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ABSTRACT. The slowly varying boundary conditions such as Sea Surface Temperature (SST), snow cover/depth
and soil moisture have important roles to play in Indian Summer Monsoon Rainfall (ISMR) variability. Earlier studies have
shown strong relationship between inter-annual variations in ISMR and SST anomalies. Some studies also indicate
inverse relationship between the winter/spring snow over the Eurasian continent and the following ISMR. The objective
of this study is to examine the relative roles of SST and snow depth anomalies in the Indian summer monsoon circulation
and associated rainfall. In the present study, a spectral General Circulation Model has been used to conduct the sensitivity
studies in the ensemble mode over a period of 20 years. Four types of sensitive experiments have been conducted here by
varying the observed and climatological values of both SST and snow depth. Model simulated ISMR agrees well with the
corresponding observed value in most of the cases where observed snow depths are provided to the model as initial
conditions. Inter-comparison of the results of four experiments reveals that in the absence of initial snow depths,
simulated Indian summer monsoon circulation and associated ISMR in the core monsoon region are not close to the
respective observed fields even though observed SSTs are prescribed as boundary conditions to the model. The model
response in terms of changes in ISMR to the snow depth anomalies in the presence of climatological SST is stronger than
that due to SST anomalies in the presence of climatological snow.

Key words — Indian summer monsoon rainfall anomalies, Snow depth and sea surface temperature anomalies, Stream
function and velocity potential.

1. Introduction variations and it affects the socio-economic conditions in
India to a large extent. Regional rainfall variations affect

Indian summer monsoon is an annual weather event agricultural productions, availability of drinking water and
associated with high spatial and temporal rainfall hydro-power, human health and similar other aspects of
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the inhabitants. Therefore, near-to-correct prediction of
rainfall amounts over different regions of the country
during its summer monsoon season (June to September) is
very important. It is well known that Indian Summer
Monsoon Rainfall (ISMR) variability is partly controlled
by the internal dynamics (Sperber and Palmer, 1996;
Brankovic and Palmer, 2000; Krishnamurthy and Shukla,
2000; Goswami and Ajaya Mohan, 2001; Sperber, et al.,
2001; Cherchi and Navarra, 2003; Saha et al., 2011) and
partly by the slowly varying boundary conditions such as
Sea Surface Temperature (SST), snow cover and soil
moisture. Charney and Shukla (1981) had suggested that
the Indian monsoon circulation is a dynamically stable
system and its inter-annual variability is largely
determined by slowly varying surface boundary
conditions. Several earlier studies have demonstrated the
strong relationship between inter-annual variability of
ISMR and SST anomalies over the Pacific, Indian Ocean
(including Arabian Sea) and the Atlantic (Shukla, 1975;
Sikka, 1980; Keshavamurthy, 1982; Rao and Goswami,
1988; Krishna Kumar et al., 1999; Clark et al., 2000;
Behera and Yamagata, 2001; Rajeevan et al., 2002; Wang
et al., 2006; Kothawale et al., 2008). A large number of
studies have also been carried out to understand the
relationship between the winter/spring season snow
anomalies over the Eurasian continent and the following
ISMR. Several studies (Hahn and Shukla, 1976; Shankar
Rao et al., 1996; Bamzai and Shukla, 1999; Kripalani and
Kulkarni, 1999) based on observed snow data exhibit the
inverse relationship between Indian summer monsoon and
Eurasian and Tibetan snow depth anomalies. In their study,
Dash et al. (2003 & 2005) analyzed the of characteristics
of atmospheric circulations during contrasting years of
high(low) winter/spring Eurasian snow depths based on
observed data and identified some signals in the mid-
latitude geopotential and velocity potential fields leading
to deficient (excess) summer monsoon seasonal rainfall
over India.

Sensitivity studies using General Circulation Models
(GCMs) have also been conducted by several authors such
as Barnett et al. (1989); Vernekar et al. (1995); etc. to
study the impact of Eurasian and Tibetan snow anomalies
on the Indian summer monsoon circulation and
rainfall. Dash et al. (2006) in their study used a GCM to
carry our sensitivity studies corresponding to contrasting
summer monsoon cases and reaffirmed the negative
relationship between Eurasian snow depth anomalies
and ISMR. Turner and Slingo (2010) based on their
ensemble integrations of HadAM3e demonstrated that
snow forcing from the Himalaya region is dominant via a
Blanford-type mechanism over the Tibetan Plateau
leading to a reduced meridional tropospheric temperature
gradient which eventually weakens the monsoon during
early summer.

Although it is well known that both SST and snow
anomalies play very important role in the simulation of
Indian summer monsoon circulation and rainfall, the
relative responses of a GCM to their changes is not
known. Model simulated ISMR is close to its observed
value when observed snow and SST are used in the model
integrations and hence today the observed boundary
conditions are used in any model experiment. It will be
interesting to use both climatological and observed SST
and snow and design experiments to examine the relative
roles of SST and snow depth anomalies in affecting the
Indian summer monsoon circulation and associated
rainfall.

2. The model and datasets

In the present study, the IITD spectral GCM has
been used to conduct sensitivity studies to examine the
relative roles of SST and Eurasian snow depth in
simulating the Indian summer monsoon. This T80L18
model is of horizontal resolution T80 in the triangular
truncation (equivalent to 1.4° x 1.4° grid) and it has 18
sigma levels in the vertical. The details of the spectral
GCM are available in Dash and Chakrapani (1989). This
model with T80 resolution has been successfully used by
Dash et al. (2006) in demonstrating the role of spring time
excess Eurasian snow depth anomaly in reducing the
following ISMR.

The original version of the model belonged to the
European Centre for Medium Range Weather Forecasts
(ECMWF) at horizontal resolution T21L10. Earlier, the
T21 model was successfully used for simulating
circulation patterns over India (Dash and Chakrapani,
1989). This model is based on the spectral representations
of nonlinear-coupled equations for momentum,
thermodynamics, moisture, continuity and the hydrostatic
relation. In practice, the model equations contain the
spherical harmonics of vorticity, divergence, moisture and
temperature at 18 vertical sigma levels and logarithm of
surface pressure. The conventional finite difference
scheme in sigma coordinates is used for the vertical
discretization. The semi-implicit scheme is used for time
integration. The details of the physics packages used in
this study are given in Dash and Chakrapani (1989).

Weekly values of Reynolds-observed SSTs
(Reynolds and Smith, 1994) are interpolated into their
daily values which are used as the lower boundary
condition for the model integration. Climatological daily
SST are obtained from the Reynolds-OI SST. Daily
observed values of snow have been obtained from
NCEP/NCAR reanalysis and snow climatology is
prepared using 20 years observed data. All other required
surface boundary parameters and six hourly (0000, 0600,
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1200 and 1800 UTC) values of temperature, U and Vv
winds, specific humidity and surface pressure are obtained
from the National Center for Environmental
Prediction/National Centre for Atmospheric Research
(NCEP/NCAR) reanalyzed dataset at 2.5° x 2.5°
resolution (Kalnay et al., 1996). These initial values are
used in the model integrations after their due conversion
into the model required input format.

Model integrated daily rainfall ate used to compute the
seasonal mean (JJAS) precipitation values and these are
examined to evaluate the model performance in simulating
the normal, deficit and excess monsoon years as per the
definition of the India Meteorological Department (IMD).
Validation of model simulated rainfall has been done
using moderate to high resolution datasets, such as IMD
gridded rainfall (Rajeevan et al., 2005) and Global
Precipitation Climatology Project (GPCP) at 1° x 1°
resolutions and those of Asian Precipitation - Highly
Resolved Observational Data Integration Towards
Evaluation of the Water Resources (APHRODITE) and
Climate Research Unit (CRU) at 0.5° x 0.5° resolutions.
The model simulated rainfall have been interpolated to the
corresponding resolutions of the data sets for inter-
comparison purpose. For validation of model circulation
such as the upper and lower level winds, stream functions
and velocity potentials, NCEP/NCAR reanalysis dataset at
2.5° x 2.5° resolution has been used.

3. Integration of model and experimental design

As stated earlier, in this study, IITD spectral GCM at
T8OL18 resolution has been integrated in the ensemble
mode for a period of 20 years from 1985 to 2004 to
generate daily model climatological fields. Each model
integration is completed up to the end of September using
daily climatological/observed SST wvalues and initial
climatological/observed snow depths. In this study, eleven
member ensemble seasonal integrations have been made
with initial conditions of 25" April to 5™ May in each of the
20 years from 1985 to 2004. Daily output fields such as
wind, temperature, moisture and geopotential at 18
vertical sigma levels have been saved along with surface
pressure and accumulated rainfall for further analysis.

Four types of sensitivity experiments have been
conducted by varying the observed and climatological
values of SST and snow depths for the entire period of
integration with a view to examine their relative roles in
Indian summer monsoon simulations. In Exp-1,
climatological SST and snow are used as surface boundary
conditions. Climatological snow is replaced by observed
snow in Exp-2 to study the impact of observed snow in
inter-annual variability of summer monsoon over India.
Exp-3 is based on the observed SST and climatological

snow. Both observed SST and snow are used in Exp-4 to
examine their relative roles in the inter-annual variation of
ISMR and circulation patterns.

4. Model simulated Indian
climatology

summer  monsoon

Indian summer monsoon is manifested by the semi-
permanent circulation features such as heat low, monsoon
trough, cross-equatorial low level westerly jet over the
Arabian Sea, Tibetan anticyclone and the upper level
tropical easterly jet to its south. In this section we discuss
the lower and upper level circulation features represented by
850 and 200 hPa wind fields. The most important
parameters of Indian summer monsoon are the
climatology of the rainfall for the monsoon season (JJAS)
as a whole as well as the monthly mean rainfall amounts
in June to September. The quantum of rainfall over the
Indian landmass and its spatial distribution in millimeters
per day are computed and compared with the
corresponding fields obtained from various other data
sources as discussed in the earlier section.

4.1 Seasonal rainfall

Figs. 1(a-d) shows the difference of ensemble mean
(based on 11 members) of model simulated JJAS rainfall
over Indian landmass from the corresponding IMD mean
rainfall for the period of 20 years (1985-2004) in all the
four experiments. Figs. 1(a-d) indicate positive biases in
model simulated rainfall over the western region of India
compared to that of IMD. Thus the model overestimates
JJAS mean rainfall over the Western Ghats and parts of
Maharashtra and Karnataka in all the four experiments.
This positive model bias is about 5-10 mm/day as against
IMD values. On the other hand, there is an
underestimation of simulated rainfall of about 5 mm/day
in the foothills of the Himalayas. Such overestimation and
underestimation of the model rainfall might have
happened due to associated Gibbs bias of spectral fitting
(Dash and Mohandas, 2005) which does not resolve the
orography correctly over Indian monsoon region. Close
examination of Figs. 1(b&d) indicates close to zero bias as
against IMD values over a large part of central India as
compared to that in Figs. 1(a&c). Such improvements in
the rainfall simulation in central India may be attributed to
the use of observed snow in Exp-2 and Exp-4. Again the
areal coverage of less rainfall in the Himalayan foothills,
especially in the northeast India is less in Exp-2 and Exp-4
as compared to those in Exp-1 and Exp-3.

The model rainfall is also validated against
0.5° x 0.5° APHRODITE rainfall for the Indian region.
Figs. 2(a-d) show the difference of ensemble average
(based on 11 members) of model simulated seasonal
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Figs. 1(a-d). Differences of ensemble mean (11 members) of model simulated seasonal (JJAS) rainfall
of 20 years (1985-2004) from respective IMD rainfall (mm/day) for (a) Exp-1, (b) Exp-2,

(c) Exp-3 and (d) Exp-4

rainfall over India for the 20 years period (1985-2004) in
all the four experiments from the corresponding
APHRODITE mean rainfall. The bias patterns in
Figs. 2(a-d) are almost similar to those in Figs. 1(a-d)
although there are variations in intensity. The model
simulated rainfall in all the four experiments are closer to
APHRODITE rainfall than to IMD gridded values. The
area of coverage of the least bias in the range of -2 to +2
mm/day in the simulated rainfall, especially in the central
India, as seen in Figs. 2(b&d) suggests that the observed
snow prescribed in Exp-2 and Exp-4 might have helped in
simulating closer to observed rainfall as compared to
those in Exp-1 and Exp-3.

In order to confirm the effect of observed snow on
the simulated precipitation, we have chosen another set of
0.5° x 0.5° rainfall data from CRU. Figs. 3(a-d) depicts
the difference of 11 members ensemble mean of model
simulated JJAS rainfall over India for the period of 20
years (1985-2004) in all the four experiments from the
corresponding CRU mean rainfall. Detailed comparison of
Figs. (1-3) indicates that at the regional scale, there are

some differences in the precipitation biases over the
Western Ghats, the Himalayas and the northeast India
against the three sets of rainfall data. Nevertheless, the
rainfall biases in the central are similar in all the three
datasets. More or less, the precipitation simulated with
observed snow as surface boundary conditions in Exp-2
and Exp-4 brings out the JJAS rainfall closer to IMD
gridded, CRU and APHRODITE rainfall values in certain
parts of India, especially over the central India. After
comparing with the above three different data sources we
can infer that the observed snow plays an important role in
the spatial distribution of rainfall over the Indian region.

4.2. 850 hPawind

In this section we have analyzed the model simulated
seasonal winds in the lower atmosphere. Figs. 4(a-d)
shows the difference of ensemble mean of lower level
winds at 850 hPa simulated by the model for JJAS in all
the four experiments from the corresponding values in
NCEP/NCAR reanalysis. In the absence of observed winds,
here NCEP/NCAR wind is used for inter-comparison.
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Figs. 2(a-d). Differences of ensemble mean (11 members) of model simulated seasonal (JJAS) rainfall
(mm/day) of 20 years (1985-2004) from respective APHRODITE rainfall (mm/day) for
(a) Exp-1, (b) Exp-2, (c) Exp-3 and (d) Exp-4

The difference fields in Figs. 4(a-d) show that the
model overestimates lower level winds over the peninsular
India and the Himalayas in all the four experiments.
However, in case of the observed snow as surface
boundary conditions [Figs. 4(b&d)], the positive biases
over the Himalayas have much reduced in comparison to
those in Figs. 4(a&c). Over central India, the wind biases
are close to zero and in the range of -2 to +2 m/sec in
Figs. 4(b&d) when observed snow are provided to the
model. Over the same region, the wind biases are more by
-2 m/sec in case of climatological snow as initial surface
conditions.

Figs. 4(a&c) representing Exp-1 and Exp-3 shows
weaker winds as compared to the observed values over
central Indian region while the areal extent of the weaker
winds is very less in Exp-2 and Exp-4 as seen in
Figs. 4(b&d). This reduced weakness in the strength of
wind might have happened because of the observed snow
prescribed in Exp-2 and Exp-4. The other major difference
among the four experiments is noted over the Himalayan

region which confirms the role played by the observed
snow in low level circulation. In Figs. 4(b&d) the
difference in wind from the observed values over this
region is very less (0-2 m/s) while on the other hand the
difference is noticeably large (6-8 m/s) in Figs. 4(a&c).
Thus after a close examination, it is inferred that the
prescription of observed snow in the model plays a
significant role in simulating lower level monsoon
circulation.

4.3. 200 hPawind

Figs. 5(a-d) depicts the differences of ensemble
mean of upper level wind (200 hPa) simulated by the
model for the season (JJAS) as a whole for all the four
experiments from the corresponding upper level values
from NCEP/NCAR reanalysis. Figs. 5(a&c) representing
Exp-1 and Exp-3 shows weaker winds as compared to the
observed values over south and central Indian region
mostly by 4-6 m/sec and even by 6-8 m/sec over the north
Bay of Bengal. In Figs. 5(b&d), where observed snow has
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Figs. 3(a-d). Differences of ensemble mean (11 members) of model simulated seasonal (JJAS) rainfall
(MM/day) of 20 years (1985-2004) from respective CRU rainfall (mm/day) for (a) Exp-1,

(b) Exp-2, (¢) Exp-3 and (d) Exp-4

replaced the climatological snow in the model, the
biases in the wupper level winds have reduced
considerably to 0-2 m/sec over the same south and
central Indian region. In the north India, there are
considerable wind biases (up to 6 m/sec) in Figs. 5(a&c)
which have been almost reduced to 0-2 m/sec in the
presence of observed snow in Figs. 5(b&d). Over the
Himalayas, the wind biases have changed from
positive to negative when observed snow replaces
climatological snow in the model experiments 2&4.
Comparison of Figs. 5(a&c) with Figs. 5(b&d)
definitely indicates the sensitivity of the upper level
model winds to the observed Himalayan snow, but the
reversal of phase in wind biases could have been
due to the inaccuracy of snow depths and covers as
estimated and prescribed to the model experiments. There
could be over-estimation of the observed snow. On the
whole, after a close examination, it is inferred that the
prescription of observed snow in the model plays a
significant role in simulating lower level monsoon
circulation.

4.4. Characteristics of velocity potential

The velocity potential field is an useful parameter
which reveals the circulation characteristics to a large
extent. Figs. 6(a-c) illustrates the difference in the JJAS
mean velocity potential between Exp-4 and other
experiments at 200 hPa. In Fig. 6(a), the negative values
show the large scale upper level divergence over East Asia
and the positive values indicate the convergence over
Eastern/Central  Pacific. This figure exhibits the
difference between results obtained from the combined
effect of observed SST and snow on one hand and
that of climatological SST and snow on the other. It
suggests the impact of observed SST and snow in
simulating stronger divergence at the upper level in the
summer monsoon region. Fig. 6(b) shows the difference
between velocity potential fields due to the combined
effect of observed SST and snow in Exp-4 and
that of climatological SST and observed snow in Exp-2.
Almost no difference in velocity potential in Fig. 6(b)
suggests the negligible impact of replacing climatological
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Figs. 4(a-d). Differences of ensemble mean (11 members) 850 hPa JJAS wind (m/sec) from corresponding

NCEP/NCAR reanalysis

SST wvalues by their observed ones as boundary
condition in the experiments. Similarly, Fig. 6(c)
shows the impact of observed snow in the form of
stronger upper level divergence field over East Asia.
Figs. 6(a&c) are broadly similar with very little
difference between them, that is, the convergence and
divergence fields are stronger due to the effect of observed
snow. On the other hand Fig. 6(b) shows the least
difference between Exp-4 and Exp-2, where observed
snow is used.

Examination of divergence/convergence centres in
the velocity potential difference fields at the lower level in
Figs. 7(a-c) indicates corresponding convergence/
divergence centers in Figs. 6(a-c). As in case of the
upper level velocity potential anomaly fields, the
lower level anomaly fields also bring out the dominant
impact of replacing the climatological snow by the
observed snow values as compared to replacing
climatological SST by observed SSTs in the model
experiments.

4.5. Characteristics of stream function

Stream function is another parameter which needs to
be examined in the context of circulation. Stream function
differences at upper and lower levels are shown in Figs.
(8&9) respectively. Fig. 8(a) shows the difference
between the upper level stream functions simulated in
Exp-4 and Exp-1 respectively. Similarly Fig. 8(b) depicts
the stream function difference fields between Exp-4 and
Exp-2 and Fig. 8(c) those between Exp-4 and Exp-3. In
Exp-4 both SST and snow values provided to the model
are the observed ones whereas in Exp-1 and Exp-3
climatological snow values are used as initial conditions
along with climatological and observed SSTs respectively
as surface boundary conditions in the model. In Exp-2,
SSTs provided to the model are their climatological
values. Thus, Fig. 8(a) shows the relative influence of
observed SST and snow with respect to climatological
SST and snow. On the other hand, Fig. 8(b) indicates the
relative impact of observed SST with respect to that of the
climatological SST on the upper level stream function.
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Figs. 5(a-d). Differences of ensemble mean (11 members) 200 hPa JJAS wind (m/sec) from
corresponding NCEP/NCAR reanalysis

(a) Exp4-Expl

:;_12?"' v F

Figs. 6(a-c). Model simulated ensemble mean (11 members) seasonal (JJAS) Velocity Potential
difference fields at 200 hPa (a) Exp4-Expl, (b) Exp4-Exp2 and (c) Exp4-Exp3
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Figs. 7(a-c). Model simulated ensemble mean (11 members) seasonal (JJAS) Velocity Potential
difference fields at 850 hPa (a) Exp4-Expl, (b) Exp4-Exp2 and (c) Exp4-Exp3

Figs. 8(a-c). Model simulated ensemble mean (11 members) seasonal (JJAS) Stream Function difference
fields at 200 hPa (a) Exp4-Exp1, (b) Exp4-Exp2 and (c) Exp4-Exp3

Similarly, Fig. 8(c) indicates the relative impact of
observed snow with respect to that of the climatological
snow on the upper level stream function. The patterns of
850 hPa stream function for Exp-4 and Exp-2 are broadly
in agreement with each other and hence Fig. 9(b) shows

the least difference field. Since in both Exp-4 and Exp-2
observed SST was prescribed to the model, Fig. 9(b)
reveals the negligible impact of observed SST on the
lower level stream function. Comparative examination of
Figs. 8(a-c) reveals results similar to those obtained in
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Figs. 9(a-c). Model simulated ensemble mean (11 members) seasonal (JJAS) Stream Function difference
fields at 850 hPa (a) Exp4-Expl, (b) Exp4-Exp2 and (c) Exp4-Exp3

case of earlier circulation parameters, i.e., prescription of
observed snow in the model has more impact on the upper
level stream function as compared to that of observed
SST. Comparative examination of Figs. 9(a-c) reveals
result similar to that at 850 hPa. Thus it is inferred that
circulation at both the lower and upper levels of the
atmosphere are more sensitive to the prescription of
observed snow to the model as compared to the observed
SST.

5. Inter-annual variations in ISMR

In order to examine the relationship between inter-
annual variation of snow, SST and ISMR, first we have
identified weak and strong snowfall years over western
Eurasia as done in Dash et al. (2005). Western Eurasia
region covering (25° E-70° E and 35° N-65° N) has been
identified and the average of NCEP/NCAR reanalyzed
daily snow depth values over this region has been
calculated. Their mean values for the months of
December, January and February (DJF) are computed and
from those values the mean of the series and the standard
deviations are calculated over Eurasian region for the
years 1985-2004. The standardized snow depth anomaly
of each year for the period 1985-2004 is obtained by
dividing the departure of each year from the normal by the
standard deviation. The years having snow depth anomaly
between +0.5 standard deviations are considered as
normal snow depth years. Similarly, the years having
snow depth anomaly equal to or above +0.5 standard

deviation are taken as high snow depth years and those
having equal to or less than -0.5 standard deviation snow
depth anomaly are identified as low snow depth years as
mentioned in Dash et al. (2005). Based on UCAR data
(1985-2004), SST anomalies have also been calculated
over the Nino 3.4 region (5° N-5° S and 170° W-120° E).
Using the their standard deviations, years have been
categorized as El Nino (standard deviation equal or above
+1), Normal (1 standard deviation) and La Nina (with
standard deviation -1 or less). In the similar way, ISMR
anomalies based on IMD rainfall values have been
computed and the years having ISMR anomaly more than
or equal to +1 standard deviation are termed as excess
monsoon years and those less than or equal to -1 standard
deviation are considered as deficient monsoon years. The
rest of the years are categorized as normal monsoon years.
Based on the above criteria, classification of years with
different categories of observed snow, SST and ISMR and
also with model simulated ISMR in Exp-4 has been done
in Table 1.

Results in Table 1 can be understood in the
following way. In all the years 1990, 1991, 1992, 1993,
1995 and 1996 of normal (N) snow and normal SST, the
ISMR was observed to be either normal or excess (E).
Similarly, in the years 1985, 1988 and 2000 when there
were normal snow and low (L) SST, the observed ISMR
was either normal as in 1985 and 2000 or excess as in
1988. Further, during normal SST and low snow (2001,
2003 and 2004) ISMR was normal. Thus, when either
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TABLE 1

Classification of (UCAR) Nino 3.4 region SST, snow depth NCEP/
NCAR reanalysis-2), observed (IMD) Indian summer monsoon
rainfall ISMR) and model simulated ISMR in Exp-4
for the period 1985-2004
(Here N, D and E stand for Normal, Deficient and Excess
ISMR respectively. Similarly N, L, H stand for Normal,
Lowand High SST &snow depth respectively)

Year SNOW SST Observed ISMR  Exp-4 ISMR

1985

Z

N N
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
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2002
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snow or SST was normal and the other was low, the ISMR
was observed to be normal in most of the years and excess
only in one year 1988. In 1989, the effects of high snow
and low SST might have been neutralized to lead to
normal ISMR. In 1999, low snow and low SST gave rise
to normal ISMR although model simulated excess rain.
On the other hand when either snow or observed SST was
normal and the other surface boundary condition was high
(H) there were either deficient (1986 and 1987) ISMR or
excess (1994 and 1998). The excess rainfall in 1994 and
1998 seems to be in contradiction to its accepted inverse
relationship with snow and SST. Again in 1997, in spite of
both the surface conditions being high, ISMR was normal.

While validating model simulated ISMR, it is found
to agree with observation in 14 years out of 20 years of
study. In three more years (1988, 1990 and 1999) when
the model simulated ISMR is normal, the observed value

is excess and vice-a-versa. Similarly in another three years
(1986, 1996 and 2002) when ISMR in Exp-4 is normal,
the observed value is deficient and vice-a-versa.

In Table 1, we notice three abnormal years 1994,
1997 and 1998 during which despite having high snow
and/or high SST, ISMR is either normal or excess both in
IMD observed and model simulations. In order to
understand the anomalies in these years, we examine the
circulation at 850 hPa since the low level wind represents
the rainfall intensity to a large extent as shown
in Figs. 10(a-c). In the years 1994 and 1998, in spite of
adverse snow and/or SST, the low level jet is stronger
which might be the reason behind the excess rainfall in
these years. In 1997, the circulation is less in strength
which might have contributed to deficient and normal
rainfall. Similarly, 2002 is another abnormal year when
there was deficient ISMR in spite of low observed snow
and normal observed SST. In this year the model in Exp-4
simulates normal ISMR.

The inter-annual variations in rainfall as observed in
IMD data and simulated in the four model experiments are
shown in Fig. 11. Comparative study indicates that Exp-1
and Exp-3 simulate less rainfall than observed in almost
all the years. On the other hand, simulated rainfall in
Exp-2 and Exp-4 are closer to the respective observed
values. These results signify the well known fact that the
observed values of SST Ilargely influence model
performance in simulating rainfall closer to its observed
values. Closer examination of rainfall amount in Fig. 11
indicates that Exp-4 performs much better than Exp-2. Out
of 20 years of study, 14 years have shown good proximity
to the observed rainfall in case of Exp-4. Moreover, in
1985, 1989, 1992, 1996, 1997, 1998 and 2003 the model
simulated JJAS rainfall equals or almost equals the
corresponding observed values. This clearly demonstrates
the model sensitivity to observed SST and snow.

Fig. 12 shows the inter-annual JJAS rainfall
anomalies as simulated in all the four experiments from
the corresponding IMD values. As shown in the figure,
Exp-4 simulated rainfall is closer to that of IMD in most
of the years. For example in 14 years out of total 20 years
of model simulation, the rainfall anomalies in Exp-4 are
within the range of 40.5 whereas in 9 years there is
almost no difference between the simulated JJAS rainfall
and the corresponding IMD value. Only in 5 years, there
are rainfall differences more than or equal to £1.

6. Model sensitivity towards SST and snow
combination

The magnitudes of ensemble mean (11 members)
model simulated JJAS rainfall in each of the 20 years
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(a) Wind 850 hPa (1994-Mod_Clim)

(c) Wind 850 hPa (1998-Mod_Clim)

Figs. 10 (a-c). Model simulated wind anomalies (m/s) at 850 hPa
with respect to ensemble mean in the years 1994,
1997 and 1998

(1985-2004) have been calculated in all the four
experiments and compared with the respective IMD
values. The inter-annual variations are represented in
terms of box-and-whisker plots as shown in Fig. 13. Each

box plot is a non-parametric statistical summary of 20
years of rainfall. Each plot shows the median (the
horizontal line in each box), the lower and upper quartiles
(the lower and upper edges of the box) and the spread
represented by minimum and maximum values (the ends
of the whiskers), excluding outliers and extremes. Outliers
are represented by the unfilled circles. Two outliers are
noticed in Exp-2 and Exp-3 lying between 2 to 3 times the
Inter-Quartile Range (IQR) from the edge of the
respective box. From Fig. 13 it is clear that amongst the
four experiments, the IQR is larger in Exp-4 with its value
equal to 0.5 as against that in Exp-2 which is 0.4. Thus in
Exp-4 and Exp-2, IQRs are close to the observed value
which stands at 0.9. The medians in JJAS rainfall
simulated in Exp-2 and Exp-4 are equal at 7.6mm/day as
against the corresponding value of 7.55mm/day in case of
IMD observed values. These two nearly equal numbers
suggest that the experiments in which observed snow have
been used as initial conditions, outperform the other two
in which climatological snow are provided.

The IQRs of JJAS rainfall simulated in Exp-1 and
Exp-3 are 0.2 and 0.25 respectively while their spreads
range from 6.35 (mm/day) to 6.8 (mm/day) and from
6.2 (mm/day) to 6.9 (mm/day) respectively. The spread in
case of Exp-2 (excluding the outliers), ranges from
6.95 (mm/day) to 8.25 (mm/day) and that based on Exp-4
rainfall ranges from 7.15 (mm/day) to 8.6 (mm/day). It is
seen that the spread based on IMD observed rainfall lies
between 6.1 (mm/day) to 8.9 (mm/day). These numbers
give potentially useful information on the ranges of
uncertainty in the rainfall simulated in all the four
experiments as against those based on actually recorded
rainfall by IMD. If we compare the four box-and-whiskers
obtained based on the four experimental results with that
in case of IMD recorded rainfall, then it is clear that those
in Exp-2 and Exp-4 are closer to the IMD one as
compared to the remaining two. Since observed SST and
snow are used in Exp-2 and Exp-4 respectively, these
results reconfirm the important role of observed SST and
snow in simulating ISMR closer to the observed value. If
we give a closer look to the characteristics of the box-and-
whiskers based on Exp-2 and Exp-4 simulated rainfall and
the IMD observed rainfall, we notice that the medians are
same at 7.5, IQRs are 0.4, 0.5 and 0.9 respectively and the
spreads are 1.3, 1.4 and 2.8 respectively. Thus the
characteristics of box-and-whiskers obtained in Exp-4 are
closer to those in IMD data as compared to Exp-2. Hence
one can infer that Exp-4 has simulated ISMR closer to
IMD observed values as compared to that in case of Exp-2.

Fig. 14 clearly brings out the relative importance of
observed SST and snow in the context of JJAS rainfall
simulation. In this figure, the first bar from the left
indicates the difference between Exp-2 and Exp-1 in
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Fig. 13. Box plots representing IMD rainfall and the rainfall simulated
by the model in all the four experiments. In the box plots, the
bottom and top of each box indicate the 25" and 75"
percentiles (the lower and upper quartiles) respectively and
the band near the middle of a box is always the 50" percentile
(the median). The outliers are denoted by ‘o’

which climatological SST is the common factor in the
surface boundary conditions. The only difference between
Exp-2 and Exp-1 is the prescription of observed snow in
Exp-2 and climatological snow in Exp-1. The change in
ISMR by Imm/day has happened due to the replacement
of climatological initial snow values by the observed snow
values, i.e, due to snow anomaly in the presence of
climatological SST. In the second bar, the common
surface boundary condition to both Exp-3 and Exp-4 is the
observed SST. As in case of the first bar, here the change
of 1.2 mm/day in ISMR is due to the snow anomaly
(replacement of climatological snow values by the
respective observed values) but in the presence of
observed SST. Thus one can attribute the change of
0.2 mm/day in ISMR from the first to the second bar to
the combined effect of snow and SST anomalies
(observed-climatology).

The third and fourth bars in Fig. 14 can be
interpreted in an analogous manner. The third bar is
obtained when the climatological snow is common to
Exp-3 and Exp-1. Thus, the use of SST anomaly in the
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Fig. 14. Relative roles of climatological and observed SST and snow in simulating JJAS mean rainfall

presence of climatological snow has changed ISMR by
about -0.17 mm/day. The decrease in ISMR in this bar can
be explained by considering the facts that increase/
decrease in ISMR depends on the type (negative/positive)
of anomalies in SSTs and snow and also on their location.
Here, the change from one bar to the other is considered
as the impact of changes in snow and SST. The fourth bar
is obtained due to SST anomaly when the observed snow
is common in Exp-2 and Exp-4 and there is increase in the
ISMR by 0.05 mm/day. Hence, the ISMR change of
0.22 mm/day from the third to the fourth bar suggests the
additional role of snow anomaly in the presence of SST
anomaly. Since the magnitudes of first two bars are much
higher than those of the other two, it is clear that the snow
anomaly either in the presence of climatological or
observed SST as surface boundary conditions, has larger
impact on the simulated ISMR as compared to that of SST
anomaly in the presence of climatological/observed snow.
Since we are examining the differences in ISMR, these
results do not contradict the dominant role of SST as
surface boundary condition in simulating ISMR. In fact,
the first two bars happen in the presence of
climatological/observed SST only.

Comparison of the difference between the first two
bars in Fig. 14 clearly brings out the fact that the model
simulated ISMR changes by 0.2 mm/day due to the
combined effect of SST and snow anomalies. Nearly
similar change of 0.22 mm/day change in ISMR occurs
due to the combined impact of snow and SST anomalies
as evident from the change from the third bar to the
fourth. In other words, the change in ISMR due to the use
of both realistic SST and snow is nearly the same whether
one estimates the difference between the first two bars or
the other two.

Thus, the model response to SST and snow
anomalies in terms of simulated ISMR from the four
experiments are consistent with each other. Further, these
results reiterate the well known fact that the use of

observed SST and snow in model integrations is more
realistic compared to the use of their climatological values.

7. Conclusions

The objective of this study is to examine the relative
roles of SST and snow depth anomalies in simulating the
Indian summer monsoon circulation and associated
rainfall anomalies in a GCM. Both climatological and
observed values of snow depth and SST are used in the
model as surface boundary conditions. In this study the
OTD spectral GCM at T80L18 resolution has been
integrated in the ensemble mode for a period of 20 years
from 1985 to 2004 to generate daily climatic fields. Eleven
member ensemble seasonal integrations have been
conducted from initial conditions of 25™ April to 5™ May for
a period of 20 years from 1985 to 2004. The model is
integrated up to the end of September with daily-observed
SST and snow depth values. Four types of sensitive
experiments have been conducted by varying the observed
and climatological values of SST and snow for the whole
period of model integration with a view to establish the
important role of variation in snow depth in the summer
monsoon simulation. In Exp-1, climatological SST and
snow are prescribed in the model. Climatological snow
depths are replaced by their corresponding observed values
in Exp-2. Exp-3 is based on the observed SST and
climatological snow. Finally, both observed SST and snow
are used in Exp-4.

After a close examination of the model results, it is
inferred that the use of observed snow in the model as
initial condition plays a significant role in simulating the
lower and upper level monsoon circulations and ISMR.
The simulated wind characteristics at both the lower and
upper levels in the atmosphere are close to their observed
counterparts when observed snow depths are prescribed to
the model as initial conditions in addition to the observed
SST. The stream function and velocity potential fields
confer to the same fact. More or less, the precipitation in



DASH et al. : ISMR ANOMALIES IN RESPONSE TO CHANGES IN SNOW DEPTHS & SSTSIN A GCM 85

case of observed snow in Exp-2 and Exp-4 brings out the
JJAS rainfall closer to the observed rainfall (IMD,
Aphrodite and CRU) in central India. Thus the use of
observed snow as initial condition in the model simulates
the monsoon circulation and seasonal summer monsoon
rainfall over central India well. Model simulated ISMR is
found to agree with observation in 14 years out of 20
years of study. In the box-and whisker plots of rainfall, the
spread in Exp-4 ranges from 7.15 (mm/day) to 8.6
(mm/day) and in Exp-2 it ranges from 7.05 (mm/day) to
8.25 (mm/day). In both these experiments, observed snow
depths are prescribed to the model. The corresponding
spread in IMD rainfall ranges from 6.1 (mm/day) to 8.9
(mm/day). These plots potentially give very useful
information on the range of uncertainty. If we give a
closer look to Exp-2 and Exp-4, we notice that with closer
IQR of 0.5 and larger spread of 1.45, Exp-4 performs
better against IMD values as compared to Exp-2. Results
of this ensemble model integrations indicate that the
model response in terms of ISMR anomalies to the snow
anomalies in the presence of climatological SST is more
than that of SST anomalies in the presence of
climatological snow. Further, observed initial snow depths
in the presence of observed SST, enhance the closeness of
the model simulated Indian summer monsoon circulation
and associated rainfall to the respective observed values.
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