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a b s t r a c t

Agricultural drought occurs when there is a deficit in soil water supply to crops. Severe drought limits
crop water availability and reduces yield. Rainfed crop production is very vulnerable to drought condi-
tions and farmers in northeast of Iran who heavily depend on their rainfed cereals production usually
suffer from drought occurrence. Based on history, any severe drought resulted in severe financial prob-
lems and forced the affected farmers to move to cities in search of alternative jobs. Any possibility to
enable the farmers to mitigate or adapt to drought is highly required. In this study, the relationship
between aridity index (AI) and detrended crop yield (1985–2005) of selected crops (wheat and barley)
and the influence of three climate indices (AO, NAO and NINO-3.4) were assessed for Khorasan province
in northeast of Iran. All associations were assessed at annual, seasonal (wet and dry seasons) and monthly
scale considering both concurrent and lag correlations (1-year and 2-year lag). Our results indicated a
significant correlation (P < 0.05) between the AI and crops yield mostly in central Khorasan province.
Our study also showed that correlation coefficient between AI and barley yield was stronger than AI
and wheat yield across all study locations. Seasonal (wet) AI showed significant correlation with crops
yield. These results demonstrated that, in some areas of Khorasan, drought is one of the key causes of
interannual yield variability. We also observed a significant association between NAO and NINO-3.4 with
AI. Precipitation is one of the components of AI, so AI response to NAO and NINO-3.4 can be related
to the observed association between this index and precipitation. It seems that these indices could be
useful tools to monitor drought patterns and subsequent yield variability in some regions of Khorasan
province.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Drought with varying frequency, intensity, and duration affect
most land areas of the world. In addition, drought is one of the most
expensive types of natural disasters in developed societies where a
large part of the economy is based on industrial agriculture (FEMA,
1995), and is very costly in terms of human life in societies that are
dependent on subsistence agriculture (FAO, 2004). Complex nature
and varying effects of drought on many aspects of biosystems have
made it difficult to understand and project any possible mitiga-
tion of its adverse impacts (Wilhite, 2000). Drought is the result of
insufficient or lack of rainfall for an extended period, that causes a
considerable hydrological (water) imbalance. Drought reduces the
productions of crops (Bates et al., 2008; Giunta et al., 1993), horti-
culture and rangeland forest (Guarín and Taylor, 2005), water level
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and quality (Van Vliet and Zwolsman, 2008), and increases live-
stock and wildlife mortality (Díaz-Solís et al., 2009; Oba, 2001).
Water deficit during drought spells is one of the most signifi-
cant stress factors on crop production worldwide (e.g., Narasimhan
and Srinivasan, 2005; Lobell and Field, 2007; Bannayan et al.,
2008). Crop production is highly vulnerable to climate variabil-
ity, particularly recurrent droughts (Chimeli et al., 2002). Hlavinka
et al. (2009) found a statistically significant correlation (P < 0.05)
between the palmer’s relative Z-index for the main growing period
of crops and the yield departures of spring barley within 81%
(winter wheat in 57%, maize in 48%, potato in 89%, oats in 79%,
winter rye in 52%, rape in 39%) at their study districts in Czech
Republic.

The country of Iran covers an area of 1,648,000 km2 and due
to its geographical location and topographical features has arid
and semiarid climates. Its climate, both temporally and spatially,
is highly variable with coefficient of variation of annual rainfall as
high as 70% (Nazemosadat, 2000). The average annual precipitation
in Iran is approximately 250 mm (Moradi, 2004). Most parts of Iran
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Fig. 1. Geographical study locations and synoptic weather stations (A: Boujnord, B: Ghoochan, C: Sabzevar, D: Mashhad, E: Sarakhs, F: Kashmar, G: Torbat heydarieh, H:
Gonabad, I: Ferdows, J: Ghaen, K: Birjand).

experienced an exceptional drought that lasted more than 2 years
(1998–2000) (Nazemosadat, 2000). In some areas, drought has also
extended into the winter 2001. The 1998–2000 droughts inflicted
$3.5 billion loss, killing 800,000 head of livestock and drying up
major reservoirs and internal lakes (Nazemosadat, 2000). The crops
from a rainfed area of 4 million ha as well as those from an irri-
gated area of 2.7 million ha were completely destroyed (Shahabfar
and Eitzinger, 2008). The rural population in central parts of the
country has started migrating from their villages to other areas
in search of water. Losses in agricultural and livestock production
and the environmental damage of the drought have also been far
greater.

Understanding and developing tools to predict and monitor
drought would help in planning to mitigate the impacts of drought
(Bannayan and Hoogenboom, 2008). Circulation patterns especially
in 500 hpa level as the mid-atmosphere help to understand and
predict precipitation more precisely. A significant correlation has
been found between precipitation in Iran and circulation patterns
(Alijani, 2002). By recognizing such patterns climatologists can pre-

dict many environmental phenomena such as flood and drought.
Under limited water conditions, it seems reasonable to relate crop
yield to the occurrence and severity of drought, which is usually
expressed in terms of one or few indices. The index concept is not
intended to be rigorously predictive, but is expected to provide reli-
able assessment of risk and detection of risk change. Narasimhan
and Srinivasan (2005) showed that wheat and sorghum crop yields
were highly correlated (r > 0.75) with some drought indices dur-
ing critical crop growth stages, indicating that the development of
drought indices can be used for monitoring agricultural drought.
However drought evaluation indices were different on the basis of
classification methods and procedures and showed different results
in estimating drought intensity (Borhani and Daliri, 2007). A num-
ber of aridity indices have been proposed. These indices serve to
identify, and locate regions that suffer from a deficit of available
water. Most drought indices are based on meteorological or hydro-
logical variables. These include the Palmer Drought Severity Index
(PDSI; Palmer, 1965), Rainfall Anomaly Index (RAI; Van Rooy, 1965),
Rainfall deciles (Gibbs and Maher, 1967), Crop Moisture Index

Table 1
Latitude (Lat), longitude (Long), elevation (Elev), and annual average of weather variables for the study locations in Khorasan, Iran.

Station Lat (N) Long (E) Elev (m a.s.l) Average minimum
temperature (◦C)

Average maximum
temperature (◦C)

Total precipitation
(mm)

Climate
data period

Crop data period

Birjand 32◦52′ 59◦12′ 1491 8.2 24.3 165.4 1985–2005 1984–2004
Boujnord 37◦28′ 57◦19′ 1091 6.9 19.6 265 1985–2005 1984–2004
Ferdows 33◦58′ 58◦02′ 1293 10 24.4 147.7 1985–2005 1984–2004
Ghaen 33◦43′ 59◦10′ 1432 6.3 22.3 175.8 1987–2005 1986–2004
Ghoochan 37◦4′ 58◦30′ 1287 6.4 19.3 311.8 1985–2005 1984–2005
Gonabad 34◦21′ 58◦41′ 1056 10.7 28.3 143.6 1987–2005 1986–2001
Kashmar 35◦12′ 58◦28′ 1109 11.9 23.6 201.3 1986–2005 1984–2005
Mashhad 36◦16′ 59◦38′ 999 8.3 21.6 256.5 1985–2005 1984–2005
Sabzevar 36◦12′ 57◦43′ 977 11.8 24.7 197.8 1985–2005 1986–2005
Sarakhs 36◦32′ 61◦10′ 235 11.1 24.7 189.6 1985–2005 1991–2005
Torbat h 35◦16′ 59◦13′ 1450 7.5 20.4 276.6 1985–2005 1984–2005
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(CMI; Palmer, 1968), Bhalme and Mooley Drought Index (BMDI;
Bhalme and Mooley, 1980), Surface Water Supply Index (SWSI;
Shafer and Dezman, 1982), National Rainfall Index (RI; Gommes
and Petrassi, 1994), Standardized Precipitation Index (SPI; McKee
et al., 1993, 1995), and Reclamation Drought Index (RDI; Weghorst,
1996).

Köppen and Geiger (1928) developed the concept of a climate
classification where arid regions were defined as those locations
where the annual rainfall accumulation (cm) is less than R/2,
where R = 2 × T, if rainfall occurs mainly in the cold season, while
R = 2 × T + 14, if rainfall is evenly distributed throughout the year,
and R = 2 × T + 28, if rainfall occurs mainly in the hot season, where
T is the mean annual temperature (◦C). This was one of the first
attempts at defining an aridity index. In 1948, Thornthwaite pro-
posed AI defined as: AIT = 100 × d/n, where the water deficiency (d)
is calculated as the sum of the monthly differences between precip-
itation and potential evapotranspiration for those months when the
normal precipitation is less than the normal evapotranspiration;
and where (n) stands for the sum of monthly values of potential
evapotranspiration for the deficient months. The United Nations
Environment Programme (UNEP) issued a dryness map based on a
different aridity index, proposed originally by Budyko (1958) and
defined as, AIB = 100 × R/LP, where R is the mean annual net radia-
tion, P is the mean annual precipitation, and L is the latent heat of
vaporization for water.

More recently, the UNEP has proposed another index of aridity,
defined as, AIU = P/PET, where PET is the potential evapotranspi-
ration and P is the average annual precipitation (UNEP, 1992).
However, this index has not been used for description of crop
yield variability since now. In this study we employed aridity
index (AI) based on UNEP (1992) to quantify the drought occur-
rence at each study location. Further details are provided under
Section 2.

Many studies showed that the interannual variations in tropical
SST can affect similar variations in precipitation or drought indices
in many areas of the world (Ropelewski and Halpert, 1986; Kiladis
and Diaz, 1989; Dai and Wigley, 2000; Diaz and Markgraf, 2000;
Romero et al., 2007). Nazemosadat and Cordery (2000), investi-
gated the relationships between Iranian autumn rainfall and the
El Niño-Southern Oscillation (ENSO) phenomenon for the period
1951–1990. They reported that the associations between SOI and
rainfall and found that during El Niño episodes, the amount of
rainfall over various parts of the country was several times more
than during La Niña periods. They concluded that autumn rainfall
could be predicted a season ahead for some parts of the country.
Ghasemi and Khalili (2006) studied the impact of the AO on the win-
ter surface air temperature over Iran, using 50 years (1951–2000)
data considering both the negative and the positive AO phases.
For the negative phase, westerly winds that originate from the
warm Atlantic regions increase over Iran and consequently positive
temperature anomalies are found across the country. The positive
AO phase is accompanied by northerly winds that allow conti-
nental polar and arctic air masses to move into Iran, producing
below normal temperatures. Baigorria et al. (2008) showed that
specific atmospheric circulation patterns in favor of high humidity,
temperature, and rainfall during summer months are associated
with low cotton yields in the southeast United States. They indi-
cated physical and biological relationships between cotton yield
and regional atmospheric circulation patterns and surface tem-
peratures and concluded that evaluation of the predictability of
cotton yields require evaluation of the output of the global circu-
lation model (GCM) forced by SSTs that are forecast at the same
lead time (Baigorria et al., 2008). Diaz et al. (1998) found significant
relations between sea surface temperatures (SSTs) and precipita-
tions in Uruguay and south Brazil. Barros et al. (2000) evidenced
the influence of the South Atlantic convergence zone and SSTSA

Table 2
Linear correlation between AI and yield for all four comparisons. Correlations reach-
ing 5% significance level are in gray.

Station Crop Lag AI – yield

r P-value

Birjand Wheat Lag 0 0.09 0.68
Lag 1 −0.09 0.68
Lag 2 −0.09 0.71

Barley Lag 0 0.01 0.95
Lag 1 −0.14 0.59
Lag 2 −0.01 0.96

Boujnord Wheat Lag 0 0.22 0.33
Lag 1 0.21 0.37
Lag 2 −0.003 0.99

Barley Lag 0 0.39 0.08
Lag 1 0.16 0.5
Lag 2 −0.41 0.08

Ferdows Wheat Lag 0 0.27 0.27
Lag 1 0.17 0.5
Lag 2 0.11 0.67

Barley Lag 0 NA NA
Lag 1 NA NA
Lag 2 NA NA

Ghaen Wheat Lag 0 0.16 0.5
Lag 1 0.25 0.33
Lag 2 0.15 0.59

Barley Lag 0 0.24 0.34
Lag 1 0.02 0.91
Lag 2 0.36 0.19

Ghoochan Wheat Lag 0 0.72 0.0001
Lag 1 0.35 0.12
Lag 2 −0.08 0.72

Barley Lag 0 0.76 0.0005
Lag 1 0.39 0.08
Lag 2 −0.08 0.71

Gonabad Wheat Lag 0 0.42 0.18
Lag 1 0.52 0.11
Lag 2 0.1 0.78

Barley Lag 0 0.68 0.04
Lag 1 0.8 0.1
Lag 2 −0.15 0.84

Kashmar Wheat Lag 0 0.58 0.01
Lag 1 −0.02 0.91
Lag 2 −0.24 0.37

Barley Lag 0 0.5 0.03
Lag 1 −0.02 0.93
Lag 2 −0.18 0.5

Mashhad Wheat Lag 0 0.5 0.01
Lag 1 0.3 0.19
Lag 2 0.07 0.74

Barley Lag 0 0.27 0.25
Lag 1 −0.07 0.77
Lag 2 0.02 0.93

Sabzevar Wheat Lag 0 0.23 0.33
Lag 1 −0.05 0.82
Lag 2 −0.15 0.54

Barley Lag 0 0.36 0.13
Lag 1 0.2 0.42
Lag 2 −0.31 0.23

Sarakhs Wheat Lag 0 0.75 0.001
Lag 1 0.38 0.19
Lag 2 −0.41 0.18

Barley Lag 0 0.44 0.13
Lag 1 0.2 0.52
Lag 2 0.02 0.93

Torbat heydarieh Wheat Lag 0 0.54 0.01
Lag 1 −0.08 0.7
Lag 2 −0.13 0.18

Barley Lag 0 0.7 0.0005
Lag 1 −0.006 0.97
Lag 2 −0.36 0.13
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on interannual summer rainfall variability in south-eastern South
America (SESA). Mares et al. (2002) demonstrated that Palmer
Drought Severity Index (PDSI) responses at the NAO signal in the
cold half of the year with several lag months delay. Thus, it might
be possible to find an association between climate indices (AO,
NAO and NINO-3.4) and aridity index. In this way, it is expected
to be able to predict the drought status and yield fluctuation of
the following years. Research has indicated that the North Atlantic
SSTs may have climatic predictability on the order of a decade or
longer (Griffies and Bryan, 1997) which has important implica-
tions for climate forecasting. Various studies (Rao et al., 1997; Sun
et al., 2006) indicated that corn yield in Ceará, Brazil are highly
correlated with indices of SST (e.g., Niño-3.4 SST anomaly) and
suggested that this can be used to predict crop yields in Ceará.
The effects of climate indices are different at different locations
and their effects may differ based on study crops. Gimeno et al.
(2002) showed that the response to ENSO phases is weak, being
only significant for lemon yields, whereas the response to NAO
phases is stronger, being significant for lemon, wheat, rye and
olive.

The goal of this work was to explore associations between arid-
ity index and grain crop yield variability (wheat and barley) and
precipitation in northeast of Iran known as Khorasan province
(Fig. 1). Therefore the possible association between climate indices,
aridity index and observed local crop yields in Khorasan province
were investigated in order to find any potential predictability of
aridity status and thus crop yields fluctuation, using climate indices.

2. Materials and method

2.1. Study site

The study area cover the northeast of Iran which includes
the province Khorasan that lies between 38◦S and 30◦N latitude
and 55◦W and 61◦E longitude, a semiarid location with area of
248,000 km2 (Fig. 1). Cereals are the major crops in Khorasan
province and this region (Table 1) is the top cereal producer among
the other provinces. Cereals (wheat and barley in this study) are
mainly produce under rainfed condition with cultivation area of
210,734 ha and 44,561 ha, respectively.

Fig. 2. Time series of wheat and barley (raw and detrended) yield, 1984–2005.
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2.2. Crop yield data

Wheat and barley are two main rainfed crops in Khorasan and
the local farmers economy depends on the production of these two
crops. The planting date of these two crops is not on a specific
date but mainly depends on fall precipitation and their harvest also
depends on late spring or the early summer temperature. There-
fore both crops production under rainfed is totally depend on local
climate. Historical crop yields at the county level for wheat and
barley which are produced under rainfed conditions for 11 loca-
tions were obtained from the ministry of Agricultural Khorasan
Research Station. For our study objectives, non-climatic influences
such as improvement in crop genetics and technical factors were
removed by detrending the time series in yield productions. To
eliminate bias due to technological trend, yield was detrended
(Fig. 2) by means of Double Exponential Smoothing (Joseph and
LaViola, 2003) and yield anomalies were obtained as the difference
between the yield in each year and average of observed long-
term yield. Comparing to other approaches, exponential smoothing
assigns exponentially decreasing weights as the observation get
older. In other words, recent observations are given relatively more
weight than the older observations. However, one should con-
sider that it does not exactly remove the technology renovation
trend across the years but is the best possible way to exclude the
effect of other factors on historical yield change but the weather
effects.

2.3. Climate indices and weather data

Daily weather data from 1985 to 2005 of 11 different locations
(Table 1) across the study region were obtained from meteorologi-
cal station at each location. These include minimum and maximum
temperatures (◦C), sunshine hours (h), relative humidity (%), wind
speed (m h−1), and precipitation (mm) to calculate ETo, using the
FAO Penman-Monteith method (Jensen et al., 1990), and AI. These
stations were selected in order to achieve a balanced, regional dis-
tribution as to represent the climatic conditions and availability of
longer historical climate records (Fig. 1).

The three climate indices (monthly NAO, AO and NINO-3.4)
were obtained from the NOAA website (http://www.cpc.ncep.
noaa.gov/data/indices) which covers data from 1985 to 2005.

The North Atlantic Oscillation (NAO) is a dominant mode of
multi-annual variability in the atmosphere, most pronounced in
winter. It is characterized with the NAO index, which is defined
as the pressure difference between Ponta Delgada, Azores (38◦N,
26◦W) and Akureyri, Iceland (66◦N, 18◦W) (Rogers, 1984; Jones et
al., 1997). The Arctic Oscillation (AO) is the dominant pattern of
non-seasonal sea-level pressure (SLP) variations north of 20N, and
it is characterized by SLP anomalies of one sign in the Arctic and
anomalies of opposite sign centered about 37–45N (Thompson and
Wallace, 1998). The NINO-3.4 index defined as the mean monthly
temperature anomaly in the area of the eastern tropical pacific:
5S–5N; 170–120W (Trenberth, 1997).

Fig. 3. Maps represent a spatial distribution of wheat (a) and barley (b) yield together with AI. Lower yields indicate higher AI.
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Fig. 4. Time series of annual AI and total precipitation for three representatives
study locations (Boujnord, north; Mashhad, central; Birjand, south).

2.4. Aridity index (AI)

In this study we employed Aridity index (UNEP, 1992) to quan-
tify the drought occurrence as a numerical indicator of the degree
of dryness of the climate at each study location. Aridity index (AI)
was calculated as:

AI = P

PET
(1)

where PET is the either average monthly or annual potential
evapotranspiration (mm) and P (mm) is the average monthly or
annual precipitation (UNEP, 1992). To be consistent PET and P are
expressed in the same units. In addition AI anomalies for each study
location were also calculated as the difference between the AI in
each year and long term AI average of the specific location. Such a
definition corresponded to high values (above 0.6) for wet condi-
tion, which tend to have a positive effect on crop yield. Although
the term of ‘Aridity’ becomes a misnomer. Potential ET (PET = ETo)
was calculated using the FAO Penman-Monteith method (Jensen et
al., 1990).

Fig. 5. Scattered plots of relationship between crop yield (wheat and barley) along
with AI of six representatives locations which indicate high, medium and low crop
yields.

In this study, annual, seasonal and monthly time scale of AI were
calculated. For seasonal calculation a year was considered as two
season of wet and dry. Wet season included the Dec, Jan, Feb, Mar,
Apr and May, months and dry season consisted of June, Jul, Aug,
Sep, Oct and Nov months.

2.5. Analysis approach

Relation between grain yield (wheat and barley) and AI was
assessed by means of linear correlation. Correlations were used as
a measure of linear association between absolute yield/absolute AI,
absolute yield/anomaly AI, anomaly yield/absolute AI and anomaly
yield/anomaly AI at all study time scales. Correlation strength was
measured in terms of its significance level (i.e. P (|r| /= 0)) and only
those with significance level lower than 0.05 are reported. Since
our aim was also to give an insight into the potential for seasonal
prediction, both concurrent and lag correlations (1-year and 2-year
lag) were also computed.

Correlations between each climate index (AO, NAO, NINO-3.4)
and aridity index were calculated for each location. In this study
we used two scenarios to assess relation between AI and climate
indices:

1. Correlation between monthly AI and monthly NAO, AO and
NINO-3.4 across the whole year.

2. Correlation between average AI from November to June (the
main growing season of barley and wheat in the study
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Fig. 6. Maps represent a spatial distribution of the correlation coefficient between the AI and climate indices including AO (a), NAO (b) and NINO-3.4 (c).
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region) and three indices for each month of the growing
season.

3. Results and discussion

3.1. Annual AI and crop yields

Correlations between annual AI and crop yield (wheat and bar-
ley) using four comparisons at the three lag period are shown in
Table 2. Both the direction and extend of the correlation coeffi-
cients between absolute/anomalies of AI and absolute/anomalies of
crop yield (all four possible comparisons) were similar for all study
locations. Therefore reported correlations in here, were the rela-
tions between the absolute values of AI and crop yield. The range of
correlation coefficient between AI and crop yield was −0.003 (Bou-
jnord) and 0.75 (Sarakhs) for wheat and −0.01 (Birjand) and 0.76
(Ghoochan) for barley.

In some locations (Ghoochan, Gonabad, Kashmar, Sarakhs, Tor-
bat heydarieh and Mashhad) a significant correlation (P > 0.05)
between AI and both crop yields was obtained. The strongest cor-
relation between AI and crop yield was found at Sarakhs (r = +0.75)
for wheat and Ghoochan (r = +0.76) for barley. At other locations
there was a high positive correlation but they were not signif-
icant. In Gonabad correlation coefficient was significant only for
barley and in Sarakhs and Mashhad only for wheat. It can be con-
cluded that the AI was able to describe the temporal variability of
crop yield across different locations even when a severe drought
spell emerge within the particular district. Mavromatis (2007) also
showed that Palmer’s drought severity index (PDSI) successfully
described yield departures of durum wheat for severely dry years
(R2 was 0.83 within the Thessaloniki district, Greece), and during
all their study years (high and low risk), PDSI explained 43.8% of
the observed variability.

Significant correlation coefficient between AI and crop yield
(wheat and barley) was found only at concurrent lag (Table 2). It
may be due to the low soil storage capacity for water or rapid loss
of water at hot summer months. High temperature during sum-
mer and even late spring together with almost no rain condition
along with high evapotranspiration are typical characteristics of
the study locations which are located within semiarid and arid
environment. Nezami et al. (2005) in comparison of wheat-fallow
with wheat-legume rotation, showed that due to soil water short-
age under rainfed conditions, legumes almost did not produce any
yield. At all study locations, significant correlation between AI and
barley yield was stronger than wheat yield. The spatial distribu-
tion of the between crop yield (wheat (a) and barley (b)) and the
AI is presented in Fig. 3. However it worth mention that any solid
forecasting system should not only be based on a simple quantita-
tive relation between variables alone and forecast skill and reliable
method of climate indices calculations among other factors should
be considered for further applications.

When wheat and barley are cultivated under rainfed conditions,
they are strongly dependent to rainfall occurring during the grow-
ing season. Yield response to AI was linked through the association
between this index and precipitation (Fig. 4). AI, quite closely fol-
lowed the temporal and spatial variability of precipitation (Fig. 4)
and grain yield of both crops have been raised as the AI decreased
(Fig. 5).

3.2. Seasonal AI and crop yields

Correlations between seasonal (wet and dry) AI and crop yield
(wheat and barley) are shown in Table 3. There is no significant
correlation between AI and crop yield at dry seasonal scale except
in Sarakhs for wheat (r = 0.56) but correlation between AI and crop

Table 3
Correlation between seasonal AI and yield, Correlations reaching 5% significance
level are in gray.

Station Crop Wet AI – yield Dry AI – yield

r P-value r P-value

Birjand Wheat 0.096 0.68 0.2 0.3
Barley −0.16 0.51 0.4 0.1

Boujnord Wheat 0.43 0.05 −0.32 0.15
Barley 0.59 0.005 −0.33 0.14

Ferdows Wheat 0.32 0.19 −0.25 0.3
Barley NA NA NA NA

Ghaen Wheat 0.05 0.81 0.13 0.59
Barley 0.37 0.15 −0.24 0.35

Ghoochan Wheat 0.64 0.001 0.14 0.53
Barley 0.66 0.001 0.2 0.37

Gonabad Wheat 0.47 0.13 −0.36 0.26
Barley 0.7 0.03 −0.42 0.25

Kashmar Wheat 0.59 0.01 −0.18 0.48
Barley 0.5 0.03 −0.04 0.87

Mashhad Wheat 0.51 0.017 0.29 0.19
Barley 0.25 0.29 0.42 0.07

Sabzevar Wheat 0.31 0.18 −0.39 0.09
Barley 0.34 0.16 0.08 0.73

Sarakhs Wheat 0.59 0.02 0.56 0.03
Barley 0.31 0.29 0.37 0.2

Torbat heydarieh Wheat 0.56 0.007 −0.07 0.73
Barley 0.71 0.0004 −0.02 0.9

yield at wet seasonal scale was significant in Boujnord, Ghoochan,
Gonabad, Kashmar, Sarakhs and Torbat heydarieh. The strongest
correlation between AI and crop yield at wet seasonal scale
(for wheat and barley, respectively) was obtained in Ghoochan
(r = +0.64) and Torbat heydarieh (r = +0.71). As both crops are grown
within the wet season, it seems that it is not possible to provide any
projection at dry season for growth during the wet season. This
is similar to annual scale results which indicated that concurrent
year shows higher correlation provide more correlative relation-
ship than 1 or 2 years lags. Correlation coefficient between the
AI and both crops yield, calculated for wet season (Dec–May) was
higher in comparison to dry season across all locations (Table 3).
Local farmers experiences and their indigenous knowledge indi-
cates that high rainfall within the wet season (early to the middle
of growing season) has the major role on final grain yield than
rainfall occurrence within dry season (towards the end of the grow-
ing season). This is consistent with the finding of Narasimhan and
Srinivasan (2005) which showed that high correlations of drought
indices with wheat yield were widely spread during the growing
season. This indicates that a reasonable amount of soil moisture
during most part of the growing season would be favorable for
wheat production. Between the two crops, correlation between wet
season AI and barley yield was stronger than wet season AI and
wheat yield (except in Kashmar), there was no specific difference
between the yield of two crops in dry season and AI (Table 3).

3.3. AI and climate indices

As climate indices are available for future months then any
robust correlation between those indices and AI could provide a
potential basis for any possible projection and required adaptation
before drought occurs. Calculated correlation coefficients between
climate indices and AI for all study locations are shown in Fig. 6.
AI showed significant positive correlation with NAO and NINO-
3.4 index in some locations (Birjand, Boujnord, Ghaen, Ghoochan,
Sarakhs, Ferdows and Sabzevar). The strongest correlation was
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obtained at Boujnord and Ghoochan (r = 0.18) for NAO index and
in Sarakhs (r = 0.15) related to NINO-3.4. No significant relationship
was found between the AI and AO at all locations. Although previous
studies (Ghasemi and Khalili, 2006) showed and inverse relation-
ship between AO and temperature anomalies over Iran but there
was no study yet on the relationship between AO and precipitation,
which plays a main role in rainfed crop production, in this area.
The relationship between NAO and AI was stronger than NINO-3.4.
AI response to NAO and NINO-3.4 can be certainly related to the
observed association between this index and precipitation (Fig. 4).
Moradi (2004) showed that NAO had influence on precipitation and
temperature across the whole country of Iran and demonstrated
that the correlation between NAO and precipitation in northeast
of Iran was high, especially in Boujnord, Mashhad, Sabzevar and
Birjand.

4. Conclusion

Our study showed a significant correlation (P > 0.05) between
AI and crop yields in some locations (Ghoochan, Gonabad, Kash-
mar, Sarakhs, Torbat heydarieh and Mashhad) in northeast of Iran.
It can be concluded that the AI was able to describe the temporal
variability of crop yield across different locations. AI, quite closely
followed the temporal and spatial variability of precipitation and
grain yield of our study crops have been raised as the AI decreased.
Among the three study climate indices, AI showed significant posi-
tive correlation with NAO and NINO-3.4 index in most of our study
locations (Birjand, Boujnord, Ghaen, Ghoochan, Sarakhs, Ferdows
and Sabzevar). As climate indices are available for future months
then any robust correlation between those indices and AI could
provide a potential basis for any possible projection and required
adaptation before drought occurs.
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