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[1] We used a high-resolution nested climate modeling
system to investigate the response of South Asian summer
monsoon dynamics to anthropogenic increases in
greenhouse gas concentrations. The simulated dynamical
features of the summer monsoon compared well with
reanalysis data and observations. Further, we found that
enhanced greenhouse forcing resulted in overall suppression
of summer precipitation, a delay in monsoon onset, and
an increase in the occurrence of monsoon break periods.
Weakening of the large-scale monsoon flow and suppression
of the dominant intraseasonal oscillatory modes were
instrumental in the overall weakening of the South Asian
summer monsoon. Such changes in monsoon dynamics
could have substantial impacts by decreasing summer
precipitation in key areas of South Asia. Citation: Ashfaq,

M., Y. Shi, W.-w. Tung, R. J. Trapp, X. Gao, J. S. Pal, and N. S.

Diffenbaugh (2009), Suppression of south Asian summer

monsoon precipitation in the 21st century, Geophys. Res. Lett.,

36, L01704, doi:10.1029/2008GL036500.

1. Introduction

[2] More than 22% of the world’s population depends
inextricably on the South Asian summer monsoon, which
contributes as much as 75 percent of the total annual rainfall
in major parts of the region [Dhar and Nandargi, 2003].
The substantial variability of onset and duration of the sum-
mer monsoon exerts a strong control on water resources,
agriculture, economics, ecosystems, and human mortality
throughout South Asia. Given the dependence of large pop-
ulations on monsoon rainfall, the response of South Asian
monsoon dynamics to elevated atmospheric greenhouse gas
concentrations is an issue of both scientific and societal
importance.
[3] To date, this response has been primarily studied

through the application of general circulation models
(GCMs), which show an uncertain response of summer
monsoon precipitation [Intergovernmental Panel on Climate
Change (IPCC), 2007]. Although they can capture large-
scale climate features, current GCMs are more challenged by
fine-scale climate processes, particularly those controlling
climate extremes [e.g., Duffy et al., 2003]. To better simulate
the response of such fine-scale climate system processes to

enhanced greenhouse forcing, we conducted a suite of high-
resolution nested climate model simulations, offering an
improved representation of the dynamics associated with
physiographic complexity, land cover heterogeneity, and
atmospheric convection.

2. Methods

[4] We applied the RegCM3 nested climate model, with
parameterizations of convective, boundary layer, and land-
surface processes following those of Pal et al. [2007]. Our
main experiment was conducted at 25-km horizontal grid
spacing with lateral boundary conditions provided by the
NASA FVGCM [Atlas et al., 2005]. To test the robustness
of simulated changes in this main experiment, we also
conducted four additional experiments with 50 km horizon-
tal grid spacing: two with varying initial conditions, one
with increased vertical resolution, and one with boundary
conditions provided by the NCAR CCSM3 [Collins et al.,
2006]. For each experiment, we generated two model
integrations, one covering the period 1961–1990 (‘‘RF’’)
and one covering the late 21st century (‘‘A2’’) (see auxiliary
material).1

[5] We analyzed the simulated changes in the South
Asian summer monsoon using multiple summer monsoon
indices. Following Parthasarathy et al. [1992], we defined
the precipitation index as the departure of rainfall from the
climatological mean (1961–1990), averaged over land points
between 70�–90�E and 5�–25�N. Following Goswami et al.
[1999], we defined the local Hadley circulation index as the
departure of the vertical meridional wind shear (between
850 mb and 200 mb) from the climatology (1961–1990),
averaged over 70�–105�E and 5�–30�N. Observations
show a positive correlation between the precipitation index
and the local Hadley circulation index at interannual time-
scale [Goswami et al., 1999]. Following Wang and LinHo
[2002], we defined the climatological monsoon onset at
each grid point for each 30-year model integration as the
first pentad (5-day mean) in which the climatological mean
precipitation exceeded 5 mm/day and the grid-point January
mean. Following Webster et al. [1998], we defined the
meridional tropospheric temperature gradient (MTG) as
the difference of the five-day climatological mean temper-
ature between the upper tropospheric layers (200mb to
500mb) at 30�N and 5�N, averaged over the zonal belt
between 52�E and 85�E. The positive (negative) difference
indicates that the upper tropospheric air is warmer (cooler)
at 30�N than that at 5�N, representing the reversal of the
MTG in the upper troposphere. The positive reversal of the
MTG is concurrent with the monsoon onset and produces
zonal winds with easterly vertical shear [Li and Yanai,
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