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SST Climatology

2

❖ Cold Bias in SST is primarily 
south of 45N

❖ Warm bias over far north Pacific 
and Atlantic

❖ This implies stronger 
hemispherical temp difference in 
the model than observed.



Rainfall Climatology, JJAS
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❖ Oceanic ITCZ too strong
❖ Dry bias primarily over land

Indian Land
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❖ Zonal mean ITCZ location is similar to that observed
❖ The mean ITCZ is stronger than observed!
❖ ITCZ over India is to the south of observed and weaker
❖ Indian Ocean ITCZ is stronger than observed
❖ ITCZ does not move poleward if there is land



ITCZ as Energy Flux Equator
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S − L − O = ∂y < v̄h >

E = S − L − O is net energy to the atmosphere

< v̄h > is vertically integrated and zonal mean meridional h transport
h = CpT + Lq + gz

Bischoff and Schneider (2014)

ITCZ location



MSE Flux, Zonal Mean
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India: JJAS 

1. δo observed:

~10 N

Observation (GPCP) ~ 21N

CFS ~ 15N

- Oceanic TCZ enhanced and Continental 
TCZ remains southward 
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Continental TCZ squeezed Oceanic TCZ enhanced 

Why northward migration of continental TCZ is restricted to ocean in CFSv2?? 
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ITCZ position ~ <vh> changes sign

~21N ~7N

MSE Flux over Indian Longitude



MSE Flux, Pacific

10

Stronger circulation in CFSv2



Atmospheric Energy Budget
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SW:285,276

SW: 179,165 LW: 69,44

LW: 271,246

LH: 71,73 SH: 40,48

TOA:14,30
Sfc: 1,0
Net:13,30 W/m2

Indian land (8-28N,70-90E): JJAS

Black: ERA, Red: CFS 

Indian ocean (10S-25N,70-100E): JJAS

SW:315,300 LW: 247,227

SW:213,202 SH: 10,8LH: 131,165LW:53,47

TOA:68,73
Sfc: -19,18
Net:87,55 W/m2

Excess energynet over land still less rainfall Deficit energynet over ocean still more rainfall 

Phase shift????
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Phase inconsistency as the main source of error in NGFS forecast during the year 2012 29

Fig. 14 The diurnal cycle of precipitation from the TRMM rainfall estimates, and from the model for days-1, 4, and 7

forecast over central India (16.5
�
N–26.5

�
N, 74.5

�
E–86.5

�
E).

❖ Diurnal Cycle of Rainfall is 
too early in model than 
observed.

❖ This can result in error in 
daily mean net energy.



CAPE at Surface, CFSv2 minus Obs
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Chapter 3. Impact of Orography on Monsoon Onset 38

Figure 3.5: Temporal variation of the vertical profile of pressure velocity (sign is reversed

so that positive values represent upward motion) averaged over the Indian region in

control and noGlOrog experiments.

precipitation, is consistent with the large scale transition from heat low to dynamic

low. Both the Figures 3.2 and 3.5 indicate a delay in monsoon onset in noGlOrog

case when compared to control.

In Figure 3.6, time series of daily precipitation over the Indian region is shown

in control and noGlOrog simulations as a function of days since the onset date of

the respective experiments. This figure illustrates that the phase and intensity of

precipitation over this region in both control and noGlOrog simulations are very

similar before the onset is established. This period can be termed as pre-onset

phase and is identified as the light-red shaded region in the figure. After the onset,

the rate of increase in precipitation in noGlOrog is slightly slower than control until



Diurnal Cycle of Vertical Velocity, Climatology 
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Modes of Vertical Velocity Profile
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Continental Scale Diurnal Cycle 

❖ W’, T’ are diurnal component of 
vertical pressure velocity and 
temperature. The mass 
integration is over a 3D domain.

❖ Asian Summer Monsoon 
Experiences Continental Scale 
Diurnal Cycle of Divergent 
Circulation (Krishnamurti and 
Kishtawal (2000, Mon Weather 
Rev), Chakraborty and 
Krishnamurti (2010, J Climate)).

❖
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Using a Student’s t test, it was found that this improve-
ment is significant at the 95% level when compared to
the ensemble mean.

Over the ocean parts of the South Asian monsoon
domain, in the TRMM datasets, the preferred phase of
the diurnal precipitation is at 1200–1500 LST for low to
moderate precipitation and in the early morning hours
for heavy precipitation (Fig. 13e). However, these
peaks were not as distinct as is noticed over land. This
suggests that over oceans the chance of peak precipita-
tion at various thresholds is distributed more evenly
during all hours of the day. The ensemble mean and the
unified schemes could not forecast these phases at vari-
ous thresholds (PCs are 0.50 and 0.21, respectively).
The peaks were more distinct for the superensemble
forecasts, but were at correct hours for all precipitation
thresholds. The PC of the forecast is improved for the
superensemble (0.69) compared to the other two prod-
ucts. Similar to over the land region, this improvement
in the forecasted PC is significant at the 95% level com-
pared to the ensemble mean.

f. Contribution of the diurnal mode to the kinetic
energy of the monsoon circulation

Figure 14a illustrates the contribution to the genera-
tion of kinetic energy from the diurnal mode during the
break monsoon period. Here these results are tropo-
spheric integrals from the surface to the 100-hPa level
and cover the monsoon domain between 10° and 30°N,
70° and 100°E. The units are joules per second. These
are composites over a 10-day period, 23 July–1 August
2000 from ERA-40 and day 5 of the forecasts from the
ensemble mean, the unified scheme, and the superen-
semble. The important result is a net positive contribu-
tion for the integral
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P
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for the diurnal mode, where R is gas constant for air, P
is pressure, and %& and T & are the diurnal component of
vertical pressure velocity and air temperature: 'm[ ] dm
represents the mass-weighted integral
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where g is acceleration due to gravity, x and y represent
longitude and latitude directions respectively, and P is
the pressure. This positive contribution of the diurnal
mode is clearly seen in the observed estimates and the
superensemble forecasts. The ensemble mean and the
unified scheme fail to capture this feature. The impor-
tant implications of this result are as follows: Each day
this diurnal mode is providing energy for driving the
monsoon via the thermally direct diurnal vertical circu-
lations. The daily averaged magnitude of that energy
transfer for the diurnal to the monsoon scale is of the
order of 1012 J s"1. Having the same positive sign every
day makes this effect quite large accumulatively over a
monsoon season.

Figure 14b illustrates the contributions to the local
change of total kinetic energy for the same period for
ERA-40, the ensemble mean, the unified scheme, and
the superensemble over the same monsoon domain.
This is expressed by

K̇ ! !
m

#K
#t

dm, #9$

where K is the kinetic energy. These results for a 10-day
average depend strongly on the prevailing monsoon

FIG. 14. Contribution of the energy of the diurnal cycle to the total kinetic energy over 10°–30°N, 70°–100°E
during the break monsoon period from ERA-40, the ensemble mean of the member models, the unified scheme,
and the superensemble: rms error of the forecast fields are indicated inside the panels.
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This equation is next integrated over the mass of each of these vertical layers.
That integration provides the fluxes of the moist static energy across the horizontal
and vertical boundaries of these layers The complete heat budget of the heat low
now includes the surface fluxes of sensible and latent heat, the net radiative flux
components and the advection of the moist static energy are shown in Table 4.1b.
That advection into the heat low comes mostly from the eastern wall, i.e. the
monsoonal teleconnection. The downward fluxes of moist static energy at
400 and 700 hPa surfaces are respectively 140 and 124 W/m2. The lateral import
of moist static energy in the upper troposphere is around 130 W/m2. The heat low
exports a sizable amount of heat from Arabia. That export is largest near the
800 hPa level where the outflow layer of the heat low resides. All of this lower
tropospheric export is largely across the southern wall towards the Arabian Sea.
That contributes to the strength of the top of the Arabian Sea inversion layer. The
net radiation carries the largest numbers starting at around 530 W/m2 at the top
(100 hPa level) and decreasing to 280 W/m2 at the Earth’s surface. The heat budget
of the heat low requires an import of energy of around 130 W/m2 from the monsoon
for the maintenance of the thermal startification that does not vary much from one
day to the next.

The day-to-day maintenance of these soundings is a rather complex issue that
requires an understanding of the balance among several entities, such as:

• Surface energy balance and related fluxes of sensible heat, long and short wave
radiation

• The role of dust in the absorption of short wave radiation and its subsequent
impact on the long wave radiation from the vertical air column

Table 4.1b Heat budget of the Saudi Arabian heat low for the period
May 1979. The units are in Watts/m2

Overall heat budget of the heat low 
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Energy balance over west 
central Asia Crucial in the 
Onset Phase of Monsoon

around 5°N reduce the meridional shear of zonal
winds in the late onset years, which is unfavourable for
the formation of onset vortex during the early phase of
monsoon [13]. Note that, during June–September, the
850 hPa zonal winds over the Arabian Sea are strongest
near 65° E (!gure S3). However, before the onset (in
May) the cross-equatorial winds are strongest near the
coast of Somalia. Additionally, !gure 2(b) indicates a
weaker meridional gradient of 850 hPa zonal winds in
late onset years and the low level jet is nearly 40%
weaker and shifted southward by approximately 3
degrees as compared to early onset years.

Next, we compute composites of ps anomaly
averaged over 5°–35°N, 40°–70°E, henceforth referred
as west Asia, for the late and early onset years (!gure 2
(c)).Theps anomaly starts evolving at least threemonths
before the mean onset date (mid-June) for early or late
onset year. Further, the magnitude of ps anomalies in
May associatedwith early onset years (!!0.7± 0.3 hPa)
is higher as compared to the late onset years (! +0.3 ±
0.2 hPa). A regression analysis between onset dates and
surface pressure for March, April andMay suggests that
this signature of the interannual variation of onset is
present in surface pressure anomaly of March, which
becomes stronger in subsequent months (!gure S4).
Hence, the time-persistent surface pressure anomaly
over the northern Arabian Sea and western Asia in the
pre-monsoon season can be considered as a precursor
for early and late MOCI.

Thegeopotentialheightdifferencesbetween lateand
early onset years over west Asia, seen in !gure 2(b),

extend up to 350 hPa (!gure S5); that is deeper than a
heat low which is normally con!ned to the lower
troposphere. Ithasbeenshown[20] that theevolutionof
pressure over this region is controlled not by surface
heating alone but also by orographic and dynamical
factors. Surface pressure anomaly acts as an integrated
indicator of all these in"uences.

The time-longitudinal variation of ps anomalies
averaged over 15°–35°N are shown in !gures 2(d) and
(e) for early and late onset years respectively. The ps
anomalies propagate from west to east during years of
early and late onset. These anomalies, however, get
intensi!ed over western Asia. The speed of propaga-
tion of these anomalies is about 3m s!1, a typical phase
speed of atmospheric Rossby waves at these latitudes.
Thus, existence and eastward propagation of such
ps anomalies (which are also related to geopotential
!eld anomalies up to 350 hPa level) are likely to be
associated with midlatitude westerly winds. This is
consistent with the previous study showing the impact
of mid-level anomalous high over western Asia on the
break phase of the Indian summer monsoon [34]. This
also explains the higher number of hiatus events noted
during years of late onset as compared to early onset
(!gure 1(d)).

Do horizontal winds of the upper troposphere
carry signals of early or late onset in pre-monsoon
season? The upper tropospheric westerly jet of northern
summer [35] jumps from the south of the Tibetan
Plateau to its north during the onset of the monsoon
over the South China Sea and south Asia [36, 37]. In

a)
b)

c) d) e)

Hgt and U, 850 hPa, May, <50-60E>

Figure 2. (a) Composite difference in surface pressure (shaded) and winds at 850 hPa (vector) in May for late minus early monsoon
onset years. Regions where surface pressure differences are signi!cant at 95% level are indicated by dots. (b) Composite geopotential
height (solid lines) and zonal wind (dashed lines) at 850 hPa in May averaged over 50°–60° E. (c) Composite time series of surface
pressure anomalies over west Asia (40°–70° E, 5°–35° N) for early and late onset years, showing time-evolution of anomalies. The
error bars show 95% con!dence interval. (d) Time-longitude evolution of surface pressure anomalies averaged over 15°–35° N for
early onset years. The green arrows indicate propagation of Rossby waves. (e) Same as (d) for late onset years.

Environ. Res. Lett. 12 (2017) 074002
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Figure 5. June mean spatial pattern of volumetric surface soil moisture from observation (ESACCI) and CNTL and their difference: a)

ESACCI, (b) CNTL, c) CNTL�ESACCI. Monthly mean SM from ESACCI (gray) and CNTL (black), area averaged over d) Gangetic Plains

(GP), e) West Central Asia (WCA).
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Model Simulation with West Soil Moisture over West Central Asia

20
Figure 9. Spatial pattern of difference between simulated precipitation (mm day�1) and 850 hPa Winds (m s�1) from the regionally modified

(over WCA) runs and CNTL for June and JAS, a) June, WCAWET�CNTL b) June, WCANDG�CNTL c) JAS, WCAWET�CNTL d) JAS,

WCANDG�CNTL. Precipitation difference significant at 95% level is dotted.
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Decrease in rainfall over 
central India when WCA 
soil moisture is saturated. 
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E!ects of"winter and"summer-time irrigation over"Gangetic Plain on"the"mean and"intra-seasonal…

1 3

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 e"ects 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 e"ects 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 e"ects 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 di"er-
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 di"erence 
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 di"erence 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 di"erence 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 Agrawal et al.   (2019, Clim Dyn)



Effect of Winter Irrigation

22

 S.!Agrawal et al.

1 3

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 e"ect 
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 di"erences 
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 di"erences 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 Di"erence in winIrrg experi-

ment with respect to noIrrg for the same, precipitation and 850 hPa 
winds. Precipitation di"erences 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)

 S.!Agrawal et al.
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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 di"erence 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. Di"erences significant 

Fig. 4  Left: di"erence of geopotential height (m) at 850 hPa (win-
Irrg#noIrrg) for January–February–March (JFM) in color contours, 
overlaid with di"erence 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 
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temperature are hatched. Right: di"erence 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. Di"erences significant at 90% level are hatched

(a) (b)

Fig. 5  a Di"erence in surface pressure (in hPa) between winIrrg 
and noIrrg, for January–February–March (JFM), over the northern 
hemisphere. b Di"erence 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. Di"er-
ences significant at 90% are hatched
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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 di"erence 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. Di"erences significant 
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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  E!ects 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: di"erence of geopotential height (m) at 850 hPa between winIrrg and noIrrg in May. Right panel: di"erence of surface pres-
sure (hPa) between winIrrg and noIrrg in May. Di"erences 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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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, a"ect the SSTs. Paul 
et!al. (2016) studied the e"ects 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 di"erence 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 di"erence between Irrg and noIrrg experiments.

One more experiment is carried out to analyze the e"ect 
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  E"ects of annual irrigation: a Di"erence 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. Di"erences 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 e!ect 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 e!ect 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 e!ect 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 Di!erence 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. Di!erences 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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based on rainfall, wind field, and outgoing longwave
radiation (OLR) data. The criteria are listed below.

Onset over Kerala is declared on the second day if
after 10 May, 60% of the available 14 stations report
rainfall of 2.5 mm or more for two consecutive days.
The depth of westerlies should also be maintained up to
600 hPa, in the box defined by 08–108N and 558–808E.
The zonal wind speed at 925 hPa over the area bounded
by 58–108N and 708–808E should be at least on the order
of 15–20 knots (kt; 8–10 m s21). Another important
criterion is that the Indian National Satellite System
(INSAT)-derived OLR value should be below 200 W m22

in the box confined by 58–108N and 708–758E. After the
onset over Kerala, the onset isochrones for the later
dates are drawn connecting the places that report rain-
fall of 2.5 mm or more for two consecutive days.

The landmass to the north and west of this line, not
having experienced much rain during the spring season,
is close to semiarid. The soil moisture is very low over
these land areas with typical values around 0.15 fraction
of saturation (volumetric cubic meters of water in 1 m3

of soil). A couple of days after the passage of the onset
isochrone those values jump up to 0.35 of saturation
(volumetric cubic meters of water in 1 m3 of soil). The
soil moisture increase generally starts to occur a day or
two before the arrival of the onset isochrone. This has to
do with a cloud asymmetry across the isochrone. While
the clouds over and behind the isochrone carry a larger
proportion of deep convective clouds as compared to
stratiform clouds, the cloud anvils ahead of the iso-
chrone carry a larger proportion of stratiform rain. The
anvils are advected in front of the isochrone by the
prevailing divergent circulations. The fresh, lighter rains
from the anvils enhance the soil moisture ahead of the
isochrones and the warm daytime temperatures facili-
tate a rapid increase of buoyancy in the region. The
enhanced buoyancy results in the growth of newer
convective elements ahead of the isochrone. These el-
ements are advected northward and/or northwestward
by the prevailing divergent circulation that was pro-
duced by the heavy rain of the parent isochrone. As the
older clouds undergo their life cycle and die, the newer
elements grow and the new isochrone and the entire
system shows the familiar isochrone motion from south
to north and east to west in the northern latitudes. In
certain years, a stagnation of the onset isochrones can be
noted possibly related to unusual behavior of the large
scale, as reflected by the rotational winds. At times the
winds around the Tibetan high can have a stronger
northerly component that can contribute to stationarity
of the isochrone. This entire scenario is schematically
illustrated in Fig. 4. In this paper the observational as-
pects using conventional datasets and vertical cross

sections from CloudSat, sensitivity using a mesoscale
high-resolution Advanced Research Weather Research
and Forecasting Model (ARW-WRF), and validation of
this scenario are addressed. The goal of this study is to
illustrate the major role of soil moisture, stratiform cloud,
and divergent circulations for the motion of the onset
isochrones from Kerala at 108N to New Delhi near 258N.

2. CloudSat imagery across the onset isochrones

CloudSat is a National Aeronautics and Space
Administration (NASA) satellite that was launched in
2006. The main instrument is a millimeter-wavelength
radar. Ground-based radars generally carry a wavelength
of 1 cm. The millimeter-wavelength radar of CloudSat
enables the detection of much smaller particles of liquid
water and ice that define clouds. This cloud radar pro-
vides vertical plan views of hydrometeors (the cloud
profiling radar). Two other satellites, Aqua (provides
water vapor profiling), and Cloud–Aerosol Lidar and

FIG. 4. Schematic of the monsoon onset isochrone, the local di-
vergent circulation, and clouds over the parent isochrone, em-
phasizing the region immediately forward of the parent isochrone.
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2.2 Calculation of Regional Onset Date 

Calculation of regional onset dates to draw contours of onset isochrones is always a 

challenge as the rainfall could be very spurious during onset phase of monsoon. Our 

initial work shows that using a onset criteria similar to that shown in Chakraborty et 

al. (2006) over India gives good estimation of onset dates from the model (Figure 1). 

We note here that although the orientation of onset isochrones in the model is 

similar to that in observations, onset in CFSv2 is earlier over Bay of Bengal and 

severely delayed over central India. We plan to understand the physical reason 

behind these characteristics of the model in this study. 

  
Figure 1: Mean onset dates of monsoon. Left: As per definition of IMD (obtained from IMD’s 

website). Right: Mean onset dates in CFSv2 from a 7-year-long free run. Note that onset dates in 

CFSv2 are earlier compared to observations over Bay of Bengal and north-east India. The onset 

dates are reasonable (close to 1-June) over Kerala. But onset is severely delayed over central 

and north-western India. (Onset dates at every 5x5 degree grid were calculated using criteria in 

Chakraborty et al. 2006). 

 

3. Statement of Work ( methodology to be adopted)  

Improvement in land-surface properties 

Detailed evaluation of the properties of land-surface such as land-use-land-cover 

(LULC), vegetation, soil type in the NOAH model using state-of-the-art data 

obtained from satellite. We plan to update the model’s existing data sets by the 

recent satellite observations from ISRO and NASA. 

 

Model simulations 

Onset Isochrones in CFSv2
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