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Abstract Land-atmosphere coupling over the south Asian
monsoon region is examined using a regional climate model.
For this purpose, the Weather Research and Forecasting
(WRF) model with a resolution of 45 km was used. In the
control experiment (CTL), the model was integrated from
the year 2000 to 2011 and allowed the soil moisture interac-
tion with the atmosphere using a coupled land surface model.
In the second experiment (CSM), the soil moisture evolution
at each time step was replaced with the climatology of soil
moisture taken from the control run. The results reveal that
land-atmosphere coupling plays a critical role in influencing
the south Asian monsoon climate variability. Soil moisture is
found to have stronger impacts on daily maximum tempera-
ture compared to minimum temperature. Soil moisture also
makes a significant contribution to monsoon rainfall variabil-
ity over the monsoon region. The coupling strength for large-
scale rainfall is found to be higher compared to that of cumu-
lus rainfall. Soil moisture is found more strongly coupled to
sensible heat flux over most of the monsoon region.

1 Introduction

The summer monsoon during June to September is the most
dominant annual climate feature over the south Asia region,

and it exhibits variability in all time scales from diurnal to
multi-decadal. Prediction of interannual variability of mon-
soon is important due to its direct impact on agriculture, water
resources, and economy over the region. The anomalous
slowly varying boundary conditions form the basic premises
of seasonal prediction (Charney and Shukla 1981; Shukla
1981). South Asian monsoon variability is mainly influenced
by the boundary forcing from both the tropical oceans and
land. The role of tropical oceans, especially the equatorial
Pacific Ocean on influencing the South Asian monsoon rain-
fall, is well documented (Sikka 1980; Rasmusson and
Carpenter 1983; Webster and Yang 1992; Gadgil et al.
2007). However, the role of land surface processes on the
monsoon variability is not well understood.

Land surface acts as the lower boundary for the atmo-
sphere, and it regulates the energy partition and water balance
and influences the regional climate. In this context, soil mois-
ture plays a major role in the interaction between the land
surface and the atmosphere. Soil moisture influences surface
energy balance components through its effects on evapotrans-
piration or latent heat flux (Zhang et al. 2011). Anomalies in
surface fluxes induced by soil moisture may cause precipita-
tion anomalies over some regions (Delworth and Manabe
1989). The global coupling of land surface and atmosphere
shows a wide spectrum of spatial and temporal variations. The
global scale coupling of soil moisture and precipitation was
investigated by Koster et al. (2004, 2006). They identified the
global coupling hotspots, where the soil moisture interaction
directly influences summer precipitation variability. The
Indian summer monsoon region was also identified as one of
the hot spots of the land surface coupling. The land surface
coupling is found to be strong over the transition zones be-
tween wet and dry climate regimes.

Quality-controlled soil moisture observations are generally
scarce over the south Asian region. Therefore, atmospheric
general circulation models (AGCMs) helped us to have our
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current understanding of land-atmosphere coupling. In the
early 1980s, Shukla and Mintz (1982) and Yeh et al. (1984)
made pioneering studies and suggested strong sensitivity of
the climate response with respect to soil moisture anomalies.
The analyses of Seneviratne et al. (2006) showed that land
surface coupling is significantly affected by global warming
and acts as a major player for climate change based on the
simulation of regional climate model (RCM) and general cir-
culation model (GCM) experiments. Zhang et al. (2008) stud-
ied the influence of land surface processes in the interannual
scale over the contiguous USA. There are many other studies
which showed the importance of land surface processes in the
prediction of precipitation using atmospheric models (van den
Hurk et al. 2012; Koster et al. 2004, 2006, 2010 and 2011;
Guo et al. 2011 and 2012; Fennessy and Shukla 1999). Steiner
et al. (2009) showed that land surface coupling can influence
the regional circulation and precipitation over the regions
exhibiting strong hydroclimatic gradients. However, the im-
pacts of regional land surface coupling on south Asian mon-
soon interannual variability are not very well understood.

There are some studies on the role of land surface processes
and especially soil moisture on the Asian monsoon variability
(Shukla and Mintz 1982; Webster 1983; Meehl 1994; Ferranti
et al. 1999; Kim and Hong 2007; Takata et al. 2009). Douville
et al. (2001) studied the role of soil moisture on the Asian and
African monsoon systems and found different sensitivity for
the Asian and African monsoons to the land surface
hydrology. It is seen that the African monsoon is more
influenced by the soil moisture feedbacks. Later, the study
by Douville (2002) emphasized the relevance of soil moisture
for seasonal climate predictions. Observational and modeling
studies over the African monsoon region have shown the im-
portance of antecedent rainfall patterns affects new storms in
the region (Taylor et al. 2011). Bellon (2010) studied how
land-atmosphere interaction influences the northward-
propagating intraseasonal oscillation in the Asian monsoon
region. Zhang et al. (2011) studied the land surface coupling
over the East Asian monsoon region, which suggested that
soil moisture makes a dominant contribution to rainfall vari-
ability over the climatic and ecological transition zones of the
East Asian monsoon region. Saha et al. (2011) proposed the
importance of land surface process in pre-onset monsoon sea-
son and showed that dry (wet) pre-onset land surface condi-
tion increases (decreases) the Indian seasonal monsoon rain-
fall. Further, Saha et al. (2012) proposed a large-scale nature
of soil moisture, intraseasonal oscillation feedback, which al-
ters lower level atmospheric conditions. Modeling of soil
moisture is essential for reliable simulation and forecasting
of the Indian summer monsoon (Asharaf et al. 2012) as they
showed that pre-monsoon soil moisture has a significant in-
fluence on the Indian monsoon rainfall. Sijikumar et al. (2013)
showed the sensitivity of model land surface orography on the
south Asian monsoon rainfall in the Weather Research and

Forecasting (WRF) regional climate model. They showed that
the model orography can significantly impact the model rain-
fall and wind over the monsoon region.

Large uncertainties exist in AGCM studies of land-
atmosphere interactions especially on local to regional scales
(Dirmeyer et al. 2006). The Global Land-Atmosphere
Coupling Experiment (GLACE-1) demonstrated a large
spread in land-atmosphere coupling hot spots among many
AGCMs (Koster et al. 2004, 2006; Guo et al. 2006). The
studies showed that the models have large systematic errors
compared to observed relationships between land and the at-
mosphere on the local and regional scales. However, com-
pared to AGCMs, regional climate models (RCMS) are more
skillful in simulating regional climate characteristics. RCM
assessment of soil moisture influences on interannual climate
variability is receiving more attention recently. The impact of
land-atmosphere coupling in influencing interannual summer
climate variability over the contiguous USA (Zhang et al.
2008) and over East Asia (Zhang et al. 2011) was investigated
by using the WRF RCM. They found that land surface plays a
critical role in influencing summer climate variability over the
climatic and ecological transition zones.

In this paper, we address the role of land surface coupling
on the Indian monsoon variability using a regional climate
model during the recent decade. The main objective of the
present study is to improve our understanding of the role of
land-atmosphere coupling on the interannual variability of the
Indian monsoon climate with a WRF regional climate model.
This study also evaluates coupling of surface fluxes (latent
heat and sensible heat) and boundary layer height over the
monsoon region, which was not studied previously. In
Section 2, the regional model configuration, the model exper-
imental set up, and the methodology of calculation of land
surface coupling parameters are explained. Sections 3 dis-
cusses about the model performance and validation of model
climatology. Sections 4, 5, and 6 discuss the coupling of soil
moisture with air temperature and rainfall over the south Asian
region. In Section 7, the results are summarized.

2 Model configuration and experimental setup

For the present study, the WRFARW version 3.3 was used as
the regional climate model to simulate the land surface cou-
pling over the south Asian monsoon region. The WRFARW
model is a fully compressible non-hydrostatic and Eulerian
model. It uses the terrain following hydrostatic pressure coor-
dinate and the Arakawa–C grid. The model equations con-
serve the scalar variables. In this configuration, the third-
order Runge-Kutta scheme was used for integration and
employed fifth-order advection schemes. WRF high-
resolution regional climate model was used for the simulation
of the climatology of monsoon precipitation in previous
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studies (Mukhopadhyay et al. 2010; Srinivas et al. 2013). The
WRF regional climate model configuration used in this study
is similar to that of previous experiments made by Bhate et al.
(2012) over the Indian monsoon region.

The model was implemented with a horizontal resolution
of 45 km, 28 pressure levels with model top pressure at
10 hPa. The model domain covers the Indian summer mon-
soon region (40 E–120 E and 10 S–40 N) (Fig. 1). The initial
conditions and boundary conditions for the model simulations
were derived from the final analysis (FNL) data of 1° × 1°
horizontal resolution from the National Centers of
Environmental Prediction (NCEP). The lateral boundary con-
ditions were updated every 6 h. The FNL sea surface temper-
ature (SST) data were used as the lower boundary conditions.
The model was initialized from 1st May 2000 and 12-year
integrations were made up to December 2011.

The WRF model was configured with the following phys-
ical parameterization schemes: the microphysics scheme of
Lin et al. (1983), Monin-Obukhov similarity scheme (Monin
and Obukhov 1954) for surface layer, Yonsei University
scheme for planetary boundary layer (PBL) (Hong and
Dudhia 2003), Dudhia scheme (Dudhia 1989) for short wave,
and RRTM scheme for long wave (Mlawer et al. 1997). The
unified Noah land surface model (Chen and Dudhia 2001)
was used as the land surface model, which consists of four
soil layers with the thicknesses of 10, 30, 60, and 100 cm from
the top to the bottom and one canopy layer. It uses the
Reynolds number-based approach for the estimation of the
ratio between the roughness lengths for heat and momentum
transfer. For the convective parameterization, Betts Miller
Janjic scheme (Betts 1986; Betts and Miller 1986; Janjic

1994) was used. Figure 1 shows the topographic heights used
in the model analysis domain.

Two long-term simulations were performed similar to the
studies of Koster et al. (2004), Seneviratne et al. (2006), and
Zhang et al. (2008, 2011). In the control experiment (CTL), the
model was integrated from the year 2000 to 2011 and allowed
the soil moisture interaction with the atmosphere using a
coupled land surface model. In the second experiment
(CSM), the soil moisture evolution at each time step was re-
placed with the climatology of soil moisture taken from the
control run. Thus, the CSM experiment removes the interannu-
al variability of soil moisture which exists in the first CTL
experiment. This will allow us to assess the role of interactive
soil moisture in influencing the climate variability of the south
Asian summer monsoon. In CTL experiment, the model inte-
gration started from 1st May 2000 and integrated up to 30th
September 2011. For the CSM experiment, the model was in-
tegrated from 1st June up to 30th September for every year
separately during 2000 to 2011. The results of the first
13 months, from 1 May 2000 to 31 May 2001, were removed
from the analysis to account for the model spin up to minimize
the initialization effects of soil moisture and soil temperature.
The model performance in simulating the mean summer mon-
soon was evaluated by analyzing the CTL experiment for the
period 2000–2011. The model-simulated rainfall, 850 hPa
wind, and surface 2 m temperature were compared with the
observations. The tropical rainfall measuring mission
(TRMM) product (Huffman et al. 2007) 3B42 was used to
compare themodel-simulated rainfall over the analysis domain.
The TRMM rainfall is re-gridded to 0.5 degree for the compar-
ison of the model results. ECMWF ERA-Interim reanalysis

Fig. 1 Terrain height (km) over
the WRF model domain used in
the study
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wind at 850 hPa was used to compare the simulated wind at
850 hPa. For the evaluation of 2 m air temperature, the obser-
vations from the Climate Prediction Center (CPC), NCEP (Fan
and van den Dool 2008) were used. This data set is a global
land monthly data set at a resolution of 0.5°. This temperature
data set was developed using station observations from the
Global Historical Climatology Network (GHCN) and Climate
Anomaly Monitoring System (CAMS). The details of model
evaluation are discussed in Section 3 of the paper. The soil
moisture observations from satellite are used for soil moisture
comparison. European Space Agency (ESA) is providing the
gridded active and passive soil moisture from satellites (Wagner
et al. (2012)). This data is available from the following web
address: http://www.esa-soilmoisture-cci.org/. The soil texture
data used in WRF model is based on a hybrid 30-s State Soil
Geographic Database (STATSGO) and 5-min Food and
Agriculture Organization (outside US), and it also used 16 cat-
egory soil texture (Miller and White 1998). The soil types used
in the model domain is shown in Fig. 2.

To investigate the coupling between soil moisture and the
atmosphere over the monsoon region, we calculated the dif-
ference in the standard deviation of rainfall and temperature
between the CTL and CSM experiments, applied variance
analysis, and calculated a revised coupling strength parameter
similar to Zhang et al. (2008 and 2011). The CTL and CSM
experiments allow us to separate the contribution of interac-
tion of soil moisture in the interannual variability of rainfall
and temperature. The difference between standard deviation
(σ) of CTL and CSM is given by Eq. (1).

dσx ¼ σx CTLð Þ−σx CSMð Þ ð1Þ

where x is mean June to September daily rainfall and 2 m air
temperature. This difference allows us to assess the contribu-
tion of interactive soil moisture in the interannual variability of
rainfall and temperature. The dσx shows the sensitivity of
land-atmosphere coupling on summer climate variability and
depends on the variable (x). This mainly depends on the loca-
tion, and it shows the direct impact of the land surface cou-
pling on the variability of variable (x).

Percentage of variance (PV) of rainfall and temperature
was calculated by applying the variance analysis. The advan-
tage of PV is that it does not depend on the location. It is a
measure of the relative contribution of land-atmosphere cou-
pling to interannual rainfall and temperature variability over
the monsoon region. Percentage of variance during the period,
June to September, is estimated using the following Eq. 2.

PVx ¼ σ2
x CTLð Þ−σ2

x CSMð Þ
σ2
x CTLð Þ ð2Þ

where x is rainfall or 2 m air temperature. σ2
x is the monthly

mean variance of variable x. This percentage of variance
change calculated is related to the coupling of land surface
processes to the variable x, i.e., it is the percentage fraction
of the variance of a specific variable in CTL experiment due to
the soil moisture interactions. It is a measure of the relative
contribution of interactive soil moisture to interannual vari-
ability of variable (x). Further, the coupling strength parameter
was used to investigate the role of soil moisture coupling in
previous studies (Koster et al. 2000; Seneviratne et al. 2006).
This paper uses the revised GLACE-1 coupling strength pa-
rameter similar the one used by Zhang et al. (2008 and 2011).

Fig. 2 The soil types used in the
model domain (data source
SATASGO)
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For rainfall and temperature, 120 days of simulations were
aggregated into 24 pentads (5-day means). For each pentad,
we have 10 years of model simulations.

The difference in the pentad group values are related to the
interannual variations of the variable (x). The time series sim-
ilarity of a variable x (Ωx) is calculated using Eq. (3)

Ωx ¼ 24σ2
x1−σ2

x

23σ2
x

ð3Þ

where σ2
x1 is the variance of the 24 group average time series

for the 10 years in the time series. σ2
x is the variance of pentad

mean climate variable computed from all the pentad (24 × 10)
values. The coupling strength parameter for the variable (x) is
calculated using Eq. (4).

ΔΩx ¼ Ωx CTLð Þ−Ωx CSMð Þ ð4Þ

where Ωx (CTL) accounts for the interannual variability of a
variable (x) induced by all factors. But Ωx(CSM) include the
effect of climatological soil moisture. Coupling strength of the
variable (x) is calculated as the difference (ΔΩx) (Eq. (4)).
Coupling strength parameter is a measure of the soil moisture
interaction-induced similarity of the interannual variations be-
tween pentads of variable (x).

The coupling strength calculated using the model simula-
tions depends on the performance of the RCM and various
other factors including the parameterization schemes used in
the configuration of the model. Model-simulated rainfall de-
pends on many factors including the convective parameteri-
zation scheme considered in the model (Srinivas et al. 2013).
It also depends on the feedback and internal dynamics of the
model.Model horizontal resolution, orography, heat exchange
coefficients for heat and moisture, use of climatological veg-
etation fraction, vegetation type-induced biases, etc. have an
impact in the coupling strength. Compared to global models,
regional climate models have the advantage of estimation of
land-atmosphere coupling due to high spatial resolution and
better land surface parameterizations.

3 Simulated model climatology

In this section, the model-simulated (CTL) rainfall and
temperature at 2 m are evaluated with the observed data
sets. TRMM 3B42 data gives the rainfall over both land
and ocean regions. Joshi et al. (2012) show that TRMM
3B42 rainfall estimate is comparable over the Indian mon-
soon region during the seasonal time scale. The model
mean and standard deviation of rainfall are compared with
the observations. For this purpose, the TRMM daily data is
averaged to 0.5° over the model domain. Figure 3 shows
the comparison of TRMM and model mean rainfall

patterns. The model is able to simulate the mean features
of the monsoon rainfall over south Asia reasonably well.
However, there are biases. There is a large positive bias
over the Bay of Bengal and central parts of India. The
model simulates maximum rainfall along the west coast of
India and northeast India. Similarly, the model captures
minimum rainfall over northwest India and southeast pen-
insular India. In the model, the monsoon trough is located
slightly south of its normal position and the east central
rainfall maximum is shifted southwards. In Fig. 4, the stan-
dard deviation of rainfall is compared with the observa-
tions. In general, the model exhibits a larger standard devi-
ation of monsoon rainfall compared to the observations.
The result shows that the interannual variability are higher
over the west coast region, northeast India, central India,
and foot hills of the Himalayas in the model.

The ECMWFERA-Interim reanalysis wind at 850 hPa was
used to compare the simulated model wind as shown in Fig. 5.
The comparison shows that the model simulates a much stron-
ger lower tropospheric monsoon flow. The low level westerly
jet stream is much stronger in the model compared to the
reanalysis data. Over the Bay of Bengal, the model simulates
a large horizontal wind shear, which may be responsible for
the excessive rainfall over the Bay of Bengal (Bhate et al.
2012).

The satellite-observed soil moisture is used to compare the
mean model soil moisture during the JJAS period. Figure 6
shows the comparison of volumetric soil moisture. The model
surface soil moisture (0–10 cm) is compared to the ESA’s
gridded active and passive surface soil moisture. However,
the satellite soil moisture represents only the first few centi-
meters of the soil surface, and satellite-based soil moisture
products are also sensitive to the surface roughness and veg-
etation. In Fig. 6, the soil moisture values over land below
0.05 are masked with white color. It is observed that model
soil moisture is overestimated compared to the observations.
The soil moisture index (Betts 2004) is an additional measure
of soil moisture content that incorporates the information
about the field capacity and wilting point. Soil moisture index
(SMI) shows the amount of free soil moisture available for
evapotranspiration. The SMI from the model and ESA satel-
lite observations are also compared (Fig. 7). In Fig. 7, the
values between 0 and 1 are shaded with different colors; other
values are masked with white. The model shows a higher SMI
compared to the observation. The difference in soil moisture
between the model and observation suggests that the estimat-
ed land surface coupling can have a bias compared to the
actual land surface coupling. For the evaluation of 2 m tem-
perature of the model simulations, the station-based GHCN-
CAMS temperature data from Climate Prediction Center
(CPC), NCEP was used. Figure 8 shows the comparison of
mean temperature pattern of observation and the model sim-
ulations. The model simulates the spatial pattern of mean
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temperature over south Asia reasonably well. However, the
model has shown a cold bias over the western hilly regions,
where the model underestimates mean temperature. Over
north and northwest India, where the model has a dry bias in
rainfall, the model simulates a warmer temperature compared
to observations. Comparison of the standard deviation of
mean temperature is shown in Fig. 9. The temperature vari-
ability is maximum over northwest India and central India.
The model overestimates the standard deviation of mean tem-
perature over northwest India and the Tibetan plateau region.
The uncertainties in model-simulated cloud cover, radiation,
and precipitation have caused this difference. In the next sec-
tion, we discuss the coupling of soil moisture with surface air
temperature.

4 Coupling of soil moisture and surface air
temperature

In this section, the role of soil moisture on the temperature
variability is examined using the model experiment results.
For this purpose, the difference between standard deviation

of temperature (dσx) is calculated using Eq. (1) by using the
CTL and CSM experiments. Further, percentage of variance
and modified coupling strength over the region were also cal-
culated. In addition to mean daily temperature (Tmean), maxi-
mum daily temperature (Tmax) and minimum daily tempera-
ture (Tmin) were also considered. Figure 10 shows the differ-
ence of standard deviation of Tmean, Tmax, and Tmin between
the CTL and CSM experiments. The differences which are
statistically significant at 95 % level are shown as dots.

The difference in standard deviation of Tmean is maximum
over northwest India, central India, and southeast peninsula.
The difference in standard deviation of Tmax and Tmin is also
showing the similar pattern but with smaller amplitudes. In
comparison, the difference of standard deviation in maximum
temperature has shown higher values, compared to minimum
temperature. This may be due to the fact that maximum tem-
perature depends on the net radiation at the surface and
partitioning of latent heat flux and sensible heat flux andmain-
ly controlled by the soil moisture availability. The minimum
temperature occurs during the night time, and it is mainly
controlled by the large-scale circulation over the region and
radiative fluxes.

Fig. 3 Seasonal monsoon rainfall
(June to September—2001–
2011): a TRMM and b model
simulation (mm/day)

Fig. 4 Standard deviation
seasonal monsoon rainfall (June
to September): a TRMM and b
model simulation (mm/day)
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The percentage of variance of temperature due to interac-
tive soil moisture is calculated using the Eq. (2). The percent-
age of variance of temperature for Tmean, Tmax, and Tmin is
shown in Fig. 11a, c, e). Maximum percentage variance of
temperature is observed over the arid and semi-arid regions
over India. The percentage of variance of Tmean is the highest
over northwest India, parts of central India and southeast
India, Bangladesh, and the foothills of the Himalayas where
more than 30 % variance is explained. The Tmax and Tmin also
show similar spatial patterns. However, the magnitude of var-
iance change is much higher for maximum temperature com-
pared to minimum temperature. Thus, it can be inferred that
maximum temperature is much more influenced by soil mois-
ture variations compared to minimum temperature.

The coupling strength parameter is also calculated
using Eq. (4). The spatial pattern of coupling strength
calculated for the period 2001–2011 is shown in
Fig. 11b, d, f. Coupling strength is more over northwest
India and western parts of central India. The foothills of
the Himalayas show a large coupling parameter for
temperature. However, east central parts of India show
weaker coupling strength. This result is comparable with
the previous study of Koster et al. (2006) over the region
and in which spatial pattern of coupling is found to be
smoother. These results provide a better regional coupling
scenario. The results show better coupling over southeast
India and less coupling over heavy rainfall areas like west
coast and monsoon trough region.

Fig. 5 Seasonal mean (June to September) 850 hPa wind: a ECMWF ERA-Interim reanalysis and b model simulation (m/s)

Fig. 6 The observed surface soil
moisture (m3/m3) from ESA (left)
and model soil moisture (0–
10 cm) (right) during the
monsoon season
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5 Coupling of soil moisture and rainfall

In this section, we examine the effect of soil moisture coupling
on rainfall simulations over the south Asian monsoon region.
Figure 11 shows the standard deviation of rainfall between
CTL and CSM. The differences which are statistically signif-
icant at 95 % level are shown as dots. The differences in the
standard deviation of rainfall between CTL and CSM are cal-
culated separately for total rainfall, large-scale rainfall, and
cumulus rainfall, and the results are shown in Fig. 12a–c,
respectively. For total and large-scale rainfall, the maximum
soil moisture influence is seen over northwest India and cen-
tral India, i.e., over the seasonal monsoon trough region.
Influence of soil moisture coupling is not observed elsewhere
in the south Asian monsoon region. For the cumulus rainfall/
convective rainfall also, maximum coupling is seen over
northwest region and the monsoon trough region especially
the region where the monsoon synoptic systems like monsoon

lows and depressions are more active. This suggests the need
for more observational and modeling studies on the soil mois-
ture interactions in the synoptic-scale processes in the mon-
soon trough region during the summermonsoon season. In the
convective rain case, the difference between CTL and CSM
results is slightly smaller compared to large-scale rainfall.

Further, the variance analysis is applied and the percentage
of variance of rainfall due to the soil moisture interaction is
calculated using Eq. (2). Similarly, the coupling strength pa-
rameter is also calculated using Eqs. (3) and (4). The percent-
age of variance of rainfall and estimated coupling strength
parameter are shown in Fig. 11. Percentage of variance and
coupling strength parameters remove the spatial weight of the
amount of rainfall over the domain during the season. These
two parameters are calculated for total rain, large-scale rain,
and convective rain separately. Figure 13a, c, e shows percent-
age of variance, and Fig. 13b, d, f shows coupling strength
parameters for the total rain, large-scale rain, and cumulus rain.

Fig. 7 The observed surface soil
moisture index from ESA (left)
and model soil moisture index (0–
10 cm) (right) during the
monsoon season

Fig. 8 Seasonal (June to
September) mean 2 m
temperature (degree): a
observation and b model
simulation
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The percentage of variance of total rainfall shows a similar
pattern and matches with the difference between the standard
deviation of CTL and CSM shown in Fig. 12a. Maximum
coupling due to soil moisture is seen over northwest and cen-
tral India. The coupling strength parameters give a fine struc-
ture of the coupling between the land surface and atmosphere.

Stronger coupling parameter is seen over central India and the
monsoon trough region. The scattering of coupling regions
also shows importance of land cover on regional land surface
coupling. The large-scale rainfall is also showing the similar
pattern of land surface coupling that of the total rainfall.
Figure 13c, d shows the percentage of variance and coupling

Fig. 9 Standard deviation of
seasonal (June to September) 2 m
temperature: a observation and b
model simulation

Fig. 10 The difference between the standard deviations of CTL- and CSM-simulated 2 m temperature: a mean, b maximum, and c minimum (areas
significant at 0.05 levels are marked with dots)
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strength parameters for the large-scale rain. Maximum values
of percentage of variance and coupling parameter are
observed over the central India and the monsoon trough
region. This result shows the strong interaction of the
synoptic systems and land surface processes over the
monsoon trough region. Similarly, Chang et al. (2009) also
showed that if the surface receives heavier rainfall a week
ahead of the synoptic system, then the intensity of the system

is maintaining for a longer period. The remaining area of the
study does not show any strong coupling to the land surface.
Figure 13e, f shows the percentage of variance and coupling
strength parameters for the cumulus rain. For cumulus rainfall,
maximum percentage of variance due to the soil moisture
interaction is seen over northwest India and neighborhood.
A maxima is seen over the monsoon trough region, where
the synoptic systems like monsoon trough and monsoon lows

Fig. 11 The PV and coupling
strength parameters for a, b Tmean,
c, d Tmax, and e, f Tmin,
respectively
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play a dominant role. The coupling strength parameter calcu-
lated for cumulus rainfall does not show significant spatial
features. This may be due to the comparatively lower values
of convective rainfall amount compared to the large-scale
rainfall. But it is clear from the percentage of variance analysis
that the cumulus rainfall variability is coupled to land surface
processes over the monsoon trough region where synoptic-
scale interaction is more active. It is also noticed that some
of the west coast belts (like Maharashtra, Kerala) show a cou-
pling of the cumulus rain and soil moisture. Results show that
the large-scale rain is more coupled to land surface compared
to the convective rainfall over the monsoon region. However,
over Southeast Asia, the land surface is more coupled to con-
vective rainfall than the large-scale rainfall (Zhang et al.
2011). This shows that the land surface is coupled to both
monsoon regions differently.

Our analysis of difference of the standard deviation of rain-
fall between CTL and CSM, variance analysis, and coupling
strength parameter showed that the monsoon trough region
and northwest India rainfall is coupled strongly to land

surface process, through soil moisture. The interaction of
soil moisture and rainfall is dominant over these regions.
This result shows the strong coupling of synoptic systems
over the monsoon trough regions which propagate from Bay
of Bengal to central India. This result is comparable with the
previous coupling results of Koster et al. (2006) done for USA
and China. However, we find a finer scale structure of regional
coupling over the region in the recent decade. Further, the
coupling of soil moisture to surface heat fluxes like sensible
heat flux, latent heat flux, and PBL height is evaluated and
discussed in the next section.

6 Coupling with surface fluxes

In this section, we investigate the coupling process related to
the observed coupling spots over the monsoon region. Soil
moisture is directly coupled to the atmosphere through the
surface fluxes. To investigate the role of soil moisture and
sensible heat flux, we calculated the product of difference

Fig. 12 The difference between the standard deviations of CTL and CSM rainfall: amean, bmaximum, and cminimum, respectively (areas significant
at 0.05 levels are marked with dots)
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between the standard deviations (CTL-CSM) and coupling
strength parameter, and the results are shown in Fig. 14a.
The product of the difference between the standard deviation
and coupling strength can provide the information about the
degree to which the surface fluxes can vary with the soil mois-
ture variations. The soil moisture plays a dominant role in the
evaporation and partition of latent heat flux and sensible heat
flux to the boundary layer. The coupling of soil moisture to

sensible heat flux and latent heat flux can influence the rainfall
and temperature anomalies over a region. This soil moisture
coupling to sensible heat flux is very strong over most parts of
India except the western Ghats, Orissa Coast, and northeast
India. This result shows that soil moisture is directly coupled
to the sensible heat flux over most of the regions. Large-scale
circulation and related rainfall anomalies are influencing the
surface fluxes over heavy rainfall regions like the western

Fig. 13 The PVand coupling
strength parameters for rainfall a,
b total rain, c, d large-scale rain,
and e, f cumulus rain, respectively
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Ghats, Orissa Coast, and northeast India. The latent heat flux
shows a lesser coupling than that of sensible heat flux, and
coupling is strong only over the northwest India and neigh-
borhood and southeast India region (Fig. 14b). The spatial
variation of coupling strength parameter for latent heat flux
was also calculated. Over the central India and monsoon
trough region, the latent heat flux shows lesser coupling
strength than the sensible heat flux. This shows that the cou-
pling of the soil moisture to temperature and rainfall over
central India is operated mainly through sensible heat flux.
To examine this aspect further, the coupling parameter for
the boundary layer height was also calculated. The spatial
variations of the coupling strength for the planetary boundary
layer (PBL) height are shown in Fig. 15. It shows that the
monsoon trough region, northwest region, and southeast
India exhibit a strong coupling of soil moisture and boundary
layer height. This supports the result that over central India

and the monsoon trough region, the coupling of soil moisture
to the atmosphere is through mainly sensible heat flux. Over
northwest and southeast regions, both latent heat flux and
sensible heat flux control the coupling of the soil moisture.
Over the rest of the region, no significant influence of soil
moisture on surface heat flux and PBL height is observed.
The soil moisture coupling to the surface fluxes further influ-
ence the boundary layer and thus convection over the region.
From the analysis, we can see that the soil moisture coupling
over central India is mainly contributed through the interac-
tion with sensible heat flux. These results may have more
impact on the global warming scenario, as increase in temper-
ature (sensible heat) can increase land coupling and can pro-
vide a better potential predictability. However, there is a need
for multi-model and longer simulations to reach more robust
conclusions. If we can connect the hot spots of land surface
coupling of large-scale rain, we can show that the sensible
heat flux along with the large-scale advection of moisture in
the PBL triggers the shallow convection and further rainfall.
This mechanism dominates over the areas like central India
and northwest India where the coupling of land surface and
large-scale rain exists. Similarly, the coupling of soil moisture
to cumulus rain over the monsoon trough region is also due
the interaction of surface heat flux and the synoptic systems.
Therefore, there is a scope to study the interaction of monsoon
synoptic systems and land surface, which is not well
understood.

7 Summary and conclusions

In this paper, we examined the role of land-atmosphere cou-
pling on the variability of south Asian summer monsoon cli-
mate in the recent decade using a regional climate model.
Using the Weather Research and Forecasting (WRF) model
as a regional model, two simulation experiments were

Fig. 14 The product of coupling
strength parameter and standard
deviation for a sensible heat flux
and b latent heat flux

Fig. 15 The product of coupling strength parameter for planetary
boundary layer height
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conducted for 12 years (2000–2011). In the control run (CTL),
the Noah land surface model was used to couple soil moisture
with the atmosphere, while in the second experiment (CSM),
soil moisture at each time step was used from the soil moisture
climatology derived from the CTL simulations. In this study,
the land-atmosphere coupling is studied to examine the soil
moisture interaction with both the temperature and precipita-
tion variability over the south Asian monsoon region. The
land-atmosphere coupling was assessed by (a) calculating
the difference between the standard deviation of CTL and
CSM experiments, (b) applying variance analysis to these
two experiments, and (c) and calculating the coupling strength
parameter over the region during the monsoon period. In gen-
eral, soil moisture influence to temperature variability is found
to be stronger over the arid and semi-arid regions of India. The
influence on maximum temperature was found to be higher
than that of minimum temperatures.

The soil moisture coupling to rainfall variability was inves-
tigated separately by considering total rainfall, large-scale
rainfall, and convective/cumulus rainfall. Maximum influence
of soil moisture coupling to rainfall variability is seen over
central India and the monsoon trough region for convective
rainfall. Soil moisture coupling to large-scale rainfall is more
pronounced over northwest India and western parts of central
India, consistent with the earlier results of Koster et al. (2006).
However, the present study brings out more detailed infer-
ences on regional scale variability and fine-scale structure
due to better spatial resolution. This result also shows that
the large-scale rain is more coupled to land surface compared
to the convective rainfall over the south Asian monsoon re-
gion. However, Southeast Asian monsoon shows more sensi-
tivity to convective rainfall than large-scale rainfall (Zhang
et al. 2011) suggesting that the mechanisms for land surface
coupling over both Asian monsoons are different. It is already
known that mid-latitude and subtropical front are main large-
scale rain-bearing systems during East Asian monsoon season
(Yihui and Sikka 2006); however, the south Asian monsoon is
more controlled by the movement of intertropical conver-
gence zone (ITCZ) and temperature gradient between land
and ocean. These results also show that the coupling of land
surface to atmosphere is mainly through the sensible heat flux
and latent heat flux from the surface. To investigate the cou-
pling relation between the soil moisture and rainfall variabil-
ity, we calculated the product of the standard deviation differ-
ence between CTL and CSM and coupling strength parameter
for the sensible heat flux and latent heat flux. Our results show
that the sensible heat flux coupling is stronger compared to the
latent heat flux coupling. Further, it is seen that boundary layer
height is strongly coupled to the soil moisture interaction
through the surface heat flux over northwest region, central
India, the monsoon trough region, and southeast India.

These results on the role of land-atmosphere coupling are
important for regional prediction on intraseasonal and

seasonal time scales. Koster and Suarez (2003) examined the
potential role of land initialization in seasonal forecasting
through ensembles of simulations with the NASA model.
Their results suggested that land initialization has a statistical-
ly significant impact on summertime precipitation over a few
continental regions. Douville (2010) using a general circula-
tion model examined the relative contribution of soil moisture
and snow mass to seasonal climate predictability. The results
highlighted the influence of soil moisture boundary conditions
in the summer mid-latitudes. The uncertainties in the coupling
study using a dynamical model on monsoon variability can be
reduced with a better resolution, more ensemble simulations,
and long-period multi-model approach. The potential impact
of global warming on the land-atmosphere coupling on mon-
soon climate variability is unknown, and it should be further
investigated. This shows the need for observations at a higher
temporal and spatial resolution for both land surface (temper-
ature, soil moisture, energy balance, etc.) and atmosphere
(profiles of flux, wind, temperature, etc) together to monitor
and study the interaction of land surface and atmosphere.
Further, the present result shows the need for a high-
resolution land surface data assimilation system, which can
include more satellite and in situ observations to improve the
dynamical prediction system over the monsoon region.
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