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Abstract Meteorological drought indices associated with soil
moisture status have potential for varying applications including
predictive power for crop yields estimation. The Keetch-Byram
Drought Index (KBDI) was initially developed to estimate forest
flammability, based on quantification of the moisture deficiency
in upper soil layer as a function of daily precipitation and maxi-
mum air temperature. In this study, we characterized the utility of
KBDI to accurately trace and monitor vegetation change and
crop yield fluctuation in a semi-arid environment. It is tried to
find any temporal association for both the 16-day MODIS-de-
rived NDVI and KBDI from 2002 to 2012 and the correlation
between KBDI and wheat and barley yield from 1984 to 2010.
Correlation between KBDI and NDVIshowed a general seasonal
pattern with strongest correlation in mid-growing season, but this
varied across study locations. Warmer locations with very sparse
vegetation showed weaker association between KBDI and
NDVI. Although a robust correlation between KBDI and winter
cereal crop yield was not achieved based on winter (wet and cold
season) data, spring cereal crop yield was correlated with KBDI.

1 Introduction

Arid and semi-arid regions of the world, which comprise ap-
proximately 40% of terrestrial earth, are mostly located in
developing countries (Bannayan et al. 2010). It is predicted
that semi-arid Mediterranean regions will face severe water
deficit due to environmental instability during the twenty-
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first century (Houghton et al. 2001; Beranova and Kysely
2015). The agricultural sector is especially vulnerable to cli-
mate variability in arid lands (Farhangfar et al. 2015). Because
of its dependence on precipitation and soil moisture reserves
in areas with limited irrigation infrastructure, agriculture is
often impacted early by the onset of drought (Narasimhan
and Srinivasan 2005; Katiraie-Boroujerdy et al. 2016).

The country of Iran with area of 1,648,000 km? covers both
arid and semiarid regions with annual precipitation of about
250 mm. The coefficient of variation of annual rainfall in Iran
is as high as 70%, presenting challenges to the agricultural
sector and consumers. Under such conditions, crop production
varies widely and drought has severe impacts (Bannayan and
Sanjani 2011; Nazemosadat 2000). The 1998-2000 drought
resulted in death of 800,000 livestock and $3.5 billion in total
loss (Nazemosadat 2000). Most precipitation in Iran occurs in
winter—early spring, but the major parts of growing period of
winter cereals occur in spring and early summer. Due to the
water shortage in this area, irrigated crops are also somewhat
dependent on precipitation. In fact, cultivated crops are grown
under supplementary irrigation. Therefore, most crops experi-
ence progressively water deficits during the growing season
and disproportionately impacting the reproductive phase of
crop development (Bannayan et al. 2011). Early spring pre-
cipitation determines soil moisture capacity to support crops
in later stages, so any study on drought indices which focus on
soil moisture may enhance our understanding of drought ef-
fects and possibly better drought management.

After precipitation, temperature (specifically maximum air
temperature) during anthesis and grain-filling period (Zodaks
code 60-87) is the next most important determinant of yield.
Using a terrestrial biosphere simulation model, Ciais et al.
(2005) estimated that primary production in Europe will be
reduced by 30% as a result of precipitation deficit and summer
extreme hot wave. Similar results have been reported by other
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studies (Klink et al. 2014; Peltonen-Sainio et al. 2011; Trnka
etal. 2004). So, a drought index which considers precipitation
and maximum air temperature during the growing season
seems an appropriate tool to predict yields.

The Keetch-Byram drought index (KBDI) was developed to
estimate flammability in forest and wild land areas of the USA
(Keetch and Byram 1968). Because ituses daily precipitation and
daily maximum temperature, KBDI has the potential to describe
cumulative moisture deficiency in upper soil layers (Keetch and
Byram 1968). KBDI has primarily been used for planning fire
management operations (Dolling et al. 2005), and it is still con-
sidered a robust indicator of wildfire probability (Arpaci et al.
2013). Other studies have applied KBDI for agricultural drought
approximation (Brolley et al. 2007; Liu et al. 2010; Petros et al.
2011; Garcia-Prats et al. 2015; Taufik et al. 2015).
Dimitrakopoulos and Bemmerzouk (2003) and Xanthopoulos
et al. (2006) applied linear regression equations between plant
water potential and KBDI, and concluded that KBDI is not only
an index representing cumulative soil moisture deficiency, but
also can reflect plant water deficit. Since KBDI includes maxi-
mum air temperature and precipitation changes, it follows grow-
ing season patterns in KBDI should have explanatory power over
crop yield variations.

Normalized Difference Vegetation Index (NDVI) (Rouse
et al. 1974) is a remotely sensed vegetation index calculated
based on visible (red) and near-infrared (NIR) radiation. Due
to their internal mesophyll structure, healthy green leaves
strongly reflects NIR radiation, and leaf chlorophyll absorbs
a large proportion of the red radiation (Gausman 1974; Sellers
et al. 1992; Tucker 1979; Tucker and Sellers 1986), so NDVI
indicates how much photosynthetically active radiation is
absorbed by vegetation. NDVT has been widely used to assess
vegetation condition (e.g., Brown et al. 2008; Chen et al.
2011; Huetal. 2011; Wang et al. 2003) and for drought spatial
monitoring (Kogan 1990, 1995; Zhang et al. 2013).
Precipitation and temperature both directly impact soil water
balance, which in turn influences plant growth and associated
NDVI changes. Quiring and Ganesh (2010) indicated that
prolonged moisture stress indices, including PDSI (Palmer
Drought Severity Index), 6-month SPI, and 9-month SPI
(Standardized Precipitation Index) are correlated with relative
NDVI change. However, a time lag between NDVI and
rainfall deficit has been observed. Zhang et al. (2013) found
a 16-24-day time lag of farmland ND VI sensitivity to precip-
itation. Darmawan et al. (2014) examined the relationships
between precipitation, KBDI and Enhanced Vegetation
Index (EVI). They showed precipitation fell from January to
May and from October to December and conversely KBDI
increased from June and peaked in September. This seasonal
analysis also showed precipitation and KBDI affected EVI,
with EVI peaking before KBDI.

The purpose of the present paper is to consider the feasi-
bility of using KBDI to trace crop yield in a semi-arid

@ Springer

Mediterranean climate. We developed a user friendly tool for
calculating KBDI, relating KBDI output to climate character-
istics, and to investigate performance of KBDI in predicting
crop yield and NDVI. Finally, we tested the application at six
different locations to verify the universality of the predictive
power of KBDI on final yield of wheat and barley.

2 Material and method
2.1 The Keetch-Byram drought index (KBDI)

The KBDI, originally developed for assessment of fire risk in
the southeastern forests of the USA (Keetch and Byram 1968),
conceptually describes soil moisture (Dolling et al. 2005)
based on daily precipitation, daily maximum temperature,
and mean annual precipitation. The output value of 0 to 800
is categorized into four classes where 0 represents soil
saturation and 800 indicates severe drought. More detailed
explanation for the calculations of this index can be found in
Keetch and Byram (1968) and Janis et al. (2002). In this study,
to modify KBDI for our region (semiarid), we changed initial
amount of precipitation, which is needed for KBDI to run,
based on different soil types (See appendix 1).

2.2 Study area

Northeastern Iran is comprised of three provinces: North
Khorasan, Razavi Khorasan, and South Khorasan lying be-
tween approximately 30° N and 38° N latitude and 56°F and
61°E longitude. This area covers 238,771 km? and is one of
the major agricultural regions in the country. The area is cat-
egorized as generally having arid (BW) and semi-arid (BS)
climates in the Koppen climate classification system. Mean
annual temperature varies from 12.7 “C in Quchan to 18 "C in
Sarakhs; annual precipitation varies from 137 mm in Gonabad
to 308 mm in Quchan (Table 1). Temporal pattern of precip-
itation in Khorasan area shows that major amount of precipi-
tation occurs in winter and spring season which states that
cold months are wet months and vice versa (Eyshi Rezaei
et al. 2013). In this study, six major agricultural regions with
different precipitation and annual temperature characteristics
were selected (Fig. 1 and Table 1). The long-term average
annual changes of precipitation and temperature of the loca-
tions are presented in Fig. 2.

2.3 Data set
2.3.1 Meteorological and crop data
The weather data of each location used in this study, daily max-

imum temperature (°C), and daily precipitation (mm), were ob-
tained from Razavi Khorasan Meteorological Station for 1951—
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Table 1 Long-term (1951-2012)

average annual climate variables Location Tmin Timax Precipitation Latitude Longitude

(minimum temperature, ©) (mm)

maximum temperature, and

precipitation) and geographical Quchan 6.1 19.4 308 37°6'22" N 58°30'34"E

position of the weather station of Kashmar 12 23.7 197 35°14' 18" N 58°27'56"E

the study location Mashhad 73 212 251 36° 180" N 59°36' 0" E
Neyshabur 6.8 22 238 36°12'48" N 58°47 45" E
Sabzevar 10.7 24.3 186 36°12'45" N 57° 40" 55" E
Torbat-e Heydarieh 7.4 21.2 267 35°16'26" N 59° 13" 10" E

2012. We selected irrigated winter wheat and barley as our crops
of interest because they are major crops in the local agricultural
economy. Irrigated winter crops are usually planted from in late
October and harvested around early July depending on the tem-
perature. Farmers irrigate fields once in fall to emergence the
seeds. During the winter and early spring, crops are irrigated

only by precipitation. Crops are irrigated in mid spring based
on drought condition. Generally, farmers irrigate from two times
in wet and cold years to five times in dry and warm years.
Historical yield data for wheat and barley of each location from
1984 to 2012 were obtained from the Khorasan Agricultural
Research Station.

30°N 33°N 36°N 39°N

27°N

24°N
=

Fig. 1 Geographical characteristics of the study area
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Fig. 2 Spatial distribution of long-term average annual precipitation and temperature values in the study area

2.3.2 NDVI

Global MODIS (Moderate Resolution Imaging
Spectroradiometer) vegetation indices are designed to provide
consistent spatial and temporal comparisons of vegetation condi-
tions. The MODIS NDVIproducts are computed from atmospher-
ically corrected bi-directional surface reflectance. Vegetation in-
dex product MOD13Q1 (h22, v05) are provided every 16 days at
250-m spatial resolution as a gridded level-3 product in the
Sinusoidal projection. NDVI data from 2002 to 2012 were
downloaded from the U.S. Geological Survey’s website (https://
Ipdaac.usgs.gov/). Natural vegetation of each location was
masked from each tile. Pixels with NDVI < 0.1 were defined as
bare soil and thus excluded from the analysis (Piao et al. 20006).

2.4 Correlation

To analyze performance of the drought index in this study,
KBDI was defined as descriptor to show NDVI and crop yield
changes. Sixteen-day average KBDI was calculated to match
the 16-day NDVI product used for analysis. Average monthly
KBDI values were calculated in order to examine correlations
with crop yield. The statistical significance of Pearson’s cor-
relations was set for p values <0.05.

3 Results and discussion
3.1 KBDI and NDVI correlation with climate variables

As expected based on its formula, KBDI increases with reduc-
tions in precipitation and increases in maximum air
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temperature (Table 2). Although the KBDI was originally de-
veloped for humid regions, a modified KBDI allows values to
follow precipitation and maximum temperature changes of
semi-arid areas as closely. As expected based on its equation,
KBDI is more tightly linearly correlated to precipitation than
temperature. In Quchan, which is cooler and more humid than
the other areas we examined, KBDI did not show as tight a
relationship to temperature and precipitation. This may be due
to this region’s temporal distribution of precipitation, as KBDI
does not change when precipitation exceeds field capacity.
To further analyze the effect of precipitation distribution on
the KBDI curve, we plotted precipitation and KBDI of Torbat-
e Heydarieh over 6 years (Fig. 3). The years plotted Fig. 3
were chosen because they had similar total precipitation (325
+ 15 mm), but different patterns of temporal distribution. Most
precipitation occurred from January to March in 1982; in con-
trast, most precipitation fell between March and May in 1992

Table2 Correlation between KBDI and climate variables (1990-2012)
by Pearson’s correlation test

Location KBDI vs.
Tmax Precipitation

Quchan 037 -0.58"
Kashmar 045" -0.72"
Mashhad 0.51"" -0.74™
Neyshabur 0.48" -0.61"
Sabzevar 0.46" -0.75"
Torbat-e Heydarich 057" -0.73"

“ Significant at 0.05 level, ** Significant at 0.01 level
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Fig. 3 Monthly precipitation distribution of 6 years which had similar
amount of precipitation (325+ 15 mm) in Torbat-e Heydarieh (a) and
KBDI curve for the corresponding years (b)

(Fig. 3a). The KBDI started increasing at the 100th day of year
in 1982. By contrast, KBDI remained low until the 150th day
of'year in 1992 (Fig.3b). So when the same amount of precip-
itation is shifted from early to late spring, the KBDI remains
low for a greater portion of the year.

A strong positive relationship was found between
NDVI and precipitation (Table 3). Due to the dry condi-
tion, vegetation cover is completely dependent on precip-
itation in all areas. In spite of precipitation, temperature
had a negative weak impact on NDVI in most locations.
Similar with KBDI, NDVI showed that precipitation is
more effective than temperature. In fact, precipitation is
the determining factor for plant growth. Due to cold
weather, NDVI had positive relationship with temperature
in Quchan (however, it was not significant).

3.2 Seasonal trend of precipitation, KBDI, and NDVI

KBDI and NDVI were plotted across 2 years (2004 and 2005)
as a sample (Fig. 4). Precipitation in all study locations starts

Table 3  The relationship between NDVI and total precipitation and
mean temperature (2002-2012) by Pearson’s correlation test

Location NDVI vs.
Precipitation Temperature

Quchan 0.75" 0.42
Kashmar 0.70" -0.22
Mashhad 091" -0.10
Neyshabur 0.70" 0.27
Sabzevar 0.73" -0.23
Torbat-e Heydarieh 0.77" —0.06

" Significant at 0.05 level, ** Significant at 0.01 level

late fall and ends in early spring (Fig. 4). Most precipitation
occurs while cool temperatures are limiting plant growth; pre-
cipitation declines as temperatures warm. Therefore, soil
moisture storage capacity plays a critical role in supplying
adequate water for spring crops. Normally, precipitation de-
clines and temperatures increase during April, and KBDI
gradually increases (Fig. 4). In most study locations, KBDI
started to rise at about DOY 129. In Sabzevar and Kashmar,
where annual precipitation is lower and temperatures are
higher (Fig. 4), KBDI increases begin earlier (DOY 60-90).
KBDI peaks annually (indicating the soil is the driest for the
year) across the region in October. Across these two example
years, KBDI in 2004 peaked at about 350 in cooler areas like
Quchan, while in warmer areas like Sabzevar, KBDI peaked at
640 in 2005 (Fig. 4).

During March when soil moisture is favorable and temper-
atures begin to warm, NDVI increasing rapidly, peaking in
late April and declining just a few days after KBDI begins
its annual increase (Fig. 4). In most of the study areas, once
KBDI exceeds 350, NDVI has returned to and remains at the
minimum yearly baseline level. This implies that KBDI > 350,
soil water content limits plant growth (agricultural drought).
In both Torbat-e Heydariech and Quchan, NDVI in 2004
peaked at higher levels than in 2005, and their maximum
KBDI values were less in 2004 than 2005. So, it is expected
to be a negative trend between KBDI and NDVL

3.3 Temporal relationship between KBDI and NDVI

To better understand the dynamics between KBDI and NDVI,
daily KBDI was converted to 16-day average daily scale,
(similar to NDVI). To find out when in the growing season
KBDI and NDVI are most closely inversely correlated, we
analyzed their relationship between DOY 65-129 and maxi-
mum NDVI, which occurred between DOY 113 and 129 de-
pends on the location, from 2002 to 2012 (Fig. 5). The corre-
lation rose from non-significant on DOY 65, peaked around
DOY 81, and then declined dramatically from DOY 81 to 135
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(Fig. 5). KBDI and NDVI were most tightly inversely corre-
lated in Torbat-e Heydarich and Neyshabur (+*=0.81"" and
0.62™", respectively) (Fig. 5) and least strongly related in the
warmest and driest locations with sparser vegetation, Kashmar
and Sabzevar (Table 1). In these locations, maximum NDVI
was less than others. The considerable point is that a 30-day
lag was found between KBDI and maximum NDVI at the
highest correlation in all the locations. It should be also men-
tioned that it is unclear that 16 days average is the right num-
ber of days to average or should be less that, an issue which
requires more research.
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Xanthopoulos et al. (2006) also showed that KBDI not only
characterizes cumulative moisture deficiency in deep and surface
soil layers, but to some extent reflects water deficits of living
plants. Their results showed a linear relation between KBDI as
an independent variable and three woody plant species’ water
potential. Dimitrakopoulos and Bemmerzouk (2003) similarly
found that tree foliage moisture content was dependent on deeper
soil moisture status, while shallow-rooted herbaceous species’
moisture reflects that of surface soil layers, and are consequently
more sensitive to weather changes. So, KBDI is expected to
closely reflect herbaceous plant moisture stress.
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3.4 Association of climate and crop yield

Temperature and precipitation during growing season are
known as the most important climate variables effecting crop
growth. However, the effect of these variables on crops vary
among different regions. Although crop production in Iran is
vulnerable due to high climate variability, the correlation be-
tween climate variables and crop yield is very complicated.
No significant relationship was found between yield of wheat
and barley and temperature in all locations except Mashhad
(Table 4). Mean annual temperature had positive effect on
crop yield in Mashhad. Bannayan et al. (2011) found that
minimum temperature during late autumn and winter adverse-
ly effects wheat yield in Mashhad. Precipitation during the
growing season showed stronger correlation with crop yields.
In the case that total amount of precipitation (Fig. 2) is insuf-
ficient for crop (wheat and barley) water requirement, the
timing of precipitation occurrence plays an important role to
supply water requirement. Bannayan et al. (2011) reported
that precipitation events toward the end of winter in drier areas
of Khorasan are important while for less dry and cooler areas
precipitation in spring and early summer are more effective.

3.5 Temporal relationship between KBDI and crop yield

To analyze the temporal relationships between KBDI and crop
yield (Fig. 6), daily KBDI was converted to monthly average
values. The correlation between monthly KBDI and crop yield
(wheat and barley) showed an obvious seasonality pattern. No
significant relationship was found in January and February for
most locations. When temperatures warm in March, the rela-
tionship between KBDI and crop yield strengthens. In most
locations, the closeness of the KBDI relationship with yield
peaks in April, then decreases gradually. The maximum
monthly explanatory power of KBDI over yield achieved
was #” = 0.42 (April) for wheat in Neyshabur (Fig. 6). KBDI

Table 4 The relationship between total precipitation and mean
temperature and yield of wheat and barley (1990-2012) by Pearson’s
correlation test

Location Temperature vs. Precipitation vs.
Wheat Barley Wheat Barley

Quchan 0.06 0.14 0.52" 0.54"
Kashmar -0.13 -0.00 0.46" 021
Mashhad 0.40" 0.57" 0.32 0.05
Neyshabur 0.13 0.26 0.54" 0.38
Sabzevar -0.14 -0.00 0.45" 0.49"
Torbat-e Heydarieh 0.20 -0.13 0.39 0.49"

* Significant at 0.05 level, ** Significant at 0.01 level

also showed a significant relationship with yield in Kashmar,
reaching 0.3 and 0.26 in April for wheat and barley, respec-
tively. In general, April is a critical period for production of a
profitable yield. Late March is when winter crops in the region
(wheat and barley) pass the tillering phase and when precipi-
tation declines. So, winter crops rely on soil water storage for
the vital growth stages of flowering and grain filling.
Flowering occurs from April to May, at the same time as when
drought as measured by KBDI increases. The grain-filling
stage for wheat is in mid-May. So, KBDI in mid-May reflects
the moisture constraints on the growth of the flag leaf and
provides approximately 75% of the effective leaf area that
contributes to grain filling (Miller 1999). It should be noted
that due to lack of measured soil moisture data, it was not
possible to test the relationship between KBDI and soil mois-
ture in our region.

The time of highest correlation varied across study area. In
Quchan, monthly KBDI was significantly correlated with
wheat and barley yield in April and June, but was poorly
correlated with April yield in Torbat-e Heydarieh. Heat waves
in May are the main factor limiting yield in Torbat-e
Heydarieh, but are less extreme in Quchan. In Mashhad and
Sabzevar, monthly KBDI did not show any significant
relationship with crop yield. As is shown in Table 4, crop
yield is positively correlated with temperature while no
correlation was obtained with precipitation in Mashhad.
Bannayan and Sanjani (2011) showed that wheat and barley
yield in Mashhad and Sabzevar are significantly correlated to
the minimum December and January temperatures and not
determined by maximum growing season air temperature
which is considered by KBDI. On the other side, improve-
ments in management (from traditional to semi-industrial),
fertilizer distribution, and new varieties have had large im-
pacts on yield over the last 30 years. New technologies are
introduced to Mashhad (the capital city) first, then to other
important cities like Sabzevar; smaller cities have only limited
and delayed access. Bannayan et al. (2014) simulated the ef-
fect of technology improvement of wheat in Khorasan

@ Springer



1012

N. Salehnia et al.

0.5

Fig. 6 Temporal relationships
(R?) between KBDI wheat and
barley yield 04 1

Kashmar

Mashhad

—e— Wheat
—-+v— Barley

Correlation (R2) Between KBDI and Crop Yield

0.5

Torbat-e Heydarieh

T

Sabzevar
0.4 4
0.3 1
0.2 4
0.1 4
0.0 *-—e

Jan. Feb. Mar. Apr. May June July

province. They showed that technology will play an important
role in Mashhad (up to 75%) followed by Sabzevar, while
minimum effect of technology was around 3%. In Mashhad
and Sabzevar, though natural vegetation (NDVI) was corre-
lated to KBDI (Fig. 5), wheat and barley yield was not corre-
lated to KBDI (Fig. 6). This likely shows the importance of
technological innovation on improving crop yields beyond
climactic constraints.

4 Conclusion

We developed a user-friendly tool to calculate KBDI in order
to apply it to vegetation and agricultural studies. A spatial and
temporal relationship was found between KBDI and NDVL
KBDI could not capture NDVI changes in warmer locations
with sparse vegetation cover. In terms of temporal relation-
ship, the highest correlation was found between March and
May (growing period) when plants rely on soil moisture status
to sustain their life cycle. Since KBDI showed a good
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correlation with natural vegetation condition (NDVI), we ex-
pected to find a strong correlation with crop yield but it did not
happen. The relation between KBDI and yield of wheat and
barley was rather low compared to NDVI. The highest corre-
lation was found in April and May in four locations. Since
KBDI is a cumulative index, its status in April-May repre-
sents drought condition from the start point (winter) up to
present (April-May) with the focus on present condition.
However, It should be noted that crop yield in our study area
is heavily impacted by degree of technological development.
It seems that KBDI and indices accounting for technology
improvements should be considered together to investigate
yield changes. However, KBDI was not originally explicitly
designed to show and monitor soil moisture, though it is re-
lated to the soil moisture status. In the future, we would like to
clarify the relationship between KBDI and field soil moisture
to further explore the relationship in this area.
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Appendix 1
Calculation of KBDI

To calculate the index, daily maximum temperature and pre-
cipitation data for a 20-year period (1990-2010) for the sta-
tions of the study area (Table 1 and Fig. 1) were collected.
KBDI was then calculated as follows in C# programming
language.

~ [800-KBDI1][0.968¢xp(0.0875 Tryax + 1.5552)—8.30]

107
1 + 10.88exp(~0.001736R) X

(1)

DF

KBDI; = KBDIt | if Py =0cm and TMAX<6.78°C
KBDI; = KBDI + DF; if Py = 0cmand TMAX; > 6.78°C
KBDIy = KBDI + DF;  if Py > 0cmandy P¢<0.51cm
KBDI; = KBDI, + DF;  if Pt > 0cmandyP; > 0.51cm
KBDI, = KBDI1—39.375 P

(2)

where DF is drought factor on a given day in the metric system
(Janis et al. 2002), TMAX; is the daily maximum temperature
CC), R is the average annual rainfall in each region (cm), and
KBDI,_ is the Keetch-Byram drought index for time #-1 (the
day before) and P is the daily precipitation (mm) (Janis et al.
2002). The initialization of the KBDI is crucial; it traditionally
begins when a few consecutive days of rain occur and soil
saturation is reached, but it should be noted that field capacity
(ability to absorb water) of arable land varies according to soil
and vegetation changes.

The drought increment on a given day, called the drought
factor, is determined by (1) the mean annual rainfall for the
study location, (2) the drought index of yesterday, and (3) the
maximum temperature for today. Reduction in drought occurs
only whenever the 24-h rainfall exceeds 0.20 in. (Keetch and
Byram 1968). This index is a continuous reference scale to
evaluate the dryness of the soil. The KBDI assumes that soil
should be at field capacity through first 20 cm of soil depth. In
order to increase the accuracy of the KBDI values, the appli-
cation we developed allows the user to select different soil
types. Soil saturation varies by geographic region but may
be reached during lengthy precipitation events (Janis et al.
2002). For different soil types, the required depth of soil to
hold 8 in. of moisture varies (for example, loam =30% and
clay =25%). Though Keetch and Byram (1968) suggested
that 150-200 mm of precipitation in a week is prolonged
sufficient for initialization, this value does not work in semi-
arid regions. In this study region, total amount of precipitation
for a year is about 250 mm distributed across 6 months.
Therefore, we had to modify the initialization of KBDI in
our region. So, the amount of precipitation to initialize the

KBDI was defined as the amount of water needed to increase
soil moisture up to field capacity to a depth of 20 cm.

Software description and use

Once downloaded, the application developed here for KBDI
in installed by using InstallShield to guide the user through the
install. It is free for users of all Visual Studio editions except
the Express editions. Input files must follow 3-column format:
Year string, maximum temperature, and precipitation values.
For missing data, a zero will work, but not a missing data flag
or —9999. More details on preparation of input data files are
available in the help file of the application. The application
consists of a home screen with a main menu containing all the
tabs related to the calculations. In the field capacity option, the
user can select one of the numbers depending on soil type and
moisture of the study area. The application is developed for
agricultural study, particularly cereals. The depth of soil in
which major part of root penetrates and absorbs water and
nutrient, is assumed 20 cm. In the application (Field
Capacity Option), users can select soil type, so the amount
of precipitation to start KBDI will be determined. In the output
file, KBDI for the selected period shows the daily format of
data output. This application allows the user to save files into
excel format at every stage, and can plot, graph or map all
output data. The Help tab contains a video file demonstrating
all analysis steps and explaining all tabs and icons for the user.
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