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Abstract

The 1986-1989 Asian summer monsoons have been simulated using a state-of-the-art atmospheric
General Circulation Model (GCM), spectrally truncated at 63, 42, 31 and 21 total wavenumbers, corre-
sponding to horizontal resolutions ranging from 200-600 km. The mean June-September Asian monsoons
have been analyzed and compared to the observed mean monsoon behaviour. Large-scale features such
as the lower tropospheric westerly jet, the upper tropospheric tropical easterlies, the Tibetan anticyclone,
and copious rainfall over continental Asia are captured by the model at all resolutions. As the resolution
is increased, the core of the low-level westerly jet moves towards Somalia and becomes more realistic. The
model, however, produces excessive precipitation over the equatorial Indian Ocean and over the southern
slopes of the Tibetan plateau, and these errors become accentuated at higher resolution. Furthermore, the
monsoon is displaced southward at higher resolutions as is clearly evidenced by a shift in the position of
the Tibetan anticyclone. A budget analysis of the upper-level vorticity suggests that this may be related
to the excessive ascent over the southern slopes of the Tibetan plateau. A smooth orography test has
been made at T63 truncation using T21 truncated orography, in order to assess the contribution due to
orographic changes. Smooth orography alleviates the excessive precipitation over the southern slopes of
the Tibetan plateau and has a strong and generally beneficial impact on the monsoon over land. It also
gives large-scale dynamical monsoon indices in better agreement with observations, yet does not alleviate
the excessive precipitation over the equatorial Indian Ocean. The excessive oceanic precipitation is partly
due to a systematic intensification of the equatorial convergence zones with increased resolution, yet this
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appears to be only weakly coupled to the dynamics of the monsoon circulation.

1. Introduction

The Asian monsoon is the result of interactions
over many differing spatial length scales from syn-
optic up to planetary scale. In modelling the Asian
monsoon and its variability, it is important to take
into account these differing scales. The optimal
choice of model horizontal resolution is not evident
and for this reason careful modelling studies are
needed to test the sensitivity of monsoon variabil-
ity to horizontal resolution. One hope is that a
minimum critical resolution exists after which the
monsoon is reasonably well simulated with enhanced
resolution providing only finer detail, for instance
near orography, but adding no new large-scale dif-
ferences. The aim of this study is to examine the
monsoon variability and its sensitivity to changes in
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the model’s horizontal resolution. A practical goal is
to find the minimum horizontal resolution at which
we can perform realistic monsoon simulations.
Several studies have investigated how climate
simulations depend on model horizontal resolution
(Boer and Lazare, 1988; Boville, 1991; Boyle, 1993;
Chen and Tribbia, 1993; Gleckler and Taylor, 1993;
Kiehl and Williamson, 1991; Williamson et al., 1995;
Giorgi and Marinucci, 1996), but only a few have
specifically investigated the impact on the Asian
summer monsoon. Tibaldi et al. (1990) discussed
the behaviour of ECMWF model systematic errors
in 30-day extended-range predictions made at spec-
tral triangular truncations of T21, T42, T63, and
T106. The study addressed systematic errors in the
general circulation, but some results were also pre-
sented for 30-day predictions of the Asian monsoon
initialised on 17 July, 1985. The main monsoon con-
clusions were that the rainfall features on the scale
of the subcontinent were not significantly changed at
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higher resolution, that T21 resolution was unable
to simulate the rain shadow effect of the Western
Ghats, and that there was an erroneous northward
displacement of the rainfall mazimum over the west
coast of India that was present at all resolutions.
Sperber et al. (1994) studied the Asian summer
monsoon in 1-year long simulations made with the
ECMWF model (cycle 33) at spectral truncations
of T21, T42, T63, and T106. These climate simula-
tions used climatological Sea-Surface Temperatures
(SST) that correspond to mean annually-varying
conditions, rather than to any particular year. They
simulations proved that T21 best captures the large-
scale distribution of precipitation over the monsoon
region, although it was uncapable of capturing more
regional features such as the rain-shadow in the
lee of the western Ghats, and intense precipitation
around the Himalayas. In the T42-106 simulations,
there was a persistent rainfall maximum situated
south of the equator over the Indian Ocean, which
was much more apparent than in the observed pre-
cipitation climatologies. Furthermore, this oceanic
bias became worse at higher resolution. They noted,
however, that the high resolution of T106 more re-
alistically captured the synoptic behaviour of the
monsoon, for example, the Mei-yu oscillatory mode
of rainfall variability over China. Lal et al. (1997)
also noted improved realism in the monsoon onset at
T106 truncation with an improved development and
migration of the monsoon trough over India. Kar
et al. (1996) noted that their T106 model better
simulated the mean monsoon rainfall over western
and northwestern India than did their T42 model.
Sperber and Palmer (1996) compared general mon-
soon behaviour in 32 different General Circulation

Models participating in the Atmosphere Model In-.

tercomparison Project (AMIP), and concluded that
models with resolution > T42 performed more poorly
than lower resolution models at capturing the mon-
soon rainfall correlation with ENSO, as was also
noted by Kar et al. (1996). At much higher 50 km
resolution, nested grid regional simulations of the
Indian summer monsoon have produced intensified
precipitation and orographically forced mesoscale
circulations not originally present in the lower res-
olution GCM results (Bhaskaran et al., 1996; and
references therein).

It is not clear from these studies which horizontal
resolution is optimal for simulating the monsoon and
thus there is a need for further climate sensitivity ex-
periments to address this problem. The numerical
model is presented in Section 2 of this article, and is
followed in Section 3 by a description of the exper-
imental design. We have performed 7-month sim-
ulations at spectral truncations of T21, T31, T42
and T63, starting on the last day of February is
1986, 1987, 1988 and 1989. For each of the years,
sea-surface temperatures have been prescribed from
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observed monthly mean values and initial conditions
were supplied from the ECMWF re-analysis project,
which represents a best-available estimate of the ac-
tual initial state of the atmosphere and land sur-
face. T31 truncation has been included since it may
represent a good compromise between T21 and T42
resolutions, and has the advantage of being com-
putationally cheap. The Asian monsoon possesses
a rich spectrum of variability ranging from synop-
tic to interannual and these are all codependent
and will most likely depend on resolution. How-
ever, as a first step, it is necessary to describe the
mean behaviour as this is believed to be strongly
related to the variability and predictability (Shukla
and Fennessy, 1994; Sperber and Palmer, 1996). For
example, a model which has a southward displaced
mean monsoon is likely to show reduced variability
in the all-India average rainfall. This study therefore
focuses on the model’s ability to simulate the mean
Asian summer monsoon, while interesting aspects of
intraseasonal, seasonal and interannual variability,
which are currently under investigation, will be de-
scribed in future publications. Section 4 summarises
the major features of the mean Asian summer mon-
soon, and Section 5 presents the simulated mean
Asian summer monsoons and compares them with
the observations. The role played by orography is
investigated in Section 6 by performing a smooth
orography experiment and an analysis of the dy-
namical effect of the Tibetan plateau is presented
in Section 7. Section 8 discusses the role played by
the convergence zones and a test is made by reducing
the humidity supplied to the cumulus convection pa-
rameterization. Section 9 contains a discussion and
concluding remarks.

2. The numerical model

ARPEGE-Climat is a modular state-of-the-art
spectral climate model developed from the weather
forecasting model ARPEGE-IFS operationally em-
ployed at Météo-France and ECMWEF. The latest
version (v.2) of the model has been used, and in-
cludes some features not present in the previous ver-
sions of the model described in Déqué et al. (1994)
and Déqué and Piedelievre (1995).

The model is a 19-level hydrostatic primitive
equation model extending up to 30 km (10 hPa),
using hybrid sigma-pressure levels, five of which are
below 850 hPa. The horizontal fields are represented
spectrally by spherical harmonics, {Yi,}, triangu-
larly truncated in (I,m) wave number space to give
an isotropic coverage on the sphere. The colloca-
tion grid is Gaussian but is reduced at the poles
in order to reduce computational redundancy asso-
ciated with the convergence of the meridians. A
semi-implicit Eulerian scheme is used for the advec-
tion terms.

Sub-grid scale horizontal mixing is parameterised
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by V® hyper diffusion of vorticity, divergence, tem-
perature and specific humidity. Vertical mixing
is parameterised by the eddy viscosity method
with Richardson number dependent exchange coef-
ficients. A modified Charnock formula is used to
calculate the surface exchange coeflicients over sea
thereby ensuring non-vanishing air-sea fluxes even
in low wind conditions. Both deep and shallow con-
vection are parameterised. The sub-grid scale cumu-
lus convection parameterisation uses the Bougeault
(1985) Kuo-type mass-flux scheme, and requires
both low-level large-scale moisture convergence and
a moist adiabatic temperature profile for convection
to occur. The shallow convection uses a modified
Richardson number scheme and stratiform cloudi-
ness is calculated by comparing the humidity profile
to that of a critical profile. Convective cloudiness
is calculated based on the convective precipitation
rate.

Prescribed sea surface temperatures are updated
daily by linear interpolation of the monthly mean
COLA-CAC analyses of observed sea surface tem-
peratures (Reynolds and Smith, 1994). Surface
temperature, deep soil temperatures, and surface
water content are calculated prognostically by the
surface scheme ISBA (Interactions between Soil,
Biosphere, and Atmosphere) developed at Météo-
France (Noilhan and Planton, 1989; Mahfouf et al.,
1995). Vertical heat transfer in the ground is based
on the force-restore method, and relaxation to cli-
matological values is no longer performed for the
deep soil temperatures as was the case previously.
A snow scheme is included in ISBA which takes ac-
count of ageing of the snow pack by including prog-
nostic equations for the snow density and albedo
(Douville et al., 1995a,b). The scheme simulates
the Eurasian snow cover realistically, with a bene-
ficial impact on the simulation of the Asian sum-
mer monsoon (Douville et al., 1995b; Douville and
Royer, 1996).

The major differences between version 2 and the
previous version used in the monsoon study of Royer
et al. (1994), are a) the replacement of the two
stream radiation scheme by the Morcrette scheme,
b) improvements in the soil-vegetation scheme ISBA
to include deep soil drainage, and prognostic ther-
mal diffusion (deep soil temperatures no longer re-
laxed to a climatology), ¢) a more realistic snow
scheme has been introduced having prognostic snow
albedo and density, and d) the convection scheme
has been modified slightly to increase entrainment
at the cloud base (Geleyn et al., 1995). The model
also includes schemes for prognostic ozone evolution
and convective gravity wave drag but these have not
been activated for this study which is more con-
cerned with tropospheric behaviour.
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3. The experimental design

As part of the SHIVA project!, it was decided to
focus in detail on the four summers of 1986, 1987,
1988, and 1989, which include two normal years
(1986, 1989), a wet monsoon year (1988), and a dry
monsoon year (1987). Summers have been simu-
lated at four different horizontal resolutions for these
years using realistic initial conditions obtained from
ECMWF re-analyses for the last day of February
for each year. Hence, these simulations are long-
term predictions rather than being fully equilibrated
climate runs, and may not have developed large sys-
tematic biases in the surface conditions often seen
in multiyear climate runs. Table 1 gives information
concerning model resolution, CPU time, and cer-
tain model parameters. Running T63 is almost nine
times more computationally expensive than running
T21, and hence it is of interest to judge what addi-
tional benefits higher resolution brings to simulating
the monsoon.

It has been noted in previous studies with
ARPEGE, that there is a tendency for the conver-
gence zones to become more intense and the atmo-
sphere to dry out with higher horizontal resolution
(Déqué et al., 1994; Doblas-Reyes et al., 1998). A
similar effect has also been noted using other mod-
els (Kiehl and Williamson, 1991; Williamson et al.,
1995), and is most likely a consequence of the mois-
ture convergence closure used in the mass-flux con-
vection scheme. As a result of this drying of the
column, there is less stratiform cloudiness at higher
resolution and this can modify the outgoing radia-
tive fluxes at the top of the atmosphere by up to
30 Wm~2 globally. To compensate for this problem,
the minimum critical relative humidity used in cal-
culating the stratiform cloudiness is routinely tuned
in order to give outgoing longwave and shortwave
radiation in agreement with observed climatologies.
Tuning was performed empirically in this study by
performing sensitivity tests for the month of March,
and then choosing the parameter value that gave
the outgoing radiation in closest agreement with ob-
served satellite climatologies. The values chosen for
the minimum critical relative humidity are given in
Table 1, and decrease monotonically with resolution.
During summer, there is much deep convection over
the Asian monsoon region with most of the cloudi-
ness being of convective origin rather than strati-
form, and it is plausible that this parameter does
not heavily intfluence the monsoon behaviour.

The adjustment of the stratiform cloudiness illus-
trates a fundamental problem with resolution stud-
ies — the problem of parameter tuning. Many of
the physical parameterisations in a GCM depend

1 More information concerning the SHIVA project can
be found at the world wide web site http://www.met.
rdg.ac.uk/shiva/shiva.html
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Table 1. Summary information concerning the simulations. Columns are as follows: spectral truncation (Lmax),
number of longitudes (nion ), number of latitudes (niat), mean grid resolution (Res™), model time step (At), time
to simulate 1 day using one processor of a Cray J90 (CPU), the minimum critical relative humidity for stratiform

clouds (rmin), and the horizontal diffusion coefficient (v) in units of 10%° mEs

6 . —1

Liax || (ion X Nigt) | Res™ At CPU | 7min v
T21 64 x 32 5.6° 30 min 160s | 0.63 | 2600
T31 96 x 48 3.8° 30 min 280s | 0.50 250
T42 128 x 64 2.8° 20 min 600s | 0.38 40
T63 192 x 96 1.9° 15 min | 1360s | 0.25 3.6

strongly on model resolution and it is not at all ev-
ident which is the best way to adjust the parame-
ters when changing model resolution. Consequently,
model resolution studies are more difficult to im-
plement and interpret than are sensitivity studies
where only one external parameter is varied, such
as doubled carbon dioxide experiments. A good ex-
ample is afforded by the horizontal diffusion coef-
ficient. On the basis of sensitivity tests made at
ECMWF, it was decided in the resolution studies of
Tibaldi et al. (1990) and Sperber et al. (1994), to
use half the horizontal biharmonic (¥V*) diffusion
coefficient (v) at T106 resolution compared to that
used at lower resolutions. In Sperber et al. (1994), it
was found that the mean July 850 hPa wind speed in
the Somali jet and over the northern equatorial In-
dian Ocean weakened with resolution, T21 — T63,
and then regained some strength at T106 resolu-
tion. Stephenson (1994) demonstrated that the en-
ergy budget can be sensitive to the choice of the
horizontal diffusion coefficient, even at resolutions
as high as T42, and it is not impossible that the in-

ertial low-level Somali jet in Sperber et al. (1994), re-

gained some strength due to the weakened diffusion
coefficient used at T106. In the ARPEGE model,
a more scale-selective higher order horizontal diffu-
sion (hyperviscosity) coefficient (¥V9) is used where
the e-folding time for the highest spherical harmonic
is fixed at 8.3 hours, regardless of model resolution,
causing the diffusion coefficient to scale as v ~ L5
with model truncation Ly, (values for v are given
in Table 1).

For each year, the simulations were started on
127 of the last day of February, taking into account
the leap year in 1988, and ran until the last day of
September. The atmosphere was initialized for each
of the years using 31-level T106 analyses obtained
from the re-analysis project at ECMWEF (Gibson
et al., 1994). The same analysis was used for all
the different horizontal resolutions and the analy-
ses were linearly interpolated onto the model grid.
The lower boundary fields such as surface tempera-
ture, surface water content and snow depth were also
initialized using the ECMWF re-analyses. The sur-

face temperature was vertically extrapolated onto
the model orography assuming a standard lapse rate
of 6.5 K/km, whereas no extrapolation was used
for the other surface fields. The initialized surface
water content was slightly modified to be compat-
ible with the soil textural properties and vegeta-
tion parameterisation in ISBA. It was also necessary
to initialize some variables not available in the re-
analyses: initial snow albedo was set to 0.7 and ini-
tial snow density was set to 300 kg/m3. The initial
surface boundary conditions are those assimilated
into the ECMWF model for the last day of Febru-
ary of each year. Whilet these are consistent with
the initial atmospheric state, it is possible that the
re-analysed surface fields, such as snow depth, are
strongly model dependent and may contain system-
atic errors (Dr. Franco Molteni, personal communi-
cation). Optimal interpolation analyses (Reynolds
and Smith, 1994) of observed sea-surface tempera-
tures were used both as initial conditions and were
prescribed throughout the simulations, as was also
the case for the ECMWF re-analyses.

4. Observed asian summer monsoon

The life cycle of the Asian summer monsoon com-.
mences with an abrupt onset in spring, followed
by an active period in June—-August bringing much
rain to Asia, and then slowly dies out over autumn.
To summarise its behaviour during its active phase,
summertime means, obtained by averaging over the
4 months (122 days) June-September (JJAS) will
be presented. June-August (JJA) averages have
also been made (not shown) and agree well with
the JJAS ones presented following. However, to im-
prove statistical analysis it was decided to present
results obtained over the longer averaging period, as
was also done in Sperber and Palmer (1996). The
results will be presented for the latitudinal domain
20°S-40°N and longitudinally from 30-150°E. The
extended longitudinal domain allows one to examine
the behaviour in the convective region of the warm
pool in the western Pacific, from where many of the
convective monsoon systems originate. A contracted
description of the observed mean monsoon is given
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a) JJAS precipitation 1986—1989 (Xie and Arkin NM)
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b) 850hPa wind (ERA JJAS 1986-89)

40N

§ W

20N

120E 0E

20"
JUAS 1986-89)
e

Fig. 1. The mean observed summer monsoon (JJAS) for 1986-1989. a) Mean precipitation rates from
the merged analyses of rain-gauge and satellite-based observations (Xie and Arkin, 1996) (contours
every 3 mm/day with values above 9 mm/day shaded), b) the mean ECMWF re-analysed 850 hPa
velocity vectors (u,v) and isotachs (every 2 m/s, > 8 m/s shaded), c) the mean ECMWF re-analysed
200 hPa velocity vectors (u,v) and isotachs (every 5 m/s, > 15 m/s shaded), and d) the mean relative
vorticity at 200 hPa obtained from the ECMWF 200 hPa winds (contours every 0.5 x 107%s7!, and
anticyclonic values less than —2 x 107% 57! shaded).

by the fields presented in Fig. 1.

4.1 Rainfall

Figure la shows the mean 1986-89 June-
September precipitation rate obtained for the Cli-
mate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP) data, which combines both
gauge observations and satellite-derived estimates
(Xie and Arkin, 1996). The mean precipitation ex-
ceeds 6 mm/day over the broad region of South East
Asia, with local maxima occuring over the ocean
west of India, the northern part of the Bay of Ben-
gal, and over the south equatorial Indian Ocean re-
gion 70-100°E. The maximum over the Phillipines
is the westward extension of the Inter-Tropical Con-
vergence Zone, which lies north of the equator in
summertime. Means (not shown) have also been
made using merged analyses including NCEP model
predictions (Xie and Arkin, 1996), and were found
to closely resemble those shown in Fig. 1a without
model input, suggesting that satellite and rain gauge

data coverage was adequate over the Asian monsoon
and Indian Ocean regions.

The maximum precipitation associated with the
cyclonic convergence zone over the south equato-
rial Indian Ocean (70-100°E, EQ-10°S) is extremely
marked in Fig. 1a and represents a substantial quan-
tity of summertime rainfall. It is apparent to a lesser
extent in other precipitation climatologies such as
that of Legates and Willmott (1990), and in cloudi-
ness estimates derived from satellite measurements
of outgoing longwave radiation. In the CMAP data,
rainfall measurements from about 100 atoll gauges
over the Western Pacific (the Morrissey data set)
were used to calibrate the amplitude of the satellite-
derived oceanic precipitation for the whole of the
tropics, and no data was included from gauge mea-
surements made on atolls in the Indian Ocean. Al-
though there are no islands situated in the vicinity
of maximum precipitation around (90°E, 5°S), there
are islands in the Chagos archipelago, in the western
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edge of the zone. Notably, there is the coral atoll,
Diego Garcia, at (72.4°E, 7.2°S), which receives an
average of 6.3 mm/day in the dry season (JJAS),
resulting from fast-moving light rain showers associ-
ated with the predominant south-easterly flow. Cli-
matological estimates from the merged analyses for
1979-95 give JJAS mean values of 6-7 mm/day for
this region consistent with the independent ground
based measurement of 6.3 mm/day obtained for
Diego Garcia. This simple validation gives some
confidence in the satellite derived estimates of the
rainfall over the equatorial Indian Ocean. The mea-
surements made at Diego Garcia might also be use-
ful in future studies of monsoon variability.

It should be noted that in the climatology pre-
sented in Fig. la, there is no evidence of en-
hanced rainfall over the Himalayas or its foothills.
Gauge-corrected climatologies such as those done
by Legates and Willmott (1990) and Hulme (1992)
show a narrow intense Himalayan band of rainfall
with values around 10 mm/day, yet this feature is
absent in the CMAP climatology which uses un-
corrected rain gauge estimates. Rainfall estimates
in mountainous regions such as Nepal are known
to exhibit strong spatial heterogeneities (Pant and
Kumar, 1997), and therefore extreme care should
be exercised when making and interpreting gridded
climatologies in such regions. Roughly speaking,
the CMAP climatology appears to underestimate
precipitation over orography, yet has larger esti-
mates over the equatorial Indian ocean compared to
the Legates and Willmott (1990) climatology. The
large differences between observed precipitation cli-
matologies should not be forgotten when judging the
quality of simulated monsoon rainfall patterns.

4.2 Lower tropospheric flow

Figure 1b shows the JJAS summertime lower tro-
posphere 850 hPa flow obtained from ECMWF re-
analyses for the period 1986-89. There is a strong
mean cross-equatorial flow towards Asia which veers
to the east due to the influence of orographic bar-
riers such as the East African highlands, and due
to the Coriolis effect which acts so as to conserve
absolute planetary vorticity (Rodwell and Hoskins,
1995). The flow becomes concentrated into a strong
low-level jet over the flat eastern areas of Kenya
and the Somali coast, resulting in strong peak wind
speeds of up to 100 knots (51.5 m/s), first reported
by Royal Air Force pilots and navigators (Findlater,
1969). The JJAS mean wind speed in the core of
the Somali/Findlater jet is 17-18 m/s and the core
is centered at (53°E, 9°N) off the coast of north-
ern Somalia, and causes cool coastal waters to up-
well to the surface. Strong westerlies traverse the
southern and central parts of India before becoming
south westerlies which impinge the west coasts of
Burma and Thailand. Strong southward and south-
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eastward flows are present over Persia and the Ara-
bian peninsula and bring warm dry air into north-
west India (Sperber and Palmer, 1996). Broadly
speaking there is a band of positive cyclonic vortic-
ity centered on 20°N (not shown), associated with
the monsoon trough, and a band of negative vor-
ticity to the south of it over the equatorial Indian
Ocean. Negative vorticity gives rise to cyclonic cir-
culation south of the equator and this is associated
with the maximum of precipitation over the south
equatorial Indian Ocean. On the southeastern flank
of the Somali jet, there is a minimum in relative vor-
ticity of —2.5x107°% s7! having a similar magnitude
to the local background planetary vorticity.

4.3 Upper tropospheric flow

Figure 1c shows the JJAS summertime upper
troposphere 200 hPa flow obtained by averaging
the ECMWF re-analyses over the period 1986-89.
Strong easterly flow exists over the Indian Ocean
with maximum values at 10°N exceeding 20 m/s.
Comparison with the low level flow in Fig. 1b, re-
veals that a) the upper level flow is in general
stronger than the lower level flow, and b) is in the
opposite direction to the lower level tropical west-
erly flow. This strong vertical shear over the Indian
Ocean is due to the existence of strong divergent
circulation, and can be used as to define a dynam-
ical index for the large-scale monsoon. More will
be said about this later in this article. The north-
ern hemisphere sub-tropical westerly jet is centered
around 40°N at 200 hPa and is north of the Ti-
betan plateau. Between the westerly and easterly
jets, there is a strong meridional shear in the zonal
wind and this gives rise to the Tibetan anticyclone
clearly visible as a minimum in the relative vorticity
(Fig. 1d), centered on (90°E, 33°N). A small scale
north—south dipole can also be seen in the relative
vorticity at the southern tip of India and is due to
the generation of anticyclonic vorticity by air parcels
contracting as they pass over the Western Ghats.

5. Modelled asian summer monsoon

5.1 Simulated Rainfall

Figure 2 shows the JJAS mean precipitation rate
calculated from the model results at different hor-
izontal resolutions. Compared to the CMAP ob-
servations (Fig. 1a), it can be seen that the mean
precipitation is too strong in the model, even at
the lowest resolution (T21). A large band of max-
imum mean precipitation is centered over Thailand
and the Phillipines and extends westwards over In-
dia and southeastwards to join the ITCZ over the
northern equatorial Pacific. At higher resolution,
the band is displaced southwards becoming more
aligned with the Pacific ITCZ at 5-10°N, which in-
tensifies.
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Fig. 2. Mean summertime (JJAS) precipitation rates averaged over 1986-89 from the model simulations
made at a) T21, b) T31, ¢) T42, and d) T63 spectral truncations. Contours every 3 mm/day with

values above 9 mm/day shaded.

In addition to using geographic maps to examine
the qualitative spatial distribution of the rainfall, it
is useful to make averages over selected regions in
order to quantify the changes. Table 2 presents the
mean JJAS rainfall for both model and observations
averaged over four different rectangular latitude-
longitude regions. There exists an arbritariness in
choosing the averaging regions and the choice can
be particularly delicate with such a spatially variable
field as precipitation. The EXT and IND regions fol-
low the definitions proposed by Goswami (personal
communication) (1997) with the exception that our
regions extend only to 25°N and not 30° N, so as not
to include the excessive orographic precipitation in
the model. They aim at summarizing the mean rain-
fall over India and South East Asia (EXT) and over
India (IND), and include both land and sea regions.
The IND values are slightly larger than values ob-
tained for the land average 1986-1989 JJAS all-India
rainfall (7 + 1 mm/day), as to be expected due to
the inclusion of adjacent coastal regions which ex-
perience heavy precipitation. The EQU region sum-
marizes the mean rainfall over the equatorial Indian
Ocean region, and the HIM region summarizes the
rainfall over the southern slopes of the Himalayas

and the Tibetan plateau. Values are also included
for the sensitivity tests, T63s and T63t, which will
be discussed later in this article.

All experiments have more precipitation than ob-
served in the EXTended and HIMalayan regions,
and all but the lowest resolution also overestimate
the precipitation in the EQU region. At T21 res-
olution, the rainfall maximum is displaced too far
eastwards causing too little rain in the IND region
but too much in general in the EXT region. At
higher resolution the ratio of IND precipitation to
EXT precipitation improves up until T63 resolution
where the precipitation moves south of India over
the EQU region. There is a monotonic tendency for
the precipitation to increase over the EQU region
with increasing model resolution, giving unrealistic
amounts in this region.

The HIM precipitation increases monotonically
with resolution up until T63 where it starts to re-
duce, due most likely to the clear southward shift
evident at this resolution. Examination of Fig. 2 re-
veals that as the resolution increases the orographic
rainfall becomes concentrated into a narrower region
yet the mean HIM amount stays roughly constant.
Excessive amounts of precipitation occur over the
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Table 2. Mean June-September precipitation rates (mm/day) averaged over different monsoon regions: EXTended
monsoon region (70-120°E,10-25°N), EQUatorial region (70-120°FE, 7.5°S5-7.5°N), INDian region (70-95°F,
10-25°N), and HIMalayan region (75-105°E, 25-35°N). Climatological rainfall rates for the rainfall dataset of
Legates and Willmott (1990) are also presented, together with 1986-89 mean observed CMAP values (Xie and
Arkin, 1997) and their standard errors. Simulated values lying within two standard errors of the mean CMAP
values are marked in bold face. The last two columns give ratios of average precipitation rates erpressed in per

cent.

Source EXT EQU IND HIM EQU/EXT | IND/EXT
T21 11.1 7.1 8.6 10.5 64 % 77 %
T31 114 8.3 10.9 11.7 73 % 96 %
T42 11.0 9.7 10.6 12.5 88 % 96 %
T63 9.7 10.7 8.8 11.8 111 % 90 %
T63s 9.5 10.5 8.2 6.6 110 % 86 %
T63t 10.7 9.8 10.4 11.8 92 % 97 %
L&W 9.9 6.5 9.9 6.1 66 % 100 %

CMAP 87+£05 | 77+09|92+08 | 44404 89 % 106 %

steepest slopes of the Himalayas and Eastern Tibet
(> 25 mm/day) and this feature is not present in
the merged analyses shown in Fig. 1a. This is most
likely a model systematic error due to the way in
which the atmospheric flow is calculated over steep
orography. Other spectral GCMs also tend to over-
estimate the mean rainfall in this region (Sperber
et al., 1994; Ju and Slingo, 1995; Dong et al., 1996;
and most versions of the ECMWF operational fore-
casting model). This systematic error also used to
be present in the UKMO grid point model (Gadgil
et al., 1998) but is less evident in the current version
of the model (Dr. Gill Martin and Dr. Roy Kershaw,
personal communication). The precipitation maxi-
mum over the north of the Bay of Bengal is miss-
ing from the simulated precipitations especially at
higher resolutions and this could be due to convec-
tion being suppressed in this region by subsiding air
coming from the excessive convection over the Ti-
betan slopes and from over the equatorial Indian
Ocean.

In the observed precipitation (Fig. la), a local
rain-shadow effect occurs in the lee to the east of
the western Ghats. This only starts to appear in the
model results at T63 resolution, whereas in Sperber
et al. (1994) it was apparent even at T42 resolution
— this is due to the representation of the Ghats in
our model which will be discussed in more detail in
section 6.

5.2 Simulated lower tropospheric flow

Figure 3 shows the 850 hPa wind averaged over
the four summers from 1986-89 for the model re-
sults. All resolutions show a marked zonally ori-
ented westerly jet traversing India as seen in the
analyses in Fig. 1b. The jet is well-situated over In-
dia, not too far north as in the studies of Tibaldi et
al. (1990) and Sperber et al. (1994), where it was
speculated that this might be due to the ECMWF

model (at that time) having no gustiness correction
for air-sea fluxes at low wind speed. Maximum wind
speeds in the core of the jet are between 17-18 m/s
for all model resolutions, and no systematic weak-
ening (Tibaldi et al., 1990) or strengthening (Kar et
al., 1996) is seen with increasing resolution. How-
ever, the core of maximum wind speed in the jet
is strongly displaced eastwards downstream at low
resolution and moves towards Somalia at higher res-
olutions — T21 (76°E, 13°N), T31 (60°E, 13°N),
T42 (57°E, 12°N), and T63 (52°E, 11°N). Further-
more, at low resolution the westerly jet penetrates
too far eastward over Southeast Asia and this sys-
tematic error is reduced at the highest resolution
(T63). This behaviour can also be seen in the re-
sults of the T42 and T106 simulations of Kar et al.
(1996) (their Fig. 1). An associated westward con-
traction with increasing resolution also occurs in the
monsoon trough (minimum in sea-level pressure —
not shown), and this is perhaps due to the more
intense monsoon low pressure systems at high reso-
lution penetrating further westwards into the Indian
subcontinent. Examination of 850 hPa relative vor-
ticity (not shown) reveals that at T21 resolution,
the flow is too zonally symmetric compared to that
of the ECMWF analyses, suggesting a poor repre-
sentation of stationary waves in the Asian region.
At T31 this problem ameliorates significantly and
distinct cyclonic vorticity maxima become apparent
over the Bay of Bengal and the Arabian peninsula.

5.8 Simulated upper tropospheric flow

Figure 4 shows the 200 hPa wind averaged over
the four summers from 1986-89 for the model re-
sults. All resolutions show a strong easterly flow
over the Indian Ocean. At T21 and T31 resolution,
the maximum easterly flow is situated too far north-
east as is the minimum in wind speed over Tibet.
At higher resolution, the maximum easterlies occur
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b) 850hPa wind at T31 resolution
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Fig. 3. Mean summertime (JJAS) 850 hPa wind vectors and isotachs averaged over 1986-89 from the
model simulations made at a) T21, b) T31, c) T42, and d) T63 spectral truncations. Isotachs every

2 m/s and wind speeds exceeding 8 m/s shaded.

further south giving a more realistic flow pattern
over Asia. However, the winds are stronger than in
the analyses (Fig. 1c), especially the southward flow
over China which then crosses the equator. This
suggests that the model has an excessively intense
transport of upper level mass towards the South-
ern Hemisphere and hence an excessive monsoon
meridional overturning circulation consistent with
the simulated mean precipitation being too strong.

Figure 5 shows the relative vorticity calculated
from the 200 hPa winds shown in Fig. 4. The Ti-
betan anticyclone (minimum in vorticity) is visible
over Asia (grey shaded) but is too far north at T21
and T31 resolutions when compared to that of the
ECMWF analyses (Fig. 1d). Furthermore, the rel-
ative vorticity minimum is weaker than that of the
observations at all resolutions and does not extend
eastward over the Pacific ocean, especially at T63
resolution. At T42 and T63 resolutions, there is a
strong vorticity gradient over China associated with
the intense southward flow visible in Fig. 4d. At
T63, the zero vorticity isoline starts to resemble that
of the observations over the tip of India, suggesting
that the atmosphere is starting to respond to the
western Ghats, as was also noted in the rain shadow
visible in the mean precipitation.

5.4 Vertical wind shear

From simple steady state models of the tropical
atmosphere, it is expected that strong heating in
the tropics will give rise to strong vertical shears
in the horizontal flow (Gill 1980). By looking at
the vertical shears rather than particular levels, one
projects more onto the baroclinic modes that are
forced by the divergent circulation and hence one
can get some insight into the large-scale divergent
circulation. - Webster and Yang (1992) proposed
that the zonal wind shear, ugso—u200, averaged over
the domain (40-110°E, EQ-20°N), would provide
a good index of the large-scale monsoon circula-
tion (hereafter referred to as the U-index). It has
been used in various modelling studies of the mon-
soon (Ju and Slingo, 1995; Kitoh et al., 1997) and
correlates better with ENSO than do rainfall in-
dices of the monsoon. There is, however, almost
zero correlation between the zonal wind shear in-
dex and the interannual variations in all-India rain-
fall (Webster and Yang, 1992). Furthermore, in the
doubled CO, experiment of Kitoh et al. (1997) it
was noted that while the monsoon precipitation sig-
nificantly increased with global warming, the wind
shear index actually decreased. Goswami (personal
communication) has argued that the U-index detects
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Fig. 4. Mean summertime (JJAS) 200 hPa wind vectors and isotachs averaged over 1986—89 from the
model simulations made at a) T21, b) T31, ¢) T42, and d) T63 spectral truncations. Isotachs every

" 5 m/s and wind speeds exceeding 15 m/s shaded.

the equatorial longitudinal circulation rather than
detecting the local Hadley circulation which trans-
ports air meridionally northward over Asia at low
levels and southward at upper levels. An early draft
of Goswami’s proposed a monsoon V-index based on
the vertical shear of the meridional wind averaged
over (40-140°E, 155-25°N). Goswami et al. (1997)
later discovered that, for interannual variations, it is
better to define the V-index over the smaller region
of (70-110°E, 10-30°N). The original larger-scale V-
index has been adopted in this study for comparing
the mean monsoon behaviours.

Table 3 presents both the U-index and the V-
index (the area average of vgso—vagp) together with
the 200 hPa contribution. Both the U- and V-
indices simulated by the model are too strong com-
pared to the ECMWF and NCEP re-analyses, and
suggest that the simulated monsoon is too strong,
in agreement with the excessive simulated precipi-
tation rates (Table 2). The 1986-89 mean NCEP
indices are within 2 standard errors of the mean
ECMWEF indices, yet it is of interest to note that
the NCEP U-index is larger than the ECMWF U-
index yet has smaller interannual variations in the
period 1986-89. The simulated U- and V-indices de-
crease with increasing resolution towards more real-

istic values, with the most realistic values being ob-
tained for the smooth orography experiment T63s.
More than 70 % of the observed U-index is due to
the 200 hPa component and the model tends to give
lower percentages, especially at lower resolution, due
to the excessive extension of the 850 hPa westerly
jet over South East Asia. The upper level contri-
bution to the U-index is within two standard errors
of the value from the ECMWF re-analyses, implying
that the overestimation of the U-index is mainly due
to excessive low-level flow. The upper level contri-
bution to the U-index is a measure of the strength
of the upper tropospheric tropical easterly jet and
tends to be larger than in the ECMWF analyses
particularly at higher resolutions. Kar et al. (1996)
also found that the tropical easterly jet strength
was larger than observed but moreso at T42 than
at T106 resolution. It should be noted that the V-
index shows a much larger fractional change in go-
ing from T21 to T63 than does the U-index, and is
therefore a more sensitive indicator of the large-scale
monsoon dynamics.

5.5 Summary
It is instructive to examine the differences be-
tween the T63 and the T21 simulations (interpo-
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Fig. 5. Mean summertime (JJAS) 200 hPa relative vorticity averaged over 1986-89 from the model
simulations made at a) T21, b) T31, ¢) T42, and d) T63 spectral truncations. Contours every
0.5 x 107¢ 571, and anticyclonic values less than —2 x 107°% 57! shaded.

Table 3. Mean June-September wind shear indices and upper level components in m/s. The U-index follows Webster
and Yang (1992) and is defined over the domain (40-110°E, EQ-20°N). The V-indez follows Goswami el al.
(1997) and is defined over the domain (40-140°E, 15°S-25°N). Both NCEP and ECMWF reanalysis estimates
for 1986-89 are given, and figures in bold face denote simulated values lying within two standard errors of the
mean ECMWF value (95 % confidence limits). The percentages contribution of the upper level 200 hPa winds to
the indices are also quoted.

Model U-index Uzoo %U200 V-index ‘/200 %‘/200
T21 26.7 —15.8 59 % 7.2 —4.5 62 %
T31 27.5 —-17.4 63 % 7.0 —4.4 63 %
T42 26.5 -17.1 65 % 6.7 —4.1 61 %
T63 25.8 -18.0 70 % 6.2 —-3.6 58 %
T63s 22.3 —-14.7 66 % 5.5 -3.2 58 %
T63t 257 -17.0 66 % 6.3 -3.7 59 %

NCEP 234+13 | —17.3+£1.2 74 % 47+01 | -3.3+0.2 70 %

ECMWF || 21.94+1.7 | —-15.8+1.3 72 % 48405 | —2.8+04 | 59%

lated onto the T63 Gaussian grid) shown in Fig. 6,
which summarize the resolution changes. Compared
to T21 resolution, T63 resolution gives an excess of
precipitation over the southern slopes of the Tibetan
plateau, over the equatorial Indian Ocean, and over
northern India (Fig. 6a). There are deficits of pre-
cipitation north of the Himalayas and over South
Fast Asia and the Phillipines.

It should be noted that the magnitude of the
T63-T21 precipitation changes exceed those ob-
tained from natural interannual variability. Typi-
cal changes are of the order of 5 mm/day compared
to interannual standard errors of around 3 mm/day
(not shown). A simple, yet not the most reliable,
way to test the significance of the precipitation
anomalies is to calculate the ratio of the changes



248 Journal of the Meteorological Society of Japan

a) 163

Vol. 76, No. 2

b) T63-T21 850hPa wind (JJAS 1986-89)

L& NEEER S ANV S
: ‘U\ ‘L
2 .

> 2o

T e vy .

R TR
Vit

PR N

by,

DR T

> “J
...... ..x@.\\i_.-~‘~z

60E 90E 120 150€
JR—
10

d) T63-T21 200hPa relative vorticity (JJAS 1986-89)

Fig. 6. Mean difference between T63 and T21 summer monsoons (T63-T21): a) Mean precipitation
rates (contours every 3 mm/day with positive values shaded), b) 850 hPa velocity vectors (u,v) and
isotachs (every 2 m/s, > 4 m/s shaded), c¢) 200 hPa velocity vectors (u,v) and isotachs (every 2 m/s,
> 4 m/s shaded), and d) the 200 hPa relative vorticity at 200 hPa (contours every 0.2 x 107°% 57!,
and positive differences shaded).

divided by the interannual standard errors, which is
expected to be Student-t distributed if the changes
are due solely to sampling (Zwiers, 1994). Maps
of t-values have been made (not shown) and have
typical values exceeding 2.5, which suggests that
the changes are not the result of sampling errors
at 95 % confidence. Additional confirmation that
the changes are not merely the result of sampling
errors is also suggested by the very similar precipi-
tation pattern obtained in the T106-T42 difference
presented in Fig. 5c of Kar et al. (1996), despite
their equatorial increase being located slightly fur-
ther south.

The low level wind changes (Fig. 6b) clearly show
the reduction in. the excessive eastward extension
of the low level westerly jet. The deceleration of
the westerly jet over South East Asia gives rise to
mean low level convergence to the west of India and
over the Bay of Bengal. At lower resolution, the jet
extends further eastwards and hence the low-level
convergence regions are displaced eastwards toward
the Phillipines. In Fig. 6b, a region of increased

low-level convergence can be seen as the difference
wind field curves towards the equator around 70E —
consistent with increased equatorial precipitation at
higher resolutions. The upper level wind differences
(Fig. 6¢) show an increased easterly flow over the
western equatorial Indian Ocean. Over the Tibetan
region, the upper level winds become more westerly
at higher resolution related to the southward shift
in the Tibetan anticyclone, evidenced by the north-
south dipole in the relative vorticity in Fig. 6d.
The mean precipitation over the EXT monsoon
region of India and Southeast Asia;, and the dy-
namical wind shear U- and V-indices suggest that
the monsoon weakens at higher resolution, becom-
ing more in agreement with the observed broad-scale
behaviour. However, there is also a tendency at
higher resolutions for the precipitation to increase
over the equatorial Indian Ocean and the southern
slopes of the Tibetan plateau and this makes the
simulations less realistic. At lower resolutions, the
Tibetan anticyclone is situated too far north as are
the precipitation and the low-level winds, and these
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b) Orography at T63 resolution
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Fig. 7. Representation of Asian monsoon orography: a) at T21 resolution, b) at T63 resolution, c)
the difference T63-T21 (contours every 300 m), and d) U.S. Navy orography interpolated by finite
differencing to T63 grid. Contours every 300 m below 1500 m, and then every 500 m above 1500 m

(shaded).

move realistically southward for resolutions higher
than T31.

Asian land surface temperatures in April (not
shown) are generally slightly colder at higher resolu-
tions than at lower resolutions with typically about
2°C difference between T21 and T63. The cooling is
particularly marked in the Himalayan region, which
is more elevated at higher resolutions and has more
persistent snow cover. The weakening and south-
ward displacement of the monsoon at higher reso-
lution is consistent with the cooler land surface in
springtime. Due to increased precipitation, the ini-
tial soil water content is slightly increased at higher
resolution and this could explain some of the tem-
perature trend. Work is currently in progress on the
surface heat and water budgets.

6. Orographic effects

Because of the large differences between the rep-
resentation of orography at different model horizon-
tal resolutions, and the important role that orog-
raphy plays in controlling the monsoon, it is likely
that some of the changes in the monsoon with model
horizontal resolution could be due to changes in the

model orography.

6.1 Model representation of orography

In finite numerical models such as GCMs, it is im-
possible to represent all the details of the orography
perfectly, and the orography is usually represented
smoothly so as to be consistent with the horizontal
resolution of the model. For the ARPEGE model,
in which the atmospheric fields are represented as
a truncated sum of spherical harmonics, the model
orography is obtained by averaging the U.S. Navy
10" global orography onto the model Gaussian grid
and then the means are spectrally truncated by
Fourier transforming them onto the model spheri-
cal harmonics. Examples of the model orography
at T21 and T63 resolutions are shown in Fig. 7,
together with their difference and the U.S. Navy
orography interpolated onto the same grid using the
U.S. Navy finite difference interpolation procedures.
It can be seen that large differences (not just pos-
itive !) exist between the height of the orography
at T63 and T21 resolutions and in the steepness of
the orography. The elevation of the orography is
important in a) causing frictional and barrier effects
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in the low level flow (e.g., the East African high-
lands and the Somali jet), b) cooling the surface
temperature by the lapse rate effect (Kitoh, 1997),
and ¢) in determining the elevated heat sources pro-
duced by latent and sensible surface heating. Steep
slopes in the orography cause air packets to uplift
and generate vertical motions — the gradient of the
slopes is a key factor in controlling vertical veloc-
ities and the rate of condensation of saturated air
packets. By comparing Fig. 7b and Fig. 7d, it can
be seen that coastal orographic features such as the
Ghats in southern India and the Burmese mountains
have reduced elevation in the T63 model orography.
This is due to a variational filtering procedure used
to suppress spurious orographic oscillations (Gibbs
lobes) in the model orography over oceans, which re-
sult from the finite spectral representation of steep
orography (Bouteloup, 1995). Such anti-Gibbs fil-
tering is effective in removing unrealistic maxima in
simulated precipitation in wet regions such as over
the Indian Ocean in the summer monsoon season
(Holzer, 1996). However, it can also suppress local
maxima in land orography near to the coast unless
care is taken to include orographic gradients in the
weighting functional as was done in Holzer (1996).
This helps to explain why the rain shadow effect of
the Ghats only became apparent at T63 resolution,
whereas Sperber et al. (1994) noticed it at the lower
resolution of T42 in studies using the ECMWF spec-
tral model, in which the orography was not filtered
to eliminate the oceanic Gibbs lobes.

6.2 A smooth mountain experiment: T63s

To estimate the impact of orographic changes on
the monsoon when changing the model horizontal
resolution, an additional T63 simulation has been

performed in which the T63 representation of model

orography has been replaced by the smoother orog-
raphy used in the T21 simulation. This smooth
mountain experiment is referred to as T63s and is
identical to the previously described T63 simulation,
except that it is made with low resolution moun-
tains (globally). The Tibetan plateau is present
in T63s but is considerably smoother than at T63
— for example, the southern slopes of the Tibetan
plateau have a mean gradient of 3 m/km at T21 (or
T63s) resolution compared to 10 m/km at T63 reso-
lution. Hence, the difference between T63s and T63
is not strictly comparable to previous mountain-no
mountain studies (Murakami et al., 1970; Hahn and
Manabe, 1975; Sadler and Ramage, 1976; and oth-
ers) but is more comparable to sensitivity studies of
mean versus envelope/silhouette orography (WMO
1992, 93; Bhaskar Rao et al., 1991; Fennessy et al.,
1994). Silhouette/enhanced orography has steeper
slopes and higher peaks because it uses the maxi-
mum value in the grid box rather than the mean,
and is similar to the envelope orography proposed
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by Wallace et al. (1983) which adds a fraction of the
sub-gridscale standard deviation to the mean orog-
raphy.

6.3 Smooth mountain results

Figure 8 shows the mean JJAS monsoon (1986-
1989) obtained for T63s and this can be compared
to the observations (Fig. 1) and the other simula-
tions (Figs. 2-5). With the exception of the Hi-
malayan region, the overall precipitation pattern in
T63s resembles that obtained for T63, as is con-
firmed by the area-averaged precipitation (Table 2).
In T63s, there is much less excessive precipitation
over the southern slopes of the Tibetan plateau,
even less than at T21, giving both area-averages
and local values in much better agreement with
the coarse-gridded observations. The low-level west-
erly jet (Fig. 8b) is much weaker than in the other
simulations — for example, the Somali jet maxi-
mum is 14-15 m/s rather than the more realistic
17-18 m/s obtained at the other resolutions. This
is most likely related to the reduced height of the
East African highlands and a similar reduction has
been noted in the idealized mountain studies of
Hoskins and Rodwell (1995). The westerly jet is
too zonal over India and continues too far eastward
into the Southeast Asian peninsula as was the case
at lower model resolutions. The excessive zonality
is most likely due to insufficient vorticity modifica-
tion by the suppressed western Ghats and the East
African highlands in T63s (Hoskins and Rodwell,
1995). The upper level easterlies (Fig. 8c) are also
reduced compared to the other simulations and to-
gether with the reduced low-level westerly flow re-
sult in a much weaker and more realistic U-index
than for the other simulations (Table 3). The weaker
and more realistic large-scale monsoon at T63s is
also confirmed by the smaller V-index (Table 3)
and suggests that the large-scale dynamical mon-
soon weakens when smoother orography is used in
the model. These findings are opposite to those of
Bhaskar Rao (1991) and Fennessy et al. (1994), who
found stronger upper-level easterlies and low-level
westerlies in the mean orography case compared to
the enhanced orography case. Another noteworthy
feature of the T63s simulation is the northward po-
sition of the strengthened Tibetan anticyclone (Fig.
8d), reminiscent of the lower resolution simulations
(T21 and T31). It is possible that this could be
partly due to the steering effect of the northern
slopes of the Tibetan plateau which can be seen to
extend further north at lower resolution (Fig. 7).
More will be said about this in Section 7, which dis-
cusses the dynamical effect of the Tibetan plateau.

Figure 9 shows the difference between the T63
simulation and the T63s simulation and can be com-
pared to the T63-T21 difference (Fig. 6), in order
to assess the resolution changes due to changes in
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b) 850hPa wind (T63S JJAS 1986-89)

c) 200hPa zonal wind (T63s JJAS 1986-89)
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Fig. 8. The mean observed summer monsoon (JJAS) for the smooth orography experiment T63s. a)
Mean precipitation rates (contours every 3 mm/day with values above 9 mm/day shaded), b) the
mean 850 hPa velocity vectors (u,v) and isotachs (every 2 m/s, > 8 m/s shaded), c) the mean 200 hPa
velocity vectors (u,v) and isotachs (every 5m/s, > 15 m/s shaded), and d) the mean relative vorticity

at 200 hPa (contours every 0.5 x 107°

the model orography. In general, many of the mon-
soon changes with resolution, especially those not
over land, are not due to the effect of the orogra-
phy. The increased orography explains the increased
precipitation over the Himalayas and northern and
central India and the reduced precipitation around
10-15°N over the Bay of Bengal and the Arabian
sea. This is in agreement with the results of Bhaskar
Rao et al. (1991) who found an increase over the In-
dian sub-continent with enhanced orography, mainly
due to enhanced moisture convergence. However,
Fennessy et al. (1994) found that enhanced orogra-
phy led to a decrease in precipitation over the entire
Indian peninsula by at least 3 mm/day, and ascribed
this to dynamicallyinduced changes in the orograph-
ically forced stationary waves. It could be that the
increased precipitation over India is a local effect
due to regionally increased orography, and in general
such orography is poorly represented in coarse reso-
lution GCMs. For example, the difference between
enhanced and mean orography over India is less than
250 m in Fennessy et al. (1994), whereas it exceeds

, and anticyclonic values less than —2 x 1078

~! shaded).

300 m in T63-T63s. Orography, however, does not
explain the large increase in precipitation over the
equator and the decrease over the Phillipines. From
Fig. 6b, it can be seen that these changes are associ-
ated with increased low-level equatorial convergence
and decreased convergence over the Phillipines, as-
sociated with a general reduction in the westerly jet
over Southeast Asia. The orographic effects do not
show such a change in the low-level flow but instead
show strong changes in the Somalia and Arabia re-
gions (Fig. 9b). With smoother orography, there is
less dry air inflow from the Arabian peninsula and
Persia. The orography helps to explain upper level
flow changes over land (Figs. 6¢ and 9c) but does
not explain the changes in the equatorial easterly
flow. Likewise, the change in 200 hPa vorticity over
the Asian land mass appears to be due to orographic
changes, whereas over the Indian Ocean the orogra-
phy does not explain all the changes.

To summarize, the T63s smooth mountain simu-
lation is more realistic than the other simulations,
in that it has less excessive rainfall over the south-
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a) T63-T63s precipitation (JJAS 1986-89)
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b) T63-T63s 850hPa wind (JJAS 1986-89)
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Fig. 9. Mean orographic difference between T63 and T63s summer monsoons (T63-T63s): a) Mean
precipitation rates (contours every 3 mm/day with positive values shaded), b) 850 hPa velocity
vectors (u,v) and isotachs (every 2 m/s, > 4 m/s shaded), ¢) 200 hPa velocity vectors (u,v) and
isotachs (every 2 m/s, > 4 m/s shaded), and d) the 200 hPa relative vorticity at 200 hPa (contours
every 0.2 x 1075 s71, and positive values shaded).

ern slopes of the Tibetan plateau, more rainfall over

northern India and weaker large-scale shear indices.
However, it has a Somali jet which is much too weak
and has a Tibetan anticyclone situated too far north
compared to ECMWF analyses.

7. Dynamical effect of the Tibetan plateau

It has been known for a long time, that the Ti-
betan (Qinghui-Xizhang) plateau acts as an impor-
tant heat source for the Asian summer monsoon
(Staff Members, Academia Sinica, 1957), and it has
even been described as a heat engine with a giant
chimney in its south eastern corner (Flohn, 1968).
Such orography plays a crucial role as an elevated
source of mid-tropospheric heating and also in dy-
namically controlling important features of the mon-
soon tropospheric flow such as the Tibetan anticy-
clone. An excellent review of the effects of the Ti-
betan plateau can be found in Murakami (1987).
This section will discuss some of the dynamic ef-
fects.

7.1 Vertical motions

Yeh and Gao (1979) and Kuo and Qian (1981)
presented analyses of the vertical velocities observed
over the Tibetan plateau, and these results were con-
firmed by Luo and Yanai (1983) in their analysis
of FGGE observations from late May to early July
1979. In a cross-section at 92.5°E (their Fig. 12b),
in addition to finding intense ascending motion over
the Tibetan plateau (with upward velocities exceed-
ing —5 mb/hour), Luo and Yanai (1983) also noted
intense ascending motion at 700 hPa over the south-
ern slopes of the Himalayas with a maximum mean
upward velocity of —4.3 mb/hour, There was also
evidence of strong descent (exceeding 2 mb/hour) at-
(92.5°E, 42.5°N) in the Tarim basin (Tarim Pendi)
close to the nuclear test site of Lop Nur. The Tarim
basin, sheltered between the Tibetan plateau and
the Tien Shan mountains to the north, contains the
vast sandy Takla Makan (Taklimakan Shamo), the
driest desert in Asia, having dune ridges in its inte-
rior rising to elevations of about 100 m above sea-
level. In disagreement with previous studies, Luo
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Fig. 10. Latitudinal section of the JJAS mean upward vertical velocity zonally averaged between 85-95°E
for a) the T21 experiment, b) the T63 smooth orography experiment, and c) the T63 experiment.
Contours every mb/hour and upward values are shaded. Pressures exceeding the mean surface
pressure are masked out in black and delineate the Tibetan plateau.

and Yanai (1983) found descending motion at 15°N,
which they claimed had also been seen in the model
results of Manabe and Hahn (1975). However, the
latitudinal cross-section of zonal mean vertical ve-
locity shown in Fig. 4.7 of Manabe and Hahn (1975),
reveals upward motion at 15°N, and was described
by the authors as one of the pillars of moist up-
ward motion. Figure 10 shows a comparable cross-
section of the simulated summertime (JJAS) zon-
ally averaged (85-95°E) vertical velocity in units of
mb/hour (36 mb/hour = 1 Pa/s). It can be seen
that there is marked ascent from EQ-10°N over the

Bay of Bengal and also over the southeastern slopes
of the Tibetan plateau. As in Sperber et al. (1994),
the model fails to create ascent over the top of the
plateau, and this may be due to diurnal deficien-
cies in the land surface parameterisation (Kitoh and
Tokioka, 1987). The model simulates latitudinally-
confined uplift over the southern slopes of the Ti-
betan plateau, which increases with resolution to
unrealistically large values (more than 7 mb/hour).
Also at T63 resolution, the subsidence is simulated
over the Tarim basin, and this should be compared
to the model results of Sperber et al. (1994) who
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found that the descent was situated too far north
for resolutions less than T106.

7.2 Observed Tibetan anticyclone vorticity budget

One of the prominent features of the Asian mon-
soon is the development of a strong upper tropo-
spheric anticyclone over the Tibetan plateau. The
anticyclone is clearly visible as a strong negative
minimum in upper tropospheric relative vorticity,
as seen in Figs. 1d and Fig. 5, and represents a
major perturbation in the upper tropospheric trop-
ical circulation. In order to understand the dy-
namics of the monsoon flow, it is of interest to
ask what mechanisms are responsible for the for-
mation and maintenance of the Tibetan anticyclone.
One possible explanation was given by Krishnamurti
(1971a, b) who suggested that the upper level diver-
gence associated with ascending air parcels could
act as a source for anticyclonic relative vorticity,
0:¢ = —(,V.u, caused by the vertical stretching of
the air parcels. Air parcels forced to rise by either
a) underlying orography, and/or b) convective heat-
ing, become compressed in the upper tropospheric
outflow regions and in the Northern Hemisphere this
can then act as a source of anticyclonic relative vor-
ticity. Steering of the westerly jet around the north-
ern side of the plateau would cause the air packets
to rise over the topography and would give rise to
vertical compression of air packets on the northern
side of the plateau. Stretching/compression of air
packets also occurs to the south of the plateau due
to ascent caused by monsoon convection. Both these
processes could contribute to the generation of an-
ticyclonic vorticity at upper levels.

Sardeshmukh and Hoskins (1985) showed that the
major large-scale upper level tropical vorticity dy—
namics is contained in the equation

%% =—-(Vau—uV(+e (1)
where ¢ and (, are the relative and absolute vor-
ticity, respectively, and e refers to small residual
terms associated with vertical advection/twisting,
and dissipation. The first term on the right hand
side is due to wertical stretching and the second term
is due to horizontal advection of absolute vorticity.
Sardeshmukh and Hoskins (1985) also noted that
in the time-mean balance, transients play a small
though not insignificant role in the time mean resid-
ual term. It should also be noted that the horizontal
advection term is non-linear and is not simply due to
meridional advection of the planetary vorticity gra-
dient (Bv), as is often assumed in simplified tropical
heating models (Gill, 1980).

Although Sardeshmukh and Held (1984) per-
formed a detailed analysis of the vorticity budget us-
ing GCM results and found that there was consider-
able cancellation between the stretching and horizon-
tal advection by the time mean flow in the vicinity
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Fig. 11. 200 hPa mean relative vortic-
ity tendencies for the T106 ECMWF
re-analyses JJAS 1985-1989, from a)
mean vertical stretching ((,V.w, and
b) mean horizontal advection (@.V(a,).
Contours every 107!° s72 with an-
ticyclonic positive tendencies shaded.
The tendencies have been smoothed
slightly using a 9-point stencil (smth9 in
GrADS) to make them more readable.

of the Tibetan anticyclone, there have been no stud-
ies of the monsoon vorticity budget using observed
analyses of the atmosphere. To remedy this deficit,
Fig. 11 shows the time-mean stretching and hori-
zontal advection tendencies for the ECMWF JJAS
analyses for the period 1986-89. The stretching
term shows upper-level divergence features associ-
ated with the precipitation maxima over the Bay of
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Bengal and off the west coast of India. Although
there are quite a lot of small-scale features, espe-
cially in the advection term, it can be seen that in
general the large-scale patterns do not cancel one
another. The sum of the two terms equals the diver-
gence of the mean absolute vorticity flux, V.(u(,),
and can be seen to differ significantly from zero
(Fig. 11c). There are net contributions from the
horizontal advection term over southern India and
the Bay of Bengal, and a net anticyclonic tendency
from the stretching term over the north of India
and the Tibetan plateau. Since the time-mean of
the vorticity tendency over 3 months is negligible,
the sum of the time-mean stretching and horizon-
tal advection tendencies must be balanced by the
time-mean of the residual terms caused by verti-
cal advection/twisting, transient vorticity fluxes and
dissipation terms. The residual terms can only be
accurately calculated by accumulating the terms ob-
tained at each time step of the reanalysis integra-
tions, and these were unfortunately not available.
It may be possible that the ECMWF parameteri-
sation of vertical cumulus mixing of horizontal mo-
mentum (cumulus friction) could be playing a role in
the vorticity budget in the vertically sheared mon-
soon region (Moncrieff and Klinker, 1997). A de-
tailed budget study of the ECMWF and NCEP six-
hourly reanalyses, similar to the GCM analysis of
Sareshmukh and Held (1984), could help answer
such questions. Holton and Colton (1972) found
that they could reproduce the 200 hPa rotational
flow by making the crude assumption that the time-
mean residual terms act as a form of vorticity damp-
ing, in other words, € ~ —r(, where r is a damp-
ing coefficient of the order of 1/day. Using this
simple linear model, Held and Sardeshmukh (1984)
were capable of obtaining a rough approximation
of the model’s Tibetan anticyclone given the time-
mean stretching and horizontal advection vorticity
tendencies.

7.8 Modelled Tibetan anticyclone vorticity budget
Large differences between different model resolu-
tions have already been presented for the 200 hPa
relative vorticity, the most noteworthy being the
tendency of the Tibetan anticyclone to move south-
wards at higher resolution. It is of interest to relate
these changes to those seen in the large-scale as-

cent, by examining the tendency terms contributing .
to the upper level vorticity budget. Figure 12 shows.

the stretching and advection terms for the T63 and
T63s model results. An unrealistically large unbal-
anced anticyclonic tendency occurs in the stretch-
ing terms over the southern slopes of the Tibetan
plateau. It is much less in T63s compared to that in
T63 in consistent agreement with the reduced oro-
graphic precipitation already noted in T63s.

The strong anticyclonic tendency is balanced to
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some extent over China and South East Asia by
a strong cyclonic horizontal advection tendency.
It remains, however, unbalanced over the Tibetan
plateau, which may explain why the Tibetan an-
ticyclone became centered further south over Ti-
bet at higher resolution. From Fig. 12, it appears
that unlike the ECMWF analyses which show large
amounts of stretching over the Bay of Bengal, most
of the stretching is occuring further north over the
southern slopes of the Tibetan plateau, associated
with the excessive convection. A much smaller con-
tribution is visible on the northern slopes of the
plateau, which suggests that the steering effect of
the plateau may play less of a role in determin-
ing the anticyclone than does the convection to the
south. The unrealistic cyclonic horizontal advection
tendency over China and Southeast Asia is due to a
strong southward flow in the model, advecting the
meridional gradient in absolute vorticity, thereby
acting so as to cancel the anticyclonic stretching
tendency in these regions. Such a meridional flow
is obscured to a large extent by the zonal compo-
nent when making plots of the 200 hPa wind velocity
vectors. By careful comparison, however, of Figs. 2e
and 4e in Ju and Slingo (1995), excessive southward
flow can be discerned in the model results and it is
of interest to remark that this model also suffered
from excessive precipitation over the southern slopes
of the Tibetan plateau. The strong meridional flow
transports dry upper-level air towards the southern
hemisphere and contributes to an overly active up-
per branch in the local Hadley circulation, as seen
in the large values of V-index. It is encouraging to
note that the model appears to be capturing some
of the regional features over the Bay of Bengal such
as the anticyclonic tendency due to the advection
term.

Assuming that the time-mean residual term acts
as a form of vorticity damping, a possible explana-
tion for why the Tibetan anticyclone moves south-
ward with increased resolution is that the anticy-
clonic vorticity tendency increases due to the in-
creased vertical compression associated with the ex-
cessive convection over the southern slopes of the Ti-
betan plateau. A possible reason why the Tibetan
anticyclone is too far north in the smooth orogra-
phy experiment T63s, having more realistic Tibetan
rainfall, is that the model misses the rainfall maxi-
mum observed over the head of the Bay of Bengal,
which from Fig. 11a can be seen to play a substan-
tial role in the upper tropospheric vorticity budget.
It should be noted that the vorticity damping co-
efficient can have spatial variations, and these may
modulate the response so that spatial features in
the net vorticity tendency no longer coincide with
the resulting features in the vorticity response.
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Fig. 12. 200 hPa mean relative vorticity tendencies due to a) mean vertical stretching in the T63
experiment, b) mean vertical stretching in the T63s experiment, ¢) mean horizontal advection in the
T63 experiment, and d) mean horizontal advection in the T63s experiment. Contours every 107 g2
with anticyclonic positive tendencies shaded. The fields have been smoothed slightly using a 9-point
stencil (smth9 in GrADS) to reduce the small-scale noisiness.

8. Intensification of the equatorial conver-  T21 experiments (Fig. 13), which both had identi-

gence cal T21 orography. It is instructive to decompose
the total difference T63-T21 (Fig. 6) into the sum
of the orographic difference T63-T63s (Fig. 9) and
the residual difference T63s-T21 (Fig. 13). Most of
the large-scale patterns in T63-T21, not adjacent
to the Tibetan plateau, are also found in the resid-
ual T63s-T21, and hence can not be attributed to

The smooth orography test has demonstrated
that many of the resolution changes over land can
be explained by associated changes in the represen-
tation of orography. However, many differences can
still be seen between the results of the T63s and
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b) T63s—T21 850hPa wind (JJAS 1986-89)
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Fig. 13. Mean non-orographic residual difference between T63s and T21 summer monsoons (T63s-T21):
a) Mean precipitation rates (contours every 3 mm/day with positive values shaded), b) 850 hPa
velocity vectors (u,v) and isotachs (every 2 m/s, > 4 m/s shaded), ¢) 200 hPa velocity vectors
(u,v) and isotachs (every 2 m/s, > 4 m/s shaded), and d) the 200 hPa relative vorticity at 200 hPa

(contours every 0.2 x 1075 s~!

changes in the orographic representation. In T63-
T21, there is a marked increase in precipitation over
the equatorial Indian Ocean and a decrease over the
Tibetan plateau, China and the Phillipines, which
is not explainable by changes in orography. Despite
the difficulties of how to discern causality in a com-
plex non-linear climate system, it is tempting to ask
the question: What could have caused these non-
orographic differences 7 .

A possible response to this question comes from
the behaviour of the modelled equatorial conver-
gence zones with resolution. Stephenson and Royer
(1995) noted in their study of the simulated South-
ern Oscillation using a previous version of the
ARPEGE model, that the equatorial convergence
intensified with increased model resolution, espe-
cially in the eastern equatorial Pacific. The same
effect also occurs in the model simulations presented
in this article, as is evident in Fig. 14 which shows
the summertime mean outgoing longwave radiation
— a much-used proxy for convective activity. The
Pacific and Atlantic convergence zones clearly be-

, and positive values shaded).

come narrower and intensify with increasing model
resolution, causing the difference between T63 and
T21 (not shown) to increase in the zones and de-
crease north and south of them. Typical T63-T21
differences are of the order of 40 W.m~2 and de-
creased convection occurs between the latitudes of
10-35°N over the Pacific and Asian sectors. The
trend in the convergence zones in the tropical Pacific
and Atlantic becomes apparent even in the second
month of the simulations (April), before the onset of
the monsoon (not shown). In the Indian ocean sec-
tor, the equatorial OLR increases with increasing
resolution, and this causes the OLR maximum to
become situated further southwest, consistent with
the large scale changes seen in the rainfall distribu-
tion. The Indian Ocean convergence zone extends
south of the equator and the increased OLR at T63
occurs between the equator and 10°S, slightly south
of the increase previously noted in the precipitation.

The model parameterizes sub-grid scale cumu-
lus convective processes using the Bougeault (1985)
mass-flux scheme. As the model grid becomes finer,
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Fig. 14. Mean JJAS outgoing longwave radiation for the a) T21, b) T31, c¢) T42, and d) T63 experiments.

Contours every 10 W.m ™2 with shading for cloudy regions having values less than 250 W.m

local circulations become simulated explicitly by the
model and there is less need for their implicit param-
eterization. Furthermore, mesoscale tests have re-
vealed that at increased resolution, the model simu-
lates increased amounts of precipitation (Bougeault
and Geleyn, 1989). This led Chen and Bougeault
(1993a) to modify the convection scheme by intro-
ducing a scaling factor to relate the rate of mois-
ture convergence to the large-scale vertical moisture

-2

advection. This resolution-dependent factor can be
considered as a mesoscale dynamic parameter ac-
counting for more efficient mesoscale circulations
within larger grid boxes (Krishnamurti et al., 1983).
Chen and Bougeault (1993b) found an empirical de-
pendence on resolution by demanding that the total
rainfall remained the same at the three different res-
olutions of 40, 80 and 160 km. An empirical scaling
has also been incorporated into the ARPEGE op-
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a) Precip for T63t 80% HC (JUAS 1986-89)
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Fig. 15. a) Mean JJAS precipitation for the T63t experiment having 0.8 of the humidity horizontal
convergence supplied to the convection scheme, and b) The difference between the control experiment
T63 and T63t (contours every 3 mm/day and positive values shaded).

erational forecasting model and is useful for avoid-
ing excessive precipitation in the stretched grid ver-
sion of the model (J-F. Geleyn, personal communi-
cation). '

8.1 A reduced convergence experiment: T65t

In the current simulations, resolution-dependent
limitation of the humidity supplied to the convection
scheme was not activated, and explains why the con-
vergence zones intensify with increasing resolution.
It is of interest, therefore, to reduce the supplied
humidity convergence at high resolution in order to
reduce the intensity of the convergence zones, and
thereby see their influence on the monsoon. An ad-
ditional T63 simulation has been performed for the
years 1986-1989 with the horizontal moisture con-
vergence supplied to the convection scheme multi-

plied by a reduction factor of 0.8. The resulting
mean JJAS precipitation for this experiment, T63t,
is shown in Fig. 15a, and the difference with the con-
trol simulation (T63-T63t) is presented in Fig. 15b.
Reducing the moisture convergence supplied to the
convective parameterization closure, has limited the
excessive mean precipitation in the convergence zone
over the equatorial Indian Ocean. It has also helped
to increase, realistically, the amount of precipita-
tion over the Bay of Bengal, which was perhaps sup-
pressed by compensating subsidence induced by the
excessive equatorial convergence zone. Compared to
the T63 values quoted in Table 2, there is less mean
precipitation over the EQU region (9.8 mm/day)
and more mean precipitation over the EXT region
(10.7 mm/day). Hence, the intensification of the
convergence zones with resolution may explain some



260 Journal of the Meteorological Society of Japan

Vol. 76, No. 2

N

JUAS 1986-89)

40N

v 3 a4

'r>‘kl<~

< v

a) 763—T63t 850hPa wind

b) T63—-T63t

40N

e e e 3

20N -

EQ

Fig. 16. Dynamical impact of reducing the moisture convergence supplied to the convection scheme.
The T63-T63t difference in a) the 850 hPa flow, and b) the 200 hPa flow. Note that the isotachs are
every 1 m/s and are half those in previous difference figures.

of the resolution trends in the precipitation.

It is astonishing to note that such non-negligible
changes in convective activity, have overall very lit-
tle effect on the monsoon dynamical circulation at
850 and 200 hPa — differences are shown in Fig.
16 (note the scales are half that in previous fig-
ures). In multiplying the humidity convergence by
a factor of 0.8, the U-index decreases by only 0.1
from 25.8 and the V-index decreases from 6.2 by
only 0.1. There has been practically no impact on
the large-scale zonal and meridional monsoon cir-
culations. The reduction in convection is centered
on the equatorial Indian Ocean and does not have
a large meridional scale, and hence such equatorial
vertical stretching is not likely to induce a large vor-
ticity source in the upper troposphere. From sim-

ple vorticity arguments, off-equatorial convection is
expected to have a much larger impact on the ro-
tational part of the flow, and it is this effect which
dominates the large-scale mean monsoon flow. This
convection test has shown that the excessive equato-
rial precipitation maximum can be reduced by tun-
ing down the humidity convergence supplied to the
convection scheme, yet without having a strong im-
pact on the dynamics of the monsoon circulation.
Such a weak coupling between the model dynamics
and the equatorial convection also provides an ex-
planation for why many GCMs can have excessive
equatorial precipitation in the Indian Ocean while
also having reasonable off-equatorial monsoon cir-
culations (e.g., Ju and Slingo, 1995).
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9. Concluding remarks

A comparison has been made of the mean Asian
summer monsoons simulated by the ARPEGE
GCM with spectral truncations from 21-63 total
wavenumbers, corresponding to model horizontal
resolutions ranging from 600-200 km. Due to the
Asian monsoon having many different phenomeno-
logical aspects, it is a difficult task to summarize the
resolution behaviour, yet such an exercise is of use
in assessing the relative merits of running at higher
and more computationally costly resolutions.

Some simulated features become more realistic
with increasing resolution. Perhaps the most note-
worthy are the changes in the low-level westerly jet.
At low resolutions, the jet has a tendency to con-
tinue too far eastward and has a jet core centered
too far north and east of Somali. As the resolution
is increased, these systematic errors diminish and
at T63 the Findlater jet core is correctly situated
near to Somalia. Unlike the studies of Tibaldi et
al. (1990) and Sperber et al. (1994), there is no dis-
cernible differences in the maximum jet speed with
resolution. The westward contraction of the west-
erly jet also has the effect of reducing the dynamic
large-scale monsoon U-index towards more realistic
values. Furthermore, a similar beneficial reduction
trend is seen in the meridional V-index suggesting
that the local monsoon Hadley circulation also be-
comes more realistic at higher resolution.

Unfortunately, not all features improve with in-
creased resolution and some model systematic er-
rors become worse at high resolution. For example,
at all resolutions the model has excessive precipita-
tion over the southern slopes of the Tibetan plateau,
which is a problem common to many GCM simula-
tions. Whereas the excessive area-average total pre-
cipitation over the slopes (the HIM index) generally
increases by only a small amount with resolution
(10.5 mm/day at T21 compared to 11.8 mm/day
at T63), the local values increase dramatically due
to the precipitation being concentrated into a nar-
rower region on steeper slopes. The enhanced topog-
raphy mainly contributes to spatially redistributing
the total precipitation into a narrower band as was
also discussed by Giorgi and Marinucci (1996). This
leads to large local rainfall rates and excessive verti-
cal motions at high resolution. Another systematic
error of the model which becomes worse at higher
resolutions is the excessive precipitation over the
equatorial Indian Ocean. Tliis is also an error com-
mon to many GCM monsoon simulations and was
seen to get worse when ARPEGE was coupled to a
global ocean model (Stephenson, 1995).

Previous modelling studies have shown that the
mountainous orography in Asia and East Africa can
have a controlling effect on the Asian monsoon. Fur-
thermore, the representation of orography becomes
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much more realistic as resolution is increased. For
example, the gradient of the southern slope of the
Tibetan plateau increases by about a factor of three
in going from T21 to T63 resolution. Hence, it is of
interest to ask which of the resolution changes are
attributable to changes in the orographic represen-
tation. To answer this question, we have performed
a smooth orography experiment in which we pre-
scribed low resolution orography in a high resolution
GCM. This experiment shows much less precipita-
tion over the southern slopes of the Tibetan plateau
and much more realistic dynamic large-scale mon-
soon indices. There is also less ascent over the slopes
and less vertical stretching which can generate an-
ticyclonic relative vorticity. Perhaps as a result of
this lack of vorticity tendency, the Tibetan anticy-
clone becomes situated north of the plateau as also
occurs at lower resolutions. The smooth orography
also gives reduced precipitation over northern and
central India as observed at lower resolutions, and
hence the increase of this with resolution is most
likely due to the increased elevation of local orog-
raphy. Further south, at 10°N over the ocean, the
precipitation decreases with resolution and this ef-
fect is not seen when comparing the smooth moun-
tain experiment with lower resolution results. It is
possible that this southerly band of decreased pre-
cipitation is partly due to the suppression of con-
vection by subsiding air coming from the enhanced
convection over the southern slopes of the Tibetan
plateau. Increased precipitation over the northern
foothills of India and the slopes of the Himalayan
mountains and reduced precipitation over the south
of India and the surrounding ocean is one of the sig-
natures of a monsoon break episode. Hence, it is
tempting to summarize the monsoon changes over
India by saying that the model is more in a break
mode than an active mode as resolution increases.
However, this appealing bimodal concept is perhaps
too simplified to explain all the details. It is known
that many convective monsoon systems are steered
around the foothills of the Himalayas and the moun-
tains of Burma and tests are in progress to see what
effect drag and lift forces have on steering such sys-
tems.

Although the changes in orography explain some
of the changes related to resolution, they by no
means explain all the differences (or even the ma-
jority). There is a systematic trend for low-level
equatorial convergence to intensify as resolution is
increased. This effect can be reduced by limiting
the moisture convergence supplied to the cumulus
convection parameterisation. A test has been per-
formed at T63 resolution, with the moisture conver-
gence reduced by 20 %. The test has the effect of
reducing the excessive precipitation over the equato-
rial Indian Ocean with very little impact on the dy-
namical monsoon flow. Hence, the non-orographic
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Fig. 17. Mean JJAS precipitation differences between the years 1988-1987 for a) the CMAP observations,
b) the T63 simulation, c¢) the T63s smooth orography simulation, and d) the T63t reduced convection
simulation. Contours are every 3 mm/day with negative values shaded.

changes with resolution can not be solely attributed
to the intensification of the mean convergence zones;
and it is likely that changes in transient behaviour
also play a role.

It is of historical interest to note that Gilchrist
(1977) concluded his intercomparison of four dif-
ferent model simulations of the monsoon by saying
that the simulation of more detailed characteristics,
particularly the rainfall distributions, leave o great
deal to be desired. He also concluded that many
of the shortcomings seem to be most evident near
mountains. Many of the systematic errors presented
in his intercomparison study still dominate current
attempts to successfully model the Asian summer
monsoon, as has been demonstrated in this study.
It is unfortunate that many of these errors do not
simply ameliorate by increasing the model horizon-
tal resolution, and many even become worse. On
a more optimistic note, preliminary studies at T63
of the 1987 and 1988 precipitation patterns reveal
that despite the mean state being sensitive to oro-
graphic representation and convective parameteriza-
tions, the interannual variations are relatively insen-
sitive to these changes in the mean monsoon rainfall
distribution (Fig. 17). This interesting result could

be specific to the strongly anomalous 1987 and 1988
monsoons and is currently under more detailed in-
vestigation. Because of its intrinsic complexity, the
realistic simulation and understanding of the Asian
monsoon and its variability are likely to remain ma-
jor challenges for many years to come.
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