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Abstract
The decreasing trend in rainfall in the last few decades over the Indo-Gangetic Plains of northern India as observed in ground-
based observations puts increasing stress on groundwater because irrigation uses up to 70% of freshwater resources. In this 
work, we have analyzed the effects of extensive irrigation over the Gangetic Plains on the seasonal mean and intra-seasonal 
variability of the Indian summer monsoon, using a general circulation model and a very high-resolution soil moisture dataset 
created using extensive field observations in a state-of-the-art hydrological model. We find that the winter-time (November–
March) irrigation has a positive feedback on the Indian summer monsoon through large scale circulation changes. These 
changes are analogous to a positive North Atlantic Oscillation (NAO) phase during winter months. The effects of the posi-
tive NAO phase persist from winter to spring through widespread changes in surface conditions over western and central 
Asia, which makes the pre-monsoon conditions suitable for a subsequent good monsoon over India. Winter-time irrigation 
also resulted in a reduction of low frequency intra-seasonal variability over the Indian region during the monsoon season. 
However, when irrigation is practiced throughout the year, a decrease in June–September precipitation over the Gangetic 
Plains, significant at 95% level, is noted as compared to the no-irrigation scenario. This decrease is attributed to the increase 
in local soil moisture due to irrigation, which results in a southward shift of the moisture convergence zone during the active 
phase of monsoon, decreasing its mean and intraseasonal variability. Interestingly, these changes show a remarkable similar-
ity to the long-term trend in observed rainfall spatial pattern and low-frequency variability. Our results suggest that with a 
decline in the mean summer precipitation and stressed groundwater resources in the Gangetic Plains, the water crisis could 
exacerbate, with irrigation having a weakening effect on the regional monsoon.
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1 Introduction

A large ratio of the Indian population is directly and strongly 
affected by the vagaries of the Indian summer monsoon 
(ISM) (Saha et al. 1979; Gadgil and Gadgil 2006; Turner 
and Annamalai 2012). In the changing climatic conditions, 
it is crucial to understand the impact of anthropogenic activi-
ties on the monsoon and its variability. Many recent stud-
ies reported significant changes in several characteristics of 
ISM during the last few decades. These include a decrease 
in seasonal (June–September: JJAS) mean rainfall (Naidu 
et al. 2010; Kulkarni 2012; Naidu et al. 2015; Guhathakurta 
and Revadekar 2017), decrease in the variance of its low-
frequency intraseasonal oscillation (ISO) (Karmakar et al. 
2015), decrease in the number of monsoon disturbances 
(Patwardhan and Bhalme 2001; Pattanaik 2007; Vishnu 
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et al. 2016), an increase in the frequency of extreme rainfall 
events (Goswami et al. 2006; Rajeevan et al. 2008; Krishna-
murthy et al. 2009), especially during the break phase of 
ISO (Karmakar et al. 2015). It is demonstrated that some of 
these observed changes are connected through a common 
mechanism (Karmakar et al. 2017b).

The climate driver for the decrease in seasonal mean rain-
fall of ISM has been debated in the literature. Sinha et al. 
(2015) showed that the reduction in monsoon rainfall since 
the 1950s is a part of multidecadal oscillations. However, 
several other studies attribute this to anthropogenic factors 
and changes in sea surface temperature (SST) over different 
ocean basins. Meehl et al. (2008) and Bollasina et al. (2011) 
showed a decrease in monsoonal rainfall over the India 
region due to aerosols. However, Chakraborty et al. (2014) 
showed the role of heating effects of aerosols (mainly black 
carbon) in increasing precipitation in June–July, mainly due 
to more conducive pre-monsoon conditions. Though the 
net effect of aerosols on the Indian monsoon can be argued 
upon, but definitely, aerosols remain an important anthro-
pogenic forcing in addition to other factors. More recently, 
Roxy et al. (2015) related the weakening of the Indian mon-
soon to warming over the equatorial Indian Ocean, but also 
discuss the possibility of a reversed feedback mechanism 
between them. Paul et al. (2016) studied the effects of land 
use/land cover change on the Indian monsoon, related to the 
conversion of forest to cropland, and attributed the reduction 
in rainfall over central India to decrease in evapotranspira-
tion. But the major issue with this study is that it did not 
consider irrigation in addition to land use change, which 
can completely transform the land surface conditions and 
result in an increase in evaporation. Many studies (Douglas 
et al. 2006, 2009; Sacks et al. 2009; Puma and Cook 2010) 
showed that irrigation increases the local evaporation. Addi-
tionally, Tuinenburg et al. (2014) and Cook et al. (2015) 
attributed the decrease in summer precipitation over north-
ern India to surface cooling due to irrigation.

The decreasing trend in rainfall in the last few decades 
over the Gangetic Plains of northern India poses a serious 
threat to the water sufficiency and agricultural productivity 
over the region, which is also one of the most densely popu-
lated regions of the world. The situation is further aggra-
vated by swiftly dwindling groundwater resources in certain 
pockets (Singh 2000; Rodell et al. 2009). Irrigation utilizes 
up to 70% of freshwater resources (Siebert et al. 2010) and 
the demand is deemed to increase (Fraiture and Wichelns 
2010) in order to increase the agricultural productivity to 
feed the ever-increasing population.

Intensification of irrigation over the Gangetic Plains in 
the recent decades can have a strong impact on the regional 
climate, as well as have global implications. Two major crop 
seasons exist in India. The ‘Rabi’ season lasts from Octo-
ber–March (winters) when the climatology is very dry and 

the ‘Kharif’ season lasts from June–October, with the crop 
sowing period aligned with the monsoon onset phase. Irriga-
tion can result in cooling of surface temperature due to latent 
heat loss and affect the near-surface conditions (Sacks et al. 
2009; Douglas et al. 2009; Puma and Cook 2010; Thiery 
et al. 2017). The importance of land–atmosphere coupling 
over the Gangetic Plains has already been established in pre-
vious studies (Koster et al. 2004; Agrawal and Chakraborty 
2016). Agrawal and Chakraborty (2016) demonstrated a 
negative coupling between the local soil moisture and pre-
cipitation over the Gangetic Plains for the monsoon season. 
Lee et al. (2009) and Niyogi et al. (2010) used satellite-based 
normalized difference vegetation index (NDVI) to analyze 
the effects of pre-monsoon irrigational activities and found 
a negative correlation between March–May NDVI values 
and July mean precipitation over central and southern India. 
Douglas et al. (2009) examined impacts of irrigation on the 
land surface conditions over India using a regional model 
and showed an increase in latent heat flux over irrigated 
regions. Puma and Cook (2010) used a general circulation 
model to study the effects of irrigation on large scale and 
reported a decrease in precipitation over the south-eastern 
region of India due to irrigation, while Tuinenburg et al. 
(2014) showed a decrease in local precipitation over the east-
ern Gangetic Plains due to irrigation and noted a westward 
shift in precipitation. Similarly, Shukla et al. (2014) reported 
a weakening of the South Asian summer monsoon circula-
tion as well as a decrease in its variability, due to intensifi-
cation of irrigation and increased green house gas forcing, 
and attributed it to a decreased land–sea contrast. Cook et al. 
(2015) pointed out that over most of the irrigated regions 
globally, irrigation causes surface cooling and increases 
cloud cover, resulting in a regional increase in precipitation. 
Except, over some regions in Asia the surface cooling results 
in weakening of the monsoon circulations and consequently 
reducing precipitation. However, these studies (Sacks et al. 
2009; Puma and Cook 2010; Tuinenburg et al. 2014; Shukla 
et al. 2014; Cook et al. 2015) which have examined the role 
of irrigation using global circulation models have done so 
at a coarser resolution (between 1.5° and 2.5°). There is a 
scope for a study focussed on the Indian region to derive a 
mechanistic understanding of the role of regional irrigation 
in modulating the Indian monsoon and its intraseasonal vari-
ability, India being a hotspot for land–atmosphere coupling 
(Koster et al. 2004). Also, Lee et al. (2011) showed that 
irrigation can cause anomalies in global atmospheric circu-
lation and thus it could be of interest to examine this effect 
for irrigation over the Gangetic Plains.

In this paper, we have analyzed the effects of the exten-
sive irrigation over the Gangetic Plains on the seasonal 
mean and intra-seasonal variability of the Indian sum-
mer monsoon, using a state-of-the-art general circulation 
model, run at a reasonably high resolution (nearly 0.5°) 
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and a high-resolution soil moisture dataset. This high-res-
olution dataset of soil moisture over the Gangetic Plains 
from Moulds (2016) takes into account both land use/land 
cover change and irrigation activities, with inputs from field 
measurements and satellite data. Brief detail of this data set 
is covered in Sect. 2.1. These soil moisture fields are used 
to force the general circulation model which has a realistic 
land–atmosphere coupling. We have analyzed the effects of 
irrigation performed in winter months and summer months 
separately, as well as, when irrigation is carried out annually. 
Model, experiment setups, and methodology are described 
briefly in Sect. 2, followed by results and discussions in 
Sect. 3 and summary in Sect. 4.

2  Data, model and methodology

2.1  JULES dataset

A very high-resolution dataset of soil moisture over Gangetic 
Basin was generated using the Joint UK Land and Environ-
ment Simulator (JULES, version 2.2), which is a process-
based land surface model. This soil moisture dataset is used 
in the experimental design of general circulation model. The 
dataset is briefly described in the supplementary material 

for the benefit of the reader and more details can be found 
in Moulds (2016).

The first set of soil moisture dataset (JUL_NOIRG), for 
the time period 1971–2005, takes into account the effects of 
land use/land cover (LULC) change, but irrigation is not con-
sidered. The second set of soil moisture dataset (JUL_IRG), 
for the same period 1971–2005, considers the effects of both 
LULC change and irrigational activities over the Gangetic 
Plains. These two historical soil moisture data sets are used 
to investigate the climatic impact of irrigation on the Indian 
monsoon, using a general circulation model (details to fol-
low). Figure 1 shows the soil moisture dataset from JULES 
experiments. Data for the time-period 1982–2002 is used 
in this study. This time period is chosen because the differ-
ence between irrigation and no-irrigation scenarios is much 
higher during these recent decades as compared to the earlier 
period between 1971–1981. Figure 1a shows the difference 
of top layer (with a depth of 0.1 m) soil moisture between 
irrigation (JUL_IRG) and no-irrigation (JUL_NOIRG) 
scenarios for the month of June–September (JJAS), which 
majorly represents Kharif crop season and also the summer 
monsoon season in India. The difference between the irri-
gation and no-irrigation scenarios is small and only notice-
able over north-west India. Whereas, Fig. 1b shows the same 
for winter months of November–February (NDJF), when 

(a) (b)

(c)

Fig. 1  Spatial difference of top layer (0.1 m) soil moisture values (in 
mm3 mm−3 ) between irrigation (JUL_IRG) and no-irrigation (JUL_
NOIRG) scenarios from JULES dataset for the month of a June–Sep-
tember (JJAS) and b November–February (NDJF). c Annual cycle of 

monthly mean surface soil moisture values (in mm3 mm−3 ) for JUL_
IRG and JUL_NOIRG, area averaged over Gangetic Basin (74°–88°E, 
22°–31°N). JULES data for the time-period 1982–2002 is used in this 
study
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extensive irrigation is done for the Rabi crops and significant 
differences can be noticed in surface soil moisture values 
throughout the Gangetic Plains, with prominent difference 
over the north-west region. This region with extensive irri-
gation mainly comprises of the states of Haryana and Pun-
jab, which have a wide network of irrigation canals. Annual 
cycles of monthly mean soil moisture values for the top layer 
are shown for JUL_IRG and JUL_NOIRG scenarios, aver-
aged over the Gangetic Basin (74°–88°E, 22°–31°N, same 
as shown in a). Prominent differences in soil moisture are 
noticeable for the winter months (NDJF) over Gangetic 
Basin, whereas during JJAS difference is small, presuma-
bly due to less irrigational activity during monsoon season. 
These two monthly mean time series are used to modify the 
surface soil moisture in various model experiments, which 
offer a detailed perspective on the climatic impact of the 
intensified irrigation activities over the Gangetic Plains in 
the recent decades.

2.2  Experiment setup details

In this study, CESM 1.0.4 with coupled Community Atmos-
pheric Model (CAM 5.1.1) and Community Land Model 
(CLM 4.0) is run with monthly climatological sea surface 
temperatures and prescribed sea-ice coverage as input. The 
CAM model is used with a finite-volume dynamical core 
with a grid resolution of 0.43° (latitude) × 0.63° (longi-
tude) with a global domain. Details of this model have been 
described in Agrawal and Chakraborty (2016). Experiments 
conducted with the model configuration are explained here 
and listed in Table 1.

All atmospheric fields are allowed to evolve freely with-
out any forcing. In the land model, top layer soil mois-
ture, only over required domain (74°–88°E, 22°–31°N), is 
gradually nudged towards the JULES monthly mean time 
series from either of the two scenarios as per the required 
experiment design, at each time step. The relaxation 
parameter for nudging is kept comparable to time-step of 
the model, in order to preserve the frequency characteris-
tics of the variable (Telford et al. 2008; Jeuken et al. 1996) 
(For more details refer Section 2 and Figure S1 in the 
supplementary material). The water balance is maintained 
in the land model by adjusting the additional water with 

the aquifer. The nudging technique used here is similar 
to that demonstrated in Agrawal and Chakraborty (2016) 
(also Agrawal 2018) and has been briefly described in the 
Section 2 of the supplementary material. All the other land 
surface variables and also soil moisture outside the chosen 
domain are allowed to evolve freely.

Four experiments are conducted with different irriga-
tion scenarios, using the same methodology. Ten years of 
data is generated for each experiment at a daily tempo-
ral resolution, with a model time-step of thirty minutes. 
The experiments and the main differences in them are as 
follows:

noIrrg: This experiment is the no irrigation case. In this 
experiment, top layer soil moisture over the required 
domain is gradually nudged towards the JULES monthly 
mean time series for no-irrigation scenario (JUL_NOIRG; 
described in Sect. 2.1) for all the months, that is from 
January to December. With this experiment, we achieve 
surface soil moisture values over the Gangetic Plains 
when irrigation was not prevalent over the region.
Irrg: This experiment is the annual irrigation case over 
the Gangetic Plains. It is conducted following the same 
approach, except that the values used to nudge the top 
layer are from the irrigation scenario of JULES dataset 
(JUL_IRG), and the nudging is from January through 
December.
winIrrg: In this experiment, the aim is to analyze the 
effect of winter-time irrigation alone on the Indian mon-
soon. Hence, JUL_IRG is used to nudge the top layer 
during the winter months from November to March. From 
April to October, JUL_NOIRG is used to nudge the top 
soil layer over the domain. To state simply, irrigation 
is restricted to the winter season only, over the desired 
domain, in order to analyze its effects independently.
jjasIrrg: This experiment is opposite of above experi-
ment in its design, as the intention is to analyse the effect 
of summer-time irrigation alone on the Indian monsoon. 
Therefore, JUL_IRG is used to nudge the top layer dur-
ing the summer months from June–September. For all the 
remaining months, JUL_NOIRG is used to nudge the top 
layer over domain. In short, irrigation is restricted to the 
summer months only, over the desired domain.

Table 1  List of experiments, 
abbreviations and brief 
descriptions

Experiment Abbreviation Description

No irrigation noIrrg SM is nudged to no irrigation values over GP
Annual irrigation Irrg SM is nudged to irrigation values over GP all round the year
Winter irrigation winIrrg SM is nudged to irrigation values over GP from November 

to March, and to no irrigation values during other months
Summer irrigation jjasIrrg SM is nudged to irrigation values over GP from June to 

September, and to no irrigation values during other 
months
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The output is analyzed at daily timescale, 10-year ensemble 
means are presented.

2.3  Observational dataset

In-situ observational precipitation data at a spatial resolu-
tion of 1.0° × 1.0° from India Meteorological Department 
(IMD; Rajeevan et al. 2006) for the period 1951–2013 has 
been used.

Additionally, precipitation data from TRMM-3B42 (Huff-
man et al. 2007), which is a satellite-based merged-infrared 
precipitation product, is used and is referred as TRMM. It 
is available at a temporal resolution of three-hourly and a 
spatial resolution of 0.25° × 0.25°. Daily data of horizontal 
winds from the ERA-Interim (Dee et al. 2011) at a spatial 
resolution of 0.75° × 0.75° is used. Data for the time period 
2000–2010 is used for these two products.

2.4  Extraction of intra‑seasonal oscillations

The Indian monsoon is characterized by two dominant intra-
seasonal oscillatory modes- the low frequency oscillations 
(LF-ISO, 20–60 days time period) and the high frequency 
oscillations (HF-ISO, 10–20 days time period). Low fre-
quency oscillations are related to the northward progres-
sion of cloud bands (Yasunari 1979; Sikka and Gadgil 
1980; Krishnamurthy and Shukla 2007) and high frequency 
oscillations are related to the north-westward propagation 
of low pressure systems that generate over Bay of Bengal 
(Krishnamurti and Bhalme 1976; Murakami 1976; Chen and 
Chen 1993). These modes can be extracted from rainfall data 
using various data filtering techniques in frequency domain 
(Ghil et al. 2002). Here, we have used multichannel singular 
spectrum analysis (MSSA) technique, following Ghil et al. 
(2002) and Karmakar et al. (2017a), who have demonstrated 
the efficiency of this method for filtering climate data. The 
methodology used to filter out the intra-seasonal modes from 
precipitation data is described in the supplementary text. 
The reconstructed data (filtered precipitation data) in low 
frequency domain (20–60 days time-period) is referred as 
LF-ISO and has the units of mm day−1 , and that in high 
frequency domain (10–20 days time-period) is referred as 
HF-ISO (unit- mm day−1 ). In the analysis that follows, only 
June–September data is used.

2.4.1  Determining the phase composites of ISOs

The phase angle of an ISO cycle (LF-ISO or HF-ISO) at 
a particular grid point can be determined by the following 
equation (Karmakar et al. 2017a):

(1)�(t) = Arg(Y �(t) + iY(t))

where t denotes time, Y(t) is the 122 days long (June–Sep-
tember) ISO (LF-ISO or HF-ISO) time series and (’) indi-
cates the time-derivative. Y(t) is obtained by area averaging 
ISOs values (LF-ISO or HF-ISO) over the required domain 
(Gangetic Plains in this case; 76°–88°E, 22°–28°N), for each 
year. Arg(z) represents the phase angle of a complex number 
z = x + iy . Thus, the phase angle of the ISO cycle, �(t), is 
calculated at every t each year and lies between − � and � . 
Further, the phase plane is divided into 8 equal phase inter-
vals between − � and � , where

phase (i) = (m − 1) 𝜋∕4 ≤ 𝜙(t) < (m)𝜋∕4 , for i = 1, 2, 3, 
4, m varies as m = 1, 2, 3, 4. And
phase (i) = (m) 𝜋∕4 ≤ 𝜙(t) < (m + 1)𝜋∕4 , for i = 5, 6, 7, 
8, m varies as m = − 4, − 3, − 2, − 1.

To create phase composites (Moron et al. 1998), all the 
occurrences of Y(t) in a given phase are averaged, regard-
less of the amplitude.

Further, positive (active) phase of Y(t) is recognized when 
�∕6 ≤ �(t) ≤ 5�∕6 and negative (break) phase is recognized 
when − 5�∕6 ≤ �(t) ≤ − �∕6.

3  Results and discussions

3.1  Effects of winter‑time irrigation

During the winter season, agricultural activities are possi-
ble only in the lower latitudes of Northern hemisphere, as 
extremely cold temperatures prevail in northern latitudes. 
The Gangetic Plains has a major crop season in winter 
months—Rabi when a staple food crop (wheat) is culti-
vated. Amount of irrigational water added to the soil is much 
higher in winters, compared to summertime irrigation, as 
winter is a very dry season. Hence, the effects of winter-time 
irrigation on summer monsoon over India at seasonal and 
intra-seasonal time scales are analyzed through an idealized 
experiment in which irrigation is considered only during 
winter months (November–March) and is compared to the 
no-irrigation case, noIrrg. We first present the observed mon-
soon climatology over the Indian region in Fig. 2a, which 
shows JJAS mean precipitation from TRMM observations 
and overlaid mean 850 hPa winds from ERA-Interim rea-
nalysis dataset, for the period 2000–2010. Figure 2b shows 
the climatology of monsoonal precipitation from the noIrrg 
experiment, overlaid with mean winds at 850 hPa. The cli-
matological features are very similar to the long term obser-
vations. The model simulates the precipitation over mon-
soon core zone reasonably well, but has strong bias along 
the Western Ghats, Himalayas and Myanmar coast. These 
biases have been reported in earlier studies as well (Meehl 
et al. 2012; Islam et al. 2013; Agrawal and Chakraborty 
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2016). The control simulation of the same model has been 
thoroughly compared with observations in a prior study by 
Agrawal and Chakraborty (2016). Figure 2c shows the dif-
ference between winIrrg and noIrrg, which shows the effect 
of winter-time irrigation on the Indian summer monsoon 
(June–September: JJAS). Statistical significance of the dif-
ferences is checked using Student’s t-test and the differences 
significant at 90% and 95% level are stippled using cross and 
stars respectively. It can be noted that in winIrrg, precipita-
tion increases significantly over the Indian region and the 
adjoining Bay of Bengal and the monsoonal winds are also 
stronger over South Asia, as compared to noIrrg. Figure 2d 
shows the annual cycle of precipitation over the Indian land 
region (70°–90°E, 8°–28°N) for TRMM, noIrrg and winIrrg. 
It can be again noted that the model simulates the annual 
cycle reasonably well, following it closely, with small over-
estimation in summer months. When comparing noIrrg and 
winIrrg experiments, precipitation increases during summer 
months and pre-monsoon month (May) in winIrrg experi-
ment, and the increase is highest in June, the early phase of 
the monsoon season.

We further analyze the effects of winter-time irriga-
tion on the intra-seasonal oscillations of the Indian sum-
mer monsoon, using MSSA technique to filter out the 
low (LF-ISO) and high (HF-ISO) frequency components 
from the seasonal precipitation. The technique is briefed 

in Sect. 2.4. It is worthwhile to discuss here the model’s 
ability to simulate the intraseasonal oscillations in low and 
high frequency range. The model is able to capture the two 
dominant modes of variability, that is the low frequency 
oscillation mode between 20 and 60 days time period and 
the high frequency oscillation mode between 10 and 20 days 
time period. However, the intensity of these oscillations are 
underestimated as compared to the observations (Figure 
S2). Earlier studies (Kang et al. 2002; Sabeerali et al. 2013; 
Karmakar et al. 2017b) on the same model (CAM) have 
also reported similar underestimation of the precipitation 
variance, nevertheless model captured the northward (Figure 
S9) and north-westward (Figure S10) propagations over the 
Indian region reasonably well. Nearly 16–22% of the total 
variance at intra-seasonal time-scale over the core monsoon 
region is contributed by LF-ISO and HF-ISO each (Figure 
S3), which can strongly influence the mean seasonal rain-
fall, thus emphasizing the importance of understanding the 
intra-seasonal oscillations in order to better understand the 
changes in mean seasonal rainfall. Figure 3 shows the dif-
ference between the precipitation variances of winIrrg and 
noIrrg, with differences significant at 90% and 95% level 
highlighted by cross and stars respectively. LF-ISO inten-
sity (Fig. 3a) decreased considerably in the case of winIrrg 
as compared to noIrrg over the entire Indian region, and 
significantly over the head Bay of Bengal, western coast of 

(a) (b) (c)

(d)

Fig. 2  a Spatial pattern of TRMM precipitation (mm day−1 ) and 
ERA-Interim 850 hPa Winds (m  s−1) during JJAS. b Spatial pattern 
of simulated precipitation (mm day−1 ) and 850 hPa Winds (m  s−1) 
during JJAS for noIrrg experiment. c Difference in winIrrg experi-

ment with respect to noIrrg for the same, precipitation and 850 hPa 
winds. Precipitation differences significant at 90% and 95% level 
are marked by cross and stars respectively. d Climatological annual 
cycles of rainfall from TRMM, noIrrg and winIrrg, averaged over 
Indian region (8°–28°N, 70°–90°E, land part)
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India and the Gangetic Plains. On the contrary, we do not 
notice any significant and spatially homogeneous change 
in the HF-ISO intensity (Fig. 3b) in winIrrg as compared 
to noIrrg. Recall here that the mean seasonal precipitation 
increased over the Indian region in the case of winIrrg as 
compared to noIrrg and a few studies have reported such an 
inverse relationship between the low frequency intra-sea-
sonal oscillations and seasonal mean precipitation over the 
core monsoon Indian region (Lawrence and Webster 2001; 
Karmakar et al. 2017a). We also found a negative correla-
tion value of − 0.48 between the mean summer rainfall over 
the Indian region and percent variance explained by LF-
ISO, for the 10 model years in the noIrrg experiment (Figure 
S4). In essence, winter-time irrigation results in an increased 
summer-time precipitation and causes a decrease in the low-
frequency variability over the Indian region.

3.1.1  Effects on the northern‑hemisphere winters

In order to understand the cause of the changes seen in the 
monsoonal precipitation in the case of winter irrigation 
with respect to no irrigation case, we start our analysis from 
the winter months, that is from January to March, when 
the irrigation is of a substantial amount. The left panel of 
Fig. 4 shows the difference of geopotential height at 850 hPa 
between winIrrg and noIrrg in the months of January–Febru-
ary–March (abbreviated as JFM) in color contours, overlaid 
with the difference of air temperature at 900 hPa in green 
colored line contours, with negative anomalies in dashed 
lines and positive anomalies in solid lines. Differences sig-
nificant at 90% level in air temperature are hatched. Geo-
potential height increased over the Indian region in winIrrg, 
with a substantial increase between 30° and 40°N, indicating 

increased surface pressures. Climatologically this region 
experiences subsidence during these months and positive 
surface pressure anomalies signify increased subsidence 
along 30°N. The increased geopotential height at 850 hPa 
(surface pressure) can be attributed to surface cooling due 
to winter time irrigation and can also be noted from nega-
tive air temperature anomalies (dashed line contours) over 
central and northern India. Simultaneously, a decrease in 
geopotential can be noted near Madagascar, around 30°S. 
This increases the north–south gradient in geopotential, 
which intensifies the low-level cross-equatorial flow of air 
from northern to southern hemisphere. This is also the direc-
tion of mean wind flow in boreal winters and thus increas-
ing the convective activities in southern Hemisphere during 
southern summers. As a consequence, an intensification of 
the Hadley cell is noted from the vertical pressure veloci-
ties, shown in the right panel of Fig. 4. Difference of omega 
(vertical velocity in Pa  s−1) between winIrrg and noirrg, 
averaged over 70°–90°E, for January–March is shown, and 
it can be noted that subsidence (positive omega) increased 
strongly to the north of 20°N and convective activities (nega-
tive omega) increased near 30°S. Differences significant at 
90% level are marked by cross. Weak positive meridional 
wind anomaly at 200 hPa is also noted for January–March 
in the winIrrg experiment over Indian region. These results 
are consistent with the findings of Wey et al. (2015).

It can be observed that the winter irrigation over northern 
India has a strong regional effect. Lee et al. (2011) have 
shown that irrigation can modulate global atmospheric cir-
culation. Hence, next we examine the changes brought about 
by the winter irrigation at a global scale in the northern 
hemisphere winters. Figure 5a shows the difference in sur-
face pressure (in hPa) between winIrrg and noIrrg, for the 

(a) (b)

Fig. 3  Difference between the precipitation variance ( mm2 day−2 ) of winIrrg and noIrrg (winIrrg−noIrrg) during JJAS, in the two frequency 
domains—a LF-ISO, b HF-ISO. Differences significant at 90% and 95% level are marked by cross and stars respectively
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January–March months over the northern hemisphere. Dif-
ferences significant at 90% are hatched. Significant increase 
in mean JFM surface pressure is noted over the Indian 
Gangetic Plains, southern Europe, the eastern coast of North 
America and the north central Pacific Ocean. The increase 
in surface pressure over southern Europe, extending up to 
eastern coast of North America, and a decrease near Green-
land is a pattern corresponding to a positive phase of the 
North Atlantic Oscillations (NAO) (Barnston and Livezey 

1987; Hurrell 1995; Rodwell et al. 1999; Hurrell and Deser 
2009). Studies (Glowienka-Hense 1990) have shown that a 
positive North Atlantic oscillation phase can be induced if 
the mass transport is higher equator-wards of 45°N over the 
North Atlantic ocean, compared to poleward of 45°N. In 
Fig. 5b, we show the difference between vertical pressure 
velocities along latitudes (25°–60°N) between winIrrg and 
noIrrg, for January–March, over North Atlantic Ocean, that 
is averaged between 290° and 360°E. Differences significant 

Fig. 4  Left: difference of geopotential height (m) at 850 hPa (win-
Irrg−noIrrg) for January–February–March (JFM) in color contours, 
overlaid with difference of air temperature (K) at 900 hPa in green 
line contours, with negative anomalies in dashed lines and positive 
anomalies in solid lines. The line contours are from − 1.2 K to 0.4 
K, at an interval of 0.4 K. Differences significant at 90% level in air 

temperature are hatched. Right: difference of omega (pressure veloc-
ity in Pa  s−1) between winIrrg and noIrrg with pressure (hPa), aver-
aged between 70° and 90°E, for JFM, shown between 40°S and 40°N. 
Note that omega is positive downwards, which represents subsiding 
motion. Differences significant at 90% level are hatched

(a) (b)

Fig. 5  a Difference in surface pressure (in hPa) between winIrrg 
and noIrrg, for January–February–March (JFM), over the northern 
hemisphere. b Difference of omega (pressure velocity in Pa  s−1) with 

pressure (hPa), averaged between 290° and 360°E, for JFM, shown 
between 25° and 60°N, that is over northern Atlantic Ocean. Differ-
ences significant at 90% are hatched
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at 90% level are marked by cross. It is evident that mass 
anomaly is positive (that is stronger subsidence) south of 
45°N, and negative north of 45°N, in the case of winIrrg, 
as compared to noIrrg. The stronger subsidence along 30°N 
can be attributed to the strengthening of the Hadley circula-
tion owing to winter-time irrigation, as has been discussed 
earlier. It is worth mentioning here that many studies (Ser-
reze et al. 2000; Hoerling et al. 2001; Visbeck et al. 2001; 
Delworth et al. 2016) have reported an increased propensity 
of the positive phase of NAO during the last few decades.

Numerous studies on NAO provide a wide view on 
the relationship between winter NAO index with the 

atmospheric circulation, zonal index, Eurasian snow cover, 
and also subsequent Indian summer monsoon (Hahn and 
Shukla 1976). Figure 6 shows the difference of upper level 
Zonal winds at 200 hPa between winIrrg and noIrrg for Janu-
ary–March, where it can be noted that upper level westerlies 
strengthened over northern Eurasia, which corresponds to 
stronger zonal index (Li and Wang 2003) and is related to 
a positive NAO phase. Differences significant at 90% are 
hatched. Chang et al. (2001) also showed this relationship 
between the positive NAO phase and upper level circulation. 
They mention that during positive NAO phase the interface 
of troughs and ridges is shifted poleward with a stronger 
sub-polar jet.

The effects of positive NAO phase can sustain from 
winter to spring season. A positive NAO phase has been 
related to negative snow cover anomalies and positive sur-
face temperature changes over Eurasia (Ogi et al. 2003), 
and a subsequent good Indian monsoon (Hahn and Shukla 
1976; Bamzai and Shukla 1999; Chang et al. 2001). Fig-
ure 7 shows the air temperature at 900 hPa over the North-
ern hemisphere, for two seasons January–February (winters) 
and May (pre-monsoon) and differences significant at 90% 
are hatched. From Fig. 7a, positive temperature anomalies 
over western Eurasia can be noted, which are in phase with 
the surface pressure anomalies and are the consequence of 
positive NAO phase. A stronger pressure gradient between 
Icelandic low and Azores high (van Loon and Rogers 1978) 
results in stronger advection of warmer air from the Atlantic 
Ocean into the southern Europe, increasing the near-surface 
air temperature and reducing snowfall over Eurasia and cen-
tral Asia. The snow depth anomalies over Eurasia can persist 

Fig. 6  Difference of upper level Zonal winds at 200 hPa between 
winIrrg and noIrrg for the months of January–February–March. Dif-
ferences significant at 90% are hatched

(a) (b)

Fig. 7  Air temperature differences (in Celcius) between winIrrg and noIrrg at 900 hPa for a January–February, b May, over northern Hemi-
sphere. Differences significant at 90% are hatched
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from winter to spring, and thus can cause changes in spring-
time soil moisture and surface temperature and also sur-
face albedo. Figure 7b shows the air temperature anomalies 
(winIrrg−noIrrg) at 900 hPa for May, and it can be noted 
that near surface temperatures are higher over southern 
Europe and much of west-central Asia. Thus, the effect of 
winter-time positive NAO phase persists up to pre-monsoon 
through widespread changes in the surface conditions.

3.1.2  Effects on the pre‑monsoon conditions

Next, we examine some other pre-monsoon conditions in 
the case of winIrrg in comparison to noIrrg, which could be 
a consequence of this winter-time NAO positive phase. In 
Fig. 6 we noted that the upper level westerlies were stronger 
poleward of 45°N, which can subsequently affect the loca-
tion of troughs and ridges in mid-latitude circulations. Posi-
tive geopotential anomalies at 500 hPa over central Asia 
during May, often referred as a blocking high, is a prominent 
feature of mid-latitude circulations and is strongly related 
to the early phase of the Indian monsoon and its northward 
propagation (Banerjee et al. 1978; Krishnamurti et al. 2010). 
Equator-ward penetration of this blocking high (positive 
geopotential anomalies at 500 hPa) causes westerly intru-
sion of mid-latitude dry air into the Indian sub-continent 
and negatively affects the Indian monsoon (Chakraborty and 
Agrawal 2017). In the left panel of Fig. 8, we have shown 

the 500 hPa geopotential height difference between winIrrg 
and noIrrg, averaged between 60° and 90°E, for May. We 
notice that the blocking high is shifted poleward in the case 
of winIrrg. The right panel of Fig. 8 shows the difference of 
air temperature at 200 hPa between winIrrg and noIrrg, and 
the differences significant at 90% are hatched. The positive 
air temperature anomaly over north-west India again con-
solidates the argument that westerly cold-air intrusion in 
lesser in winIrrg in May.

On analyzing the surface conditions in May for winIrrg, 
we find that winIrrg has much more favorable conditions 
for a good subsequent monsoon as compared to noIrrg. 
Figure 9 shows the difference of 850 hPa geopotential 
height and surface pressure between winIrrg and noIrrg 
in May, with differences significant at 90% hatched. It can 
be noted that 850 hPa geopotential height anomalies (left 
panel) are strongly negative over western Asia and Arabian 
Sea, which enhances the gradient between the equatorial 
Indian Ocean and western Asia. Analogous negative sur-
face pressure anomalies can be noted in the right panel. 
Chakraborty and Agrawal (2017) showed through obser-
vational data analysis that such geopotential and surface 
pressure anomalies over western Asia in May are crucial 
to the onset of monsoon over central India and can be 
considered a harbinger of the subsequent good monsoon 
season, especially early onset and higher June rainfall. In 
agreement with these pressure anomalies, we find that the 

Fig. 8  Left panel: geopotential height difference at 500 hPa between 
winIrrg and noIrrg, averaged between 60° and 90°E, shown between 
10° and 70°N, for May. Positive geopotential height anomaly in mid-

latitude over central Asia is often referred as blocking high. Right 
panel: Difference of air temperature at 200 hPa between winIrrg and 
noIrrg in May, where differences significant at 90% are hatched
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low level Jet is stronger and moisture influx is higher into 
Indian region in winIrrg for the May and June months, 
and same has been presented in Fig. 10. Zonal winds at 
850 hPa, averaged between 60° and 70°E, for May and 
June, for winIrrg (dashed line) and noIrrg (solid line), are 
shown in the left panel, and it can be seen that low level 
jet is stronger in the case of winIrrg. A stronger jet advects 
more moisture into the Indian region and can be seen in 
right panel which shows vertically integrated moisture flux 
crossing 70°E (eastward positive), both in May and June, 
in winIrrg. This increases the low level moist static energy 
over central India, decreasing the atmospheric stability, 
and as a consequence higher precipitation, especially dur-
ing June–July in winIrrg.

3.1.3  Effects on intensification of the Indian monsoon

It is worthwhile to recall here that along with increased 
mean seasonal rainfall in the winIrrg, as compared to 
noIrrg, we also noted a significant decrease in the inten-
sity of low frequency intra-seasonal oscillations during 
JJAS for winIrrg over the Indian region. Since low fre-
quency oscillations are strongly coupled to active-break 
cycles and northward propagation of tropical convergence 
zone, we inspect few more large scale variables during 
June–August, which have often been related to active-
break cycles, namely strength of upper level westerly jet 
and mid-latitude westerly cold-air intrusion (Krishnamurti 
et al. 2010). Near the surface, the north–south geopotential 
gradient is stronger and more negative over Indian region, 

Fig. 9  Left panel: difference of geopotential height (m) at 850 hPa between winIrrg and noIrrg in May. Right panel: difference of surface pres-
sure (hPa) between winIrrg and noIrrg in May. Differences significant at 90% are hatched

Fig. 10  Left panel: latitudinal variation (from 0°–30°N) of Zonal 
winds (m  s−1) at 850 hPa, averaged between 60° and 70°E, for win-
Irrg (dashed line) and noIrrg (solid line), in a May and b June. Right 

panel: latitudinal variation (from 0° to 30°N) of vertically integrated 
zonal moisture flux (kg  m−1  s−1), crossing 70°E (positive eastward), 
for winIrrg (dashed line) and noIrrg (solid line), in a May and b June
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resulting in stronger low-level monsoonal circulation 
throughout the season (Figure S5). Figure 11a shows the 
latitudinal variation of 200 hPa zonal winds in JJA, quan-
tifying the strength of upper level westerlies, for winIrrg 
(green line) and noIrrg (black line). The zonal component 
of westerlies is much stronger for winIrrg between 40° 
and 50°N compared to noIrrg during June–August. The 
stronger zonal component is categorized as a high index 
circulation and the meridional component is much weaker 
under such circumstances, which results in lesser west-
erly intrusion and a good Indian monsoon (Ramaswamy 
1962). Figure 11b shows the difference of omega (pres-
sure velocity in Pa  s−1), averaged between 70° and 90°E, 
along the latitudes (40°S–40°N), for June–August. Dif-
ferences significant at 90% level are marked by cross. The 
negative anomalies between 25° and 30° N signify lesser 
westerly intrusion in the case of winIrrg as compared to 
noIrrg. Thus, it can be inferred from here that a stronger 
upper level westerly jet and lesser dry air intrusion, along 
with a stronger monsoonal circulation, could explain the 
decrease in the intensity of low-frequency intra-seasonal 
oscillations. This could mean prolonged active spells and 
weaker break spells, thus increasing the mean seasonal 
rainfall, similar to what has been shown in many studies 
on intra-seasonal variability (Sperber et al. 2000; Gos-
wami and Mohan 2001; Krishnamurthy and Shukla 2007). 
Lawrence and Webster (2001) and Karmakar et al. (2017a) 
have also reported a similar inverse relation between the 
low-frequency variability and seasonal mean rainfall over 
the Indian region and as stated earlier in Sect. 3.1, the 

model (CAM) is able to capture this inverse relationship 
(Figure S4).

3.2  Effects of annual irrigation on the Indian 
monsoon

Having analyzed the effects of winter-time irrigation on 
the regional and global scale and also on the Indian sum-
mer monsoon at seasonal and intra-seasonal time-scale, we 
extend our analysis to study the effect of adding summer-
time irrigation on top of winter-irrigation over the Gangetic 
Plains. That means, irrigation is carried throughout the 
year, as is practiced, and the experiment is referred as Irrg. 
Figure 12 a shows the spatial pattern of precipitation and 
850 hPa winds differences between Irrg and noIrrg experi-
ments for JJAS. Precipitation differences significant at 90% 
and 95% level are marked by cross and stars respectively. 
The box highlights the Gangetic Plain region (76°–88°E, 
22°–28°N). Significant reduction in precipitation can be 
noticed over the Gangetic Plains and an increase south of the 
Gangetic Plains and adjoining Bay of Bengal. A noteworthy 
difference exists over the west-equatorial Indian Ocean.

Figure 12b shows the long-term trends in mean summer 
(JJAS) precipitation (in mm day−1  decade−1) from observa-
tions, where precipitation data is taken from the India Mete-
orological Department (Rajeevan et al. 2006). Data for the 
period 1951–2013 has been taken for this analysis and the 
grids with trends significant at 90% and 95% are marked 
by cross and stars respectively. The spatial pattern of the 
observational trend is strikingly similar to the difference 
between Irrg and noIrrg experiments and anomalies over 

Fig. 11  Left panel: latitudinal variation (from 10°–80°N) of zonal 
winds (m  s−1) at 200 hPa, averaged between 60° and 90°E, for win-
Irrg (green line) and noIrrg (black line), in June–July–August (JJA). 
Right panel: difference of omega (pressure velocity in Pa  s−1) with 

pressure (hPa) between winIrrg and noIrrg, averaged between 70° and 
90°E, shown between − 40° and 40°N, for JJA. Differences signifi-
cant at 90% are marked by cross
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the Gangetic Plains are similar in magnitude to the observed 
trends (a reduction of 0.5 mm day−1 in a decade). Many stud-
ies have pointed out the role other factors in the weakening 
of the Indian monsoons, like aerosols (Bollasina et al. 2011), 
warming of the Indian Ocean (Roxy et al. 2015) and LULC 
(Paul et al. 2016). Bollasina et al. (2011) showed a very 
similar decrease in mean JJAS precipitation over a narrow 
belt in Gangetic Plains due to aerosols, and definitely, aero-
sols remains an important anthropogenic forcing in addition 
to irrigational activities in the northern plains of India. Roxy 
et al. (2015) related the weakening of Indian monsoon to the 
warming of equatorial Indian Ocean, but also discussed the 
possibility of warming up of the Indian Ocean due to the 
weakening of monsoons. We also get a small but widespread 
decrease in precipitation over the equatorial Indian Ocean 
in Irrg (Fig. 12a) which could, in turn, affect the SSTs. Paul 
et al. (2016) studied the effects of LULC change on the mon-
soon, with a large-scale conversion of forest to the crop land, 
and attributed reduced rainfall over central India to decrease 
in evapotranspiration. But the major issue is that irrigation is 
not considered on the crop land and irrigation can increase 
surface albedo and surface evaporation due to increased soil 
moisture. With irrigation, we find a significant precipitation 
reduction over the Gangetic Plains in spite of an increase in 
evaporation. Earlier studies (Lee et al. 2009; Douglas et al. 
2009; Niyogi et al. 2010; Tuinenburg et al. 2014; Cook et al. 
2015) have also attributed a similar decrease in summer pre-
cipitation over northern India to intensification of irriga-
tion over the region and our result is consistent with them. 

However, we find that this decrease in precipitation can not 
be simply attributed to a decreased land–sea contrast owing 
to irrigation, and the mechanism is much more detailed. We 
discuss this further in the Sect. 3.3.

Next, we show the effect of annual irrigation on the 
intraseasonal variability of the Indian summer monsoon. 
The left panel of Fig. 13 shows the difference between the 
LF-ISO variances of Irrg and noIrrg during JJAS, with dif-
ference significant at 90% highlighted. LF-ISO intensity 
decreased significantly over the Gangetic Plains and north-
ern Bay of Bengal, which is similar to that seen earlier for 
winIrrg experiment in Fig. 3a. Similarly, we analyze the 
IMD precipitation data for long-term trends in the LF-ISO 
intensity, which has been filtered using the same technique 
as was used for filtering model output, that is multichan-
nel singular spectrum analysis (MSSA). The right panel of 
Fig. 13 shows the trend in the LF-ISO intensity during JJAS, 
for the period 1951–2013. Note that trends are shown in 
mm2 day−2 decade−1 and the grids with a trend significant at 
90% have been marked. Northern India, which includes the 
Gangetic Plains, shows a significant reduction in the LF-ISO 
variance during this period, which is again very similar to 
the difference between Irrg and noIrrg experiments.

One more experiment is carried out to analyze the effect 
of only summer-time irrigation on the seasonal rainfall, that 
is when irrigation is carried out only during summer months, 
from June to September. This experiment is referred as jja-
sIrrg. The changes in mean precipitation and LF-ISO inten-
sity for JJAS are found to be very small and insignificant in 

(a) (b)

Fig. 12  Effects of annual irrigation: a Difference of simulated pre-
cipitation (mm day−1 ) and 850 hPa Winds (m  s−1) for Irrg and noIrrg 
experiments during JJAS. b Long term trends in mean summer 
(JJAS) precipitation (in mm day−1  decade−1) from IMD observations 

during the period 1951–2013. Differences significant at 90% and 95% 
level are marked by cross and stars respectively. The box highlights 
the Gangetic Plain region (76°–88°E, 22°–28°N) used in further cal-
culations
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the case of jjasIrrg, as compared to noIrrg (Figure S6). A 
band of weak negative precipitation anomaly is noted over 
central India, spreading across adjoining oceanic region, but 
these anomalies are smaller and statistically insignificant 
as compared to the Irrg (that is annual irrigation scenario). 
Thus, we can ascertain that summer-time irrigation alone is 
not responsible for the weakening of Indian summer mon-
soon, but it is the compounded effect of winter and summer-
time irrigation that significantly decreases rainfall over the 
Gangetic Plains.

Figure 14 shows the monthly mean rainfall during the 
summer season, area averaged over the Gangetic Plains, and 
a decrease of the order 0.5 mm day−1 in summer precipitation 
can be noted only for Irrg (annual irrigation), as compared 
to noIrrg. Winter or summer irrigation alone do not produce 
such effect on local precipitation. This decrease is similar in 
magnitude to the decadal trend in observations. Similarly, 
the LF-ISO intensity, area averaged over the Gangetic Plains, 
decreased for the Irrg experiment, as compared to noIrrg, 
which is similar to the decrease seen for winIrrg. Whereas, 
jjasIrrg does not show any change in LF-ISO intensity over 
the Gangetic Plains (Figure S7).

3.3  Mechanism of intra‑seasonal variability

Having observed a significant effect of annual irrigation on 
the Indian monsoon, now we examine the potential mecha-
nism that explains the decrease in mean precipitation over 
the Gangetic Plains in case of annual irrigation. Here, we 
have examined the low-frequency oscillations (LF-ISO) 
cycle composites from all the experiments. The methodol-
ogy used to calculate the phase angle and phase composites 
of the ISOs has been elaborated in Sect. 2.4.1. LF-ISO cap-
tures the precipitation anomalies fairly well in a season (Fig-
ure S8) and the LF-ISO cycle is divided into eight phases 
based on the phase angle. The spatial patterns of precipita-
tion anomalies during the eight-phase LF-ISO cycle (Fig-
ure S9) is a very good representation of the characteristic 
northward migration of cloud bands. Since we have calcu-
lated the phase of LF-ISO cycle by taking mean over the 

(a) (b)

Fig. 13  a Difference between the precipitation variance ( mm2 day−2 ) 
of Irrg and noIrrg (Irrg–noIrrg) during JJAS, in the low frequency 
domain (20–60 days time period). b Long term trends in the vari-
ance ( mm2 day−2  decade−1) of low frequency filtered precipitation 

in summer season (JJAS), from IMD observations during the period 
1951–2013. Differences significant at 90% and 95% level are marked 
by cross and stars respectively

Fig. 14  Monthly mean rainfall (mm day−1 ) area averaged over 
Gangetic Plains (76°–88°E, 22°–28°N), for the four experiments—
noIrrg (blue), Irrg (black), jjasIrrg (green), and winIrrg (gray). J J A S 
represent June to September respectively
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Gangetic Plains, thus the phases 1–4 have positive precipita-
tion anomalies over the Gangetic Plains, which represents 
an active phase of monsoon over the region. Similarly, the 
phases 5–8 have negative anomalies over the region, char-
acterizing a break phase. Peninsular India and the southern 
Bay of Bengal have opposite anomalies as compared to the 
Gangetic Plains.

Now, we analyze the differences in the LF-ISO phase 
composites of all the experiments, over the Gangetic Plains. 
Figure 15a shows the mean precipitation values (mm day−1 ) 
during the 8 phases of LF-ISO composites. The black curve 
shows noIrrg, where a sinusoidal variation in precipitation 
values can be noticed, with positive phase between 1 and 
4 and negative phase between 5 and 8. Precipitation dis-
tribution of jjasIrrg (dashed red curve) is very similar to 
noIrrg, possibly because of a negligible effect of summer-
time irrigation alone on the intra-seasonal variability. Next, 
we examine winIrrg (dashed blue curve). It can be noted 
that though winIrrg has a similar sinusoidal variation of pre-
cipitation, but the amplitude has reduced considerably. The 
cycle appears much flatter as compared to noIrrg, but cen-
tered around the same axis on y-coordinate. In simple words, 
precipitation intensity reduced during the positive phase and 
increased during the negative phase, thus maintaining the 
mean precipitation very close to noIrrg over the Gangetic 
Plain. Now, we examine the overall effect of irrigation on 

the LF-ISO cycle from Irrg (solid green curve). The LF-ISO 
cycle appears very similar to winIrrg, that is much flatter due 
to reduced amplitude, but then precipitation reduced further 
in the positive phase, as well as the negative phase, and as 
a consequence decreased the mean precipitation over the 
Gangetic Plain.

It can be concluded that it is not just the local increase in 
soil moisture that is weakening the monsoon over northern 
India, but a combined effect of the decrease in LF-ISO inten-
sity due to winter-time irrigation and the increased local 
soil moisture during summer monsoon owing to irrigation. 
The argument is further strengthened by similar analysis of 
mean surface evaporation (in mm day−1 ) over the Gangetic 
Plains for the LF-ISO cycle. It can be noted from Fig. 15b 
that evaporation only varies between 3.1 and 3.6 mm day−1 (a 
change of nearly 0.5 mm day−1 ), as compared to precipita-
tion that varies between 6 and 12 mm day−1 (a change of 
nearly 5-6 mm day−1 ) during the LF-ISO cycle. Undoubt-
edly, variability in the low-level moisture convergence over 
the Gangetic Plains play a dominant role in the noted pre-
cipitation variability.

Figure 16 show similar variation of the low-level (at 900 
hPa) moist static energy, moisture, and temperature terms, 
area averaged over the Gangetic Plains, for the LF-ISO cycle 
composite. Moist static energy is given by:

where MSE is Moist static energy, Cp is specific heat of dry 
air at constant pressure, T is air temperature (K), L is latent 
heat of vaporisation, q is specific humidity, g is acceleration 
due to gravity, z is height above surface. T, q, and z are taken 
at 900 hPa in these calculations.

The variation of MSE is not a simple sinusoid, but much 
more complex, and is mainly driven by the changes in mois-
ture term ( L × q ), which are almost four times stronger than 
the changes in temperature term ( Cp × T  ). From Fig. 16a, 
it can be noted that MSE of lower layer remains higher in 
the case of winIrrg, as compared to noIrrg, for all the LF-
ISO phases. A similar observation can be made for Irrg, 
except for phase 1, and much weaker differences between 
phase 4 and 8. Inspection of moisture term tells that the 
increased MSE in winIrrg can be attributed to increased low-
level moisture, which is also in phase with the precipitation 
variations. Temperature term, however, is out of phase with 
both moisture and precipitation variations, with colder tem-
peratures during the positive phase, and hotter temperatures 
during the negative phase of ISO-cycle.

In one final result, to substantiate our argument, we show 
the changes in low-level wind circulation (at 850 hPa) during 
the positive phases of LF-ISO (Sect. 2.4.1) of winIrrg and 
Irrg, in comparison with noIrrg, in Fig. 17. It can be noted 
that the convergence axis is shifted southward and also tilted 
along the northwest-southeast direction in the case of Irrg 

(2)MSE = CpT + Lq + gz

Fig. 15  Top: mean precipitation values (mm day−1 ) over the Gangetic 
Plains (GP: 76°–88°E, 22°–28°N), during the 8 phases of LF-ISO 
composite. Bottom: mean evaporation values (mm day−1 ) during the 
8 phases of LF-ISO composite. Positive phase between 1 and 4 (cor-
responds to phase angle between 0 − � radian), and negative phase 
between 5 and 8 (corresponds to phase angle between −� − 0 radian). 
The data corresponds to LF-ISO in summer months—JJAS
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(Fig. 17a), as compared to winIrrg (Fig. 17b). Thus, in spite 
of higher moisture flux, explicit from low-level moisture and 
MSE (Fig. 16), the Gangetic Plains receive lesser rainfall due 
to the southward shift in the dynamic low. This shift can be 
attributed to enhanced local soil moisture over the Gangetic 
Plains in summer season due to extensive irrigational activi-
ties. It can be concluded from here that the decrease in the 
JJAS precipitation in the case of annual irrigation (Irrg) is 
not due to the weakening of monsoon circulation over the 
Indian region as a whole, but due to a local weakening of 
moisture convergence over the Gangetic Plains. In a study 
based on the observed precipitation data, (Chakraborty and 
Nanjundiah 2012) have shown a very similar result that dur-
ing a weak monsoon year the axis of northward propagation 
of cloud bands is located equator wards of the normal posi-
tion, limiting the northward penetration of cloud bands.

4  Summary

Increased irrigational activity over the Gangetic Plains has 
the potential to affect regional and remote climate. Winter-
time irrigation has a strong effect on large-scale circulation 
pattern and also results in the intensification of the Indian 
summer monsoon. This is due to the fact that climatologi-
cally winter is a very cold and dry season, and agricultural 
activities are limited to the tropical regions only, making 
Indo-Gangetic Plains one of the most strongly irrigated 
regions of the world during this season. Addition of a huge 
amount of moisture to the surface due to irrigation in win-
ters (January–March) acts as a strong forcing, decreasing 
the surface temperature and increasing geopotential height 
over the Gangetic Plains in January–March, compared to 
the no-irrigation scenario. This increases the gradient of 
geopotential over the Indian Ocean between northern and 

Fig. 16  Mean values over the Gangetic Plains (GP: 76°–88°E, 22°–
28°N) at 900 hPa during the 8 phases of LF-ISO (in JJAS), First: 
moist static energy values, Second: moisture term ( L × q ), Third: 
Temperature term ( Cp × T  ). Units: (kJ  kg−1)

(a) (b)

Fig. 17  Difference of mean low level winds at 850 hPa (in m  s−1) during the active phases (that is phase angle between �∕6 and 5�∕6 ), a Irrg–
noIrrg, b winIrrg–noIrrg. Summer months (JJAS) are considered
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southern hemisphere, in turn, intensifying southern hemi-
sphere rainfall and intensifying the Hadley circulation over 
Indian region. A strong subsidence of air is noticed along 
30°N as a consequence of the Hadley cell intensification and 
also significant surface pressure anomalies, analogous to a 
positive North Atlantic Oscillation (NAO) phase, is noted 
during the Northern Hemisphere winters. The effect of 
positive NAO phase persists from winter to spring through 
large-scale changes in surface conditions over southern and 
western-central Asia, which makes the pre-monsoon condi-
tions suitable for a subsequent good monsoon over India. 
These large-scale changes also seem a major cause for the 
reduction in low-frequency intra-seasonal oscillation vari-
ability over the Indian region during monsoon season. Thus, 
winter-time irrigation caused intensification of the Indian 
monsoon and reduced the low-frequency variability, by mak-
ing atmospheric conditions more conducive to convective 
activities during monsoons.

On the contrary, on analyzing the effect of annual irri-
gation over the Gangetic Plains, that is when irrigation is 
provided in both summer and winter months, we noted a 
decrease in monsoon precipitation over the Gangetic Plain 
in the annual irrigation scenario, as compared to the no-
irrigation scenario. This finding is consistent with previous 
studies focussing on global impact of irrigation (Tuinenburg 
et al. 2014; Cook et al. 2015). The spatial pattern of this 
decrease in mean seasonal rainfall is strikingly similar to 
the noted trends in observational in-situ precipitation data 
for the time period 1951–2013. We also identified a decrease 
in low-frequency variability over the Gangetic Plains in the 
case of annual irrigation, which is again noticeably simi-
lar to the observed trend in low-frequency variability from 
the in-situ precipitation data for the same time-period. The 
cause of this decrease in seasonal precipitation is identified 
to be the increase in the local soil moisture during monsoon 
season, which weakens the monsoon by a southward shift 
in the axis of low-level moisture convergence during the 
active phase of low-frequency oscillation. The change in 
low-frequency variability in the case of annual irrigation 
is related to winter-time irrigation. Thus, together winter 
and summer-time irrigation have a negative feedback on the 
monsoonal climate over the Gangetic Plains. Summertime 
irrigation alone does not seem to cause significant changes 
in mean rainfall or low-frequency variability during mon-
soon. A zonally oriented belt of weakly negative and insig-
nificant precipitation anomalies over central India are noted 
with summer-irrigation alone, which is not comparable to 
the observed trends.

On the basis of these findings, it can be inferred with 
certain confidence that the negative trends in observed pre-
cipitation could be related to enhanced irrigational activities 
over the Gangetic Plains in the recent decades. It is worth-
while to enunciate here that parallel studies (Singh 2000; 

Rodell et al. 2009) from hydrology perspective have already 
reported a decline in groundwater recharge level over the 
years and over-exploitation of groundwater for the irriga-
tional purpose, especially in the Indian states of Haryana, 
Punjab and Uttar Pradesh. The demand for freshwater for 
irrigation is only deemed to increase in near future (Frai-
ture and Wichelns 2010), with an increasing pressure to 
increase food production for a rapidly increasing population. 
The negative trends in mean summer precipitation over the 
Gangetic Plains is thus very alarming as it could exacerbate 
the water crisis in the region. This imminent crisis has a 
huge societal, political, and economic implications. A more 
focused study on the prevalent irrigational and agricultural 
practices may offer a practical solution for combating the 
negative effects on climate. One such practice is irrigating at 
the root-zone level of crops (Kang and Zhang 2004), which 
has been implemented in many districts of India (Sivanap-
pan 1994), but a detailed modeling study is required to ana-
lyze the benefits of such unconventional irrigational prac-
tices in controlling the anthropogenic effects of irrigation on 
the climate system.
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