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ABSTRACT

From the 1980s, Indian summer monsoon rainfall (ISMR) shows a decreasing trend over north and
northwest India, and there was a significant observed reduction in July over central and south India in 1982—
2003. The key drivers of the changed ISMR, however, remain unclear. It was hypothesized that the large-scale
irrigation development that started in the 1950s has resulted in land surface cooling, which slowed large-scale
atmospheric circulation, exerting significant influences on ISMR. To test this hypothesis, a fully coupled
model, the CESM v1.0.3, was used with a global irrigation dataset. In this study, spatially varying irrigation-
induced feedback mechanisms are investigated in detail at different stages of the monsoon. Results show that
soil moisture and evapotranspiration increase significantly over India throughout the summertime because of
the irrigation. However, 2-m air temperature shows a significant reduction only in a limited region because the
temperature change is influenced simultaneously by surface incoming shortwave radiation and evaporative
cooling resulting from the irrigation, especially over the heavily irrigated region. Irrigation also induces a
925-hPa northeasterly wind from 30°N toward the equator. This is opposite to the prevailing direction of the
Indian summer monsoon (ISM) wind that brings moist air to India. The modeled rainfall in the irrigated case
significantly decreases up to 1.5 mm day ' over central and north India from July to September. This paper
reveals that the irrigation can contribute to both increasing and decreasing the surface temperature via
multiple feedback mechanisms. The net effect is to weaken the ISM with the high spatial and temporal
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heterogeneity.

1. Introduction

The Indian summer monsoon rainfall (ISMR), contrib-
uting 85% of annual rainfall in India, has undergone several
noticeable changes in past decades (Singh et al. 2014).
Specifically, ISMR showed a negative long-term trend in
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19802015 compared to the expected level from previous
observational rainfall records during the period 1871—
2012 (Naidu et al. 2015). Lee et al. (2009) also ana-
lyzed the observations in 1982-2003 and found that there
were significantly decreasing trends in the early ISMR
(July) over central (—2mmday ' decade™") and south
(—0.5mmday ' decade ') India. Furthermore, there was a
significantly decreasing trend in monsoon rainfall data
from the Indian Meteorological Department (IMD)
over north and northwest India in 1951-2003 (Niyogi
et al. 2010).

There are several factors that potentially contrib-
uted to the observed changes in ISMR. These in-
clude changed El Nifio-Southern Oscillation (ENSO;
Dwivedi et al. 2015), sea surface temperature (SST)
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variability (Saji et al. 1999; Salzmann and Cherian 2015),
anthropogenic aerosols (Bollasina et al. 2011, 2014), large-
scale agricultural irrigation (Lee et al. 2009; Puma and
Cook 2010), and land-use and land-cover change (LULCGC;
Halder et al. 2016; Kueppers et al. 2007; Xu et al. 2015). For
example, it is argued that the warming SST in the Indian
Ocean, along with a relatively cooler land surface over the
Indian subcontinent, plays a key role in the decreased
ISMR (Roxy et al. 2015). Also, the observed drying is
partially ascribed to anthropogenic aerosol because of its
important role in an earlier monsoon onset and rainfall
enhancement due to changes in lower-tropospheric
wind field and temperature (Bollasina et al. 2014). In
terms of LULCC, the forest-to-cropland simulations
indicate that LULCC can cause considerable variabil-
ity in 2-m air temperature and an anticyclonic anomaly
at low-level atmosphere in India (Xu et al. 2015).

However, the combined effect of the above-listed
candidates influencing ISMR makes the net effect con-
ditional and difficult to predict. It was reported, for
example, that the relationship between ENSO and
monsoon started weakening from the 1980s onward
(Kumar et al. 1999). Also, Srivastava et al. (2015)
showed that the correlation between the SST index in
the Nifio-3 region from the National Centers for Envi-
ronmental Prediction—National Center for Atmospheric
Research (NCEP-NCAR) reanalysis and ISMR weak-
ened in 1981-2010 because of the increasing influence
from extratropical circulation. The human-induced
aerosol is known to be responsible for the reduced
rainfall over north-central India via weakening meridio-
nal overturning circulation in the tropics (Bollasina et al.
2011), but the large uncertainty and limited availability of
the aerosol dataset (Bollasina et al. 2014) hampers ac-
curate quantification of its effect on ISMR. These examples
indicate the importance of process-based understanding on
individual factors influencing ISMR to improve the pre-
diction of their combined effect.

In this work, we investigate the processes involved in
the ISMR changes in response to the irrigation-induced
soil moisture anomaly. Agricultural irrigation develop-
ment in India grew steadily from the 1950s, leading to a
considerable growth of the irrigated area and irrigation
water volume (Siebert et al. 2015; Wisser et al. 2008).
The increases in water vapor flux (Boucher et al. 2004)
and evapotranspiration (ET) induced by the large-scale
agricultural irrigation can modulate land surface tem-
perature and local atmospheric circulation, which, in
turn, have a remote effect on the adjacent regions (Lo
and Famiglietti 2013). Using a general circulation
model, Puma and Cook (2010) demonstrated that irri-
gation caused a land surface cooling (Lobell et al. 2009;
Sacks et al. 2009) in the Northern Hemisphere during
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summertime with a negative anomaly of June-August
rainfall in India from the mid-1970s to 2000. Cook et al.
(2015) also found a significant reduction in simulated
ISMR (including Bangladesh) caused by irrigation,
which was also discussed in other studies (Guimberteau
et al. 2012; Saeed et al. 2009, 2013; Shukla et al. 2014;
Thiery et al. 2017). At a regional scale, Saeed et al.
(2009) argued that irrigation led to increased rain over
the Indus and Ganges River basins.

The irrigation-induced decrease in precipitation is
linked to land surface cooling and a reduced available
energy in the overlying atmosphere in India (Zeng et al.
2017). Furthermore, Zeng et al. (2017) demonstrate a
wind anomaly caused by irrigation over northern India
in the partially coupled (CAM and CLM) simulations,
flowing from the Indian subcontinent to either the Bay
of Bengal or the Arabian Sea depending on the un-
certainty of background climate change. The climate
and land surface responses to groundwater irrigation
were also investigated in previous researches (Zou et al.
2014,2015). As the soil moisture—precipitation feedback
loop reported in Fig. 10 of Seneviratne et al. (2010),
the positive (negative) feedback in this work refers to
the increased (decreased) ISMR in response to the
irrigation-induced positive soil moisture anomaly. De-
spite the above studies reporting the increase/decrease
in ISMR, detailed potential processes forming the pos-
itive or negative feedbacks and the associated role of
large-scale atmospheric circulation at the different
stages of summertime have not been discussed with
enough details. The current study, therefore, aims
to reveal the series of change arising between the
irrigation-induced soil moisture anomaly and ISMR
(we consider ISMR as rainfall from June to September)
in the context of large-scale atmospheric circulation.
This can provide valuable insights to understanding
complex feedback mechanisms between the irrigation
and ISMR. The comparison of rainfall between simu-
lations and observations is, first, demonstrated to
evaluate the overall model performance. Next, investi-
gating the changes in energy heat fluxes, surface incoming
shortwave radiation, low cloud cover, and surface tem-
perature at different stages of summertime would help to
reveal the potential mechanisms for the changed rainfall.
After that, with the analysis of large-scale atmospheric
circulation change, the impact of irrigation on the local
and remote region will be discussed together.

2. Model and data

Two numerical experiments, previously conducted
by Wey et al. (2015), with and without irrigation using
a fully coupled land-atmosphere—ocean model, the
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Community Earth System Model (CESM v1.0.3; Hurrell
et al. 2013), were analyzed to understand the effect of
irrigation on ISMR 1in this study. The model applies the
Community Land Model, version 4 (CLM4), of the im-
proved performance of simulating the land hydrologi-
cal processes, the advanced Community Atmosphere
Model, version 5 (CAMS), and the Parallel Ocean
Program, version 2 (POP2). Specifically, a revised nu-
merical solution of the Richard’s equation was applied
within the hydrological process in CLM4, and a new
evaporation parameterization accounts for the canopy
stability and litter. The irrigation water demand dataset
(Wisser et al. 2008) was used to run the irrigated case
(see text S2 in the online supplemental material for
more details). Here, the approaches implemented in
Wisser et al. (2008) are briefly described as follows. First,
the natural rain and the above dataset were added di-
rectly to soil water content up to the level of water-
holding capacity when it was below the crop-specific
threshold level (Wisser et al. 2008). Second, for rice,
Wisser et al. (2008) assumed that 50-mm-deep water
above the ground was maintained during the growing
period with seepage into soil at a fixed rate. Finally, the
gross irrigation water quantity was calculated based on
the net irrigation water demand and the irrigation effi-
ciency for South Asia [0.35; see Table 1 in DIl and
Siebert (2002)]. Interannual variability of the above
dataset in 1991-2000 (represented by the standard de-
viation) is 10% or less of the mean irrigation in the same
period (see details in text S2). The map of the simulated
average irrigation water demand in 1991-2000 is shown
in Fig. 1.

Two model simulations for a control case (denoted by
CTRL hereafter) and an irrigated case (denoted by IRR
hereafter) were conducted in the fully coupled mode
with a horizontal resolution of 1.9° X 2.5°. The only
difference between the two cases is that, for the IRR
case, the global irrigation water data were evenly ap-
plied to the whole grid cell at the top layer of the soil
column bypassing the canopy layer. Application of the
irrigation water over the whole grid cell used in this
study may overestimate ET compared to the irrigation
simulation based on the plant functional types (PFTs)
due to the evenly applied irrigation over the non-
agricultural fraction of the grids. However, the air
temperature and energy fluxes are averaged over the
grid cells to be coupled with the atmospheric model;
thus, the corresponding atmospheric processes are not
modulated significantly (Schultz et al. 2016). To simplify
the configuration, therefore, irrigation water was added
to the whole grid cell in the IRR case assuming that
the PFT-level bias in energy flux is negligible. The
groundwater-sourced irrigation was extracted from the
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“unconfined aquifer” of the CLM; consequently, the
feedback to soil water and recharge rate should be
propagated realistically (see text S3 in the supplemental
material for more information). With the interannually
invariant forcing [including all major anthropogenic in-
fluences such as greenhouse gases (GHGs) and aerosols]
of year 2000, the first 50 years of a 100-yr period were
considered as a spinup, and only the results from the sec-
ond 50 years were analyzed. By showing the second
50 years’ average variables, this study aims to determine
the sensitivity of the land surface and climatic responses to
irrigation in a perspective of relative change from the
CTRL to IRR run (see text S4 in the supplemental ma-
terial for model stabilization). More detailed configura-
tion of the numerical experiments can be found in Wey
et al. (2015).

The following observational datasets were compared
and verified with the simulated results. The observa-
tional monthly near-surface temperature dataset in
1901-2012 is from Climatic Research Unit (CRU)
Time Series 3.2 (Harris et al. 2014). The monthly rain-
fall dataset in 1871-2013 from the Indian Institute
of Tropical Meteorology (IITM) (see https://www.
tropmet.res.in/) was prepared by assigning the district
area as the weight for each rain gauge station in that
subdivision. Since the simulation was undertaken with a
single-year forcing, assessing the plausibility of the output
rainfall cannot be made by direct comparison with the
IITM’s observation data. Instead, we compared the rain-
fall difference between the CTRL and IRR simulations
with the decrease in ISMR estimated following the pro-
posal by Naidu et al. (2015). Based on the long-term
fluctuation of 21-yr-moving-average rainfall data, Naidu
et al. (2015) argued a reduction of rainfall in the last
30 years of the analysis period 1871-2012. It was reported
that ISMR fluctuates with an approximately 60-yr cycle
(Agnihotri et al. 2002). Additionally, it has been con-
firmed that the multidecadal variability of ISMR is mod-
ulated by the Atlantic multidecadal oscillation (AMO)
through the tropospheric temperature anomaly over
Eurasia and the shift of the Walker circulation related to
the regional Hadley circulation (Goswami et al. 2006).

Since the Green Revolution in India started in the
1950s with a rapid growth from the 1970s, we assumed
that the impact of irrigation development on ISMR was
negligible in 1881-1971. Based on the reported cyclic
features of ISMR and the timing of the irrigation
development, a hypothetical “baseline”” ISMR cycle
was constructed by fitting a sinusoidal function with a
linear trend (additive) to the time series of 21-yr-
moving-average ISMR in 1881-1971. The baseline se-
ries represents the moving-averaged ISMR that would
have occurred without the influence of the irrigation
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FIG. 1. Monthly spatial maps of the applied irrigation water averaged over the period 1991-2000.

development or other possible influences that com-
menced after 1971. Consequently, it was assumed that
the difference between the 21-yr moving average of
ISMR and the baseline series in 1972-2013 was par-
tially caused by the irrigation development on ISMR
during the corresponding period. Finally, this projected
difference was compared with the difference of ISMR
between CTRL and IRR simulations. More details can
be found in the supporting information. The Student’s

t test was applied to identify the statistical significance
of the difference between the CTRL and IRR cases.
3. Results

a. Changes in monthly rainfall

Since the two runs were undertaken giving the year-
2000 forcing in each year of the simulation, the simu-
lated rainfall is compared to the IMD observation of the
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Rainfall data in ‘CTRL’ case (50-year average, upper)
and IMD Rainfall (in 2000, bottom)
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FIG. 2. Comparison of monthly rainfall between the (top) CTRL case (the 50-yr average) and the (bottom) IMD observation in 2000.

year 2000 to evaluate the model performance before
analyzing the difference between two runs. The 0.5°
IMD observational rain dataset in 2000 was aggregated
into the model resolution (2.5° X 1.9°), and only the
simulated rainfall in the second 50 years is averaged to
compare with. As shown in Fig. 2, although the simu-
lated rainfall is slightly higher over south (central) India
in July (September), the model performance is reason-
able in both qualitative and quantitative aspects. The
differences could partially be due to the lower resolution
used in the simulations.

Interannual variability of rainfall is greater in summer
than in winter since the large-scale rainfall events mostly
occur in summer. In general, the difference in individual
monthly rainfall values between the CTRL and IRR
cases is large in May—October over India with high in-
terannual variability, but the 50-yr mean rainfall of the
IRR case exhibits a statistically significant increase (p <
0.05; see boxplots in Fig. S1) only in March. This is
possibly due to the high subregional spatial heteroge-
neity of rainfall that is averaged out when it is summa-
rized over the entirety of India. Furthermore, the high
interannual variability of ISMR reported in the pre-
vious studies (Chase et al. 2003; Naidu et al. 2015; Singh
et al. 2014) shown in scatterplots in Fig. S1 can also
contribute to the weak statistical significance of the
change in ISMR.

Figure 3 shows the high spatial variability of the
difference in average monthly rainfall between the

two cases, in particular from June to September.
Rainfall throughout most northern regions in July
significantly (p < 0.05) decreased by approximately
I mmday ! while insignificant reductions in rainfall
were widespread in June, the monsoon onset month.
Rainfall kept reducing in August and September but
in different areas. In August, a reduction of rain
dominated over the limited regions of northwest
states like Punjab and Haryana, but with increases in
the northern Arabic Sea and the northern Bay of
Bengal. Rain decreased in the eastern half of the In-
dian subcontinent and the northern Bay of Bengal in
September.

From July to September, some of the moderately to
heavily irrigated regions (e.g., the northwest region in
Fig. 1) with a less-than-expected rainfall reduction
coincide with the areas with increased low cloud cover
(see top row of Fig. 4). This may be associated with the
possible growth of a positive feedback such as the en-
hancement of moisture at the lower atmosphere or the
increased ET-related rainfall recycling (Koster et al.
2004; Pathak et al. 2014). The net result of the trivial
increase in rainfall in September indicates that there
might be a regional-scale negative feedback mecha-
nism between the irrigation-induced soil moisture
anomaly and rainfall, which offsets the positive feed-
back at larger scale. The decrease in rainfall during sum-
mertime, such as in July, will be discussed in section 3c(2)
with the weakened large-scale atmospheric circulation.
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FIG. 3. The 50-yr-average changes in monthly rainfall (IRR minus CTRL; black dots mark grid cells with p < 0.05).

The decrease in rainfall spreads along the western bound-
ary of India in October.

b. Comparison between the projected and simulated
difference of ISMR

In this section, the simulated difference in ISMR
between IRR and CTRL runs is compared with the
difference between the IITM observation and a hypo-
thetical background ISMR without the factors that

influenced ISMR from the 1950s. Following Naidu
et al. (2015), we assumed that the background ISMR
features a multidecadal periodicity and that deviations
from the background trend can be quantified more
distinctively when its annual time series is smoothed to
emphasize the trend. Berkelhammer et al. (2010) also
suggested multidecadal variability of ISMR using a
1000-yr oxygen isotope record from the Danak Cave
in east-central India. The simulated change (IRR — CTRL)
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FIG. 4. The 50-yr-average changes in (top) the low cloud fraction, (middle) the surface incident solar radiation, and (bottom) 2-m air
temperature from June to September (IRR minus CTRL; black dots mark grid cells with p < 0.05).

is not comparable with the hypothetical ISMR differ-
ence because the actual difference is a result of com-
bined factors influencing ISMR; however, we compare
the two differences to examine their regional variabil-
ities and the interactions (positive or negative) be-
tween the irrigation and the other combined factors.
The paired plots in Fig. 5, as mentioned in the section
“Model and data,” show the “projected” variability,
which was projected using the ‘“‘observed” IITM ob-
servation, and the comparison of difference of ISMR
between “IRR — CTRL” and “Observed — Projected”
over all-India and five subregions (see Fig. S2 for the
map). Since India started the irrigation development
from the 1950s with a rapid growth in the 1970s, the
impact of irrigation on ISMR is assumed to be negligible

during 1881-1971 [denoted by the training period (TP)
hereafter]. The baseline time series in 1972-2003 [de-
noted by the projected period (PP) hereafter], which
had been noted in Naidu et al. (2015), was projected as
the sum of a linear trend L and a cyclic function S fitted
to the time series of rainfall in TP:

S =a, +a, sin(wt) + a, cos(wt) and
L=b,+bt,

where ag, a1, and a, are constants for the cyclic function,
o is angular frequency (w = 2#/period), t is time (years),
period is the duration for an entire cycle (65 years is as-
sumed), and by and b, are constants for the linear trend L.
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Projected vs observed all-India rainfall

940 . 66 All-India
E 4 —— Observed sl (B
9201 = = Projected 60
= £
I
g g 20
: 5 ob---- - -
§ ol S
£ G .
3 40 e L
£ -60
ﬂi -80
o 1007IRR-CTRL _ Obs-Pro
1900 1920 1940 1960 1980 2000 Groups
Year
Projected vs observed northeast (NE) rainfall
= Northeast (NE;
E o i (NE)
=1460 a0 P
o 1
g _ 60l
@ E
1420 {E i
g {g2or [] )
% S 0+ == H <
S1380 1€ 2 | |
3 © -0 | H
E -60 [ +
= 1340 1
u; o )
- — — Projected |1 -
T ) 100 RRETRL Obs o
1900 1920 1940 1960 1980 2000 Groups
Year
Projected vs observed peninsular (Pe) rainfall Peninsular (Pe)
13 100,
E£1000 ® —— Observed a0l ®
B 950 -~ = Projected 60
£ =
E 900 £ 40
L7 -
=] 20 E
& 850 g -
g 5 o —- -~ =
= 800 £ 20 =
£ 5 40
z 750
£ 2700 -60
5 -80
™ 650 - x: -100
~ IRR-CTRL  Obs-Pro
1900 1920 1940 1960 1980 2000 Groups

Year

JOURNAL OF CLIMATE

VOLUME 31

Projected vs observed central-northeast (CNE) rainfall
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FIG. 5. (left),(right center) Comparison of 21-yr-moving-average JJAS rainfall time series between the observed and the projected and
(left center),(right) the comparison of the regional variability of JJAS rainfall between the simulated (IRR — CTRL) and the projected
(Obs — Pro) differences over (a),(b) all-India and the (c),(d) northeast, (e),(f) peninsular, (g),(h) central-northeast, (i),(j) northwest, and

(k),(1) west-central regions.

The red dotted line in Figs. Sa, Sc, Se, 5¢g, 5i, and 5k,
projected from the moving-averaged ISMR in TP,
represents a hypothetical June-September (JJAS) pre-
cipitation pattern without irrigation and other influ-
encing factors on the precipitation from 1972. This
projected difference in PP, therefore, was compared to
the difference of ISMR between CTRL and IRR simu-
lations. In other words, the boxplots in Figs. 5b, 5d, 5f,
Sh, 5j, and 51 compare the hypothetical change from
projected to observed in PP and the simulated change
from CTRL to IRR. When the majority of the blue
box (data between the 25th and 75th percentiles) is
below zero (red dashed line), either IRR — CTRL or
Observed — Projected (Obs — Pro) is stated as ‘‘nega-
tive” as shown in Table 1. Summary results from Fig. 5
marked with p values from the Student’s  test are pre-
sented in Table 1.

It is important to mention the weaknesses and limi-
tations of this analysis. The “projection” by a simple
statistical model is not based on the causality governed
by fundamental climate physics. However, it is com-
monly used to quantify anomalous deviation of the
process from the expected trend and cyclicity in nu-
merous climate research (DelSole and Shukla 2002;
Rajeevan et al. 2007; Sahai et al. 2003) and often pro-
vides important insights into hypothetical processes in-
tertwined in the complex processes. To avoid spurious
trends and periodicity in the projection stemming from
overparameterization and to make the model robust,
the choice of the model complexity was made carefully
by checking the Akaike information criteria (AIC) and
the Bayesian information criteria (BIC). Moreover, the
statistical significance of the results was quantified using
the Student’s ¢ test to ensure that there was no further
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TABLE 1. Comparison between the changes of the simulated and observed ISMR. Asterisks specify p values: * indicates p < 0.05;
** indicates p < 0.01.

Residuals All-India, west-central Central-northeast Northwest Peninsular Northeast
Observed — Projected Negative** Negative* Negative Insignificant Negative
IRR — CTRL Negative** Negative Insignificant

increase of the model complexity with reduced robust-
ness of the model. Finally, the smoothing (e.g., the
aforementioned 21-yr-moving-average time series) was
applied to emphasize the trend and cyclic features of
ISMR that are masked by ISMR’s high interannual
variability on the basis of the proposal by Naidu et al.
(2015). One value of this analysis is that the comparison
between IRR — CTRL and Obs — Pro shown in Fig. 5
can indicate the sign of potential effect (i.e., to enhance
or to weaken) on the ISMR from other factors (ex-
cluding the influence of irrigation development).
Figure 5 also compares the simulated irrigation-induced
effect and the projected combined influence on the
ISMR at the regional level for the first time. The results
demonstrate the regionwise hypothetical differences in
the response of the ISMR to the irrigation alone and the
combined factors.

As shown in Table 1 and Fig. 5, the decreases in
rainfall are comparable between IRR — CTRL and
Observed — Projected over the all-India, west-central,
central-northeast, and northwest regions, although the
difference of the northwest region is insignificant for
Observed — Projected. The simulated reduction (IRR —
CTRL) in the peninsular region is, however, not found
in Observed — Projected. Next, a hypothetical decrease
in ISMR over the northeast is found in Observed —
Projected but not in the simulation. Decreases in the
observed ISMR against the hypothetical baseline time
series over these regions in 1972-2003 are consistent
with the results of current and other studies (Lee et al.
2009; Singh et al. 2014). When comparing the anomalous
variation between the IRR — CTRL and Obs — Pro,
taking Fig. 5b as an example, the difference indicates
that the influence of other factors (excluding the influ-
ence of irrigation development) could possibly result in
less reduction (a higher position of the middle value) of
the ISMR but with a higher variability (a wider range
between the 25th and 75th percentiles). Thus, it is likely
that the effect of irrigation is opposite to the effect of
other factors for all of India, although this speculation
needs more evidence to be confirmed. Additionally, the
results demonstrate the regionwise hypothetical differ-
ences in the response of the ISMR to the irrigation alone
or the combined factors. For instance, the less reduction,
to different extents, of JJAS rainfall in Obs — Pro when
compared with IRR — CTRL was found over the

central-northeast (CNE), the northwest (NW), and the
peninsular (Pe) regions, along with all of India. In con-
trast, the combined effect in the NE likely reduces the
JJAS rainfall while irrigation slightly increases it with a
large variability.

¢. Potential mechanisms of rainfall changes

1) CHANGES IN LAND SURFACE STATES AND
ENERGY FLUXES

Figure S3 describes the interannual variation of
monthly soil moisture (SM) averaged over the top 10cm
of soil column in the entirety of India. The lowest SM of
21-24kgm ? is observed in March, while SM reaches
the highest level (35kgm?) in August and September.
There are relatively larger differences of SM between
the CTRL and IRR cases in the drier season from Oc-
tober to March because irrigation presumably plays an
important role in wetting the drier soil due to low rain-
fall. The significant increases in SM in the IRR case,
except in June and July, reveal that irrigation leads to
the increased SM throughout the year, especially during
the dry season. It would, in turn, modulate the regional
SM-driven boundary layer processes such as the in-
crease in ET, which is confirmed by the modeled results
and the satellite-derived product (Wey et al. 2015).

As in SM, ET (see Fig. S4) exhibits a strong seasonal
variation with the lowest level of 1-1.5mmday ' in Jan-
uary and the highest level of approximately 3 mm day ' in
July and August. The increased ET in the IRR case is the
most noticeable during the dry cropping season from
October to April. In addition, the increases remain sta-
tistically significant throughout the year except for June. In
fact, the insignificant increase in ET in June, the onset of
summer monsoon, is associated with the spatial (see the
difference of June between Figs. 7a and 7b) and temporal
(interannual; see the scatterplot in Fig. S4) variability.

The reference height (2m) temperature with a strong
seasonality reaches the highest level in May (see Fig. S5).
The reduction of 2-m temperature in the IRR case is
statistically significant throughout the year except for
the period of ISMR (see Fig. S5) when averaged over
the entirety of India. It is worth noting here that the
statistically significant increases in ET in the IRR case
did not lead to the corresponding decreases in 2-m
temperature.
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FI1G. 6. Comparison of the seasonal 2-m air temperature averaged over the entire country during (a) all months,
(b) DJFM, and (c) JTAS between the observed (CRU TS 3.2in 2000) and the simulated (the results of the second 50

years in CTRL and IRR) cases.

When compared with the CRU observations of year
2000 for all months in Fig. 6a, the model tended to
overestimate the 2-m air temperature when averaged
over the entirety of India. However, there was a no-
ticeable reduction/improvement during wintertime
[December-March (DJFM)] from the CTRL to IRR
product, while both cases varied in a similar range dur-
ing summertime (JJAS). With the irrigation-induced
increases in SM and ET, the insignificant decreases
in 2-m temperature during summertime urge the in-
vestigation into the relationship between changes in 2-m
temperature and irrigation (SM anomaly) via analyzing
the changes in low cloud cover and energy balance
components.

Figure 4 illustrates the effects of irrigation (IRR —
CTRL) on the low cloud cover, surface incoming
shortwave radiation, and 2-m temperature, respectively,
from June to September. The increases in surface in-
coming shortwave radiation are found over western
Uttar Pradesh and the Arabian Sea (see the middle row
of Fig. 4) in June. The reduction of the 2-m temperature
in June is limited only in the northern irrigation area. In
July, the decrease in low cloud cover along with the
reduced rainfall (Fig. 3) allow more incoming shortwave
radiation to reach the northwest and north-central

regions of the Indian subcontinent, as shown in Fig. 4.
However, there are significant decreases in 2-m tem-
perature only in the northwest Indian subcontinent with
heavy irrigation. Since the evaporative cooling along
with the change of incoming solar radiation simulta-
neously affect 2-m temperature, the change of ET in-
duced by irrigation was examined over the region of
interest. There are significant increases in July ET over
the entirety of India, especially in the northwest region
(see in Fig. 7a), that can partially explain the offset of
the potential increase in 2-m temperature caused by
enhanced surface incoming shortwave radiation. The
causal relationship between irrigation and higher ET is
also reported in previous studies (de Rosnay et al. 2003;
Douglas et al. 2009, 2006; Saeed et al. 2009; Teluguntla
et al. 2013).

In August and September with heavy irrigation, low
cloud cover increased over the northwest Indian sub-
continent (see top row of Fig. 4). Next, the changes in
incident solar radiation (see middle row of Fig. 4) look
consistent with the net effect on rainfall. For example,
reduced rain with less surface incoming shortwave ra-
diation is located in Punjab and Haryana, while in-
creases in rain and more surface incoming shortwave
radiation are found in the northern Bay of Bengal in
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FIG. 7. Variability of monthly evapotranspiration in the second 50 years over (a) Punjab and Rajasthan and (b) the entirety of India for the
CTRL and IRR cases from June to September.

August. The patched increases and decreases in in-
coming shortwave radiation due to stronger irrigation
and reduced rainfall over northwest India are matched
with changes in 2-m temperature in August. In Sep-
tember, the reduction of incoming shortwave radiation
due to the irrigation-induced increase in low cloud cover
leads to the decreased 2-m air temperature over north-
west India. In contrast, the increased incoming short-
wave radiation caused by the reduction of low cloud
cover relating to the decreased rainfall caused the in-
crease in 2-m air temperature over northeast India. The
vertically integrated atmospheric moisture components
during summertime are further examined (not shown
here). The reduced convergence on the east and the

increased ET on the west can partially explain the spa-
tial variability of low cloud cover in September. The
convergence dominates the change of rainfall during
summertime with the high influence from irrigation-
induced ET over some heavily irrigated areas.

The above findings can be partially supported by the
changes in the energy balance components shown in
Fig. 8. Changes in sensible heat flux (SHF), latent heat
flux (LHF), and the incoming shortwave radiation due
to the varying low cloud cover simultaneously modulate
2-m air temperature during summertime. In Fig. 8, the
increases in incoming shortwave radiation spread over
wider north India excluding the northwest region due to
the irrigation-induced increased low cloud cover. The

JJAS energy balance components (IRR minus CTRL)
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FIG. 8. The 50-yr-average changes in JJAS energy balance components including (a) the incoming shortwave radiation flux, (b) sensible
heat flux, and (c) latent heat flux (IRR minus CTRL; black dots mark grid cells with p < 0.05).
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reduced SHF is mostly located over northwest India
while the major increases in LHF also dominate over the
entire northern part of India.

In Fig. 8, the expected cooling due to the reduced SHF
over northwest India is possibly compensated by the
wider increases in incoming shortwave radiation along
with decreased low cloud cover due to less rainfall in
July and August. Therefore, the changes in 2-m air
temperature are significant only over the heavily irri-
gated regions. As expected, there is a strong cooling
over the heavily irrigated Indus basin. Figure 9 and Fig. 4
delineate the large spatial heterogeneity of changes in
2-m air temperature in India during summertime. Ac-
cording to Fig. 10, the spatial distribution of the simu-
lated 2-m air temperature is comparable to the CRU
observation although the majority of the region appears
to be overestimated. The overestimation is largely due
to use of the year-2000 forcing (all major anthropogenic
factors) because there was an accelerated warming
across the globe after 1980.

2) LARGE-SCALE ATMOSPHERIC CIRCULATION
The Indian summer monsoon (ISM) is primarily in-

duced by a large-scale thermal contrast between the
Indian Ocean and the Indian subcontinent while the
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FIG. 9. The 50-yr-average JJAS 2-m air temperature changes (IRR
minus CTRL; black dots mark grid cells with p < 0.05).

fraction of precipitation locally recycled by convective
storms is relatively low, especially over western and
northern India (0.01 % in Punjab and Haryana; 0.07% in
Rajasthan and northern Gujarat) (Pathak et al. 2014).
This confirms the importance of the large-scale atmo-
spheric circulation for ISMR. This section aims to
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FI1G. 10. The 50-yr-average JJAS 2-m air temperature for (a) CTRL, (b) IRR, (c) CRU, and (d) CTRL minus CRU.
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FIG. 11. The 50-yr IRR average low-level wind (arrows) and
geopotential height (shading) maps (there is no 925-hPa level in
gray area).
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describe the irrigation-induced changes in wind fields
along with geopotential heights at different atmospheric
levels during the period of ISMR.

The low-level (925hPa) wind in the IRR case is
predominantly southwesterly from the western Indian
Ocean, which progresses through the Indian sub-
continent as shown in Fig. 11. However, the IRR —
CTRL result at the same level (see Fig. 13) shows a
northeasterly wind principally flowing from northwest
India toward the northern Indian Ocean. This indi-
cates that the strength of prevailing winds bringing
moist air to the Indian subcontinent during sum-
mertime reduced significantly in the IRR case. The
irrigation-induced low-level winds may weaken the
prevailing summer monsoon wind, although the geo-
potential height residuals range from 2 to 5m, which
are relatively small.

To evaluate the comprehensive atmospheric circula-
tion induced by irrigation, Fig. 12 shows the vertical
velocity profile averaged over the 40°-75°E region, in
which the aforementioned 925-hPa wind anomaly
caused by irrigation is included (see the dashed box in
Fig. 11) from June to September. There are two signif-
icant downward velocity fields over 30°N at the 925-hPa
level and 15°-20°N at the 700-hPa level, and an in-
significant upward velocity field near the equator [sig-
nificant in July-September (JAS); not shown here].
Therefore, the irrigation-induced southwestward wind
at low-level atmosphere from the heavily irrigated re-
gion over 30°N can be linked with the downward ve-
locity at 30°N and the upward velocity near the equator.

In the high-level atmosphere shown in Fig. 13 (see
400-, 500-, and 600-hPa levels), there are southwesterly
wind anomalies over 10°-15°N latitude (p < 0.05),
which could be related to the upward wind velocity
near the equator (significant in JAS) observed in Fig. 12
and the irrigation-induced northeasterly wind anoma-
lies from the land shown in the low-level atmosphere in
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FIG. 12. The 50-yr-average vertical velocity profile averaged over
40°-75°N.
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Fig. 12. The irrigation-induced vertical depth of circu-
lation in summertime can reach up to the 300-hPa level,
which is shallower compared with the result in Wey
et al. (2015), and the southwesterly wind at the high
level appears to join the southwestward wind near
ground level around 10°-15°N. The possible reason for
the shallower vertical circulation could be that the wind
field anomaly induced by irrigation weakens the pre-
vailing monsoon instead of enhancing the monsoon
during wintertime. Also, a weaker Hadley circulation
exists during summertime, which could affect the wind
field anomaly as well.

The irrigation-induced changes in vertically integrated
total precipitable water differences shown in Fig. 14 could
hint at the potential decreases in the ISMR. There are
significant reductions of the total precipitable water over
north India during summertime. This reduction possibly
results from the aforementioned weakened moist ISM
winds because irrigation appears not to increase the pre-
cipitable water even over the heavily irrigated regions.

To examine the hypothesis that the weakened land-
sea thermal contrast leads to reduced ISM wind, we
computed the thermal contrast induced by irrigation
(IRR — CTRL) between the land and sea shown in the
inner plot in Fig. S15. A reduction of this value corre-
sponds to a decreased land-sea temperature gradient.
Overall, there are more negative bars, which signifies
the SSTs are frequently higher than the land surface
temperatures over northwest India. This evidence sup-
ports our hypothesis that irrigation modulates the large-
scale atmospheric circulation, which can be associated
with weakened land-sea thermal contrasts in the IRR
case. Similarly, the intensified wintertime monsoonal
circulation is attributed to irrigation-induced stronger
land-sea temperature contrast (Wey et al. 2015).
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FIG. 13. Wind fields (arrows) and geopotential height residuals (shading) from 925- to 200-hPa level (only results with p < 0.05 are shown).

4. Conclusions

This study showed the effect of irrigation on land
surface variables, rainfall, and large-scale atmospheric
circulation by analyzing fully coupled simulations, and
these results were compared to the observational re-
cords. Although the fully coupled model simulations
were conducted based on a set of simplified atmospheric
and irrigation scenarios, the sensitivity test of this work is
intended to demonstrate the evolution of spatial pattern
and competition between the positive and negative feed-
back at the different stages of summer monsoon months.

The observed ISMR, presented as the time series of
21-yr moving average in 1972-2003, showed a statisti-
cally significant reduction when compared with the
projected levels derived from a cyclic model in 1871-
1971. The reductions over all of India, and the north-
west, west-central, and central-northeast regions are
comparable to the modeled changes from the CTRL to
IRR cases for a 50-yr average. This comparison not only
supports the modeled ISMR changes induced by irri-
gation, but also the hypothesis that irrigation that com-
menced in the 1950s caused a reduction of the long-term

ISMR, although the accurate irrigation water quantities
are time-varying. The variability of land surface state
and the large-scale atmospheric circulation exhibits the
following characteristics:

1:3

0 ]
5 L s .
65 70 75 80 85 90 95 100

FIG. 14. The 50-yr-average changes in total vertically integrated
precipitable water (IRR minus CTRL; black dots mark grid cells
with p < 0.05).
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e SM and ET show the statistically significant increases
in most months (p < 0.01) in the IRR case.

e The 2-m air temperature decreases over heavily
irrigated northwest India during summertime, espe-
cially in August and September, despite the fact that
the reduction is insignificant in the ISM period when
averaged over the entire country.

o Over the northwest and north-central regions of India
in July, the decrease in low cloud cover allows more
incoming shortwave radiation, which in turn cancels
off the irrigation-induced evaporative cooling effect,
which is supported by increased ET. Next, in Septem-
ber, heavy irrigation simultaneously causes a decrease
(increase) in incoming shortwave radiation due to an
increase (a decrease) in low cloud cover over north-
west (northeast) India. The variability in 2-m air
temperature, therefore, depends on the irrigation
pattern and the local land—atmosphere coupling be-
cause of their influence on energy balance components
via the variability of SM-associated water vapor.

o The simulated weakened July rainfall is linked to the
irrigation-induced decrease in low-level wind that
brings moist air from the ocean. This is supported by
the irrigation-induced opposite-to-prevailing ISM
winds in lower levels of the atmosphere, and the
connecting vertical velocity, which demonstrates the
weakened large-scale atmospheric circulation initiat-
ing the summer monsoon. The above findings show,
not being fully investigated in previous works (Cook
et al. 2015), that the negative feedback mechanism
behind the irrigation-induced reduced July rain is
explained by changes in wind fields and vertical
velocities at different atmospheric levels during sum-
mertime and is shown in a fully coupled simulation
considering other anthropogenic forcings (GHGs and
anthropogenic aerosols, etc.). The smaller tempera-
ture gradient between northwest India and the north
Indian Ocean in the IRR case reconfirms the above
argument.

o Rainfall over some parts of the moderately to heavily
irrigated regions increases in August and September
as a net result of competing influence between positive
and negative feedback between the irrigation-induced
SM anomaly and rainfall. This has very important
implications that simultaneous occurrence of the
positive and the negative land-atmosphere feed-
back can have a net effect of either increasing or de-
creasing monsoon rainfall. The combined effect of
these two feedback mechanisms was reported in the
previous literature—for example, Seneviratne et al.
(2010)—but this work shows that the competing
feedback might reduce the net impact of the negative
feedback.
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Demonstrating the series of changes caused by the
large-scale irrigation and potentially the positive and
negative land-atmosphere feedback between the soil
moisture anomaly and ISMR associated with the large-
scale atmospheric circulation at the different stages of
the summer monsoon months makes the current study
unique compared to previous studies (Guimberteau
et al. 2012; Shukla et al. 2014). Guimberteau et al. (2012)
found irrigation-induced decreases in rainfall, especially
in June, over the west coast of India along with a re-
duction of oceanic wind in May and June. This is an
earlier reduction of monsoon activity compared to the
current study that a significant reduced July rainfall was
found over northern India that is comparable to the
observational analysis by Lee et al. (2009). In terms of
the relationship between atmospheric temperature and
irrigation intensity, Shukla et al. (2014) argued that ir-
rigation rate is highly correlated with the land-sea
temperature differences. In the current study, the re-
lationship between irrigation and land surface temper-
ature varies by region, and irrigation can contribute to
both increasing and decreasing the surface temperature
via multiple feedback mechanisms. Wey et al. (2015)
have reported that an increased land-sea thermal con-
trast caused by the land surface cooling amplifies the
Indian monsoon winds during wintertime. However, in
summer, the irrigation-induced weaker land-sea ther-
mal contrast hampers the prevailing ISM winds, which in
turn reduce precipitation over India. The reduction in-
duced by the negative feedback became weaker when
irrigation increased to a certain level, such as in the
northwest region in September; this evolution of spatial
variability during summertime has not yet been dem-
onstrated before. Our hypothesized land—-atmosphere
interaction, simulated in fully coupled simulations, ex-
plains these contrasting effects of irrigation on the In-
dian summer and winter monsoon systems. Using the
1991-2000 climatology data with heavy irrigation in the
simulation might have resulted in the overestimated
impact of irrigation, but this sensitivity test tends to re-
veal the evolution of spatial variability of competition
between the positive and negative feedback mecha-
nisms. In the future, simulations simultaneously con-
sidering other factors such as SST changes and LULCC,
along with a more realistic irrigation water quantity,
would improve the realism of simulating the relative
contribution of irrigation, among other factors.
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