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Abstract The effects of future temperature and hence evapotranspiration increases on drought
risk over North America, based on ten current (1970–1999) and ten corresponding future
(2040–2069) Regional Climate Model (RCM) simulations from the North American Regional
Climate Change Assessment Program, are presented in this study. The ten pairs of simulations
considered in this study are based on six RCMs and four driving Atmosphere Ocean Coupled
Global Climate Models. The effects of temperature and evapotranspiration on drought risks are
assessed by comparing characteristics of drought events identified on the basis of Standardized
Precipitation Index (SPI) and Standardized Precipitation Evapotranspration Index (SPEI). The
former index uses only precipitation, while the latter uses the difference (DIF) between
precipitation and potential evapotranspiration (PET) as input variables. As short- and long-
term droughts impact various sectors differently, multi-scale (ranging from 1- to 12-month)
drought events are considered. The projected increase in mean temperature by more than 2 °C
in the future period compared to the current period for most parts of North America results in
large increases in PET and decreases in DIF for the future period, especially for low latitude
regions of North America. These changes result in large increases in future drought risks for
most parts of the USA and southern Canada. Though similar results are obtained with SPI, the
projected increases in the drought characteristics such as severity and duration and the spatial
extent of regions susceptible to drought risks in the future are considerably larger in the case of
SPEI-based analysis. Both approaches suggest that long-term and extreme drought events are
affected more by the future increases in temperature and PET than short-term and moderate
drought events, particularly over the high drought risk regions of North America.

1 Introduction

Drought impacts many sectors of society such as agriculture, forestry, and human health
(Vicente-Serrano et al. 2010; Wilhite 2010; Dai 2011; Santos et al. 2011; Zarch et al 2011) and
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it also creates major environmental hazards such as lake and wetland loss, soil degradation,
and ecological habitat demolition (e.g. Wilhite 2010; Mishra and Singh 2010). Drought related
damages are estimated to be of the order of $6–8 billion per year on average in the USA
(FEMA 1995). In general, the main cause of drought is below-normal precipitation and/or
above-normal temperature and evapotranspiration.

According to the fourth and fifth assessment reports of the Intergovernmental Panel on
Climate Change (IPCC), mean annual precipitation is projected to increase over Canada and
the northeast USA, while decreases are projected for the southwest USA during this century
(Christensen et al. 2007; Collins et al. 2013; IPCC 2013). Seasonally, precipitation is projected
to increase in winter and spring over most parts of North America, while decreases are
projected in summer for central and southern North America. Temperature is projected to
have larger increases in most areas of North America than the global mean increases during
this century. Regionally, the largest increases in temperature are projected in winter for the high
latitudes and in summer over southwest regions of North America. Projected increases in
global temperature and associated increases in evapotranspiration and decreases in climatic
water balance (i.e., difference between precipitation and evapotranspiration) are expected to
have a major impact on future droughts (Meehl et al. 2007; Sheffield and Wood 2008; Vicente-
Serrano et al. 2010). Based on 17 Atmosphere-Ocean Global Climate Model (AOGCM)
simulations, IPCC (2012) suggests increases in the duration and intensity of droughts in
central North America. Collins et al. (2013) also suggest widespread drying and droughts
across most of southwestern North America by the mid to late 21st century.

The AOGCMs are the main tools used to study projected changes to climate variables
including surface precipitation and temperature for different greenhouse gas emission scenar-
ios. The resolution of AOGCMs is often not sufficient for regional impact and adaptation
studies and therefore Regional Climate Models (RCMs), because of their increased resolution,
are often preferred. The North American Regional Climate Change Assessment Program
(NARCCAP) is a multi-RCM experiment over North America aimed at producing high-
resolution climate information for regional impacts research and to provide the ensembles
required to estimate various uncertainties. The six RCMs that participated in the NARCCAP
were driven by a set of AOGCMs at a spatial resolution of 50 km over a North American
domain covering the USA and Canada (Mearns et al. 2012). These RCMs were selected to
provide a variety of model physics and/or to include those models that have performed
multiyear climate change experiments (Mearns et al. 2012). Though several AOGCM-based
studies (e.g. Sheffield and Wood 2008; Strzepek et al. 2010; Dai 2011) of future drought
conditions are available over North America, detailed regional scale drought projections based
on multi-RCMs are not yet available.

Different definitions of droughts are possible based on meteorological, agricultural, hydro-
logical and economical viewpoints (Dai 2011). Classification of droughts based on their
duration into short- and long-term events is useful, since their impacts on various sectors vary
considerably. For example, short-term droughts can affect surface layer soil water content,
reservoir storage and agricultural productivity, while long-term droughts affect groundwater
storage, agricultural species and wildlife habitat (e.g. Vicente-Serrano et al. 2010). In this
study, two meteorological drought indices, the Standardized Precipitation Index (SPI) (McKee
et al. 1993) and the Standardized Precipitation Evapotranspration Index (SPEI) (Vicente-
Serrano et al. 2010), based respectively on precipitation and the difference between precipi-
tation and potential evapotranspiration (PET) (hereafter DIF), are used. Both the SPI and SPEI
can be applied to detect droughts of different timescales. Many previous studies (e.g. Strzepek
et al. 2010; Vicente-Serrano et al. 2010; Wilhite 2010; Dai 2011) have reported significant
impacts of temperature and evapotranspiration on drought conditions. The main goal of this
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study is to identify the role of temperature and hence evapotranspiration on drought severity in
future climate over North America by comparing SPI- and SPEI-based analyses and projec-
tions of high-resolution RCMs, which have not been attempted earlier. As the SPEI method
considers the role of temperature also, it could explain the variability in reservoir storage,
ground water level, crop species, and vegetation mortality better than the SPI.

2 Data and methods

We calculate SPI and SPEI for four different timescales (i.e., 1-, 3-, 6- and 12-month), for the
current (1970–1999) and future (2040–2069) climates, based on precipitation and temperature
series simulated by ten RCM-AOGCM combinations from six RCMs and four AOGCMs (see
Table 1). The future RCM simulations correspond to the A2 scenario from the Special Report
on Emissions Scenarios (SRES) (Nakicenovic et al. 2000). Overall, this scenario is at the
higher end of the SRES emissions scenarios.

One-month SPI (i.e., SPI1) uses monthly total precipitation series, while 3-, 6- and 12-
month SPIs (i.e., SPI3, SPI6 and SPI12) use respectively 3-, 6- and 12-month cumulative
precipitation series constructed from monthly total precipitation amounts. Calculation proce-
dures of current and future period SPEI for different timescales (i.e., SPEI1, SPEI3, SPEI6 and
SPEI12) are the same as those of SPI except for the input variable. The SPEI values are
calculated using the DIF series instead of just precipitation series. The DIF represents the

Table 1 The RCM-AOGCM pairs from the NARCCAP considered in the study and details of the RCMs and
AOGCMs

RCM\AOGCM CCSM3 CGCM3 GFDL HadCM3

CRCM X X

ECP2 X

HRM3 X X

MM5I X

RCM3 X X

WRFG X X

Details of the RCMs/AOGCMs

CRCM Canadian RCM (Caya and Laprise 1999)

ECP2 Updated Experimental Climate Prediction Center’s version of the Regional Spectral Model
(Juang et al. 1997)

HRM3 Third-generation Hadley Center RCM (Jones et al. 2003)

MM5I Fifth-generation Pennsylvania State University-National Center for Atmospheric Research
Mesoscale Model run by the Iowa State University modeling group (Grell et al. 1993)

RCM3 Abdus Salam International Center for Theoretical Physics RCM version 3 (Pal et al. 2007)

WRFG Weather Research Forecasting model with the Grell scheme (Grell and Devenyi 2002)

CCSM3 Community Climate System Model, version 3 of the National Center for Atmospheric
Research (NCAR) (Collins et al. 2006)

CGCM3 Coupled General Circulation Model version 3 of the Canadian Center for Climate Modelling
and Analysis (CCCma) (Flato 2005)

GFDL Geophysical Fluid Dynamics Laboratory climate model version 2.1 (GFDMGAMDT 2004)

HadCM3 Hadley Centre Coupled Model version 3 (Gordon et al. 2000; Pope et al. 2000)
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difference between precipitation P and potential evapotranspiration PET. For a given month i,
DIF is calculated by:

DIFi ¼ Pi−PETi ð1Þ
Monthly PET series are estimated by the Hamon method (Hamon 1961), which is one of

the simplest methods among many temperature-based PET estimation methods. This method
uses relationships between PET and maximum possible incoming radiant energy and the
moisture-holding capacity of the air at the air temperature. The Hamon method has been
recommended for regional applications in the southeastern (Lu et al. 2005) and the north-
central USA (Winter et al. 1995).

To calculate SPI and SPEI series for the current climate, the first step is to determine a
probability distribution function which describes various precipitation and DIF series. The
gamma distribution for SPI (McKee et al. 1993) and the log-logistic distribution for SPEI
(Vicente-Serrano et al. 2010) were originally adapted to model respectively precipitation and
DIF series at different timescales. These distributions were not found flexible enough for
modelling precipitation and DIF series for the entire study area when assessed on the basis of
Kolmogorov–Smirnov goodness-of-fit test (Massey 1951). Therefore, the non-parametric
kernel distribution function approach is employed to describe precipitation and DIF series
corresponding to four different timescales at more than 10,000 regional grid points of each

RCM-AOGCM combination. The kernel distribution function estimator bFh is defined by:

bFh yð Þ ¼ 1

Nh

X

i¼1

N

K
y − yi
h

� �

ð2Þ

where y ( y1, y2, …, yN) is an identically and independently distributed random variable with
record length N, K() is a kernel function and h is the bandwidth. The Gaussian kernel function
and an optimal value of h, given by:

h≈1:06 bσ N −1=5; ð3Þ
are adopted (Parzen 1962; Bowman and Azzalini 1997). In the above relationship, bσ
represents the standard deviation of the variable y. After estimating the kernel distribution
function of the precipitation and DIF series corresponding to four different timescales at each
grid point, the cumulative probabilities of the precipitation and DIF amounts are calculated.
The SPI (SPEI) series are produced by mapping the cumulative probabilities of precipitation
(DIF) series onto the standard normal (i.e. Gaussian) distribution function at each regional grid
point of each RCM-AOGCM combination. For calculating SPI and SPEI series for the future
climate, the cumulative probabilities of the future precipitation series are calculated from the
estimated kernel distribution function of the current climate at the same grid point of the
same RCM-AOGCM combination. Although not considered in this analysis, a bias
correction approach can also be used for the current and future precipitation and
temperature series of each RCM-AOGCM combination. This approach could generate
statistically consistent baselines and bias corrected projections of future SPI and SPEI
series of each RCM-AOGCM combination. However, the influence of biases of each
RCM-AOGCM might be modest on the SPI and SPEI series as they represent standard-
ized values obtained based on the distributions of precipitation and DIF series at each
grid point.

Theoretically, the means of the SPI and SPEI series are zero in current climate. A drought
condition is realized when the value of the SPI or SPEI is negative. In this study, the duration
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of a drought event (D) is taken as the continuous period with negative SPI or SPEI value. The
drought severity (S) over the duration D is defined as (Santos et al. 2011; Mishra and Singh
2010):

S ¼ −
X

i

D

SPIi or S ¼ −
X

i

D

SPEIi ð4Þ

In other words, drought severity represents accumulated values of SPI or SPEI and reflects
a cumulative moisture deficiency over the drought duration.

3 Results

Figure 1 shows ensemble averaged annual mean precipitation, temperature, PET and DIF for
the current climate. The 10 RCM-AOGCM combinations reproduce reasonably well the
spatial patterns of precipitation and temperature over North America. The spatial pattern of
PET is similar to that of temperature. Projected changes to the annual, summer and winter
values of the above four climatic variables are also shown in the same figure. The ensemble
average suggests decreases in future precipitation in summer for most parts of central and
southern North America and in winter for few parts of southwest North America, while
increases in precipitation are noted in summer over Canada and in winter for most parts of
North America. Consequently, the ensemble average suggests decreases in future annual
precipitation for southwest North America, but increases for other parts of North America.
The projections suggest larger increases in temperature in summer over the USA, while larger
increases in winter are noted over the Canadian high latitude regions. Consequently, the
ensemble projects larger increases in PET in summer in future climate for the lower latitude
than for the higher latitude regions of North America, which is also visible in the changes to
DIF values at the annual timescale. The projections suggest larger decreases in future values of
annual DIF for most parts of the USA and southern parts of Canada due to the large increases
in future PET. A general decrease in the future values of DIF in summer is observed for most
regions of North America.

Projected changes to the 30-year mean values of SPI and SPEI are presented in
Fig. 2, where negative values imply possibility of higher drought risk in future
climate. Zonally averaged values of the projected changes to the 30-year mean SPI
and SPEI values are also presented in this figure. Though the north eastern USA and
southern Canada show decrease in drought risks from the SPI-based analysis for both
short- and long-term timescales, the SPEI-based analysis suggests increase in drought
risks for these regions associated with future increases in temperature and PET.
Therefore, increases in future drought risk are expected for these regions on the basis
of SPEI-based analysis, due to increases in temperature and PET, despite the small
increase in future precipitation. Overall, SPEI-based projections suggest increase in
drought risks for regions below 50°N latitude (Fig. 2d). According to the SPEI-based
results, changes to long-term (12-month) droughts are larger than those for short-term
(1-, 3- and 6-month) droughts for regions below 50°N latitude.

Projected changes of the 10 RCM-AOGCM combinations to the 30-year mean values of
SPI6 and SPEI6 are presented in Fig. 3. The ten combinations, albeit some differences, broadly
agree on the changes for the future means of SPI6 and SPEI6. More than 8 RCM-AOGCMs
generally suggest negative changes for the southwest USA for mean SPI6, and also for most of
the USA and southern Canadian Prairies for mean SPEI6. Weaker model agreements are
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observed for the northwestern and southeastern USA for SPI6 and most of southern Canada
(except the southern Canadian Prairies) for SPEI6.

Ensemble averaged projected changes to the standard deviation (SD) of SPI and SPEI series
calculated at each grid point are presented in Fig. 4. Increases in SD of both SPI and SPEI
series are projected over most regions of North America. This result implies that the future SPI
and SPEI series are generally associated with larger temporal variability compared to the
current period. Basically, the increases in SD of future precipitation and DIF (results are not
shown) are the reasons for the increases in SD of the future SPI and SPEI series. The increase
in future temporal variability of the SPI and SPEI series can result in increased likelihood of
extreme droughts in future because the severity and frequency of extreme events are consid-
erably affected by the variability. Future SPI and SPEI values of longer timescales are
associated with larger increases in the SD than those of shorter timescales. Specifically at
lower latitude regions, long-term SPEI values are projected to have larger increases in the SD.

Zonally averaged values of the projected changes to the 30-year mean values of SPI and
SPEI for the 10 RCM-AOGCM simulations are presented in Fig. 5. Although the ten

Current climate Projected change

Annual Annual Summer (JJA) Winter (DJF)

(a) Precipitation

(b) Temperature

(c) PET

(d) DIF (Precipitation – PET)

Fig. 1 Ensemble averaged annual mean a precipitation, b temperature, c potential evapotranspiration and d DIF
for the current (1970–1999) climate (column 1). Projected changes to the mean annual (second column), summer
(third column) and winter (fourth column) precipitation, temperature, PET and DIF are also provided
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Fig. 2 Ensemble averaged projected changes to the 30-year mean values of a SPI and c SPEI series for the future
2040–2069 period with respect to the current 1970–1999 period. Zonally averaged values of projected changes to
mean b SPI and d SPEI series are also shown

(a) SPI6
CRCM-CCSM3 CRCM-CGCM3 ECP2-GFDL HRM3-GFDL HRM3-HadCM3

MM5I-CCSM3 RCM3-CGCM3 RCM3-GFDL WRFG-CCSM3 WRFG-CGCM3

(b)SPEI6
CRCM-CCSM3 CRCM-CGCM3 ECP2-GFDL HRM3-GFDL HRM3-HadCM3

MM5I-CCSM3 RCM3-CGCM3 RCM3-GFDL WRFG-CCSM3 WRFG-CGCM3

Fig. 3 Projected changes to the 30-year mean values of the a SPI6 and b SPEI6 series for the future 2040–2069
period with respect to the current 1970–1999 period
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projections differ in magnitude and sometimes in sign at certain latitudes, the overall pattern
appears similar. Among the ten model combinations, CRCM-CCSM3 projects the largest
decrease in the mean value of future SPEI series for the low latitude regions. The range of the

Projected changes to SD of SPI
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Fig. 4 Ensemble averaged projected changes to standard deviations (SDs) of a SPI and c SPEI series
corresponding to various timescales. Zonally averaged values of the project changes to SDs of b SPI and d
SPEI series are also presented

(a)

(b)

-1 0 1

20

25

30

35

40

45

50

55

60

65

70

75

L
a
ti
tu
d
e
(
d
e
g
r
e
e
N
)

SPI1
CRCM-CCSM3

CRCM-CGCM3

ECP2-GFDL

HRM3-GFDL

HRM3-HadCM3

MM5I-CCSM3

RCM3-CGCM3

RCM3-GFDL

WRFG-CCSM3

WRFG-CGCM3

-1 0 1

20

25

30

35

40

45

50

55

60

65

70

75

SPI3

-1 0 1

Projected change

20

25

30

35

40

45

50

55

60

65

70

75

SPI6

-3 -2 -1 0 1 2 3

20

25

30

35

40

45

50

55

60

65

70

75

SPI12

-1 0 1

20

25

30

35

40

45

50

55

60

65

70

75

L
a
ti
tu
d
e
(
d
e
g
r
e
e
N
)

SPEI1

-1 0 1

20

25

30

35

40

45

50

55

60

65

70

75

SPEI3

-1 0 1

Projected change

20

25

30

35

40

45

50

55

60

65

70

75

SPEI6

-5 -4 -3 -2 -1 0 1 2

20

25

30

35

40

45

50

55

60

65

70

75

SPEI12

Fig. 5 Zonally averaged projected changes to mean values of a SPI and b SPEI series corresponding to various
timescales for the 10 RCM-AOGCM combinations presented in Table 1
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projected changes among the ten model combinations is larger in the case of SPEI than SPI,
which also increases as the timescale of SPI and SPEI increases from 1- to 12-month.
Especially, the ten model combinations suggest large range of the projected change for the
case of long-term (12-month) SPEI at low latitudes.

Cumulative severity of all drought events and the 90th percentile severity (assumed as an
indicator of extreme drought) for the future and current climates are calculated at each grid
point for each of the 10 RCM-AOGCM combinations. The ensemble averaged projected
changes to the cumulative severity and the 90th percentile severity are presented in Fig. 6. To
estimate a reliable value of the 90th percentile, a sufficient number of drought events is
necessary. For the SPI12 case, grid points located in the northern part of North America
generally have fewer number of drought events compared to the grid points located in the other
regions due to large increases in the values of future SPI12 associated with higher precipitation

Projected changes to cumulative drought severity
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Fig. 6 Ensemble averaged projected changes to SPI- and SPEI-based [a and c] cumulative drought severity and
[e and g] the 90th percentile drought severity. The 90th percentile severity for the SPI12 and SPEI12 cases are not
provided for those grid points where the future number of drought events is less than 6 in any RCM-AOGCM
combination. Zonally averaged values of the cumulative drought severity and the 90th percentile drought severity
are also presented in (b), (d), (f) and (h), except for the 90th percentile drought severity for the SPI12 and SPEI12
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in future climate. On the contrary, for the future SPEI12, grid points located in the southwest-
ern part of North America have fewer number of drought events due to large decrease in the
values of future SPEI12 associated with small values of DIF (precipitation) in future climate.
Therefore, the 90th percentile values are not shown for those grid points with less than six
drought events in future in Fig. 6. Consequently, the zonally averaged values of the 90th
percentile drought severity for the SPI12 and SPEI12 are also not provided in Fig. 6. The
spatial patterns of projected changes to the two characteristics of drought events presented in
Fig. 6 are similar to those of the mean values of SPI and SPEI presented in Fig. 2, with
increases in cumulative drought severity for the low latitude regions in future climate.
Comparison of the SPI- and SPEI-based results indicates that the future increases of temper-
ature (and PET) significantly affect future cumulative drought severity over the entire North
American domain. Specifically, the southwestern USA is projected to experience large
increases in cumulative drought severity due to decreases in precipitation and increases in
temperature and PET, while the rest of the USA and southern Canada will have increased
cumulative drought severity mainly based on increases in temperature and PET. Roughly,
projections indicate that the regions below 42.5°N (54.5°N) latitude according to the SPI-
based (SPEI-based) analysis will have increased future drought severity. The high drought risk
areas according to the SPEI-based analysis broadly coincide with previous studies conducted
with soil moisture and the Palmer Drought Severity Index (PDSI) using outputs from
AOGCMs for the entire globe (Sheffield and Wood 2008; Dai 2011).

Droughts of longer timescale are affected much more than those associated with droughts of
shorter timescale due to increases in temperature and PET, especially in the low latitude
regions. In Fig. 6, increases in future cumulative and the 90th percentile severity based on
long-term SPEI values are much larger (more than 100 %) than those based on the short-term
SPEI values at the low latitude regions. Generally, RCM-AOGMs suggest increases in SD of
future monthly precipitation. This is also reflected in the cumulative precipitation values of
short- and long-term timescales. However, the temporal variability is relatively higher for
longer timescales. Due to this reason and due to increased potential evapotraspiration (as a
result of increased temperature) in future, the future DIF and SPEI series exhibit larger
temporal variability compared to that of current period. The relative increase in the temporal
variability is much larger for the case of long-term timescale than the short-term timescale.
This also causes large variations in the magnitude of drought duration and severity for longer
timescales compared to short timescales. It is also obvious from Fig. 6 that future extreme
droughts are affected more than moderate droughts.

Figure 7 presents zonally averaged values of the projected changes to the SPI- and SPEI-
based cumulative and the 90th percentile drought severities for the 10 RCM-AOGCM
combinations. The results of the cumulative and the 90th percentile severities are generally
similar to those of the mean values of SPI and SPEI series presented in Fig. 5. Among the 10
RCM-AOGCM model combinations, CRCM-CCSM3 and MM5I-CCSM3 project larger
decrease in the SPEI-based cumulative and the 90th percentile severities in future for the
low latitude regions.

The ensemble averaged projected changes to the cumulative drought duration and the 90th
percentile drought duration are presented in Fig. 8. These results of drought duration are
generally similar to those of cumulative severity presented in Fig. 6, though the percentage
increases in future drought duration are smaller than those of future drought severity at the low
latitude regions. Increases in future cumulative number of drought months and the 90th
percentile drought duration are much larger for the case of long-term SPEI than the short-
term SPEI for the low latitude regions. It is also observed that the future extreme drought
duration is affected more than moderate duration of drought events from the future increases in
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PET. SPI- and SPEI-based 90th percentile drought durations usually show larger increases than
those of the cumulative number of drought months in future in drought risk areas.

4 Discussion and conclusions

This study aimed at assessing the impact of future temperature and evapotranspiration increase
on drought risks over North America. To assess this effect, two drought indices, i.e. SPI and
SPEI based respectively on precipitation and DIF (difference between precipitation and
potential evapotranspiration), are considered. Compared to the previous studies on this subject,
an exclusive feature of the present study is that it provides information on impacts of future
temperature rises on both drought severity and duration at different timescales for the entire
North America using outputs of high-resolution RCMs.
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Fig. 7 Zonally averaged projected changes to SPI- and SPEI-based [a and b] cumulative drought severity and [c
and d] the 90th percentile drought severity for the 10 RCM-AOGCM combinations. Zonally averaged values of
the 90th percentile drought severity for the SPI12 and SPEI12 are not provided
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The results of the study suggest that future increases of temperature and PET significantly
affect future droughts over USA and southern Canada. According to the SPI-based analysis,
southwestern USA is projected to experience large increases in drought risks in future due to
decreases in precipitation. The drought risks are even higher for this region according to the
SPEI-based analysis which also considers the effects of rising temperature and evapotranspi-
ration explicitly. According to the SPEI-based analysis, regions that will experience increased
drought risks, i.e. increased drought severity and duration, are more widespread covering
almost the entire USA and southern Canada. Similar differences between projections of
drought risk areas over USA in future climate based on precipitation- and temperature-based
indices were also demonstrated by Strzepek et al. (2010), who compared the SPI12 and PDSI
indices calculated from 22 AOGCM simulations for three SRES emissions scenarios. It is
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Fig. 8 Ensemble averaged projected changes to SPI- and SPEI-based [a and c] cumulative drought duration and
[e and g] the 90th percentile drought duration. The 90th percentile drought duration for the SPI12 and SPEI12 are
not provided at those grid points where the future SPI12 and SPEI12 of any RCM-AOGCM combination
produce less than 6 drought events. Zonally averaged values of projected changes to the cumulative drought
duration and the 90th percentile drought duration are also presented in (b), (d), (f) and (h), except for the 90th
percentile drought duration for the SPI12 and SPEI12
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worth noting though that future drought risk areas over North America projected on the basis
of soil-moisture outputs of AOGCMs are less clear. For instance, Trnka et al. (2013) reported
that soil-moisture dryness of the USA Central Plains projected by AOGCM outputs were
uncertain and dependent on the selected AOGCMs, while Hoerling et al. (2012) suggest
decreases in soil-moisture over the USA Great Plains, and modest changes over other areas of
North America during the twenty-first century, using the CCSM version 4 (CCSM4).

Both SPI and SPEI methods suggest that long-term and extreme drought events will be
affected more than short-term and moderate drought events from the future increases in
temperature and PET, particularly over the high drought risk regions of North America.
While increases in the severity and duration of short-term droughts during the growing season
can reduce surface soil moisture that can impact agricultural productivity (Heim 2002),
increases in severity and duration of long-term droughts can severely impact water resources
and environmental sectors, as it reduces deep soil moisture, groundwater level, and reservoir
storage. Though more detailed studies of the potential impacts of droughts on agriculture,
water, and environmental sectors are necessary, this analysis highlights regions that may
require adaptation responses to drought impacts in these sectors.

The differences in drought risk projections, derived on the basis of the two indices used in
this study, highlight the need to consider proper indices and related climate parameters in the
investigation of future changes to drought characteristics. However, it is important to note that
the estimates of SPEI used in this study are based on a simplified PET estimation method that
does not consider the impacts of other variables such as humidity, wind speed, soil and
vegetation characteristics. Sheffield et al. (2012) showed that a simplified temperature-based
method of PET overestimates drought risks detected on the basis of PDSI over the past
60 years (1950 to 2009). Hoerling et al. (2012) also showed that the meteorological drought
index PDSI with a simplified temperature-based PET estimation method can overstate
projected changes of surface water imbalances in the twenty-first century. Therefore, future
research should investigate the uncertainty associated with temperature-based drought risks
assessed using simplified PET estimation methods.

Though the model uncertainty is considered by using 10 RCM-AOGCM combinations, the
assessment is limited to only North America and the SRES A2 emission scenario. A more
comprehensive evaluation of drought risk would involve RCMs driven by a much broader set
of AOGCMs than the four considered in this study.
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