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1  Introduction

The agrarian based livelihood of the densely populated 
south-Asian continents crucially depends on the summer 
monsoon rainfall (Gadgil and Gadgil 2006). Hence, the 
impact of climate change on the Indian summer monsoon 
(ISM) circulation and precipitation pattern assumes sig-
nificance. A major change that is observed in the ISM in 
recent decades is a summer drying over central India in the 
second half of the twentieth century which was attributed 
to anthropogenic aerosol related radiative effects (Bol-
lasina et  al. 2011). The aerosol effect on ISM circulation 
is a matter of ongoing debate (Lau and Kim 2006; Nigam 
and Bollasina 2010). Increase in the atmospheric stability 
in a warming climate was also proposed as a cause of the 
weakening of the ISM circulation (Krishnan et  al. 2013; 
Rajendran et al. 2012). Increased frequency in the drought 
events over India was proposed under an increased regional 
aerosol emission scenario (Ramanathan et al. 2005). How-
ever, the summer drying trend over India has declined in 
the recent decade (Turner and Annamalai 2012). At the 
same time, the character of ISM precipitation was found 
to be changing towards an increased frequency of extreme 
events (Goswami et al. 2006; Ajayamohan and Rao 2008). 
The increase in the precipitation extremes was found to be 
associated with a corresponding increase in the synoptic 
activity over India (Ajayamohan et al. 2010).

An important component of ISM is the low level jet-
stream (LLJ; Joseph and Raman 1966; Findlater 1969) 
that transports moisture from the Indian Ocean to the 
South Asian land mass. By analyzing the NCEP-NCAR1 
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reanalysis data, Joseph and Simon (2005) suggested 
a weakening trend in the LLJ strength, which was in 
tune with the intraseasonal rainfall variability (Joseph 
and Sijikumar 2004). Consistent with the weakening of 
LLJ, a weakening in the upper level circulation, known 
as Tropical Easterly Jet (TEJ), is also reported (Sathiy-
amoorthy 2005; Abish et al. 2013). Few coupled general 
circulation model (CGCM) simulations with enhanced 
green house gas (GHG) concentrations also report a 
weakening ISM circulation (May 2002; Stowasser et  al. 
2009; Kitoh et al. 2013).

Despite the advances in climate modeling, accurate 
simulation of the main features of ISM is still a chal-
lenge for CGCMs (Sperber et  al. 2013). Although, an 
overall improvement in the simulation of ISM is exhib-
ited by many models that participate in the fifth phase of 
Coupled Model Inter-comparison Project (CMIP5; Tay-
lor et  al. (2011)) over its predecessors in CMIP3 (Meehl 
et al. 2007), no single model simulates all features of ISM 
realistically (Sperber et  al. 2013). Therefore the conclu-
sions from CGCM simulations need to be drawn carefully. 
The cold bias in Sea Surface Temperature (SST) during 
pre-monsoon season over the Arabian Sea and the result-
ant weaker moisture transport to the land cause a dry bias 
over India in most of the CMIP3 and CMIP5 models (Lev-
ine et al. 2013; Marathayil et al. 2013). While most models 
have difficulty in simulating the seasonal mean precipita-
tion over India, greater fidelity is seen in the simulation of 
winds (Sperber et al. 2013). Most of the CMIP3 models do 
not show any considerable change in the mean ISM pre-
cipitation under future warming scenarios (Kumar et  al. 
2011; Turner and Annamalai 2012). However, some of 
the CGCM experiments with enhanced GHG concentra-
tions show increased ISM precipitation (Ashrit et al. 2003; 
Meehl and Arblaster 2003; Ashrit et al. 2005). In contrast 
with CMIP3, the future projections of CMIP5 models show 
a strong wet trend over India during summer (Kitoh et al. 
2013; Menon et al. 2013a). Wang et al. (2013) also reports 
an intensification of northern hemisphere summer monsoon 
in recent decades.

In light of the suggested wet trend of monsoon in a 
global warming scenario, the changes in the strength and 
location of LLJ assume significance. Whether the weak-
ening of LLJ seen in NCEP/NCAR reanalysis products 
(Joseph and Simon 2005) reflects in the projected future 
warming scenarios is an interesting question which needs 
thorough investigation. Another important aspect is whether 
the dynamics of LLJ is consistent with the weakening trend. 
The higher fidelity of the climate models in simulating the 
mean winds as compared to precipitation provide more 
confidence in using CMIP3 and CMIP5 model simulations 
in studying LLJ changes in future decades. Poleward shifts 
in sub-tropical jetstream and mid-latitude storm tracks  

(Fu and Lin 2011), and a widening of tropical belt (Fu 
2006; Seidel and Randel 2007) have been observed and 
identified as major impacts of global warming on large-
scale atmospheric circulations. A shift in LLJ strength 
and location can have strong implications on South-Asian 
circulation and precipitation patterns. Such a shift in LLJ 
location has not been detected in the observations and 
CGCMs so far, although few studies report a northward 
shift in ISM circulation (May 2002; Ashrit et  al. 2003; 
Turner et al. 2007; Menon et al. 2013b).

Our main objective is to examine the LLJ characteris-
tics in CMIP3/CMIP5 model simulations and in observed 
precipitation/wind data products. We specifically investi-
gate the changes in LLJ strength and location in future pro-
jection. What is the projected magnitude of LLJ shift and 
strength by the end of the century? Further, the underlying 
dynamics in LLJ changes in future decades is discussed. 
The implications of the projected changes in LLJ are also 
examined.

Data and methodology to find the LLJ trends are dis-
cussed in Sect. 2. Detection of poleward shift in LLJ and 
its dynamics are explained in Sects. 3, 4 respectively. 
The uncertainties in the results are discussed in Sect. 5. 
Finally, a concluding summary and discussion is provided 
in Sect. 6.

2 � Data and methods

The historical All Forcing (AF) and different Representa-
tive Concentration Pathways (RCP; Moss et  al. (2010)) 
simulations of CMIP5 are used in this study. Climate of 
the twentieth century (20c3 m) as well as Special Reports 
on Emission Scenarios (SRES) (Nakicenovic et  al. 2000) 
A1B, A2, and B1 simulations of CMIP3 are also utilized. 
The details of CMIP5 climate models and experiments used 
in this study are provided in Table 1. In the case of CMIP3, 
we used five models (miroc3_2_medres, mpi_echam5, 
gfdl_cm2_0, gfdl_cm2_1, mri_cgcm2_3_2a) of which lat-
ter four are found to simulate ISM precipitation reason-
ably well (Turner and Annamalai 2012). We use monthly 
mean precipitation, surface skin temperature (TS), mean 
sea level pressure (PSL), and zonal (U) as well as meridi-
onal (V) wind fields from the CGCM simulations. TS over 
Oceans is taken as a proxy for SST in climate model simu-
lations. The monthly mean meridional oceanic heat trans-
port from RCP8.5 experiments is also used in this study. 
The ensemble mean of meridional oceanic heat transport is 
generated using slightly different subset of CMIP5 models 
(as indicated by ‘*’ in Table  1 and three additional mod-
els—CMCC-CM, CMCC-CMS, and MRI-ESM1), as all 
models do not output this parameter. Also, monthly mean 
wind fields from ERA-Interim Reanalysis (ERAI; Dee 
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et al. (2011)) and monthly mean precipitation from Asian 
Precipitation—Highly-Resolved Observational Data Inte-
gration Towards Evaluation of Water Resources (APHRO-
DITE; Yatagai et al. (2012)) were used. The monthly mean 
Hadley Center SST1.1 (HadISST; Rayner et al. (2003)) is 
used to estimate the model bias in Arabian Sea SST. We 
have also used Wave and Anemometer based Sea surface 
Wind (WASWind; Tokinaga and Xie (2011)) data product 
to determine the changes in LLJ during 1951–2010 period.

2.1 � Detection of LLJ shift

The coarse resolution of some CMIP5 CGCMs can result 
in errors in the detection of LLJ shift. Hence, linear inter-
polation of the model data is carried out for coarse reso-
lution models to a finer 1°  ×  1° resolution. However, 
few model outputs from the CMIP5 suite (e.g. CCSM4, 
CESM1-CAM5, MRI-CGCM3) already comes in high res-
olution. Errors caused by linear interpolation will be mini-
mal in such models (biases are discussed in Sect. 5). All the 
analyses are done for the June–September (JJAS) season. 
We rely on a three-pronged analysis technique to calculate 
LLJ shift to ensure robustness of the results.

1.	 Dynamically, LLJ maxima is located poleward of zero 
absolute vorticity contour (η = 0; Tomas and Webster 
(1997); see Sect. 4 for details). Therefore the location 
of η = 0 contour over the Arabian Sea can be consid-
ered as a proxy for the LLJ location. The maximum 
poleward latitudinal location of zero absolute vorticity 
(Φη=0) over the Arabian Sea (50°E–70°E) is deter-
mined for all models.

2.	 The LLJ core is defined as the location of maximum 
JJAS zonal wind at 850  hPa (U850) over the Arabian 
Sea (50°E–70°E, 5°N–25°N). The latitudinal location of 
U850 maximum (ΦUmax) is determined for all models.

3.	 The monsoon winds change its direction from south-
easterly to south-westerly, close to the equator. We 
find the latitude at which the zonal mean (50°E–70°E) 
U850 change its direction from easterly to westerly 
(ΦU850=0), in a similar way as Φη=0.

Often η = 0 or U850 = 0 may not lie exactly on a model 
grid point. In such instances we find Φη=0 or ΦU850=0 by 
linearly interpolating between two adjacent latitudinal grids 
where the transition from negative to positive value takes 
place, as follows

Φx=0 = Φx−
+

(

−x−

x+−x−

)

(

Φx+
−Φx−

)

, where x can be η 

or U850. Φx− and Φx+ are the latitudes where the transition 
of x from negative (x−) to positive (x+) value occurs.

In all the three cases, the annual anomaly in Φx is cal-
culated as Φ

′

x
= Φx − Φ̄x where x can be η = 0, Umax or 

U850 = 0 and Φ̄x is the reference climatology (1981–2000) 
of Φx.

2.2 � Trends and significance

The temporal trends are calculated using least square linear 
regression. The correlations are calculated using Pearson 
correlation technique. Statistical significance is estimated 
using two-tailed t test. While calculating the t value for 
correlations and trends, the number of degrees of freedom 

Table 1   CMIP5 models and experiments used in this study

*  Indicates the models that are used to generate ensemble mean of 
Oceanic meridional heat transport

Model/experiment RCP2.6 RCP4.5 RCP6.0 RCP8.5

ACCESS1-0 Not available 
(N)

Available 
(Y)

N Y*

ACCESS1-3 N N N Y*

bcc-csm1-1 Y Y Y Y

bcc-csm1-1 m Y Y Y Y

CanESM2 Y Y N Y

CCSM4 Y Y Y Y

CESM1-BGC N Y N Y

CESM1-CAM5 Y Y Y Y

CMCC-CESM N N N Y*

CNRM-CM5 Y Y N Y*

CSIRO-Mk3-6-0 N N Y Y

FGOALS-g2 N Y N Y

GFDL-CM3 Y Y Y Y

GFDL-ESM2G Y Y Y Y

GFDL-ESM2 M Y Y Y Y

GISS-E2-H Y Y Y Y

GISS-E2-H-CC N Y N Y

GISS-E2-R Y Y Y Y

GISS-E2-R-CC N Y N N

HadGEM2-AO Y Y Y Y

HadGEM2-CC N Y N Y

HadGEM2-ES Y Y Y Y

inmcm4 N Y N Y

IPSL-CM5A-LR Y Y Y Y*

IPSL-CM5A-MR Y Y Y Y*

IPSL-CM5B-LR N Y N N*

MIROC5 Y Y Y Y

MIROC-ESM-CHEM Y Y Y Y

MIROC-ESM Y Y Y Y

MPI-ESM-LR Y Y N Y*

MPI-ESM-MR Y Y N Y*

MRI-CGCM3 Y Y Y Y*

NorESM1-M Y Y Y Y*

NorESM1-ME Y Y Y Y*

Total # of models 23 31 20 32



340 S. Sandeep, R. S. Ajayamohan

1 3

(dof) were adjusted for the lag 1 autocorrelation (r1), when 
r1 was significant at the 5 % level, as n′ = n(1–r1)/(1 + r1), 
where n´ is the adjusted dof and n is the original dof. The 
trends for ERAI U850 and APHRODITE precipitation are 
calculated for the period of combined availability of both 
data (1979–2007). The trends for historical AF simulations 
are calculated for 1901–2005 period and those for RCP 
simulations are calculated for 2006–2099 period, unless 
otherwise specified. The trends for CMIP3 20c3 simula-
tions are calculated for 1901–2000 and those for SRES sce-
narios are computed for 2001–2099 period.

3 � Poleward shift in LLJ

The interaction of monsoon LLJ with Western Ghats orog-
raphy produces copious amount of rainfall on the west 
coast of India. The low-level (850 hPa) monsoon winds and 
land-precipitation over Indian land region underlines this 
fact (Fig.  1a), consistent with previous studies (Xie et  al. 
2006; Krishnan et al. 2013). Positive (negative) vorticity is 
seen on the northern (southern) flanks of the LLJ, in line 
with the concept of LLJ as a convergence-divergence cou-
plet (Tomas and Webster 1997). Decreasing (increasing) 
trends in the rainfall over southern (northern) parts of the 
Western Ghats is observed since 1901 (Guhathakurta and 
Rajeevan 2008). A linear trend analysis of APHRODITE 
precipitation over land shows north–south wet-dry pat-
tern over western India (Fig. 1b). Analysis of ERAI winds 
shows a corresponding change in monsoon low-level flow, 
suggesting a northward shift in the LLJ. Consistent with 

the changes in the winds, a weakening (strengthening) of 
the vorticity over the southern (northern) Arabian Sea is 
found. The precipitation trend pattern in our analysis is in 
line with the centennial trend observed by Guhathakurta 
and Rajeevan (2008). It shall be noted that WASWind, a 
surface wind data product derived from ship observations 
also shows a shift in LLJ of similar magnitude in last six 
decades (figure not shown). The weakening of the monsoon 
south of 16°N is attributed to the weakening of south-west-
erlies in response to increased atmospheric static stability 
(Rajendran et  al. (2012). However, their analysis did not 
explain why the atmospheric stability increased only south 
of 16°N. The dry trend south of 16°N and the correspond-
ing wet trend north of 16°N suggest the possibility of a 
poleward shift in LLJ in observations. It may be noted that 
these trends are derived from last three decades of reliable 
observations after the satellite era.

Further, the ensemble of climate model simulations in 
CMIP5 is examined to understand the changes the LLJ 
and corresponding precipitation changes in a global warm-
ing scenario. The climatological mean low-level winds and 
precipitation pattern in historical AF experiment is shown 
in Fig. 2a. The overall mean structure of LLJ and enhanced 
precipitation over Western Ghats is simulated in the AF 
simulations. However, the fine scale features of the pre-
cipitation pattern are not resolved in AF simulations as in 
high resolution APHRODITE observations. The trend pat-
terns in the winds show strengthening (weakening) over 
the northern (southern) Arabian Sea (Fig. 2b). The changes 
in vorticity also show a broad area of weakening between 
10 and 16°N and a region of strengthening between 16 and 

(a) (b)

Fig. 1   a Climatological JJAS mean (1981–2000) oceanic winds at 
850  hPa, (vectors; m  s−1), absolute vorticity (shading over oceans; 
1 × e−5 s−1) and land precipitation (mm day−1) and b linear trends 
(1979–2007) in JJAS mean winds (vectors, m  s−1  decade−1), abso-
lute vorticity (shading over oceans; 5 × e−5 s−1 decade−1) and land 

precipitation (mm day−1 decade−1). Winds are from ERA-Interim and 
precipitation from APHRODITE. Stippling (dashes) show regions 
with statistically significant (p < 0.05) trends in zonal winds (precipi-
tation)
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20°N over the Arabian Sea. A drying trend south of 16°N 
and wet trend over north-west India is consistent with the 
changes in the low level wind flow. A direct comparison of 
the observed winds and precipitation trends (Figs. 1b, 2b) 
reveals the systematic errors of the climate models, espe-
cially in precipitation. The limitation of coarse resolution 
CGCMs in simulating monsoon precipitation is discussed 
before (Sperber et al. 2013). However, consistency in trends 
between precipitation and low-level winds in AF simula-
tions gives confidence in assessing the trends of CGCMs in 
the future projections.

It would be interesting to investigate whether the trends 
seen in the late twentieth century simulations intensifies 
in the future projections. The linear trend analysis on oce-
anic winds, absolute vorticity, and land precipitation for the 
2006–2099 projections of CGCMs is repeated on ensem-
ble simulations based on various RCP scenarios (Fig. 3a–
d). The LLJ seems to be strengthening (weakening) north 
(south) of ~15°N over the Indian Ocean domain suggesting 
a poleward shift of LLJ in a warming scenario. The weak-
ening (strengthening) of absolute vorticity over southern 
(northern) Arabian Sea is consistent with the corresponding 
changes in the LLJ. The trend pattern for the winds seen in 
AF ensemble is found to be getting stronger with stronger 
emission scenarios. This indicates that the degree of the 
poleward shift in the ISM low level circulation depends 
on the magnitude of external forcing. It is noteworthy that 
the trends in U850 are statistically significant (p  <  0.05) 
for various RCP scenario simulations, except that RCP2.6 
show insignificant trends over southern Arabian Sea. Inter-
estingly, the trends in future precipitation pattern do not 
reflect the pattern of shift in low level wind flow. This could 
be due to the fact that, in a warming scenario, the increased 
moisture transport might offset the weakening of the winds, 

as suggested in recent studies (Kitoh et  al. 2013; Menon 
et al. 2013a). Also, we highlight the fact that the precipita-
tion simulations of the CGCMs are not as reliable as winds 
(see Fig.  13), with the ensemble mean precipitation and 
U850 yielded pattern correlations of 0.9 and 0.98 respec-
tively with observations (Sperber et al. 2013). The deficien-
cies in the precipitation simulation by the CGCMs coupled 
with their coarse resolution pose a hindrance to determine 
fine-scale features of changes in the regional precipitation, 
especially over the narrow belt of Western Ghats orog-
raphy. Future projection by a high resolution (~20  km) 
CGCM yielded a reduction (enhancement) in rainfall over 
the west coast of India south (north) of 16°N (Rajendran 
et al. 2013). Thus, extreme caution needs to be taken while 
interpreting the orographic precipitation trends over West-
ern Ghats in coarse-resolution CGCMs. On the other hand, 
the chances of increased precipitation over north-west India 
are high, with the poleward shift in the monsoon low level 
winds coupled with enhanced evaporation in a warmer 
atmosphere.

An estimate of the magnitude of latitudinal shift in LLJ 
is made from the Φη=0′ (based on zero absolute vorticity) 
and ΦUmax′ (based on U850 maximum) from the histori-
cal AF and RCP scenario experiments (Fig. 4). Φη=0′ has 
experienced a slight poleward shift in RCP2.6 ensemble 
means (Fig.  4a).While there is no trend in Φη=0′ in the 
AF ensemble when the whole twentieth century is con-
sidered, a slight poleward trend is seen in the last three 
decades of AF simulations. The ERAI reanalysis (yellow 
line, Fig.  4a) also show a strong and significant trend of 
0.3 degrees decade−1 in Φη=0′ in the 34 year period. The 
linear trends in Φη=0′ are also statistically significant for 
RCP4.5, RCP6.0, and RCP8.5, with values of 0.07, 0.09, 
and 0.15 degrees decade−1 respectively (Fig. 4b). The core 

(a) (b)

Fig. 2   a Same as Fig. 1a, except for ensemble mean of historical AF simulations (1981–2000) and b linear trend (1979–2005) for AF ensemble



342 S. Sandeep, R. S. Ajayamohan

1 3

of LLJ also experiences a poleward shift in a warming cli-
mate (Fig.  4c), similar to that of zero absolute vorticity 
over the Arabian Sea. The ensemble mean linear trends 
in ΦUmax′ for RCP4.5, RCP6.0, and RCP8.5 are statisti-
cally significant (p < 0.05), with values of 0.11, 0.12, and 
0.17  degrees  decade−1 respectively (Fig.  4d). The linear 
trends in Φη=0′ and ΦUmax′ for future projections suggest 
that the degree of shift in the LLJ depends on the degree 
of radiative forcing. Under extreme warming scenario, the 
LLJ core would shift poleward from its climatological loca-
tion by ~1.5° (based on Φη=0) and ~ 2° (based on ΦUmax). 
The trend in Φη=0′ suggests that the LLJ shift seen in the 
observations and models has a strong connection to the 
underlying dynamics of the monsoon circulation.

It is worth investigating, whether the previous genera-
tion of climate models concurs with the CMIP5 simula-
tions. Consistent, with CMIP5 results, CMIP3 ensem-
bles also show a poleward shift the Φη=0′ (Fig.  5). The 
stronger emission scenarios of SRESA1B and SRESA2 
show statistically significant (p  <  0.05) trends in 
Φη=0′, with values of 0.11 and 0.12  degrees  decade−1 
respectively.

As mentioned in Sect. 1, several studies have noted that 
the whole monsoon circulation is shifting poleward in a 
warming scenario (Ashrit et al. 2003; May 2002; Menon 
et al. 2013b). To reassess this point in the context of LLJ 
shift in a quantitative manner, the annual anomalies in 
latitude at which the zonal mean (50°E–70°E) U850 turns 

(a) (b)

(c) (d)

Fig. 3   Linear trends (2006–2099) in oceanic winds at 850  hPa 
(vectors; m  s−1  decade−1), absolute vorticity (shading over oceans; 
5 × e−5 s−1 decade−1) and land precipitation (mm day−1 decade−1) 

for a RCP2.6, b RCP4.5, c RCP6.0, and d RCP8.5 scenarios respec-
tively. Stippling show regions with statistically significant (p < 0.05) 
trends
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from easterly to westerly (ΦU850=0′) are calculated. Con-
sistent with poleward shift in LLJ core and Φη=0′, the lati-
tude at which the easterlies change its direction to wester-
lies is also shifting northward indicating a poleward shift 
of the whole monsoon circulation (Fig.  6). The ensem-
ble mean linear trends in ΦU850=0′ are found to be 0.05, 
0.07, and 0.12 degrees decade−1 for RCP4.5, RCP6.0, and 
RCP8.5 experiments. Similar to the trend in Φη=0′, ERAI 
shows a linear trend of 0.3 degrees decade−1 in ΦU850=0′ 
in the 34  years of analysis. The observed and simulated 

changes in the monsoon low level flow can naturally pose 
questions about the possible changes in the upper level 
flow. The linear trends in upper-level winds (200 hPa) do 
not show any significant change in the mean position of 
the TEJ in the RCP8.5 simulations (Fig.  7a). However, 
we find a substantial weakening of the TEJ in the strong-
est future scenario, consistent with earlier studies (Abish 
et al. 2013).

Fig. 4   a Time series of anoma-
lies in the latitude (degrees) 
of zero absolute vorticity 
(Φη=0′) over Arabian Sea, b 
box plot showing linear trends 
in latitudinal shift (degrees dec-
ade−1) in Φη=0′ for various 
CMIP5 experiments. c, d are 
same as (a) and (b) except for 
the LLJ core. The ensemble 
mean trends are represented by 
asterisks in (c) and (d). The LLJ 
core latitude is defined as the 
latitude of 850 hPa zonal wind 
maximum over the Arabian Sea 
(50°E–70°E, 5°N–25°N). Three 
year running mean is applied 
to all time series. Trends are 
statistically significant at 5 % 
level for RCP4.5, RCP6.0, and 
RCP8.5 experiments and for 
ERAI

Fig. 5   a, b Same as Fig.  4a, b, except for CMIP3 experiments. 
Trends are statistically significant at 5  % level for SRESA1B and 
SRESA2

Fig. 6   a, b Same as Fig. 4a, b, except for anomalies in the latitudes 
at which zonal mean (50°E–70°E) zonal winds changes its direction 
from easterly to westerly (ΦU850=0′). Trends are statistically signifi-
cant at 5 % level for RCP4.5, RCP6.0, and RCP8.5 experiments and 
for ERAI
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4 � Dynamics of poleward shift in LLJ

The monsoon south-westerlies are a response to the land-
sea temperature contrast (ΔTS) between Southeast Asian 
land-mass and surrounding Indian Ocean (Webster and 
Fasullo 2003). The faster rate of heating of the land com-
pared to ocean results in a stronger cross-equatorial pres-
sure gradient (ΔPSL) over the Indian Ocean during sum-
mer and as a result η = 0 contour exhibits larger poleward 
intrusion over the Arabian Sea compared to other regions 
along the equator (Tomas and Webster 1997). During boreal 
summer, the strong heating over land mass creates a low 
pressure area over north-west India and adjoining region. 
The high pressure region over southern Indian Ocean and 
the heat low over land create a strong ΔPSL over Indian 
Ocean (Fig. 7b). The η = 0 contour over the Arabian Sea 
lies between 8 and 10° poleward of the equator (white line 

in Fig. 7b), as illustrated by Tomas and Webster (1997). In 
a warming climate the ΔTS and subsequently ΔPSL could 
strengthen. In order to calculate ΔTS and ΔPSL over Ara-
bian Sea where the LLJ core is located, we choose two 
boxes–one over north-west India and adjoining land mass 
and another over southern Indian Ocean, as indicated by 
the black boxes in Fig. 7b. The ΔTS (ΔPSL) is calculated 
as the difference of the area averaged surface temperature 
(PSL) between the northern and southern boxes.

Different definitions of land-sea temperature contrast 
can be seen in the literature (Fu and Fletcher 1985; Li and 
Yanai 1996; Sun et al. 2010; Wu et al. 2012). Most of them 
have considered the land region including Tibetan Plateau in 
their calculations of land-sea temperature contrast. Interest-
ingly, Sun et al. (2010) claims that the relation between ISM 
strength and land-sea temperature contrast has weakened 
since 2000 in CMIP3 simulations, as a result of increased 

Fig. 7   a JJAS climatology 
(1981–2000) of zonal winds 
at 200 hPa (contours; −15 
to 5 m s−1 with interval of 
5 m s−1) and the RCP8.5 linear 
trend (2006–2099) in zonal 
winds at 200 hPa (shading; 
m s−1 decade−1); b JJAS cli-
matology (1981–2000) of PSL 
(hPa). The white contour indi-
cates the JJAS mean position of 
zero absolute vorticity. The two 
black boxes indicate the north 
and south regions selected for 
computing the PSL gradient and 
land-sea temperature contrast

(a)

(b)
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tropical convection. As our main focus is LLJ, we pro-
pose a slightly different definition of land-sea temperature 
contrast, in conformity with the LLJ theory proposed by 
Tomas and Webster (1997). The northern (land) and south-
ern (ocean) boxes considered (see Fig.  7b) here lies over 
heat induced low pressure region over North-West India & 
adjoining regions and high pressure region over southern 
Indian Ocean. In addition these regions cover the longi-
tudinal extent of LLJ. In order to validate the assumption 
that ΔTS is driving ΔPSL and thereby LLJ, the evolutions 
of ΔTS, ΔPSL, and Kinetic Energy of LLJ (KELLJ) are 
examined in the observations. Fig. 8 shows the daily clima-
tology of ΔTS, ΔPSL, and KELLJ between 1st May and 
30th September. The strong correlation between ΔTS and 
ΔPSL (r = −0.93), ΔTS and KELLJ (0.91), and ΔPSL 
and KELLJ (−0.99) indicates the strong dynamical linkage 
between these parameters. Although the detailed mecha-
nism of LLJ formation may not be elucidated from this sim-
ple analysis, the lead (~1–2 weeks) of ΔTS ahead of ΔPSL 
hinds that former drives meridional pressure gradient and 
thereby LLJ. This gives credence to our argument that the 
LLJ dynamics has strong association with land-sea contrast.

The inter-annual variability of ΔTS and Φη=0′ for histori-
cal AF and RCP8.5 ensembles is illustrated in Fig. 9a. Both 
ΔTS and Φη=0′ shows an increasing trend in RCP8.5 experi-
ments. The high correlation of 0.9 between the two param-
eters in the future projections suggests that intensification of 
ΔTS is the predominant driving mechanism for the poleward 

shift in LLJ. In the historical AF simulations the correlation 
between ΔTS and Φη=0′ has a rather moderate value of 0.4 
although it is statistically significant. The amplitudes of their 
interannual variability in the historical era are weak compared 
to the future projections. An alternate interpretation would be 
that ΔTS will gain more dominance in a warming scenario 
and hence can drive changes in merdional pressure gradient 
and LLJ. Further, the relation between ΔPSL versus ΔTS and 
ΔPSL versus Φη=0′ are examined (Fig. 9b). The close asso-
ciation of ΔPSL versus ΔTS (r = −0.9) and ΔPSL versus 
Φη=0′ (−0.89), strongly suggests the role of intensified land-
sea contrast and thereby intensified cross-equatorial pressure 
gradient in inducing a latitudinal shift in the LLJ. In order to 
obtain a broader understanding of changes in pressure gradi-
ent, the linear trends in PSL for RCP8.5 ensemble mean is 
calculated during 2006–2099 (Fig.  10). The trend pattern 
shows a tropics-wide increase in PSL and decrease over extra 
tropics. The zonal mean trends show a strong PSL gradient 
directed towards northern hemisphere. The large-scale PSL 
drop over Middle East and North African desert regions and 
increase over Indian land region are also noteworthy. The 
strong decrease in PSL over desert regions north-west of 
India favors a poleward shift in monsoon low level winds.

The ISM low level circulation is the driver of cross-equa-
torial oceanic heat transport (Hy) over the Northern Indian 

Fig. 8   Evolution of land-sea temperature contrast (K), cross-equa-
torial pressure gradient (hPa), and kinetic energy of low level Jet 
(m2 s−2) from 1st May to 30th September. ΔTS and ΔPSL are cal-
culated as the difference of the respective parameters between the 
northern (20°N–35°N and 40°E–80°E) and southern (35°S–10°S 
and 40°E–80°E) boxes in Fig.  7b. Twenty year (1981–2000) daily 
climatology from ERAI is used for calculations. Cross-correlations 
between the variables are shown. The grid points over ocean in the 
northern box (in Fig. 7b) are masked while computing land-sea tem-
perature contrast

Fig. 9   a Inter-annual variability in land-sea temperature contrast (K; 
bold line) and the anomaly in mean latitudinal position of zero abso-
lute vorticity (degrees; broken line). The data for this plot are con-
structed from historical AF simulations (1901–2005) and RCP8.5 
simulations (2006–2099); b scatter plot showing the relationships 
between land-sea temperature contrasts and north–south PSL gradi-
ent and anomaly in the latitudinal position of zero absolute vorticity 
(RCP8.5). The shading in a shows ensemble spread. Correlations 
between the parameters are indicated. All correlation values are sta-
tistically significant (p < 0.05)
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Ocean. The cross-equatorial heat transport over the Indian 
Ocean is critical for the regulation of ISM interannual varia-
bility and annual cycle by homogenizing SST between south-
ern and northern Indian Ocean (Webster and Fasullo 2003). 
Further, we investigate the changes in Hy over the Arabian 
Sea, where LLJ shift is dominant. Consistent with the theoret-
ical expectations, cross-equatorial oceanic heat transport over 
the Arabian Sea during JJAS is found to be declining at a rate 
of −5.8 × 1011 W decade−1 (p < 0.05), in RCP8.5 scenario 
(Fig. 11). This suggests that the ocean–atmosphere coupling 
over the ISM region could be affected by the changes in the 
LLJ. Further investigation is needed to find the ocean feed-
back effects due to the changes in LLJ strength and position, 
which is beyond the scope of present study.

To conclude, the dynamics of poleward shift in mon-
soon LLJ can be summarized with the help of a schematic 
(Fig. 12) as follows:

1.	 The land surface experiences a faster rate of heating 
compared to the Oceans, as the atmosphere warms 
under the influence of enhanced GHGs.

2.	 The faster rate of heating over land results in a deepen-
ing of the low pressure area over land and subsequently 
strengthens the cross-equatorial pressure gradient.

3.	 The stronger cross-equatorial pressure gradient pushes 
the low-level circulation and zero absolute vorticity 
contour further north. The evolution of ΔTS, ΔPSL, 
and KELLJ in the reanalysis (Fig.  8) also supports 
this mechanism. Poleward shift in η =  0 will result 

in enhanced (decreased) area of divergence (conver-
gence) north of equator. This mechanism suggests that 
the observed poleward shift of LLJ and the associated 
changes in the precipitation pattern over the west coast 
of India might be caused by the global warming.

5 � Systematic biases

In this section, we deliberate the systematic biases in the 
CMIP5 simulation that influences the present results and 

Fig. 10   Linear trend (2006–2099) in Sea level pressure (Pa decade−1) in RCP8.5 ensemble mean. Zonal mean of Sea level pressure trends are 
shown on right panel. Stippling shows statistically significant (p < 0.05) trends

Fig. 11   Time series of area averaged meridional heat transport 
(−1 ×  e13  W) during JJAS season over Arabian Sea (40°E–75°E; 
EQ–25°N) for historical AF (1901–2005; blue line) and RCP8.5 
(2006–2099; red line). Decadal smoothing is applied to the time 
series
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its implications. It is important to examine whether the pre-
sent results are affected by the systematic biases. Another 
issue is the fidelity of the CGCMs in simulating winds and 
precipitation. As mentioned earlier, no single CGCM can 
simulate all features of ISM realistically (Sperber et  al. 
2013). The skill of ensemble mean outperforms individual 
models probably due to cancellation of errors (Kharin et al. 
2001). In the analyses presented so far, we have used a sub-
set of CMIP5 CGCMs that have the required data for his-
torical AF and all RCP experiments. Before drawing broad 
conclusions, it needs to be investigated that whether the 
robustness of the results is affected by the ensemble sam-
ple sizes. The Taylor diagram of zonal winds and precipi-
tation (Fig.  13) agrees with Sperber et  al. (2013) that the 
ensemble mean has stronger skill than individual models, 
especially for zonal winds. In the case of precipitation, the 
ensemble mean has larger spatial correlation compared to 
individual models, but with weaker amplitude of spatial 
variability than many individual CGCMs. Further, the sim-
ulation of low-level winds has less spread compared to pre-
cipitation and the ensemble mean of low-level winds shows 
very high skill (r = 0.98; r = 0.85 for precipitation).

One of most highlighted systematic errors in the CMIP5 
simulation of monsoon is the bias in SST seen in the Ara-
bian Sea during pre-monsoon season (Levine et  al. 2013; 
Marathayil et al. 2013). We first investigate if the cold bias 
in Arabian Sea SST has any impact on the trend in ΦU850. 
The scatter plot between northern Arabian Sea SST bias 
and ΦU850 trend for RCP8.5 (Fig. 14) shows that virtually 
no relation exists between the two. The bias in SST does 
not seem to affect the shift in LLJ core in these simulations. 
Similar results were obtained for Φη=0 (figure not shown). 
Also the trends in other RCP scenarios are not affected by 
the cold SST bias in the Arabian Sea.

To assess the effect of interpolation of data on a com-
mon 1° × 1° grid, the calculations of ΦU850 and Φη=0 are 
repeated on model’s native grids. The mean value of ΦU850 
in RCP8.5 experiment is found to be 12.31°N (12.17°N) 
with a standard deviation of 1.47 (1.53) for native (interpo-
lated) GFDL-ESM2 M, which is a coarse resolution model 
(2° × 2.5°). Identical results are obtained for Φη=0 as well, 
with a mean value of 11.05 ±  0.77°N (11.17 ±  0.82°N) 
on native (interpolated) grids. The same calculations for 
CCSM4, which is a high resolution (0.9° × 1.25°) model, 
yielded a mean value of 12.36 ± 1.78°N (12.31 ± 1.79°N) 
on native (interpolated) grid for ΦU850. The mean posi-
tion of Φη=0 is found to be located at 12.0  ±  0.93°N 
(11.93  ±  0.93°N) in CCSM4 native (interpolated) grids. 
Similar results are obtained for other models as well, which 
are not elaborated here for the sake of brevity. This analy-
sis shows that the interpolation of winds to a common grid 

Fig. 12   Schematic diagram showing the dynamics of poleward shift 
in LLJ in a warming climate. Blue (red) curves illustrate the mon-
soon low level circulation in current (warm) climate. Blue (red) bold 
arrows indicate the strength and direction of cross-equatorial pressure 
gradient and land-sea temperature contrast in current (warm) climate. 
Blue (red) dashed line indicates the location of zero absolute vorti-
city contour in current (warm) climate. The green (purple) ellipse 
indicates the low (high) pressure area. The thermal expansion of low 
pressure area over land, in a warmer climate is indicated by light 
green ellipse that envelope the green ellipse. The concept of LLJ as 
convergence (C)-divergence (D) couplet about η = 0 contour is also 
illustrated

Fig. 13   Taylor diagram for model simulated JJAS mean precipitation 
and zonal winds at 850 hPa. The individual model simulated 1979–
2005 climatology of JJAS mean precipitation and zonal winds area 
averaged over ISM domain (40°E–120°E, 10°S–30°N) are compared 
with observations. The precipitation observations are taken from 
GPCP and winds from the ERAI reanalysis
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introduced only negligible errors in the calculations of 
ΦU850 and Φη=0.

To understand the uncertainty in trends of Φη=0′ due 
to ensemble sample sizes, we calculated the linear trends 
in Φη=0′ for all available models for each experiment 
(Fig.  15a), which yields identical results to that obtained 
with the subset of CGCMs which are common across all 
experiments. We repeated the same analysis with five 
‘best’ models (based on Taylor diagram in Fig.  13 for 
the mean JJAS precipitation), yielding similar results 
(Fig.  15b), but with slightly weaker trends. Comparison 
of Fig. 15a with Fig. 4b, suggests that different ensemble 
sample sizes do not alter the trend and further strengthens 
our confidence in the poleward shift in monsoon LLJ in 
a warming climate reported from the analysis of CMIP5 
simulations.

6 � Summary and discussion

The land-sea temperature contrast over Indian monsoon 
region will amplify in a global warming scenario. The 
ISM low level circulation, especially the LLJ is found to 
shift poleward in response to the increased land-sea con-
trast. The poleward shift in LLJ is accompanied by a cor-
responding shift in the latitude of zero absolute vorticity 
over the Arabian Sea. The magnitude of the poleward shift 
in LLJ is found to be proportional to the degree of radia-
tive forcing. As a consequence of the poleward shift, the 
LLJ seems to be strengthening (weakening) north (south) 
of 15°N over the Arabian Sea. Within the framework of 
CMIP5 experiments, the Indian land region would experi-
ence a wet trend in a warmer climate. The ERAI reanalysis 
data show a poleward shift in LLJ in the last three decades. 
The observed precipitation pattern on the Western Ghats 
and adjoining regions of India shows a wet (dry) pattern in 
the north (south), consistent with the shift in LLJ in the rea-
nalysis. The ensemble mean of CMIP5 simulations in the 
historical AF experiment also shows a poleward shift in the 
LLJ in the last three decades of the simulation. However, 
the centennial trends in the historical AF ensemble do not 
show a statistically significant shift in LLJ location. This 
is not surprising, as the effects of the global warming on 
northern hemispheric hydrological cycle started emerging 
since 1980s (Wu et al. 2013). The robustness of the results 
is verified by ensuring that the SST bias, interpolation of 
the data, and ensemble sample sizes have negligible effects 
on the linear trends in LLJ latitudinal position.

In this study, we have presented evidences of a pole-
ward shift in monsoon LLJ in both observations as well 
as in future scenario simulations using CGCMs. The pole-
ward shift in LLJ is consistent with the widening of tropics 
(Fu 2006; Seidel and Randel 2007) and poleward shifts in 
sub-tropical jetstream and mid-latitude storm tracks (IPCC 
2007; Fu and Lin 2011). The observed precipitation pat-
tern over the Western Ghats shows a strong response to 

Fig. 14   Scatter plot of North-
ern Arabian Sea (15°N–25°N, 
50°E–70°E) SST bias (K) and 
RCP8.5 linear trend (2006–
2099) in the JJAS mean latitu-
dinal position (degrees) of LLJ 
core, as defined by the maxima 
of 850 hPa zonal wind (over 
5°N–25°N and 50°E–70°E), for 
CMIP5 models. Regression line 
is shown. MAM climatology 
(1981–2000) is used to calculate 
SST bias

Fig. 15   Box plots showing trends in latitudinal position of zero abso-
lute vorticity for a all available ensembles for each of the experiments 
and b the best five models for ISM precipitation that are selected 
based on the Taylor diagram in Fig. 13
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the shift in LLJ, with a wet (dry) trend over north (south) 
of about 16°N. Recent studies that addressed this issue 
suggested a weakening of ISM circulation as a result of 
increased atmospheric stability due to global warming 
(Krishnan et al. 2013; Rajendran et al. 2012). However, the 
ISM weakening theory is not consistent with the observed 
increase in precipitation north of 16°N. Moreover, this 
theory also fails to explain the reason for increased stabil-
ity only over south of 16°N. We suspect that the increased 
stability over southern part of the Arabian Sea seen in 
the analysis of Rajendran et  al. (2012) could be partly a 
result of the poleward shift in the monsoon LLJ. The LLJ 
can be viewed as a convergence-divergence couplet about 
η = 0 contour, with the convergence zone lying north of 
η =  0 (Tomas and Webster 1997). As the η =  0 contour 
shift northward, the divergence zone between equator and 
η =  0 will expand and the result could be an increased 
stability over that region. This mechanism can very well 
explain the decreased (increased) precipitation over north-
ern (southern) Western Ghats in the observations. The 
trends in orographic precipitation pattern in future simu-
lations needs to be interpreted with care. High resolution 
simulations have already shown a wet (dry) precipita-
tion trends over west coast of India north (south) of 16°N 
(Rajendran et al. 2013). Our analysis using coarse resolu-
tion CGCM simulations could not bring out the fine-scale 
features of regional precipitation changes. However, the 
poleward shift in monsoon LLJ is robust in CGCM simula-
tions and reanalysis. Part of the weakening in LLJ could be 
compensated by the increased moisture influx in a warm-
ing environment and this may prevent a stronger decrease 
in precipitation south of 16°N. At the same time, the north-
western India has a strong possibility of getting increased 
precipitation due to the dual effects of poleward shift in 
LLJ and enhanced moisture content of the air in a warm-
ing scenario. The spatial structure of TEJ weakening is dif-
ferent compared to LLJ, as the former does not show any 
latitudinal shift. One of the reasons of the TEJ weaken-
ing could be the weakening of the upper level meridional 
temperature gradient as suggested by Abish et  al. (2013) 
which possibly explains the spatially coherent weakening 
of TEJ. Further investigation is needed to clearly under-
stand the role of static stability versus land–ocean temper-
ature contrast in deciding the fate of ISM circulation in a 
warming climate.

Our results have important societal implications in the 
wake of concerns over the preservation of ecologically frag-
ile Western Ghats region (Gadgil et al. 2011; Kasturirangan 
et al. 2013). The decreased precipitation over the southern 
regions of the Western Ghats could lead to a water stress in 
those places. In the northern regions, possibilities of heavy 
precipitation events are high, in the wake of increased wind 
speeds and higher moisture content of the air in a warmer 

climate. The South Asia is already identified as a region 
with high flood risk under projected warming scenarios 
(Hirabayashi et  al. 2013). In the wake of the limitations 
of coarse resolution climate models, further investigations 
with high resolution models needs to be undertaken to 
quantify the potential climate change risks over regions like 
Western Ghats. Also, our results suggest oceanic impact of 
the changes in LLJ. The decline in the oceanic heat trans-
port could potentially affect the ISM interannual variabil-
ity. The poleward shift in LLJ can potentially cool the SSTs 
over the northern Arabian Sea, which in turn can affect the 
intraseasonal variability of ISM as well. Thus the changes 
in ocean–atmosphere coupling over the Indian Ocean due 
to projected changes in LLJ strength and position needs a 
thorough investigation in order to obtain a complete pic-
ture of the impact of global warming on Indian Summer 
Monsoon.
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