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Abstract In order to assess the response of wheat and barley
to climate variability, the correlation between variations of
yields with local and global climate variables was investigated
in west and northwest Iran over 1982–2013. The global cli-
mate variables were the El Niño–Southern Oscillation
(ENSO), Arctic Oscillation (AO), and North Atlantic
Oscillation (NAO) signals. Further, minimum (Tmin), maxi-
mum (Tmax), and mean (Tmean) temperature, diurnal tempera-
ture range (DTR), precipitation, and reference evapotranspira-
tion (ET0) was used as local weather factors. Pearson’s corre-
lation coefficient was applied to analyze the relationships be-
tween climatic variables and yields. Unlike Tmin, Tmean, ET0,
and Tmax, the yields were significantly associated with the
entire growing season (EGS) DTR in most sites. Therefore,
considering weather extreme variables such as DTR sheds
light on the crop–temperature interactions. It is also found that
the April–May–June (AMJ), October–November–December
(OND), and EGS rainfall variations markedly influence the
yields. Unlike the AO and NAO indices, the Niño-4 and
SOI (the ENSO-related signals) were significantly correlated
with the OND and EGS precipitation and DTR. Thus, the
ENSO anomalies highly impact rainfed yields through
influencing the OND and EGS rainfall and DTR in the studied
sites. As the correlation coefficient of the OND and July–

August–September (JAS) Niño-4 with yields was significant
(p < 0.05) for almost all locations, the JAS and OND Niño-4
may be a good proxy for cereal yield forecasting. Further, an
insignificant increment and a significant reduction in yields
are expected in La Niña and El Niño years, respectively, rel-
ative to neutral years.
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Introduction

Agricultural outputs particularly under rainfed conditions are
significantly influenced by climate variability (Ray et al.
2015). Although considerable investment on crop science,
technical agricultural developments, and adopting appropriate
policies have recently modified the crop–climate relationships
and resulted in green revolution (Pingali 2012), crop produc-
tion is still highly sensitive to climatic factors particularly in
water-limited ecosystems (Homaee and Schmidhalter 2008).
Changes of local weather, particularly during critical crop
growth stages, may adversely or positively affect harvest
and cause an economic loss or benefit (Alexandrov and
Hoogenboom 2000; Bannayan et al. 2011). In addition to
changes in local weather, global-scale climate oscillations
such as El Niño–Southern Oscillation (ENSO), Arctic
Oscillation (AO), and North Atlantic Oscillation (NAO) im-
pact crop production and food security as they cause extreme
weather events such as flood and drought (Bannayan et al.
2010; Cai et al. 2014; Stige et al. 2006). Hence, climatic var-
iations and oscillations can still be considered as a potential
threat to meeting growing food demands of the world popu-
lation (Alexandrov and Hoogenboom 2000). Furthermore, as
climate variability has been projected to be more frequent due
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to climate change (Cai et al. 2014), climate variation-induced
changes in harvests seem to be amplified in the future. Global
food security is therefore anticipated to be more influenced by
future climate variation.

Although there are a number of studies that addressed the
impacts of local weather on crop yield (Brown 2013; Lobell
et al. 2005, 2007; Shuai et al. 2013), some important weather
factors such as diurnal temperature range (DTR = Tmax − Tmin)
and reference evapotranspiration (ET0) have been receiving
negligible attention in such studies. DTR, an extreme temper-
ature factor (Bonsal et al. 2001), seems to be of great impor-
tance in crop–climate interactions (Lobell 2007; Tao et al.
2008). In addition, since DTR plays a key role in estimating
mean impacts of climate change and also the associated un-
certainties, considering DTR in crop–climate impact assess-
ments appears to be a necessity in changing climates (Lobell
2007). ET0, as the evaporation power of atmosphere con-
trolled by wind speed, Tmin, Tmax, solar radiation, and relative
humidity, influences crop yield through affecting crop water
requirement (Allen et al. 1998). As a result, assessing the
impacts of ET0 and DTR in addition to the commonly ad-
dressed climatic variables, e.g., Tmin, Tmax, Tmean, and precip-
itation, may yield valuable insights into the crop–climate re-
lationships. Although local weather directly conditions agri-
cultural outputs, teleconnections of global climate, e.g.,
ENSO, NAO, and AO, may more properly explain
agrohydrological processes (Stige et al. 2006). It is due to
the fact that such climatic indices reduce the complexity of
time and space into simple measures (packages of weather)
(Hallett et al. 2004; Stenseth and Mysterud 2005; Stenseth
et al. 2003). Moreover, the teleconnection indices can be fore-
casted for several future months (Barnston et al. 2012; Chen
et al. 2004; Rodwell 2013) which helps decision makers and
farmers predict crop response to near future climatic varia-
tions. Assessing the association between teleconnections and
crop harvests therefore deepens our understanding of the
plant–climate interactions (Brown 2013; Hallett et al. 2004;
Stenseth and Mysterud 2005).

Climate variability is a prominent occurrence in arid and
semi-arid regions and likely adversely affects biological pro-
ductivity in these water-limited ecosystems (Bannayan et al.
2011; Hadley and Szarek 1981; Ribot et al. 2005; Weiss
et al. 2004). Iran is located in the Middle East and its climate
is predominantly semi-arid and arid (Bannayan et al. 2010).
Above-average precipitation makes rainfed agriculture pos-
sible in semi-arid regions of Iran (Nouri et al. 2016). Wheat
(Triticum aestivum L.) and barley (Horedum vulgare L.) are
the two most abundant crops commonly grown under
rainfed conditions in semi-arid areas of Iran. Around 75%
of all rainfed wheat and barley produced in Iran is harvested
from the fields located in the west and northwest of the
country (Ministry of Agriculture 2015). However, there is
a great year-to-year fluctuation in rainfed yield which has

some negative eco-social consequences in the country
(Bannayan et al. 2010, 2011). Bannayan et al. (2011) attrib-
uted 30–50% of rainfed cereal yield variation to precipita-
tion anomalies in northeast Iran. Bannayan et al. (2010) also
concluded that the correlations between wheat and barley
harvests and aridity index (AI, the ratio of precipitation to
ET0) were significant (p < 0.05) in some regions located in
northeast Iran. Furthermore, they pointed out that the cereal
yields are not significantly associated with the ENSO, AO,
and NAO indices as precipitation is poorly correlated with
these global-scale signals in northeastern Iran. Unlike in
eastern Iran, autumn precipitation (Nazemosadat 1999;
Nazemosadat and Cordery 2000), winter precipitation
(Nazemosadat 2001a, b), and autumn dry/wet spells
(Modarres and Ouarda 2014; Nazemosadat and Ghasemi
2004) have been found to be greatly impacted by the
ENSO interannual variability in the west and northwest of
Iran. The correlations between wintertime ET0 and the NAO
index (Tabari et al. 2014) as well as air temperature and the
AO signal (Ghasemi and Khalili 2006) have been also re-
ported to be statistically significant over the northwest and
west regions of Iran. Despite large impacts of the large-scale
fluctuations on local weather and importance of rainfed pro-
ductions, to our knowledge, no comprehensive study has
been carried out to date to assess the associations between
the local weather, global climate, and crop yields in west
and northwest Iran. Therefore, this study sought to find the
associations between the local weather variable (Tmin, Tmax,
Tmean, precipitation, ET0, and DTR) and global climate sig-
nals (AO, NAO, Niño-4, and Southern Oscillation index
(SOI)) with wheat and barley grain yields in the west and
northwest of Iran.

Materials and methods

Study area

Iran has a wide range of climates mainly due to the exis-
tence of the Alborz and the Zagros mountain ranges. Rain-
producing air masses predominantly enter from the west
and northwest and cause above-average rainfall (around
300 to 500 mm annual precipitation) in the western half
of the country owing to the Zagros mountain chain geo-
graphical location (Sadeghi et al. 2002). Consequently,
semi-arid Mediterranean climate mostly dominates in west
and northwest Iran. Semi-arid climatic conditions as well
as fertile plains have made the west and northwest of Iran
an appropriate region for rainfed agriculture. The study
area and location of the studied sites are depicted in
Fig. 1. The climate of all the studied sites is categorized
as semi-arid according to UNEP (1997).
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Data

The required meteorological data including minimum and
maximum temperature, precipitation, wind speed, and solar
radiation of all sites were obtained from the Islamic Republic
of Iran Meteorological Organization (IRIMO) for the period of
1982–2013. These data were also used to calculate DTR
(=Tmax − Tmin) and ET0 based on the Penman–Monteith
FAO-56 (PMF-56) method. The crop yield data were obtained
from theMinistry of Agriculture over 1982–2013. Themonthly
values of four climate indices (i.e., NAO, AO, Niño-4, and
SOI) were also obtained from the NOAA website (http://
www.ncdc.noaa.gov/teleconnections). The NAO is a recurrent
and dominant climate variability pattern in the middle and high
latitude of the northern hemisphere, most pronounced in the
cold season (Hurrell et al. 2001, 2013). This phenomenon is
quantified by the NAO index which is based on the normalized
difference of sea level pressure (SLP) between Ponta Delgada,
Azores, and Stykkisholmur, Iceland (Rogers 1984). Thompson
and Wallace (1998) introduced the Arctic Oscillation pattern
and its corresponding index, namely the AO index, to explain
the leading Empirical Orthogonal Function (EOF) of winter-
time SLP anomalies poleward of 20° N. The El Niño–Southern
Oscillation (ENSO) is themost potent interannual climatic fluc-
tuation which affects agrohydrological processes on the globe
(McPhaden et al. 2006). In this study, two ENSO signals, i.e.,

Niño-4 and SOI, were used. The Niño-4 sea surface tempera-
ture (SST) index is defined as the mean monthly temperature
anomaly in the area of the eastern tropical pacific, i.e., 5° S–5°
N, 160° E–150°W (Trenberth 1997). The SOI index represents
the difference between standardized Tahiti (17.58° S, 149.68°
W) and Darwin (12.48° S, 130.98° E) SLP anomalies (Hanley
et al. 2003).

Analyses

Agricultural productions are affected not only by climatic var-
iables but also by non-climate-related factors such as irriga-
tion, fertilization, genomic manipulation, and machinery de-
velopment (Homaee et al. 2002a, b; Lobell 2007; Podesta
et al. 2002). As a result, trend evolved owing to anthropolog-
ical effects must be removed for investigating crop response to
climate variations (Gimeno et al. 2002; Tkadlec et al. 2006).
In this investigation, the series were detrended using a third-
order polynomial model. Figure 2 illustrates the raw and
detrended series and their corresponding fitted trends for two
studied sites with different trends.

In order to classify the ENSO events, the method proposed
by the Center for Ocean-Atmospheric Prediction Studies
(COAPS; available at www.coaps.fsu.edu/) was used. This
method categorizes the ENSO into three episodes, i.e., El
Niño (warm SST anomalies), El Viejo or La Niña (cold SST

Fig. 1 The local map of the study
area
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anomalies), and neutral based on the JMA (Japan
Meteorological Agency) index which is a 5-month running
mean of spatially averaged SST anomalies over the tropical
Pacific: 4° S–4° N, 150° W–90° W. If the JMA index is great-
er (lower) than +0.5 (−0.5) °C for six consecutive months
(including October–November–December, OND), a year is
categorized as El Niño (La Niña). Otherwise, a year is neutral
in terms of SST anomalies. In the current study, 8 years (i.e.,
1982, 1986, 1987, 1991, 1997, 2002, 2006, and 2009) and
5 years (i.e., 1988, 1998, 1999, 2007, and 2010) were, respec-
tively, El Niño and LaNiña years. The other investigated years
were considered to be the ENSO neutral.

Analysis of variance (ANOVA) was used to identify the
different ENSO episodes’ influences on the cereal yields.
The significance of the ENSO anomalies’ effects upon yield
was tested by the F-test (Fisher’s test). Relationships between
the yield data, climate variables, and the teleconnection sig-
nals were evaluated using two-tailed Pearson correlation co-
efficients. In addition, both concurrent and lag (1- and 2-year)
correlations between the yields and the local weather factors
and the teleconnection signals were determined.

In this study, we assessed the correlations between the
yields and climate indices and local weather variables over
the entire, pre-, early, mid-, and late growing season. Winter
cereals are mainly sown in October and harvested in June
under rainfed conditions in west and northwest Iran. October
through June is hence referred to as the entire growing season
(EGS). Furthermore, the July–August–September (JAS),

October–November–December (OND), January–February–
March (JFM), and April–May–June (AMJ) correspond to
the pre-, early, mid-, and late growing season, respectively.

In order to classify the dryness of growth season, the
decile-based system initially proposed by Gibbs and Maher
(1967) was used. In this method, the growing season precip-
itation is arranged from lowest to highest to establish the cu-
mulative frequency distribution (CFD). Then, the developed
CFD is divided to ten deciles. The first decile indicates the
driest season in which the precipitation is lesser than 10% of
all rainfall values. The seasons are categorized into seven
groups, i.e., extremely wet (90%<), very wet (80–90%), mod-
erately wet (70–80%), normal (30–70%), moderately dry (20–
30%), severely dry (10–20%), and extremely dry (10% >)
(Morid et al. 2006). In this study, first to third (10–30%),
fourth to seventh (40–70%), and eighth to tenth (80–100%)
deciles were considered as dry, normal, and wet seasons,
respectively.

Results and discussions

Cereal yield and local weather associations

Except for the JFM season, there was an insignificant negative
correlation between the crop yields and Tmean and Tmax in
majority of the sites (Fig. 3a, b, e, f). The highest negative
correlation coefficient, average over all sites, was calculated
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Fig. 2 The raw and detrended cereal yield series and corresponding trends (solid lines for raw data and dashed lines for detrended data) for Tabriz and
Sanandaj in 1982–2013
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between the cereal harvests and the late season Tmean

(r = −0.29) and Tmax (r = −0.33). High temperature during
grain filling, which mainly occurs during the AMJ, adversely
affects cereal yield (Asseng et al. 2011; Stone and Nicolas
1995). Therefore, a greater influence of Tmax and Tmean varia-
tions on the yields was detected during the AMJ season. The

late season Tmax and yield correlation was significant
(p < 0.05) in 45.5% of stations. In most cases, the correlation
of Tmin and yields was insignificantly positive during the
OND, JFM, and EGS periods (Fig. 3c, d). Further, the yields
were significantly positively correlated to the JFM Tmin in
three sites (Arak, Sanandaj, and Hamedan) and one site
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Fig. 3 The correlation coefficients of the relationships between the yields
and local weather factors during the OND, JFM, AMJ, JAS, and EGS
(The dotted and dashed lines represent the significance levels of 95 and
99%, respectively). a Barley yield–Tmean, b wheat yield–Tmean, c barley

yield–Tmin, d wheat yield–Tmin, e barley yield–Tmax, f wheat yield–Tmax,
g barley yield–precipitation, h wheat yield–precipitation, i barley yield–
DTR, j wheat yield–DTR, k barley yield–ET0, l wheat yield–ET0
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(Sanandaj) for wheat and barley, respectively. Winter cereal
crops may fail to yield due to exposure to low temperature
extremes during the JFM season particularly in those sites
located in colder regions such as Hamedan and Sanandaj.
Therefore, a higher winter Tmin favors cereal growth and pro-
ductivity. Moreover, the correlation of the EGS Tmin, Tmax,
and Tmean with yields was found to be insignificant except
barley yield–EGS Tmax relationship in Khorramabad.

In most sites, the correlation between DTR and yields was
negative except for the period of JAS (Fig. 3i, j). In addition,
there was a significant negative association between yield and
the OND, AMJ, and EGS DTR in 45.4, 45.5, and 63.6% of
studied sites for wheat and in 36.4, 45.5, and 54.5% of locations
for barley, respectively. DTR increment adversely affects a
wide range of crop physiological processes. Some vital process-
es such as photosynthesis, which exclusively occurs during the
day, are negatively influenced by water stress and high temper-
ature induced by increased Tmax (Lobell 2007). At a given
Tmean, reduction of Tmin during nighttime may cause frost dam-
age to crop productions (Tubiello et al. 2002). Furthermore,
DTR is reported to be mostly negatively associated with cloud-
iness cover (Dai et al. 1999). This implies that increase in DTR
is expected to coincide with rainfall shortage (Dai et al. 1999)
and worsen the drought effects on crop growth and yield. In our
study, the average correlation coefficient of the EGS precipita-
tion–DTR was equal to −0.69. It seems that increased DTR
over the OND (when the crop may not be well-developed and

resilient to freezing conditions and drought) and AMJ (when
the crop is highly sensitive to high temperature and soil water
stress) periodsmore adversely impacts the crop yield (Fig. 3i, j).
Changes in DTR can be as a result of changes in Tmin or Tmax or
both. Since Tmin and Tmax during the EGS showed no signifi-
cant association with the harvests (except for Khorramabad),
significant correlation of DTR and yields over the EGS in some
locations seems most likely to link to simultaneous opposite
variations of Tmin and Tmax. It is worth mentioning that consid-
ering sole Tmin or Tmax may not well explain the crop–temper-
ature interactions. By including simultaneous variation of Tmax
and Tmin, DTR (an extreme temperature variable) can account
for the temperature–harvest association better.

Approximately 49 and 51% of wheat and barley yield var-
iation, averaged over all sites, can be explained by the EGS
rainfall variability, respectively. Further, the EGS rainfall–
yield correlation was significant (p < 0.05) in all sites except
for Shahrekord (Fig. 3g, h). The relationship of the yields and
precipitation was stronger over the OND and AMJ seasons
compared to the JAS and JFM seasons. Averaged over all
sites, the correlation coefficients of yield with the OND and
AMJ rainfall were 0.39 and 0.45, respectively, for wheat and
0.38 and 0.42, respectively, for barley. Crop germination can
be severely influenced by the OND rainfall shortage leading to
germination kill and crop failure in the early growth period
(Mearns et al. 1997). In addition, soil water deficit triggered
by the AMJ drought can negatively affect anthesis and grain
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Fig. 3 (continued)
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filling processes (two phenological stages highly sensitive to
water stress) and cause harvest failure (Mearns et al. 1997).
The OND and AMJ rainfall deficit mostly coinciding with
increased DTR can therefore result in a substantial harvest loss
in drylands of western Iran. From these results, one can infer
that in addition to total amount of precipitation, the rainfall
temporal distribution plays a key role in rainfed cereal produc-
tion. Thus, any measure to avoid rainfed harvest loss ought to
be dealt with overcoming the early and late season drought.

The average correlation coefficients between the yields and
precipitation, Tmin, Tmax, and Tmean over wet, normal, and dry
seasons are given in Table 1. The average correlation between
the yields and precipitation was significant (p < 0.05) in dry
seasons. However, the association between the yields and rain-
fall was not strong during wet and normal seasons. It can be
thus concluded that yield variation is significantly caused by
rainfall anomalies in drier conditions. The relationships be-
tween the harvests and Tmin, Tmax, and Tmean were statistically
insignificant under normal and wet conditions. However, a
negative significant correlation between the yields and Tmax

was obtained for dry seasons (Table 1). This can be attributed
to the fact that the high temperature stress often occurs in com-
bination with drought (Prasad et al. 2011). Therefore, the har-
vest loss or failure in drier seasons is mainly due to the simul-
taneous occurrence of high temperature and water stress.

In most cases, the crop yields were negatively associated
with ET0 except for the period of JFM. The yield–ET0 corre-
lation coefficient was more negative (−0.27 for both crops)
over the AMJ season with respect to that in other periods.
Further, a significant correlation between the AMJ ET0 and
cereal yields was found in 3 out of 11 sites (Fig. 3k, l).
However, the yields were not significantly associated with
the ET0 of EGS.

Teleconnections and crop yield relationships

The cereal yields were not significantly correlated (at all time
lags) with the AO and NAO signals in almost all locations and
periods (Fig. 4). The NAO signal exhibited a significant
(p < 0.05) negative association with the JFM Tmin, Tmax,
Tmean, and ET0 in 9, 11, 11, and 8 out of 11 sites, respectively

(Fig. 5c, d, e). There was also a significant negative correlation
between the AO index and the JFM Tmin, Tmax, and Tmean in all
locations and the JFM ET0 in 54.5% of the investigated sites.
Thus, the NAO and AO anomalies affect the wintertime
temperature and ET0 over the studied area. Ghasemi and
Khalili (2006) pointed out that the AO signal is negatively
significantly correlated with winter temperature in the western
half of Iran. Tabari et al. (2014) also reported a significant
strong correlation between winter ET0 and the NAO
teleconnection at northwest Iran. Weak correlation between
the NAO and AO indices and cereal yields is attributed to
poor associations obtained between these signals and DTR
and rainfall (two climatic variables highly influence the yields
(Fig. 3g, h, i, j)). Bannayan et al. (2010, 2011) also reported a
low correlation between the NAO and AO indices and rainfall
and cereal yields at northeastern Iran. As a result, rainfed
cereal production is not profoundly affected by the NAO
and AO phases over Iran.

The negative correlations between the yields and the OND,
JAS, and EGS SOI were, respectively, significant in 10, 8, and
9 sites for wheat and in 8, 7, and 7 sites for barley (Fig. 4).
Furthermore, the yields showed a significant positive correla-
tion with the OND, JAS, and EGS Niño-4 in all locations
(except Shahrekord) at zero lag. Averaged across all sites,
37.4 and 51.4% of barley yield anomalies and 41.0 and
56.4% of wheat yield anomalies can be explained by the
SOI and Niño-4 variations, respectively. Given greater corre-
lation coefficient of the Niño-4 and yields (Fig. 4), one can
conclude that the Niño-4 is more appropriate for yield fore-
casting and crop–climate impact assessment in the studied
area. Furthermore, the higher correlation between wheat yield
and the ENSO-related signals can be due to greater sensitivity
of wheat to meteorological drought relative to barley. In all
sites, there was a significant positive and negative association
between theNiño-4 and precipitation and the Niño-4 andDTR
over the OND and EGS periods at concurrent lag, respectively
(Fig. 5b). Moreover, a statistically significant negative corre-
lation between the SOI index and precipitation at zero lag was
detected during the OND (with exception for Shahrekord) and
EGS in all locations (Fig. 5a). Nazemosadat and Cordery
(2000) and Nazemosadat (1999) found that autumnal

Table 1 The average climate variables, crop yields, and correlation coefficients of the relationships between yields and precipitation (P), Tmin, Tmax,
and Tmean in dry, normal, and wet seasons

Season Barley Wheat Climatic variables and yields

P Tmean Tmin Tmax P Tmean Tmin Tmax Barley yield Wheat yield P Tmean Tmin Tmax

Dry 0.55* −0.23 −0.02 −0.37* 0.58* −0.22 0.06 −0.39* 540.23 533.60 258.48 9.76 2.54 16.98

Normal 0.25 0.12 0.17 0.07 0.38* 0.15 0.25 0.05 683.21 668.00 328.80 9.50 2.73 16.28

Wet 0.17 0.24 0.25 0.18 0.10 0.27 0.28 0.22 777.95 764.71 408.97 9.29 2.65 15.94

*Significant correlation coefficients at the 95% confidence level
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precipitation in the northwest and west of Iran is remarkably
affected by ENSO episodes. They also mentioned that autumn
rainfall is several times more in the El Niño period (warm
phase) with respect to that over La Niña years (cold phase)
in the western half of Iran. Nazemosadat and Cordery (2000)
also pointed out that in some central locations such as
Shahrekord, autumn precipitation is poorly associated with

the SOI index. The correlations between the ENSO-related
signals and DTR were also significant (p < 0.05) during the
OND and EGS for all locations. The strong correlation be-
tween the ENSO-related signals and yields is therefore ex-
plainable by the ENSO strong effects on the OND and EGS
precipitation and DTR (Fig. 5a, b). The results also indicated
that there is no delay in yield response to the ENSO anomalies
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Fig. 4 Correlation coefficients of the cereal yields and the global teleconnection signals relationships in the OND, JFM, AMJ, JAS, and EGS at 0-, 1-,
and 2-year lag (The dotted and dashed lines represent the significance levels of 95 and 99%, respectively)
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since the lag correlations were primarily found to be insignif-
icant (Fig. 4). The average correlation coefficients of −0.52
and 0.47 were, respectively, obtained for the JAS SOI and
Niño-4 with the OND precipitation. Nazemosadat and
Cordery (2000) also found that summer SOI can be used to
predict autumn rainfall in northwest and west Iran. As a result,
the pre-growing season (JAS) ENSO anomalies influence
winter cereal yields through impacting the OND precipitation
in the studied area. The OND and JAS ENSO-related signals
can be therefore used as a reliable proxy for yield forecasting
in the investigated regions. Unlike in northwest and west Iran,
rainfed crop yield is not influenced by the ENSO phenomenon
in northeast Iran (Bannayan et al. 2011).

A strong correlation between Tmax and the SOI (r = 0.58)
and Niño-4 (r = −0.35) indices was identified in the study area
(Fig. 5d). However, the correlation coefficients of the Tmin–
SOI and Tmin–Niño-4 relationships were statistically insignif-
icant for almost all locations at zero lag. Since Tmax, but not
Tmin, is greatly affected by the ENSO oscillation (Fig. 5c, d),
DTR is significantly correlated with the ENSO indices. The
SOI signal has also a significant positive correlation with the
OND and EGS ET0 in 72.7 and 81.8% and with the OND and
EGS Tmean for 81.8 and 90.9% of sites, respectively. On the
contrary, the relationship between the Niño-4 and Tmean and
ET0 was statistically weak in most cases (Fig. 5e, f).

The average wheat yields were 854.7, 427.3, and
835.9 kg ha−1 and barley harvests were 792.2, 403.9, and
768.4 kg ha−1 in El Niño, La Niña, and neutral years, respec-
tively. Moreover, the yields were mostly significantly lower in
LaNiña periods and insignificantly higher in El Niño episodes
with respect to normal years (Fig. 6). West and northwest Iran
mostly receive below-normal precipitation during autumn of
La Niña years (Nazemosadat and Cordery 2000). The crop
establishment and germination are likely therefore to be neg-
atively impacted by autumnal drought in La Niña episode
causing severe yield drop. As La Niña occurrence can be
foreseen earlier, some measures such as changing planting
date and/or supplemental irrigation can offset yield reduction

during La Niña phases in Iran’s western drylands. Iran imports
a large portion of wheat from some countries such as Canada,
Australia, France, and Turkey wherein wheat loss is anticipat-
ed during El Niño (Abdolrahimi 2016). Thus, increasing
rainfed wheat production can reduce Iran’s need to import
wheat and benefit the economy of the country. In addition to
favorable climatic conditions, adopting some management
practices such as pest and weed control can lead to a consid-
erable increase in cereal harvests over western Iran in El Niño
years.

Conclusions

Our results indicate that rainfed cereal yields are not strongly
impacted by temperature-related stresses at northwest and
west Iran. However, the adverse influence of high temperature
on crop yield was significant in dry crop seasons. The corre-
lations of crop harvests with DTR and precipitation (particu-
larly during the OND and AMJ) were significant for most
cases. Increase in DTR mostly coinciding with precipitation
shortage causes a yield loss. The NAO and AO indices
showed no significant correlation with precipitation and
DTR and consequently cereal yields. However, there is a
strong correlation between the SOI and Niño-4 indices and
precipitation and DTR over the OND and EGS. Unlike the
AO and NAO anomalies, the ENSO teleconnection therefore
considerably influences cereal yields through affecting the
OND and EGS DTR and precipitation in the studied regions.
Furthermore, the pre- and early season Niño-4 seems to be a
good proxy for forecasting rainfed cereal yields in the study
area. Compared with neutral years, cereal yields were insig-
nificantly higher in El Niño years and significantly lower dur-
ing La Niña episodes. The harvest drop in the La Niña phase
can be accounted for by autumnal drought. Some adaptive
options such as supplemental irrigation and sowing date shift
are thus needed to be adopted in La Niña years. Further,
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rainfed production can be improved by implementing appro-
priate management practices over El Niño years.
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