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1. Introduction

It is well known that the Asian summer
monsoon is an extremely complex phenomenon that
encompasses Vvariabilities over a wide range of
spatial and temporal scales (e.g., Lau et al. 2000).
Prediction of the monsoon is one of the major
challenges of climate research (Schubert and Wu
2001; Basu 2001; Douville et al. 2001; Douville
2002; Liu et al. 2002). It has been recognized by a
number of observational studies that the Asian
monsoon system, of which the Indian summer
monsoon is a major component, plays an important
role as a major energy source in the global-scale
circulation in middle and low latitudes (e.g.,
Parthasarathy et al. 1991).

Most of previous studies about the role of
land properties in the Indian summer monsoon were
conducted by using general circulation models
(GCMs) or simple models (Hahn and Manabe 1975 ;
Sashegyi and Greisler 1987; Mawson and Cullen
1992; Fennessy et al. 1994; Laval et al. 1996;
Chakraborty et al. 2003). Hahn and Manabe (1975)
and Chakraborty et al. (2003) showed that
mountains have an important effect on the onset and
temporal variations of the Indian monsoon. Laval et
al. (1996) showed that when vegetation is not
represented in the model the model does not
simulate accurately the interannual variation of the
precipitation rates. Fennessy et al. (1994) performed
experiments to test the sensitivity of the Indian
monsoon simulation to change in orography,
vegetation, soil wetness, and cloudiness. They
found that the role of orography is most important in
realistic simulation of Indian monsoon circulation
and rainfall.

There is a limitation to understand
mechanisms responsible for Indian monsoon using
GCMs. One is the predictability problem. Another
limitation is due to a coare-resolution of the GCMs
covering the globe. To circumvent the resolution
problem in GCMs, the regional climate modeling
(RCM) approach has been actively utilized. In
addition to the usage of downscaling of climate
signals resolved in low-resolution global models, the
facts that the large-scale circulation is forced to
remain realistic by the use of reanalysis boundary
conditions, and that the regional model provides no
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feedback to the large-scale, allow isolating the
regional feedbacks, something very difficult to attain
within the standard approach of global model
integrations (Hong and Kalnay 2000).

In this paper, the role of land properties, such
as vegetation fractions, vegetation types, soil types,
land-sea contrast, and orography, in the simulation
of Indian monsoon using a RCM are investigated.
The model description and experimental design are
presented in section 2. The results from the
sensitivity experiments are discussed in section 3.
Concluding remark are given in section 4.

2. Model and Experimental design

The National Centers for Environmental
Prediction (NCEP) regional spectral model (RSM)
has been widely used in the virtues of its unique
features including the domain-nesting strategy and
perturbation method. The RSM is a primitive
equation model using the sigma-vertical coordinate.
A detailed model description is given by Juang et al.
(1997) and Hong and Leetmaa (1999). Land
processes physics utilizes Oregon State University
(OSU) two-layer soil model (Pan 1990; Chen and
Dudhia 2001). In the OSU model, land surface
evaporation consists of three components: direct
evaporation from the bare soil surface, transpiration
through the leaf stomatae, and evaporation of
precipitation intercepted by the leaf canopy.

The RSM domain (45-115 E, 16S-40N)
covers the South Asian monsoon region, which
includes the Indian Ocean, South East Asia, and the
southern part of the Tibetan Plateau (Fig. 1). The
number of grid points in Cartesian coordinates is
129 (west-east) by 110 (north-south). A 60-km
resolution is chosen so that the RSM captures
meso-a scale features embedded in the planetary-
scale monsoon system. Initial conditions and large-
scale forcing were obtained from the NCEP-NCAR
Reanalysis data (Kalnay et al. 1996).

Four runs are designed to investigate the role
of land use properties and orography in the
simulation of Indian monsoon (Table 1). The CNTL
experiment uses land surface data set from the U.S.
Geological Survey (Chen and Dudhia 2001). The
variables are the vegetation fraction, the vegetation
type, and soil type. The USGS soil and vegetation
categories are classified as 16 and 13, respectively.
The vegetation fraction ranges from 0 to 100 %.
Following experiments change an option from the
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Table 1. A summary of experiments.

Land surface conditions Land-sea Orography
Vegetation Vegetation Soil type contrast
fraction type
CNTL variable variable variable yes yes
HOMO 70% meadow and shrub land Sandy clay loam yes yes
LD2SEA variable variable variable no yes
NOMNT variable variable variable yes no

(a) Precipitation (mmd-1) MJJ 1996 OBS

30N oy

20N

10N l

10S

50E 60E 70E B80E 90E 100E 110E

(c) 850hPa Wind (m/s) MJJ 1996  RA1

NN SN——e

N e e D DD NEIPEIP UL NS SRS I -
=N . e e e N M e e o e e e e e
) 4

kgt
v v <« g7
(N ’
30N \t o
\1

20N

10N 8

S50E B0E 70E BOE 90E 100E 110€

20

(b) Precipitaion (mmd—1) MJJ 1996 CNTL

S0E 60E 70E 80E 90E 100E 110E

(d) 850hPa Wind (m/s) MJJ 1996 CNTL

%
LT
NN~

) = N -~

;??f}/,/ﬁﬁ 3

Ve A g N

7 P PO N

SN

Fig. 1. Seasonal mean (May-June-July) precipitation intensity (mmd™") and 850hPa wind (ms™') of the observation
and the CNTL experiment (CMAP for observed precipitation and NCEP-NCAR reanalysis for wind)

CNTL experiment. The HOMO experiment uses
homogeneous surface conditions such as vegetation
type with meadow and shrub land, vegetation

fraction with 70%, and soil type with sandy clay loam.

In the LD2SEA experiment, land areas over the
model domain are replaced by water points. In other
words, the values of vegetation type and soil type
over land points changed to be the values over
water. In the NOMNT experiment, entire land region
is set to flat plain as the height being nearly zeros,

except for the boundary buffer zones.
3. Results and Discussion

Overall, the control simulation reproduces the
precipitation and large-scale features very well in
terms of seasonal mean as well as intra-seasonal
variability. The model reproduces well observed
rainfall and the low-level circulation associated with
the summer monsoon over India (Fig. 1). Four



rainfall peaks which locate in the Bay of Bengal,
Arabian Sea just west of Indian continent, and
southern Indian Oceans centered at 72 E and 85 E
are well captured by model. These maxima are
typical pattern of the Indian summer monsoonal
rainfall. The model results exhibit some details
related to orography distribution, for example, a
peak at the western flank of the Indian continent.
Note that high detailed features in precipitation is
absent in the CMAP analysis due to a 2.5 degree
resolution. However, simulated precipitation intensity
is larger than the observation. Precipitation
averaged over the whole domain of the CNTL
experiment and observation is 4.94 and 4.64 mmd'1,
respectively (Table 2).
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Fig. 2. Time series of Pentad mean precipitation
intensity (mmd"1) averaged over the India continental
region (8.4-28.0N, 68.2-90.7E, land only), obtained
from the CMAP and experiments.
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The associated large-scale circulation is well
produced (Fig. 1c and 1d). The low-level inter-
hemispheric gyre circulation characterized by
easterlies over the southern Indian Ocean (about
10S), connected via the Somali jet to the westerlies
across the Indian subcontinent, is well simulated,
although the westeries are weakened in the model.
This feature is dynamically consistent with
precipitation pattern in Figure 1b, which is reported
in previous studies (Krishnamurti 1985, Lau et al.
2000). Simulated intra-seasonal variability of
precipitation is also good. The model reproduces
well the evolution of summer monsoon precipitation
over India (Fig. 2).

The HOMO experiment  with the
homogeneous land surface conditions generally
increases the precipitation (Fig. 3a). The cyclonic
low-level circulations over the Arabian Sea and the
Bay of Bengal are seen clearly. It seems to be due
to the increment of land-sea contrast. Because in
this experiment land surface is uniform, the contrast
between land surface and sea surface s
strengthened. For the whole integration period,
precipitation increased, compared with the CNTL
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Fig. 3. The differences of precipitation
intensity (mmd'1, shaded) and 850hPa moisture flux
(kgkg'1ms'1, vector) between the CNTL experiment
and (a) the HOMO, (b) the LD2SEA, and (c) the
NOMNT experiment. Note that contour intervals for
precipitation and flux vector in (b) and (c) are
doubled over that in (a).



Table 2. Statistics of MJJ mean precipitation from experiments, which include mean, biases, RMS errors, and
pattern correlation coefficients over whole domain, and temporal correlations of pentad precipitation averaged

over India continental region with the CMAP data.

MJJ mean Bias RMS Error Pattern Temporal
(mmd™) (mmd™) (mmd™) Correlation Correlation
CNTL 4.94 0.30 2.24 0.63 0.93
HOMO 5.21 0.57 2.43 0.62 0.78
LD2SEA 4.72 0.08 2.52 0.58 0.12
NOMNT 5.97 1.33 3.53 0.48 0.19

experiment (Fig. 2). It confirms above explanation. It
is not straightforward to examine the role of soil and
vegetation type for each category. However, we may
say that the correct representation of the soil and
vegetation types in model plays an important role in
simulating the intra-seasonal variability of monsoon
rainfall as well as seasonal mean precipitation. It is
noted that the pattern and temporal correlation of the
HOMO experiment are less than those of the CNTL
experiment (Table 2).

The effect of land-sea contrast over the
Indian region on the summer monsoon is more
significant than the effects due to land use
properties seen above (Fig. 3b). Overall, seasonal
mean precipitation is enhanced except for South
East Asian region. Removal of land portion reduces
westerlies in inter-hemispheric gyre circulation by
weakening land-sea contrast, enhances the
moisture flux convergence in south and western part,
and diminishes the moisture flux transport in north
and eastern part. The strong moisture flux
convergence leads to intense rainfall over Arabian
Sea and the Bay of Bengal region and reduced
moisture flux transport leads to reduction of
precipitation over southern China and Indo-China
region. Increase of precipitation over Indian region
for May and June is due to large evaporation over
water which is larger than land. Reduction of
precipitation in July seems to be due to a dynamical
effect of reduced pressure gradient between land
and ocean with time (Fig. 2). Seasonal mean
precipitation over India decreases because
precipitation variation for July is prevailed.

The impact of orography on monsoon rainfall
is prominent in the low-level inter-hemispheric gyre
circulation (Fig. 3c). Increase of precipitation
between Equator and 10 S is significant, and the
corresponding easterly anomalies in that area are
clearly visible. Similarly, precipitation over land is
reduced, and corresponding weakening of westeries
around the Bay of Bengal is visible, too. It is
interesting to note that the major change of
circulation is limited to the north of 10 N when | land
points are replaced by water points, whereas the
removal of orogaphy weakens inter-hemispheric
gyre monsoonal circulation significantly.

Table 2 is statistics of the RSM experiments.

It can be seen that RMS error, Pattern correlation
and temporal correlation increase consistently from
the CNTL experiment to the NOMNT experiment.
The results have shown that the effect of orography
is more important than land-sea contrast.

4. Concluding remarks

We have described the effect of land use
properties and orography on the Indian summer
monsoon simulated by a regional climate model.
The model was integrated for the period 1 May — 31
July 1996, driven by reanalysis data. By comparing
the results with the control experiment, the features
of sensitivity experiments have been investigated.

It is found that the correct representation of
land surface conditions in model plays an important
role in simulating the intra-seasonal variability of
monsoon rainfall as well as seasonal mean
precipitation. Also, it can be seen that the land-sea
contrast enhances westeries north of 10 N, which
plays a principal role in transporting the moisture flux
to India and southern china region. Meanwhile,
orography not only enhanced westeries north of 10
N, but also weakens easteries south of equator. It is
interesting to note that orography affects the whole
inter-hemispheric gyre circulation. It may be due to
that the dynamical forcing of orography to the
monsoon circulation is greater than the forcing of the
land-sea contrast.
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