). Count the number of days
where, in intervals of at least six consecutive days, TX ;, >T X ;,90.

Trends in the indices of cold nights TN10p and warm days TX90p are relevant for comparing
changes in heating and cooling demands. Indices such as TN10p and TX90p are calculated
relative to an annual cycle of thresholds. In order to have heating and cooling load
interpretations, these indices have to be accumulated over winter and summer seasons,
respectively, rather than over the entire year.

Precipitation- and Temperature-based Indices

The precipitation- and temperature-based drought indices are those calculated using
information provided by water balance (WB) models. Among the several WB models, the
one most commonly used for characterizing droughts is proposed by Thornthwaite and
Mather (1955), which is simple to apply and easy to understand. The indices listed below are
based on this methodology.

Palmer Drought Severity Index (PDSI)

The Palmer Drought Severity Index (PDSI) is widely used to characterize droughts. PDSl is a
drought index that involves aspects related to duration, magnitude, and severity of a drought,
and also includes information on the onset and termination of a drought event. The PDSI is
based on the water balance equation over an area of concern (Palmer 1965). Calculating
PDSI requires data on precipitation, temperature (for potential evapotranspiration estimation),
soil moisture, and the previous PDSI value. Although precipitation and temperature time
series data are easily available for most locations, this is not the case with soil moisture. Soil
moisture data have been calibrated to the homogeneous climate zones. The PDSI has an
inherent time scale of approximately 9 months and treats all forms of precipitation as rain.
The PDSI has been widely used to trigger agricultural drought and can also be used to identify
the abnormality of droughts in a region and show the historical aspects of current conditions.
The main limitations of this drought index are that it may lag in the detection of drought over
several months because the data depend on soil moisture and its properties, which have been
simplified to one value in each climate division. It will not present accurate results during the
winter and spring when the effects of frozen ground and snow are still present. PDSI also
tends to underestimate runoff conditions.

As described by Wells et al. (2004), the PDSI is calculated according to the following steps:
Each month of every year, eight values related to the soil moisture are computed along with
their complementary potential values. These eight values are evapotranspiration (ET),
recharge (R), runoff (RO), loss (L), potential evapotranspiration (PE), potential recharge (PR),
potential runoff (PRO), and potential loss (PL). The potential evapotranspiration is estimated
using Thornthwaite’s method (Thornthwaite 1948). The calculation of these values depends
heavily on the available water-holding capacity (AWC) of the soil. The PDSI itself depends
on a two-stage ‘‘bucket’” model of the soil. The top layer of soil is assumed to hold one inch
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of moisture. The amount of moisture that can be held by the rest of the underlying soil is a
location-dependent value, which must be provided as an input parameter to the program.

The four potential values are weighted according to the climate of the area using o, 3, v, and
d to give the climatically appropriate for existing conditions (CAFEC) potential values. The
weighting factors are called the water-balance coefficients.

The CAFEC potential values are combined to form the CAFEC precipitation, P, which
represents the amount of precipitation needed to maintain a normal soil moisture level for a
single month. The difference between the actual precipitation that fell in a specific month and
the computed CAFEC precipitation is the moisture departure, d. The moisture departure, d, is
the excess or shortage of precipitation compared to the CAFEC precipitation. Of course, the
same d will mean different things at different times, as well as at different locations. This
prevents straightforward comparisons from being made between different values of d. To
correct for this, the moisture departure is weighted using K, which is called the climatic
characteristic. Here K is actually a refinement of K, which is Palmer’s general
approximation for the climate characteristic of a location. Palmer derived equations for K’
and for K, as a function of average moisture departure for the appropriate month, D.

The purpose of the climatic characteristic, K, is to adjust the value of d according to the
characteristics of the climate in such a way as to allow for accurate comparisons of PDSI values
over time and space. The result of multiplying the moisture departure, d, by K is called the
moisture anomaly index, or the Z Index. The Z index can be used to show how wet or dry it was
during a single month without regard to recent precipitation trends. The Z index is used to
calculate the PDSI value for a given month using the general formula:

X;j=0.897 Xi.1 + 1/3 Z;

Palmer called the values 0.897 and 1/3 the duration factors. They were empirically derived
by Palmer from two locations (western Kansas and central lowa) and affect the sensitivity of
the index to precipitation events. Three PDSI values are actually computed each month: X,
Xz, and X3. The values of X; and X, are the severity of a wet or dry spell, respectively, that
might become established. A spell becomes established when it reaches the threshold of
+0.5. This threshold follows from the fact that index values between -0.5 and 0.5 are
regarded as ‘‘normal’’ values; X3 is the severity of a wet or dry spell that is currently
established. If no spell is established, the PDSI value is set to either X; or X, according to
which spell is most likely to become established. This is determined by which index is closer
to the threshold of an established spell, which is simply the index with a larger absolute value.
If a current spell is established (i.e., when Xj is not zero), the PDSI value for that month is
X3. However, when the index is calculated at a later date, it may be discovered that the
current spell actually ended earlier. In this case, the PDSI values will be replaced by values
of either X; or X,. This replacement of previously calculated PDSI values will be referred to
as backtracking. The existence of backtracking means that a small change in how the indices
are computed may cause backtracking, which has a substantial effect on the final values of the
index.

Self-Calibrated Palmer Drought Severity Index (sc-PDSI)

The scPDSI is a variant of the original PDSI of Palmer (1965), with the aim of making results
from different climate regimes more comparable (Wells et al. 2004). As described by Wells
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et al., the scPDSI is calculated from a time series of precipitation and temperature, together
with a set of calibrated empirical constants. The process of replacing all empirical constants
in Palmer’s procedure for calculating the sc-PDSI results in a process that is slightly more
complicated than before. The steps required to calculate scPDSI include the following:

1) Calculate all moisture departures.

2) Calculate all moisture anomalies.

3) Calculate the duration factors, using the moisture anomalies computed in step 2.

4) Calculate the PDSI using the moisture anomalies and duration factors computed in steps 2
and 3, respectively.

5) Find the 98" and 2¢ percentile values of the PDSI.

6) Compute the new moisture anomalies.

7) Calculate the SC-PDSI.

This is a more computationally intensive process than Palmer’s original procedure. However,
the power of the current generation of computers means that the PDSI can be calculated in a
matter of seconds, even for stations with more than a hundred years of data.

Using the redefined climatic characteristics and a set of duration factors derived in the
described manner to calculate the PDSI has several positive consequences:

e The range of the PDSI values is close to an expected range of 25.0 to 5.0, where
values below 24 and above 4 represent extreme conditions.

e The sensitivity of the index is based upon the local climate.

e Different sensitivity to moisture and lack of moisture.

e The PDSI can be updated at different time intervals (e.g., weekly, biweekly, monthly).

The consequences of dynamically calculating the climatic characteristics and duration factors
have the overall effect of calibrating the index based on the actual characteristics of a given
location. This means the conditions of any climate should be realistically represented by the
index within the definition of the PDSI. In other words, the index should show an extreme
drought only when the conditions exemplify an extreme drought relative to that area and not
relative to some default location. Thus, the sc-PDSI will allow more accurate comparisons
between different locations and times. The sc-PDSI will also give more statistically accurate
results by showing severe and extreme readings less frequently than the current
implementations of the PDSI, which often show extreme readings with a frequency much
higher than one would expect.

Standardized Precipitation Evapotranspiration Index (SPEI)

According to Vicente-Serrano (2010), the SPEI is very easy to calculate, and it is based on the
original SPI calculation procedure. The SPI is calculated using monthly (or weekly)
precipitation as the input data. The SPEI uses the monthly (or weekly) difference between
precipitation and PET. This represents a simple climatic water balance (Thornthwaite 1948)
that is calculated at different time scales to obtain the SPEI. The first step, the calculation of
the PET, is difficult because of the involvement of numerous parameters.

Different methods have been proposed to indirectly estimate the PET from meteorological

parameters measured at weather stations. According to data availability, such methods
include physically based methods and models based on empirical relationships, where PET is
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calculated with fewer data requirements. Although some methods in general provide better
results than others for PET quantification, the purpose of including PET in the drought index
calculation is to obtain a relative temporal estimation, and therefore the method used to
calculate the PET is not critical. Mavromatis (2007) recently showed that the use of simple
or complex methods to calculate the PET provides similar results when a drought index, such
as the PDSI, is calculated.

With a value for PET, the difference (Di) between the precipitation P and PET for the month i
is calculated, which provides a simple measure of the water surplus or deficit for the analyzed
month. This approach has some shortcomings: the parameter is not defined when PET =0
(which is common in many regions of the world during winter), and the P/PET quotient
reduces dramatically the range of variability and deemphasizes the role of temperature in
droughts. The calculated Di values are aggregated at different time scales, following the
same procedure as that for the SPI. The difference Di in a given month and year depends on
the chosen time scale.

For calculation of the SPI at different time scales, a probability distribution of the gamma
family is used (the two-parameter gamma or three-parameter Pearson Il1 distributions),
because the frequencies of precipitation accumulated at different time scales are well modeled
using these statistical distributions. Although the SPI can be calculated using a two-
parameter distribution, such as the gamma distribution, a three-parameter distribution is
needed to calculate the SPEI.

The SPEI fulfills the requirements of a drought index since its multi-scalar character enables
it to be used by different scientific disciplines to detect, monitor, and analyze droughts. Like
the sc-PDSI and the SPI, the SPEI can measure drought severity according to its intensity and
duration, and can identify the onset and end of drought episodes. The SPEI allows
comparison of drought severity through time and space, since it can be calculated over a wide
range of climates, as can the SPI. Drought indices must be statistically robust and easily
calculated, and have a clear and comprehensible calculation procedure. All these
requirements are met by the SPEI.

Crop Moisture Index (CMI)

CMI uses meteorological indices to monitor week-to-week crop conditions. Whereas the
Palmer Drought Severity Index monitors long-term meteorological wet and dry spells, the
CMI was specifically designed to evaluate short-term moisture conditions, but across major
crop-producing regions. Hayes (2000) notes that the “CMI is based on the mean temperature
and total precipitation for each week within a Climate Division, as well as the CMI value
from the previous week.” Thus, the CMI responds rapidly to changing conditions, and it is
weighted by location and time so that maps, which commonly display the weekly CMI across
the United States, can be used to compare moisture conditions at different locations (Hayes
2000). Thompson and Wehmanen (1979) utilized remote-sensing data (Green Number Index)
for growth stages for wheat with segments classified as drought or non-drought. A high
degree of agreement was found between the 18-day remote sensing data and the ground-based
Crop Moisture Index. Similar close results were obtained in parts of the (then) USSR and
Australia.
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Indices Based on Precipitation, Temperature, Soil Moisture/Soil Characteristics

As compared to the precipitation- and temperature-based drought indices, the precipitation,
temperature, and soil moisture based indices are generally those calculated and derived using
information provided by water balance (WB) models. However, in this case, the WB
information can be provided by different methodologies. These can range from the very
simplistic models, such as those addressing the precipitation (P) and potential
evapotranspiration (PET) relationship, to the very complex models, such as those proposed by
Ritchie (1998) and Gevaerd and Freitas (2006). These varied approaches are critical both
conceptually and operationally in tracking agricultural drought, which is dependent on what is
occurring in terms of moisture in the plant/tree rooting zones throughout the growing season.
Attempting to depict and understand this water balance approach through various indices
will allow one to better understand how crops or the environment may be reacting or stressing
during times of drought and at various stages of plant/crop development. This, in turn, can
help us better determine how growth or yield may be influenced by drought during the
growing season and throughout critical off-season recharge periods. Some examples are
shown below.

Relative Soil Moisture (RSM)

Soil moisture (SM) or soil water storage (SWS) is an output of the water balance. This
variable can be obtained by different WB methods, such as those proposed by Thornthwaite
and Mather (1955), Molinas and Andrade (1993), Allen et al. (1998), Ritchie (1998), and
Gevaerd and Freitas (2006). Each kind of WB method will require specific inputs, but
basically they require climate (rainfall and potential evapotranspiration), soil (physical
properties), and plant (crop type, leaf area, crop sensitivity to water stress, crop water
requirement for each phenological phase, and management practices) information, depending
on their complexity. The RSM index is the relationship between SWS and soil water holding
capacity (SWHC). The results are given in percentage.

Relative Water Deficit (RWD)
This index is obtained by calculating the relative difference between actual (ETa) and
potential (ETP) evapotranspiration:

RWDI = (1 - AET/PET) 100

where AET is the actual evapotranspiration, an output of Thornthwaite and Mather’s
climatological water balance, considering the SWHC of the respective soil type for the
region, ranging from 50 to 150 mm for a 1-m soil profile, and PET is the potential
evapotranspiration, calculated by physical or empirical methods. This index is non-
accumulative and is calculated by the total AET and PET for the period considered.

Accumulated Water Deficiency (AWD)

Water deficiency is an output of the climatological water balance, as determined by
Thornthwaite and Mather’s WB model. The water deficit (WD) is the difference between
potential (PET) and actual (AET) evapotranspiration. The WD magnitude for a given
condition will depend on the soil water holding capacity adopted for the WB. When water
deficiency is accumulated during the growing season, this index will have a definite
correlation with crop yield losses.
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Accumulated Drought Index (ADI)

This drought index has as inputs rainfall (P) and potential evapotranspiration (PET). Its
calculation is based on the relationship between these two variables (Table 4), and the
drought classification follows the categories of the accumulated index (Table 5). ADI is
calculated as:

ADI=) DI/ (3nN)

where DI is determined for each period by the P and ETP relationship presented in Table 4; n
is the number of periods considered; and N is the number of periods without rain above 10
mm (NDWR>10). For N = 0, ADl is calculated by:

ADI=Y DI/ (3 n)

Table 4. P and PET relationship for determination of the drought index (D).

P & ETP Relationship Classification DI
P>2ETP Wet 5
ETP<P<2ETP Lightly wet 4
Y% ETP<P<ETP Normal 3
0<P< %ETP Lightly dry 2
P=0 Dry 1

Source: CIIAGRO/IAC/Brazil

Table 5. Accumulated Drought Index (ADI) and drought classification.

ADI Classes Classification
ADI > 1.50 Extremely wet
0.80 <ADI <1.50 Very wet

0.40 < ADI <0.80 Wet

0.20 <ADI <0.40 Normal

0.04 <ADI<0.2 Dry

ADI <0.04 Very dry

Source: CIIAGRO/IAC/Brazil

Indices based on Precipitation, Temperature, Relative Humidity, Solar Radiation, Wind
Speed, and Soil Moisture/Soil Characteristics

Indices that are based on soil water content estimation and numerous input parameters
(rainfall, temperature, relative humidity, solar radiation, wind speed, soil moisture or soil
characteristics) allow evapotranspiration estimation with the Penman approach or Penman-
Monteith equation. This approach is more accurate and is consistent with WMO
recommendations. It is worth underlining the role evapotranspiration plays in crop
development and therefore also in the definition of a drought. Hence it is important to define
this evapotranspiration term as overall water loss through evaporation from soil and
transpiration from plants. The potential evapotranspiration depends on the meteorological
factors listed above and follows the hypothesis that there is enough water in the soil for
vegetation at any time. The difference between the actual and potential evapotranspiration
depends on soil moisture.
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In this approach, both crop and soil water supply and demand are fully taken into
consideration, which holds the key for more complex crop modeling. However, this places
greater demand on data needs, as the complexity of drought indices usually depends on the
number of parameters taken into account. Data availability at station level can be an issue,
and different water balance models are usually location-specific and require local calibration,
which makes inter-comparison difficult.

An overview of the diversity of drought indices based on rainfall, temperature, relative
humidity, solar radiation, wind speed, soil moisture, and/or soil characteristics is given in

Table 6.

Table 6. Overview of different drought indices based on multiple parameters.

Drought Index

Producer

Input data

Aridity Anomaly Index
(AAI)

India Meteorological Department,
India

Rainfall, PET, field capacity
(soil)

Water balance with two
reservoirs

Météo-France, France

Rainfall and daily Penman-
Monteith PET

Soil Water Index

Météo-France, France

Rainfall, temperature, relative
humidity, solar radiation, wind
speed, soil characteristics, and
vegetation type

Soil Moisture Anomaly

USA

Relative Soil Moisture

USA

Aridity Anomaly Index (AAI)
This index is one of the tools used to monitor agricultural drought. A few scientists (Appa Rao et
al. 1981, George and Ramasastry 1975, and, more recently, Sarkar 2001) have used this index to
analyze agricultural drought scenarios in India. The methodology for calculating this index based
on aridity anomaly is described by Sarkar (Chapter 5 in this volume).

According to Sarkar (Chapter 5), when the anomaly is worked out for a large network of
stations for different weeks, plotted, and analyzed, it is possible to identify areas where the
crop might be suffering from moisture stress of various degrees. Using this technique, the
India Meteorological Department has been monitoring agricultural drought during both the
rainy (commonly referred to as kharif) and post-rainy (rabi) seasons using a wide network of
stations. This is done on a real-time basis every week and every fortnight during the two crop
seasons, and the information is supplied to various users. The aridity anomaly maps are also
uploaded onto the departmental website (www.imd.gov.in). This index helps to assess the
moisture stress experienced by growing plants.

Water Balance Index with Two Reservoirs
This index is based on a simplified operational water balance with two reservoirs and a fixed
soil depth. This index is applied for standardized fescue grass vegetation. To take soil
variability into account, four soil types are considered for the available water. As a
consequence, four hypothesis are made for soil moisture storage capacity estimation (50, 100,
150, and 200 mm). Further details are presented by Cloppet (Chapter 8 in this volume).
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Soil Water Index

The Soil Water Index is extracted from the SAFRAN ISBA MODCOU hydrometeorological
model, which is used to provide consistent computation of variables within the hydrological
cycle. Full details regarding the computation of this index are presented by Cloppet (Chapter
8).

Soil Moisture Anomaly and Relative Soil Moisture Index

The relative soil moisture approach is based on water balance, PET estimation, and
climatology in order to estimate a climatological reference. Relative soil moisture indices are
designed to measure and simulate how much water is available in soil for crops. It should be
noted that indices based only on precipitation cannot reflect water consumption and water
demand of crops.

Although these indices are easy to apply, easy to understand, and do not require much
computational power, they have certain limitations. These indices are vulnerable to the
method of PET computation, because PET or ET estimated by different methods are not
comparable. For example, the original Thornthwaite method underestimates PET for Brazil,
but it is the main method used, since it requires only average temperature as input. Soil water
holding capacity estimation is also complex at the national scale.

In China, relative soil moisture is defined by the Chinese Meteorological Administration
(CMA) as

Rw =2 %100%

c

where Rw is relative soil moisture,W is percent soil moisture, and fc is field capacity.

Relative soil moisture indices are very sensitive to crop type and crop management at
different crop phases.

Soil moisture anomaly estimation is highly relevant for vegetative health and agricultural
drought monitoring. However, limited observations of soil moisture mean that operationally
this method may not always be practical. In Australia, monitoring soil moisture and plant
available water holding capacity is important, but it is done on a regional/state scale rather
than on a national scale—except for use in assessing national crop yields.

In Europe, the current soil moisture map is modeled at the European level within the EFAS
system and can be compared to the long-term daily average of soil moisture at each location,
resulting in a normalized soil moisture product that allows for the evaluation of the current
situation as compared to a climatological average. Two long-term meteorological datasets
have been applied to simulate a pseudo-climatology of soil moisture for Europe:

e measured meteorological data from JRC-MARS that are received from the Global
Telecommunication System of WMO and made available through MARS-STAT
activity of IPSC-JRC. The original daily meteorological point data are spatially
interpolated for the period 19902006 (i.e., a period of 17 years).
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e Re-analysis data of the European Centre for Medium-Range Weather Forecasts (ERA-
40) for the period 1958-2001 (i.e., 44 years) that provide a consistent set of forecasted
meteorological parameters.

Indices Based on Remote Sensing

Satellite-based vegetation indices (VIs) have been widely used over the past 20+ years to map
and monitor agricultural conditions and drought (Tucker et al. 1991, Kogan 1990). VIs are
mathematical transformations of data from two or more spectral bands that are designed to be
indicators of the general state and health of vegetation while minimizing the influence of non-
vegetation-related factors such as atmospheric conditions (water vapor and aerosols), soil
background, and varying sensor view and solar illumination angles over time. Global
imagers such as NOAA’s Advanced Very High Resolution Radiometer (AVHRR) and the
more recent Moderate Resolution Imaging Spectroradiometer (MODIS) from the National
Aeronautics and Space Administration (NASA) and the Medium Resolution Imaging
Spectrometer (MERIS) from the European Space Agency (ESA) have provided a time series
of multi-spectral imagery appropriate for the derivation of several Vs in support of
agricultural drought monitoring at national, regional, and global scales. These instruments
collect spatially continuous spectral measurements of the earth’s land surface on a near-daily
basis in several spectral regions that can be used to generate various VIs that have been
developed.

A number of Vs are available, and the theoretical underpinnings of each index are based on
the fundamental understanding of how electromagnetic radiation in different spectral regions
interacts with vegetation (i.e., absorption or reflection) and the specific biophysical
characteristic(s) of plants that control the spectral response in each region. Most early Vs
utilized data from the visible red and near-infrared (NIR) spectral regions that are responsive
to changes in chlorophyll content and internal leaf structure, respectively. As VIs evolved
and new remote sensing instruments with additional spectral bands were launched, new VIs
were developed using shortwave (or middle) infrared (SWIR) and thermal data that are
sensitive to plant water content and evapotranspiration (ET), respectively. Although many
VIs have been developed, only a few are commonly used for operational agricultural drought
monitoring, and these will be briefly summarized below. These Vls have been adopted
because of the availability of the required spectral data from instruments such as AVHRR and
MODIS, which are easily accessible and available for most parts of the world, and their
demonstrated utility for monitoring vegetation conditions.

Normalized Difference Vegetation Index (NDVI)

The Normalized Difference Vegetation Index (NDVI) (Rouse et al. 1974) has been the most
widely used VI for agricultural drought monitoring over the past 20+ years. The NDVI is
calculated from the following equation:

NDVI = (NIR — Red) / (NIR + Red)

where Red and NIR correspond to the visible red and NIR bands, respectively. The NDVI
calculation capitalizes on the differential response of the visible red (decreasing reflectance
due to chlorophyll absorption) and NIR (increasing reflectance from the spongy mesophyli
layer) wavelength regions to healthy green vegetation. Theoretically, NDVI values can range
from -1.0 to +1.0, but globally most observed NDV1 values range from near 0.0 for bare
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surfaces to approximately 0.9 for densely vegetated locations. The value of NDVI for
vegetation monitoring has been well established, as it has been found to have a strong
relationship with biophysical vegetation parameters such as green biomass and leaf area index
(LAI) (Asrar et al. 1989, Baret and Guyot 1991), as well as precipitation and ET (Ji and
Peters 2003). Most satellite-based remote sensing instruments designed for terrestrial
applications include red and NIR bands, which makes the NDVI calculations easy to apply to
data from various instruments. In addition, the normalization in the NDV1 calculation
minimizes some inter-observation variations such as varying illumination and viewing angles
and atmospheric conditions producing equivalent index values over time, which is required
for time series analysis and operational monitoring.

One of the first studies to demonstrate the value of NDVI for agricultural drought monitoring
was Tucker et al. (1991), who applied time-series AVHRR NDVI observations to
characterize the early 1980s drought across the African Sahel region. Operationally, NDVI
has become one of the most commonly used indices for agricultural drought monitoring
throughout the world. Programs such as the Famine and Early Warning System (FEWS),
U.S. Department of Agriculture (USDA) Foreign Agricultural Service (FAS), and European
Drought Observatory (EDO), and individual countries such as Australia and the United States
use the NDVI as a staple for their respective drought monitoring activities. The majority of
these efforts generate NDVI anomaly products (e.g., percent or deviation from the historical
NDVI mean for a given time and location) instead of the observed NDV1 value to estimate
the severity of drought conditions. NDVI has increasingly been adopted because of the
index’s straightforward calculation and demonstrated relationship with physical vegetation
characteristics, and the widespread availability of global NDVI datasets from AVHRR,
MODIS, and MERIS. In addition, it has served as the basis for other Vs that have been
developed, such as the Enhanced Vegetation Index (EVI; Huete et al. 1994), Vegetation
Condition Index (VCI; Kogan 1995a), and Vegetation Drought Response Index (VegDRl,
Brown et al. 2008). In general, the NDVI1 is universally applicable throughout most of the
world, but the index does have limited utility in some environments, specifically locations
with dense vegetation cover (e.g., tropical forests) where the NDVI signal has been shown to
saturate and become invariant to vegetation changes at high index values (Gao et al. 2000).

Enhanced Vegetation Index (EVI)

The Enhanced Vegetation Index (Huete et al. 1994), which builds upon the NDVI concept, is
designed to enhance the green vegetation signal over densely vegetated areas and overcome
the saturation effect of the NDVI (Huete et al. 2002). In addition, EVI minimizes
atmospheric and soil background effects on the multi-temporal VI observations to produce a
time series of EVI values that are less influenced by non-vegetation-related variations, which
have been shown to influence multi-temporal NDV1 observations by producing
unrepresentative VI values in some instances (Huete et al. 1997). The EVI1 is calculated from
the following equation:

EVI = G(NIR — Red) / (NIR + C; X Red — C, X Blue + L)
where Blue, NIR, and Red correspond to data in the visible blue and red and near infrared
bands, L is the canopy background adjustment, C; and C, are coefficients of aerosol

resistance terms (C, = 6 and C, = 7.5) using the visible blue band to correct for aerosol
influence in the other two spectral bands, and G is a gain factor (G = 2.5)(Huete et al. 1994).
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Currently, operational EVI data is being generated globally from MODIS observations
(https://Ipdaac.usgs.gov/lpdaac/products/modis_products_table/vegetation_indices/16_day I3
_global_500m/mod13al) and is available at three spatial resolutions (250-, 500-, and 1000-
m). To date, a limited number of research projects have tested EV1 for agricultural drought
monitoring over areas such as the Amazon (Saleska et al. 2007), but the index has yet to be
routinely applied for operational activities.

Vegetation Drought Response Index (VegDRI)

The Vegetation Drought Response Index (VegDRI) is a “hybrid” index that integrates
traditional, satellite-based NDVI data with climate-based drought indices and other general
environmental information to classify “drought-related” vegetation stress (Brown et al. 2008).
VegDRI capitalizes on the spatially detailed vegetation condition information that satellite-
based NDVI imagery can provide across the landscape and incorporates coarser spatial
resolution SPI and self-calibrated PDSI data as measures of climatic dryness. Several other
environmental variables (i.e., ecoregion, elevation, land use/land cover type, and soils) that
can influence climate-vegetation interactions are also incorporated into VegDRI. Although
NDVI has proven effective for monitoring vegetation conditions, many environmental factors
(e.g., fire, flooding, hail, pests, plant disease, and land cover change) can produce a VI
anomaly signal that mimics drought, making it difficult to distinguish drought and non-
drought impacted areas based solely on the analysis of NDVI data. In the VegDRI concept,
the climate-based drought indices and other ancillary environmental information are used to
isolate the NDVI anomalies that are associated with drought. An empirical-based, regression
tree modeling approach based on 20 years of AVHRR NDVI, SPI, and self-calibrated PDSI
data inputs is used to produce VegDRI. VegDRI generates 1-km resolution maps that depict
“drought-related” vegetation stress that is classified using a modified version of the PDSI
classification scheme.

VVegDRI has been operationally produced for the continental United States since 2008
(http://drought.unl.edu/vegdri/VegDRI_Main.htm). Initially, bi-weekly VegDRI maps were
generated using AVHRR NDVI data, but in 2010 the production of weekly VegDRI maps
began as MODIS NDVI became the remote sensing input. A 20+ year time series of bi-
weekly VegDRI maps from 1989 to present has also been created for historical VegDRI
anomaly analysis. Interest in expanding the VegDRI concept to other parts of the world has
been expressed by several countries (e.g., Argentina, Czech Republic, India, and other
European Union nations), with a pilot VegDRI project over southern Canada slated for 2011-
2012.

Temperature Condition Index (TCI)

The Temperature Condition Index was developed by Kogan (1995b) and utilizes brightness
temperature (BT) data from AVHRR’s two thermal bands. The TCI concept analyzes the
historical records of BT observations of a specific location and period during the calendar
year and compares the BT value for a specific date to the historical minimum and maximum
BT values to determine vegetation drought conditions. The assumption is that the historical
maximum BT value (resulting from significantly reduced ET) represents a minimum amount
of vegetation development due to unfavorable weather (i.e., drought), whereas the historical
maximum BT values (resulting in lower temperatures because of higher ET rates of
unstressed vegetation) correspond to the most favorable weather conditions and maximum
amount of vegetation growth. The drought severity for a given date is determined by the
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relative position of the BT value to the historically defined minimum and maximum BT
boundaries. The TCI calculation takes the form

TCI =100 (Tmax - T) / (Tmax - Tmin)

where T is the observed BT value for specific period and T, and Trax are the historical
minimum and maximum BT values in the AVHRR record.

Global, AVHRR-based TCI gridded data are operationally generated at 4- and 16-km spatial
resolutions as part of a suite of vegetation health data products produced by NOAA’s Center
for Satellite Applications and Research (http://www.star.nesdis.noaa.gov/smcd/emb/vci/VH/
vh_ftp.php). The TCI has been widely applied for drought assessments throughout the world
(Kogan 1995b, Kogan 1997, Unganai and Kogan 1998). The TCI has also been integrated
into the Vegetation Health Index (VHI) (Kogan 1995a) that combines the TCI with the
Vegetation Condition Index (VCI; Kogan 1995a), which is an NDVI-based index calculated
in a similar fashion to the TCI using historical minimum and maximum NDVI boundary
limits. The VHI equation is

VHI = a*VCl + (1 - 0)*TCl

where o and (1 - o)) define the relative contributions of each index. Temperature-based
indices such as TCl and VVHI are based on the hypothesis that high land surface temperatures
indicate soil moisture deficits and vegetation stress that can result from drought. Although
this assumption holds true for most parts of the world that are “moisture-limited”
environments, higher surface temperatures can actually be beneficial to vegetation growth in
energy-limited environments (i.e., higher elevations and latitudes), and caution should be
used when applying these types of indices in these locations (Karnieli et al. 2010).

Normalized Difference Water Index (NDWI)

The Normalized Difference Water Index (NDWI; Gao 1996) capitalizes on the differential
response of the NIR (i.e., high reflectance by inter-cellular spaces of leaves) and the SWIR
(i.e., high absorption by plant water content) spectral regions to healthy green vegetation.
The NDWI calculation takes a similar form to NDVI, using the following equation:

NDWI = (NIR — SWIR) / (NIR + SWIR)

where NIR and SWIR represent the recorded energy in these two spectral regions. As
drought stress increases in vegetation, the reflected NIR radiation decreases because of
wilting and absorption of SWIR radiation decreases due to desiccation, which results in less
of a difference in the reflected energy in these two spectral regions and lower index values.
The NDWI value range is from -1.0 to +1.0, with high values representing healthy vegetation
conditions and lower values representing unhealthy or stressed vegetation.

NDW!I has received increasing interest as an agricultural drought monitoring index given the
sensitivity of the SWIR input to plant water content. Gu et al. (2007) investigated the use of
NDW!I and NDVI for drought assessment over the U.S. Great Plains and found the NDWI
was slightly more sensitive than NDVI to the initial onset and at the peak severity of drought
conditions over grasslands. A primary limitation of the NDWI is the requirement for SWIR
band data in the index calculation. The SWIR band is included in the AVHRR instrument
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and global, near-daily global acquisition of SWIR data was not possible until the launch of
the MODIS and MERIS instruments in 2001 and 2002, respectively. As a result, only a short
10+ year history of NDWI data can be produced globally Recently, new indices that have
built upon the NDWI concept and use SWIR data inputs have been developed; they include
the Normalized Difference Drought Index (NDDI; Gu et al. 2007) and the Normalized Multi-
band Drought Index (NMDI; Wang and Qu 2007).

Composite Approach (Multiple Indicators/Indices)

In efforts to build as comprehensive and flexible a drought early warning system (DEWS) as
possible, it is important to monitor drought across the many sectors mentioned earlier. The
use of a single index will rarely work for all places at all times and for all types of droughts.
Most coordinated monitoring efforts at the national level are going to need to track all types
of droughts. In cases such as these, it is important to utilize and incorporate a consolidation
of indices and indicators into one comprehensive “composite index”. A composite index
approach allows for the most robust way of detecting and determining the magnitude
(duration + intensity) of droughts as they occur. Through a convergence of evidence
approach, one can best determine (for a particular state, country, or region for a particular
time of the year) which indices and indicators do the best job of depicting and tracking all
types of droughts. The users can then determine which indicators to use and how much
weight to give each indicator/index in a “blended approach” that incorporates a multiple
parameter and weighting scheme. Such approaches have been used in the U.S. Drought
Monitor (USDM) and North American Drought Monitor (NADM), as described below, and
as part of a series of Objective Blend products, which are produced for the USDM.

The U.S. Drought Monitor

Created in 1999, the weekly U.S. Drought Monitor (USDM) (Figure 1) was the first to use a
composite index/indicator approach (Svoboda et al. 2002). The product is not an index in
and of itself, but rather a combination of indicators and indices that are combined using a
simple D0-D4 scheme and a percentile ranking methodology (Table 7) to look at addressing
both short- and long-term drought across the United States. The key indicators/indices
revolve around monitoring precipitation, temperature, streamflow, soil moisture, snowpack,
and snow water equivalent. Various indices, such as the SPI and PDSI, are incorporated and
integrated with remotely sensed vegetation indices to come up with a “blended convergence
of evidence” approach in dealing with drought severity. The ranking percentile approach
allows the user to compare and contrast indicators originally having different periods of
record and units into one comprehensive indicator that addresses the customized needs of any
given user. The approach also allows for flexibility and adaptation to the latest indices,
indicators, and data that become available over time. It is a blending of objective science and
art through the integration of impacts and reports from local experts at the field level. The
impacts covered and labeled on the map are (A) for agricultural and (H) for hydrological
drought. Some 275 local experts from across the country are allowed to view the draft maps
and provide their input, data, and impacts to either support or refute the initial depiction. An
iterative process works through all the indicators, indices, data, and field input until a
compromise is found for the week. The process then repeats itself the next week and so on.
In addition, a set of Objective Blends are used to help guide the process. This method
combines a different set of indicators to produce separate short- and long-term blend maps
that take various indices with variable weightings (depending on region and type of drought)
to produce a composite set of maps, which are updated weekly. More details and information
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on the USDM, its classification scheme, and the Objective Blends can be found at
http://drought.unl.edu/dm.

Table 7. The U.S. Drought Monitor classification and ranking percentile scheme.

Category Description Ranking Percentile
DO Abnormally dry 30

D1 Moderate 20

D2 Severe 10

D3 Extreme 5

D4 Exceptional 2

Source: National Drought Mitigation Center, USDA, NOAA.
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Figure 1. The February 8, 2011, US Drought Monitor.

The North American Drought Monitor (NADM)

Three years after the USDM was launched, the North American Drought Monitor (Lawrimore
et al. 2002) (Figure 2) debuted in 2002 as an “experimental” monthly product that is forged
out of a partnership between several entities in Canada, Mexico, and the United States. Since
that time, the experimental label has been shed. As with the U.S. Drought Monitor, the
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NADM blends science and art. There is no one “correct” way to measure drought. Drought
indices are used to detect and measure droughts, but different indices measure drought in
different ways, and no single index works under all circumstances (Heim 2002). The ranking
percentile principal is the same, but the inputs vary slightly depending on which parameters
are readily available to the respective agencies involved in each country. As the process
stands now, each country follows the same basic methodology, utilizing their own indicators
to depict drought conditions within their borders. The monthly author (which rotates between
the three countries) is then responsible for working out the merging of the GIS shape files and
reconciling any disputes along the borders. Impact and data information are exchanged in
working out any differences in an iterative fashion until all issues are resolved. More
information and details on the NADM can be found at http://www.ncdc.noaa.gov/temp-and-
precip/drought/nadm/index.html.

North American Drought Monitor

December 31 , 2010 http://www.ncdc.noaa.gov/nadm.html

Analysts:

. 2 Canada - Trevor Hadwen
Released: Wednesday, January 12, 2011 %) \%}% Bl Dwayne Chobanik'

"@‘Dﬁ,’g Richard Rieger

Mexico - Reynaldo Pascual
Fernando Romero
Adelina Albani

U.S.A.- David Miskus
Brad Rippey
Richard Heim

(* Responsible for collecting analysts'

/ntensitg.’ input & assembling the NA-DM map)

DO Abnormally Dry
D1 Drought - Moderate
D2 Drought - Severe
- D3 Drought - Extreme
- D4 Drought - Exceptional

Drought Impact Types:
r~/ Delineates dominant impacts
A = Agriculture

H = Hydrological (Water) The Drought Monitor

focuses on broad-scale
conditions. Local
conditions may vary.
See accompanying text

o

A e AH for a general summary.
USDA gp ?Q o
== L CONAGUA

= [ [ S

Regions in northern Canada may
not be as accurate as other regions
due to limited information.

P 4 riculture and ricutture et
& .f' NOAR '\ I*I Qgri-Food Canada :gmalimemslre Canada

q
o 11 o o

Figure 2. The December 2010 North American Drought Monitor.
Recommendations on Agricultural Drought Indices

1) Given the enhanced availability and access to data, tools, and guidance materials, the
meeting recommends that countries around the world move beyond the use of just
rainfall data in the computation of indices for the description of agricultural droughts
and their impacts.

2) This issue becomes very relevant, especially in the context of climate change, water
scarcity, and food security, and hence it is important to use more comprehensive data
on rainfall, temperature, and soils in computing drought indices. Hence, greater
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cooperation is required between different ministries and agencies responsible for
addressing drought issues at the sub-national, national, and regional levels.

3) Recognizing that diverse data and information are required for the use of a composite
approach (such as the U.S. Drought Monitor), the meeting recommends that all
countries examine this option.

4) Given the urgency to address drought monitoring and early warning in a
comprehensive manner, there is a need to increase the efficiency in maintaining and
enhancing weather data collection networks.

5) There is a strong need for better soils information and establishment of soil moisture
monitoring networks where they do not currently exist.

6) Closer cooperation in data sharing and applications between meteorological,
agricultural, hydrological, and remote sensing agencies and institutions is required for
improved drought monitoring and impact assessment.

7) The systematic collection and archiving of drought impacts on agriculture is
imperative, and more efforts should be made in this area.

8) There is a universal interest in understanding and reducing drought risk and impacts
on agriculture. In this context, the effective communication of drought information to
policy makers, managers, the user community, and the media is essential.

9) Deliverables such as maps, reports, and press advisories need to be produced at
regular intervals and disseminated in a timely manner.

10) Realizing the need for easy exchange of data coming from different sources and
institutions, enhanced access to a wide range of weather and soils data for drought
monitoring is recommended.

11) Taking into account the increasing importance of applications of GIS, there is a need
to explore existing capabilities of such systems and enhance the interoperability
between different data platforms, particularly at the regional level.

12) In order to encourage the use of common agricultural drought indices around the
world, there is an urgent need to develop common frameworks for drought
monitoring/early warning systems.

13) In order to achieve this goal, an inventory of operational capabilities in the areas of
data networks, deliverables, and indices used/calculated and disseminated, along with
an assessment of user needs, should be prepared.

14) To this end, the meeting recommends that the WMO conduct a survey to compile and
assess the capacities and future needs of National Meteorological and Hydrological
Services around the world in building such common frameworks for national
agricultural drought early warning systems.
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