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Abstract A set of experiments forced with observed
SST has been performed with the Echam4 atmospheric
GCM at three different horizontal resolutions (T30,
T42 and T106). These experiments have been used to
study the sensitivity of the simulated Asian summer
monsoon (ASM) to the horizontal resolution. The
ASM is reasonably well simulated by the Echam4
model at all resolutions. In particular, the low-level
westerly flow, that is the dominant manifestation of the
Asian summer monsoon, is well captured by the model,
and the precipitation is reasonably simulated in inten-
sity and space appearance. The main improvements
due to an higher resolution model are associated to
regional aspects of the precipitation, for example the
Western Ghats precipitation is better reproduced. The
interannual variability of precipitation and wind fields
in the Asian monsoon region appears to be less af-
fected by an increase in the horizontal resolution than
the mean climatology is. A possible reason is that the
former is mainly SST-forced. Besides, the availability
of experiments at different horizontal resolution real-
ized with the Echam4 model coupled to a global oce-
anic model allows the possibility to compare these
simulations with the experiments previously described.
This analysis showed that the coupled model is able to
reproduce a realistic monsoon, as the basic dynamics of
the phenomenon is captured. The increase of the hor-
izontal resolution of the atmospheric component
influences the simulated monsoon with the same
characteristics of the forced experiments. Some basic
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features of the Asian summer monsoon, as the inter-
annual variability and the connection with ENSO, are
further investigated.

1 Introduction

Observational studies (e.g., Shukla 1987; Webster et al.
1998; Annamalai et al. 1999) and numerical model
analysis (e.g., Fennessy et al. 1994; Ju and Slingo 1995;
Soman and Slingo 1997) have been used in the last
decades to study the Asian monsoon and its main
features. The monsoon is a complex phenomenon and
despite all the studies focused on it, it is still not
completely understood. A very important step in the
analysis of the Asian monsoon and its characteristics
has been the atmospheric model intercomparison
project (AMIP; Gates 1992) where a set of experiments
forced with observed SST from 1979 to 1994 has been
built with different AGCMs. Sperber and Palmer
(1996) analyzed all these experiments and among their
main results they argued that the simulation of the
basic aspects of the monsoon needs further improve-
ments, besides only few models captured the fluctua-
tions between good and poor monsoon seasons in a
realistic way.

The Echam4 atmospheric general circulation model
is used here to create experiments forced with ob-
served SST from 1956 to 1999 (AMIP-type experi-
ments) interpolated from the HadISST dataset
(Rayner et al. 2000). The length of integration allows
an accurate study of the climatology and of the inter-
annual variability of the monsoon. Besides, the avail-
ability of three different horizontal resolutions (T30,
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T42 and T106) permits to analyze the sensitivity of the
model simulations to the horizontal resolution.

Many studies have focused on the impact of the
horizontal resolution on the simulation of the Asian
monsoon and its features. Sperber et al. (1994) imple-
mented and analyzed experiments with climatological
SST, and they found that higher horizontal resolution
is beneficial for the high frequency variability. Other
studies have found out a better simulation of the
tropical easterly jet over South Asia, Indian Ocean and
Africa at higher horizontal resolution (Diimenil and
Bauer 1998); while others found a better simulation of
precipitation around the Western Ghats and of the
strength of the low-level winds over the Bay of Bengal
with an higher resolution model (Stendel and Roeck-
ner 1998). A recent study by Kobayashi and Sugi
(2004) highlighted that the horizontal resolution alone
is not enough to resolve the model biases. For example,
they found that the double ITCZ is still present at high
resolutions and seems to depend on the convective
scheme used.

All those studies never compared the effect of the
resolution on the coupled system atmosphere—ocean.
Recently, May (2003) focused on the atmospheric
model with boundary forcings computed from a cou-
pled atmosphere—ocean system showing that the warm
bias on the surface temperature of the coupled model
help to better represent the precipitation over India
and the position of the ITCZ over the Indian Ocean,
but it represents a worse East Asian monsoon.

The Asian monsoon has strong feedbacks with SST
and land surface conditions. Coupled atmosphere—
ocean models are then supposed to be a very important
and useful tool to study the complex behavior of the
monsoon. They are able to generate and maintain
counterbalanced surface fluxes in time and space
depending on the specific characteristics of the model
components, this produces internally self-consistent
coupled climate simulations compared to atmospheric
models integrated with observed SSTs (Meehl 1989).
Shukla and Fennessy (1994) performed experiments
with a GCM in which the solar forcing of the land and
the ocean were incorporated separately in order to
investigate the role of the annual march of the SST in
the establishment of the monsoon circulation and
rainfall. They argued that if a coupled ocean-atmo-
sphere model is not able to simulate the observed an-
nual cycle of the SSTs, the simulated monsoon
circulation could be highly deficient.

The simulation and the variability of the Asian
summer monsoon (ASM) and its components have
been studied with coupled GCMs (e.g., Meehl and
Arblaster 1998; Kitoh et al. 1999; Terray et al. 2005).
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The mains results are that the coupled models exam-
ined tend to reproduce too much precipitation over the
Indian Ocean and less over the Indian continent in
summer. In particular, Terray et al. (2005) analyzed
the Indian summer monsoon (ISM) climatology and
interannual variability with the SINTEX coupled
model at low resolution (T30) (Gualdi et al. 2003;
Guilyardi et al. 2003). They found out that the SIN-
TEX model is able to simulate reasonably well the
ISM, in particular the annual cycle of the precipitation
over India is realistic, even if the intensity of the pre-
cipitation is lower than observed for all the summer
season. Furthermore, the cross-Equatorial flow at
lower level is in agreement with the reanalysis, even if
the Somali jet is not strictly confined near the African
coasts, and in the Arabian sea the monsoon is too zo-
nal. From an observational study, Hastenrath (2000)
has shown that the upper-level Equatorial easterlies
observed during the ISM are more closely associated
with the upper branch of the local Hadley circulation
than with a thermal circulation driven by the SST
gradient along the Equator. Terray et al. (2005) argued
that the weakening of the local Hadley cell in the
model experiment may play a crucial role in the biases
of the precipitation over India in summer.

Among the SINTEX EU project, the SINTEX
CGCM has been integrated with the atmosphere at
three different horizontal resolutions (T30, T42 and
T106). Gualdi et al. (2003) used those experiments to
study the impact of the horizontal resolution on the
tropical climate variability. In this work we have ana-
lyzed them to study the differences on the Asian
monsoon simulation imposed by an interactive ocean.
Furthermore, to investigate with more details which is
the influence of the interaction between atmosphere
and ocean we have performed a set of experiments
with Echam4 forced by SST obtained as a result of the
coupled model simulation. This technique has been
used many times in literature (e.g., Latif and Barnett
1994; Kitoh and Arakawa 1999; May 2003; Inatsu and
Kimoto 2005) to compare and discuss the differences
between AGCM and CGCM simulations.

The amount of precipitation as well as the intensity
of the winds are subject to variations among years. The
total amount of precipitation in summer (June-Sep-
tember mean) normalized with respect to its standard
deviation was defined by Parthasarathy et al. (1992) as
all-Indian rainfall (AIR) index. Observations from
1870 to 2000 show that the strength of the ISM in term
of precipitation has been highly variable: years with
quite intense precipitation are easily followed by
drought years. Precipitation data is inhomogeneous
and is subject to local effects, so Webster and Yang
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(1992) used a dynamic criterion to differentiate be-
tween strong and weak monsoons, they defined a
dynamical monsoon index (DMI) as the mean JJA
shear of the zonal wind (ugso — us00) averaged over
40°-110°E, Equator — 20°N. That index is a measure
of the large-scale monsoon circulation and does not
necessarly correspond to the regional rainfall varia-
tions represented by AIR (Ju and Slingo 1995). Other
monsoon indices have been defined in recent years
with the aim to study also the regional aspects of the
Asian monsoon, either in terms of the precipitation
and of mean winds. The interannual variation of the
Indian monsoon is characterized by fluctuations of a
regional Hadley circulation, which changes sign from
strong to weak monsoon years (Goswami et al. 1999).
In that view they have introduced a meridional index
MHI, defined as vgsy — v, averaged in the region 70—
110°E 10-30°N in summer.

The interannual variability of the monsoon is mod-
ulated, among others boundary forcings, by ENSO
(Webster et al. 1998; Sperber et al. 2000). Several
studies (e.g., Rasmusson and Carpenter 1983; Zhang
et al. 1996; Lau and Nath 2000; Kinter et al. 2002) fo-
cused on the relationship between ENSO and the
Asian monsoon. In all these studies warm ENSO
events were generally related to dry monsoon seasons,
with cold ENSO events associated with wet monsoon
seasons. The warm episodes of ENSO are associated
with a shift in the climatological Walker circulation to
the Eastern Pacific. This shift results in enhanced low-
level convergence over the Equatorial Indian Ocean
and in driving an anomalous Hadley circulation with
descent over the Indian continent and decreased
monsoon rainfall (Goswami 1998). It has been shown
that the ENSO-monsoon interaction has intraseasonal
frequency influenced by the MJO (Madden—Julian
Oscillation), the monsoon onset, active/break phases of
the monsoon itself and westerly wind bursts in the
Western Pacific (Webster et al. 1998). An important
issue in the connection of monsoon and ENSO is the
changes found after 1976 (climate shift), in particular
an observational study made by Kinter et al. (2002)
evidenced that the relationship between monsoon and
ENSO has weakened after 1976. In this study a similar
analysis has been made with the results from the
AMIP-type experiments.

This study is organized as follow: Sect. 2 describes
the model used and the experiments performed. Sec-
tion 3 includes the analysis of the mean climatology
simulated by the models used, as well as a detailed
analysis of the main differences associated to the dif-
ferent horizontal resolutions considered. Section 4 is
dedicated to the analysis of the new set of experiments

performed forcing the atmospheric model with SST
from the coupled model outputs to assess the impact of
an interactive ocean. Section 5 describes the interan-
nual variability of the ASM using dynamical index to
represent the evolution between strong and weak
monsoon years. Section 6 contains the analysis of the
connection between monsoon and ENSO. Finally,
Sect. 7 is a summary of the main conclusions obtained.

2 Model and observations

2.1 Description of the models and setup
of the experiments

The atmospheric general circulation model used, EC-
HAMA4, represents the 4th generation of the ECHAM
(ECmwf HAMburg) atmospheric model developed at
the Max Planck Institute fiir Meteorology in Hamburg
(Roeckner et al. 1996). It is a spectral model and the
prognostic variables include vorticity, divergence,
temperature, surface pressure, water vapour and cloud
water. The equations of the model are solved on 19
vertical levels, with the top at 10 hPa. The non-linear
terms and the physical processes are computed on a
Gaussian grid, with three different horizontal resolu-
tions, T30 (3.75°), T42 (2.128°) and T106 (1.125°). The
Echam4 model at different horizontal resolutions has
been used to build a set of AMIP-type experiments
with prescribed SSTs interannually varying from 1956
to 1999. The SSTs used have been interpolated from
the HadISST dataset (Rayner et al. 2000).

Among the SINTEX EU project, the Echam4 GCM
has been coupled to OPAS8.1 (Madec et al. 1998) by
means of Oasis2.4 (Valcke et al. 2000). The coupled
system obtained, SINTEX (Gualdi et al. 2003; Guil-
yardi et al. 2003), is available at three different hori-
zontal resolutions of the atmospheric component.

Ocean PArallelisée (OPA) is the global ocean cir-
culation model developed at LODYC in Paris (Madec
et al. 1998). It is a primitive equation model. The
prognostic variables are the three dimensional velocity
field and the thermohaline variables. The spatial res-
olution is about 2° x 1.5°, with a meridional resolu-
tion of 0.5° at the Equator. The version of the coupled
model used is implemented without flux adjustment.

2.2 Description of the datasets used for comparison
The results of the model experiments have been com-
pared with reanalysis and observations. The CPC

merged analysis of precipitation (CMAP) dataset
contains global monthly precipitation obtained by
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merging gauge data and five kind of satellite estimates
with values distributed on global regular gridded fields
(grid point 2.5° x 2.5°, Xie and Arkin 1997). The
ERA data assimilation system is a special version of
the ECMWF system, it contains surface and upper air
fields from 1958 to 2002 (for more details see the web
site http://www.ecmwf.int). The outgoing longwave
radiation (OLR) dataset is that from the National
Oceanic and Atmospheric Administration (NOAA)
series of satellites (for details Trenberth et al. 2002).
The AMIP-type experiments have been forced with
interannually varying SST from 1956 to 1999. These
fields have been built interpolating the SST from the
Hadley centre sea-ice and sea Surface Temperature
(HadISST1.1), which consists of monthly SST and sea—
ice concentration on a regular grid of 1° x 1° (full
details are provided by Rayner et al. 2000).

3 Sensitivity to the horizontal resolution: mean
climatology

The monsoon and its main features are generally
studied through the analysis of precipitation and wind
fields. In Fig. 1 the mean JJA wind at 850 mb is
superimposed to the mean JJA OLR. As evidenced in
the bottom panel of the figure, one of the most dra-
matic elements of the ASM is the development of the
lower tropospheric Somali Jet in response to the land—
sea gradient of large-scale heating (Sperber et al.
2000). The seasonal reverse in direction and the
intensification of the low-level wind are well captured
by the atmospheric model at all resolutions (Fig. 1la—c).
In general even the low-resolution Echam4 GCM has a
good representation of the ASM mainly for circulation
features (Cherchi and Navarra 2003). The wind at
lower levels reverses in direction from easterly to
westerly after the Asian monsoon starts. One of the
main biases of the atmosphere-only model is the sim-
ulation of the south-westerly flow while crossing the
Equator. In particular, in the AMIP-type experiments
at all resolutions (Fig. la—c), the meridional compo-
nent of the flow is too strong at the Equator. In the
coupled model experiments (Fig. 1d—f) this bias is less
evident, mainly at higher resolution. In the western
tropical Indian Ocean warmer SST, by about 1-1.5°C,
with respect to the observations maintains weaker
gradient and following Lindzen and Nigam (1987)
theory the winds that may be induced are weaker. The
feedback between winds and SST prevents a decrease
of temperature and an increase of wind intensity.
Figure 2 shows the summer mean meridional wind
averaged around the Equator (between — 2.5° and 2.5°
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latitude). In some regions, the simulated wind is
stronger than observed (i.e. between 20°-40°E, be-
tween 60°-80°E and off 140°E). The coupled model
winds (dashed lines) are somehow weaker with respect
to the AMIP-type experiments results. Along 40°E the
main peak is well captured by the AMIP model at high
resolution, while along the western coasts of India the
simulated wind is much stronger than observed. Com-
paring the solid and the dashed lines of Fig. 2 it is
evident that the main deficiencies in the simulation of
the lower tropospheric meridional wind are common to
both the models used, but it is noteworthy that the
coupled model experiments catch the different peaks
of the meridional wind along the Equator in a more
realistic way.

After the monsoon onset the low level westerly flow
expands from the Indian subcontinent toward China
reaching the western Pacific Ocean, as a manifestation
of the Western North Pacific High (Wang et al. 2001).
This behavior is quite well simulated by the Echam4
model even if the intensity of the winds is larger than in
the observations (Fig. la—). The East Asian summer
monsoon (EASM) region is characterized by lower
level easterly winds from the Pacific Ocean and wes-
terly from the Maritime Continents region, while in the
model the main flow comes from the Pacific Ocean
producing a somewhat poor simulation of this com-
ponent of the Asian—Pacific monsoon. In the coupled
model experiments (Fig. 1d-f), along South East Asia
the wind direction is well simulated, while its intensity
is underestimated. In the Western North Pacific region
the mean behaviour of lower tropospheric winds is
better simulated by the T42 horizontal resolution
experiment.

Outgoing longwave radiation pattern is a first guess
for convection (Fig. 1, shaded patterns). The areas with
OLR <200 W/m? (blue-shaded in the figure) are
identified as heating sources and are indicative of
convection centres. As OLR minima are indices of
persistent deep convection and latent and radiative
heat sinks within the troposphere, regions of maxima
OLR (values greater than 290 W/m? are red-shaded in
the figure) indicate radiative loss to space. From the
observations (Fig. 1g) two main convection centres
may be identified: one is located in the Bay of Bengal
and the other in the vicinity of Philippines. At low
resolution (Fig. 1a, d), the low values of OLR are lo-
cated too much south with respect to the observations,
with the minima located around 100°E. At T106 reso-
lution the areas with OLR lower than 220 W/m? are
shifted slightly eastward and southward, assuming a
pattern more similar to satellite data (Fig. 1c, f). In all
the experiments, the OLR over Indonesia is lower than
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Fig. 1 Mean JJA OLR (W/m?) and surface wind vectors (m/s)
for the Echam4 AMIP-type experiments (a—c) and the SINTEX
coupled model experiments (d-f) at three different resolutions

(T30, T42 and T106), and for the observations (g). OLR data are
from NOAA dataset and winds from ERA40 reanalysis
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Fig. 2 Mean JJA Equatorial meridional lower tropospheric wind
(m/s) for the Echam4 AMIP-type experiments (solid lines) and
the SINTEX coupled model experiments (dashed lines) at three
different horizontal resolutions (T30 red, T42 blue and T106
green) and for the ERA40 reanalysis (yellow solid line)

observed, producing enhanced convection in that area.
The lack of convection over the Bay of Bengal remains
a major deficiency in the simulation of the Asian
summer monsoon, even at T106 resolution. The main
differences between the coupled and the AMIP-type
experiments results are around the Philippines, where
the coupled model has higher OLR, suggesting the
simulation of lower than observed precipitation in that
area.

The summer mean precipitation for the Asian
monsoon region is represented in Fig. 3. The low res-
olution experiments results (Fig. 3a, d) show a lack of
precipitation all over the Indian area, with the maxima
located in the area from 80-100°E and 5°S-20°N. A
bias of the precipitation fields for the atmosphere-only
model, at all resolutions, is the strong rainfall located in
the Western Equatorial Indian Ocean, induced by the
strong meridional flow in that area (Fig. 3a—c). In the
coupled model experiments this bias is reduced, as well
as the meridional wind component. It is interesting to
note that as the resolution increases the bias is further
diminished. Some aspects of the Indian summer mon-
soon in terms of precipitation are well captured with an
higher resolution model (Fig. 3c, f), even if some
convective centres remain located at unrealistic posi-
tions. The four main centres of convection of the ISM,
that are the Western Ghats, the Bay of Bengal, the
Ganges plain and the Equatorial Eastern Indian
Ocean, are better captured with the higher resolution
model experiments, particularly the understimation of
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the Western Ghats and of the Bay of Bengal and the
overstimation of the Equatorial Eastern Indian Ocean
rainfall are less severe. Over South East Asia the
precipitation pattern is better represented at lower
resolution for both the AMIP-type and the coupled
model experiments results. Around Philippines the
precipitation is largely overestimated in the AMIP-
type experiments (Fig. 3a—c) and largely underesti-
mated in the coupled model experiments (Fig. 3d—f).
Another bias of the coupled model experiments is the
double ITCZ over the Western Equatorial Pacific
(Fig. 3d-f), typical of other coupled models without
flux adjustment (Meehl et al. 2001). This bias is inde-
pendent from the resolution, suggesting its main
dependence on the convective scheme used; these
results are confirmed by other coupled models
(e.g., Kobayashi and Sugi 2004).

The mean ISM rainfall as simulated by the SINTEX
coupled model with the atmospheric component at T30
resolution has been analyzed by Terray et al. (2005).
They emphasized that the model was not able to
reproduce the heavy rainfall along the western coasts
of India and had a bad representation of the distribu-
tion of precipitation in the Indian Ocean and the
Arabian sea. With an higher resolution atmospheric
model component the SINTEX coupled model exper-
iment is able to simulate the abundant precipitation
along the Western Ghats (Fig. 3f). The abundant sim-
ulated precipitation over the Western Indian Ocean,
typical of Echam4, decreases and some rainfall peaks
appear nearby the Bay of Bengal even if they are not
well localized.

The monthly evolution of precipitation averaged
over the main convective areas previously discussed is
shown in Fig. 4. The extended indian monsoon rainfall
(EIMR) region, introduced by Goswami et al. (1999)
includes the Indian subcontinent, the Bay of Bengal
and part of the Indian Ocean. Rainfall averaged in the
EIMR area (Fig. 4a) is realistically simulated, mainly
in terms of starting and ending phase, while the
intensity is lower than observed. It is interesting to note
that the ending phase is better captured in time and
intensity by the T106 model experiments (Fig. 4a,
green lines). In the Indian subcontinent (Fig. 4b) the
amount of simulated precipitation is slightly underes-
timated, even if the main peak in July is well captured
by the AMIP-type experiments (solid lines) and by the
T30 coupled model experiment (red dashed line). The
Bay of Bengal seems to be the main cause for the
underestimation of the ISM rainfall (Fig. 4c). In the
Western Pacific Ocean area (Fig. 4d), the precipitation
simulated by the AMIP-type experiments (solid lines)
are much stronger than observed (yellow solid line),
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AMIP-type experiments (a—c) and the SINTEX coupled model
experiments (d—f) at three different horizontal resolutions (T30,

and in the higher resolution experiments they are also
anticipated (green solid line). In the Western Pacific
Ocean region the rainfall simulated by the coupled
model is less than observed (Fig. 4d, dashed lines), it
starts in April and from August it decreases rapidly.

100F
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T42 and T106) and for the CMAP dataset (g). Contour intervals
are 4, 8, 12, 16, 18 mm/day

4 Possible effects of an interactive ocean
An important forcing for the ASM seems to be the SST

in the Tropical Indian Ocean (Shukla 1987; Rao and
Goswami 1988; Clark et al. 2000). Indeed, the rela-
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AMIP-type (solid lines) and coupled model experiments (dashed

tionship between SST in the Tropical Pacific Ocean
and the ISM is well recognized (e.g., Webster and
Yang 1992; Ju and Slingo 1995; Soman and Slingo 1997;
Kinter et al. 2002). Figure 5a shows the mean summer
SST observed. In the northern tropical Indian Ocean,
summer SST warms up, except in the western part of
the basin near the coast of Somalia, where cold water
from the below upwells producing a strong gradient. In
the coupled model, SST in the Tropical Indian Ocean
is warmer than observed, particularly north of the
Equator (Fig. 5b-d). For instance, in the northwestern
Indian Ocean SST in the coupled model experiments is
1-1.5°C warmer than the HadISST values, and the
upwelling region in the western part of the basin is not
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simulated. In the Equatorial Pacific Ocean the cold
tongue regime simulated by the model extends too
westward (Gualdi et al. 2003; Guilyardi et al. 2003).
This bias may be responsible for a worse simulation of
the connection between ENSO and the monsoon
(Terray et al. 2005). In the North Eastern Tropical
Pacific Ocean the simulated SST is colder than ob-
served, especially at lower resolutions (Fig. 5b, ¢), and
this may be associated to the weaker representation of
the surface winds and precipitation in the western
north Pacific monsoon region.

The impact of air-sea coupling processes in the
simulation of the Asian summer monsoon has been
analyzed by Fu et al. (2002). They argued that the
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coupling was able to overcome some deficiencies of the
atmospheric model alone. In particular, the cold bias
they found in the coupled model SST was able to fa-
vour interaction with SST, fluxes and winds, producing
results more similar to the observations.

The analysis of the previous section has shown that
in some regions (i.e. Western Ghats, Bay of Bengal,
Western Equatorial Indian Ocean and Indonesia) the
coupled model simulates more precipitation with re-
spect to the atmospheric model alone, whereas in
others (i.e. Eastern Equatorial Indian Ocean and
northwestern tropical Pacific Ocean) it simulates less
precipitation. To analyze with more details the effec-
tive role of the SST, a new set of experiments has been
built with the atmospheric model forced by SST ob-
tained from the coupled model simulations. The
experiments have been performed for each horizontal
resolution and integrated for 10 years.

The Echam4 model when forced by SST with a
warm bias in the Indian Ocean and with a cold bias in
the North Western Pacific Ocean simulates a South
Asian summer monsoon with more rainfall in the Bay
of Bengal and in the Indian subcontinent, and with less
rainfall in the Eastern Equatorial Pacific Ocean and in
the North Western Pacific Ocean. The south-westerly

flow in the Indian Ocean is weaker in the new exper-
iments (Fig. 6). In particular, both the zonal and the
meridional components are weaker in the Equatorial
band and just south of it, and they are stronger north of
it in correspondence of the Indian subcontinent and of
South East Asia.

The differences between the coupled model simu-
lations and the results from the forced experiments are
almost weak suggesting the hypothesis that in the
coupled model the bias in the SST is the dominant
influence

5 Interannual variability: monsoon indices analysis

The interannual variability of precipitation may be
analyzed by means of an EOF analysis applied to the
summer mean precipitation. This analysis has been
made for the AMIP-type experiments and for the
coupled model to evidence which is the influence of
prescribed or interactive SST on the monsoon vari-
ability. The EOF has been applied to the area 20°S—
40°N for all the longitudes, as Navarra et al. (1999)
shown that it is the best area to capture the interannual
variability of the tropical regions. Precipitation fields
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Fig. 6 Mean JJA total precipitation differences between cou-
pled model experiments and atmospheric model with SST forced
from the coupled model. Contour interval is 0.5 mm/day

have been averaged from June to August. In the
ENSO-monsoon region, the areas with the higher
variability are localized in the Pacific Ocean, south of
the Equator along the whole basin, and north of the
Equator in the North East near the coast of America,
and in an area which includes the Maritime Continents,
the South China sea, the south-eastern Tropical Indian
Ocean and part of the Indian subcontinent (Fig. 7g).
The areas identified are of opposite sign, suggesting an
inverse connection between them. In the observations
the percentage of variance explained by this mode is
13%. The dominant mode of variability of the summer
precipitation just described is partially simulated by the
models. The negative pattern in the Pacific Ocean is
captured by both coupled and atmospheric model,
even if in the coupled model it extends westward
reaching the Maritime Continents region, possibly as a
consequence of the bias of the coupled model which
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simulates a cold tongue regime which extends too
westward (Gualdi et al. 2003; Guilyardi et al. 2003).
On the other hand the positive pattern is weaker at
high resolution. The weakness of the EOF pattern is
present even in the coupled model experiments, sug-
gesting its dependence on the horizontal resolution of
the atmospheric component rather than to the pres-
ence or absence of an interactive ocean. In the Mari-
time Continents region the sign is unrealistically
reversed with respect to India in the AMIP-type
experiments.

Usually, strong and weak monsoon years are dis-
tinguished with indices based on precipitation and
wind fields. The simulation of the interannual vari-
ability of the monsoon rainfall widely differs from one
model to another (Sperber and Palmer 1996), and this
suggests that some regional aspects of the circulation
strongly depend on the resolutions and on the physical
parameterizations of the models. In the literature a
large number of circulation-based indices has been
introduced with the main aim to study the different
aspects of the monsoon. Furthermore, when dealing
with the general circulation models, the indices have to
be selected with some consideration of the systematic
errors of each model.

The dynamical monsoon index (DMI) is a well-
known circulation-based index. It was defined by
Webster and Yang (1992) as the mean JJA zonal wind
shear (ugso — upo0) on the area 40°-110°E, Equator —
20°N, and it has been used in many studies (e.g., Ju and
Slingo 1995; Li and Yanai 1996; Lau et al. 2000) to
represent the broad scale features of the Asian mon-
soon. The DMI simulated by the Echam4 model is
significantly correlated (Table 1) with the observations
at all resolutions. The increase of the resolution does
not change the significance of the correlation with the
observations, this result may suggest that SST has a
stronger impact on this variability than the horizontal
resolution has. As the DMI is considered a large-scale
dynamic index, we should assume that our model
successfully simulates these global features. Besides, as
the DMI have been recognized to be related to the
Walker circulation over the Indian Ocean region
(Goswami et al. 1999), it may be argued that the model
can simulate also this component of the monsoon cir-
culation.

Composite maps of strong minus weak years
according to DMI are computed to investigate the
spatial structure of the monsoon variability. A signifi-
cance test based on the bootstrap procedure has been
applied to the composite maps. Values significant at
95% are shaded in the pictures. In the observations
(Fig. 8g), a strong monsoon is characterized by higher
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Fig. 7 First EOF for the JJA mean precipitation (mm/day) for the AMIP-type experiments (a—c), for the coupled model experiments
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Table 1 Linear correlation coefficients of DMI and MHI indices
as computed from the ERA40 reanalysis wind fields and the
Echam4 AMIP-type experiments at three different horizontal
resolutions (T30, T42 and T106)

T30 T42 T106
DMI 0.53* 0.49* 0.47*
MHI 0.40* 0.20

Asterisks indicate values significant above 99%

than normal precipitation over India, in the Bay of
Bengal and in the North Western Pacific Ocean near
Philippines, and by lower than normal precipitation in
the Equatorial Pacific Ocean and in the Equatorial
Indian Ocean.

In the AMIP-type experiments, strong monsoon
years are characterized by intense precipitation over
India (Fig. 8b, c), specifically in the Bay of Bengal and
in the Western Ghats. The lower resolution experiment
(Fig. 8a) is not able to capture the variability along the
Western Ghats. In the coupled model experiments
(Fig. 8d—f) the spatial distribution of the composites of

rainfall anomalies over India is quite similar to the
AMIP-type experiments results. In particular, a strong
monsoon year is associated with strong precipitation
over the Bay of Bengal and in the Western Ghats, and
this pattern is simulated even at low resolution. It is
interesting to note that intense precipitation over India
is associated with intense precipitation over the Phil-
ippines and less than usual precipitation over the
Equatorial Indian Ocean, over Indonesia and in the
Eastern Equatorial Pacific Ocean, as observed.

The intensification of the precipitation over the Bay
of Bengal is associated to an intensification of the low-
level westerly flow towards India and in the Bay of
Bengal (Fig. 9g). The increase of precipitation in the
North Western Pacific Ocean is associated to a cyclonic
flow (Fig. 9g) which is simulated better at higher res-
olution for both forced and coupled model experi-
ments. The intensity of the low-level westerly flow
towards India is realistically captured by the models
(Fig. 9). There are some biases over the Bay of Bengal,
especially in the coupled model at low resolutions
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(Fig. 9d, e), where the westerly flow is weaker and it is
deflected southward. Furthermore, in the coupled
model, mainly at low resolutions (Fig. 9d, e), the cy-
clonic flow in the North Western Pacific Ocean is not
well simulated.

Another important monsoon index is the monsoon
Hadley index (MHI) that was defined by Goswami
et al. (1999) as the mean summer meridional wind
shear (vgsg - Vo00) averaged in the area 70-110°E, 10—
30°N. It was introduced to represent the strength of the
ISM circulation. As the DMI is related to the Walker
circulation, the MHI has been introduced as related to
the Hadley circulation, both of them being important
for the evolution of the monsoon.

The MHI simulated by the Echam4 model is posi-
tively correlated with the observations, but the corre-
lation is significant only for the T42 resolution
experiment (Table 1), this implies that the horizontal
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resolution does not help to reduce the systematic errors
associated to the local Hadley circulation. The analysis
of the linear correlation between the simulated MHI
and that from reanalysis suggests that the 1980s have a
better correlations with the observations for all the
resolutions, the main deficiencies are found in the last
decade and in the 1970s (not shown).

Strong monsoon years according to MHI (Fig. 10g)
have higher precipitation over India and in the south-
western Indian Ocean, and negative anomalies in the
South Eastern Indian Ocean and along the Equatorial
Pacific Ocean. In the AMIP experiments case
(Fig. 10a—c) positive anomalies over India are associ-
ated with negative anomalies over the West Pacific
Ocean and positive anomalies over the south eastern
Indian Ocean. The negative relation with the Eastern
Equatorial Pacific Ocean is prominent at T106 reso-
lution (figure 10c). In the coupled model experiments,
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negative anomalies over the Equatorial Pacific Ocean
are present at all resolutions (Fig. 10d-f). Positive
anomalies in the Indian subcontinent are associated to
positive anomalies in the western Equatorial Indian
Ocean, as observed. The negative relationship between
India and south eastern Equatorial Indian Ocean is not
captured by the coupled model. In the DMI composite
precipitation anomalies at T106 resolution are weaker
than at lower resolution, while in the MHI case the
values are comparable. If the DMI (MHI) links the
monsoon variability to the Walker (Hadley) circulation
we may argue that at higher resolution the Echam4
model fails the simulation of the Walker circulation
affecting the tropical variability, including the mon-
soon.

The main differences in the composites of the winds
at low levels between MHI and DMI are over the Bay
of Bengal, where in the first case the intensification of

the flow is towards north while in the second case it is
mainly westward, and in correspondence of South
Eastern China, where in the second case there is a
strong westerly flow that reaches the Philippines Is-
lands (not shown). Those features are not captured by
the models. Both the coupled and the atmospheric
models have a strong easterly flow in the region from
100°E and 140°E that is unrealistic. It is possibly a
shortcoming in the models to represent realistically the
Hadley circulation component in the ENSO-monsoon
region (not shown).

6 ENSO-monsoon connection: the 1976 climate shift
The Asian monsoon and ENSO are interactive systems

(Webster and Yang 1992), each of them being able to
influence and to be influenced by the other. The
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physical connections through which the South Asian
monsoon influences ENSO should be investigated with
an analysis of the indices that measure the monsoon.
Some studies (e.g., Ju and Slingo 1995; Webster et al.
1998) have shown that the Indian monsoon and ENSO
are inversely correlated. The DMI previously discussed
is considered a good index to represent the dynamical
aspect of the Asian monsoon and is choosen here to
analyze the connection with ENSO. The DMI is sig-
nificantly correlated with the NINO3 index, while the
MHI, in the models, has a weaker correlation (not
shown). This behaviour indicates that ENSO influences
the monsoon mainly through the Walker circulation,
whereas the local Hadley cell is less affected.

There are evidences that in last decades the con-
nection between ENSO and the monsoon has de-
creased (Kumar etal. 1999b). Changes in this
connection may be associated to changes in the Trop-
ical North Pacific Ocean climate and in the low-level
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circulation with centres in the South China sea and
Philippines Islands (Kinter et al. 2002).

The maps of the correlation coefficients of DMI with
global SSTs have been computed for the AMIP-type
experiments in two different periods: before 1976
(from 1956 to 1976) and after 1976 (from 1977 to 1999)
to investigate the effects of those changes in the
atmospheric model. SST is a fundamental and impor-
tant Oceanic indicator of the ENSO process (Kinter
et al. 2002); furthermore, JJA is the season where the
connection is established and strong (Kumar et al.
1999a). Those kind of maps may give information also
on the influence of the monsoon on ENSO itself. The
correlation field (Fig. 11h) is characterized by the
horseshoe pattern over the Pacific Ocean (as defined
by Miyakoda et al. 1999). To the west the horseshoe
pattern is surrounded by a region of opposite sign and
it is connected with other correlations over the Indian
Ocean. In the AMIP-type experiments (Fig. 11a—c) the
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pattern described is realistically captured at all reso- dence of a weakening of the relationship between
lutions. It is noteworthy that DMI and Eastern Equa- ~ ASM and ENSO there is a weakening (down to 3-
torial Pacific SSTs have a strong negative correlation. 4 mm/day) of the rainfall amount in the Indian sub-
This result supports the idea that the DMI may rep-  continent and in the Bay of Bengal, and an intensifi-

resent the large-scale circulation changes over the In-  cation (up to 6-8 mm/day) of the precipitation in the
dian Ocean associated with ENSO (Goswami et al.  Western North Pacific Ocean (not shown). The same
1999). behavior is simulated at all the resolutions considered.

From the picture it is evident that the correlation
has decreased after 1976 (Fig. 11le—h). The decrease
of the correlation in the Eastern Equatorial Pacific =~ 7 Discussions and conclusions
Ocean is associated with a decrease of the negative
correlation in the Indian Ocean and with an increase of  The ASM is simulated by the Echam4 model in a
the positive correlation in the Western Tropical Pacific ~ realistic way, at least in terms of circulation and pre-

Ocean. cipitation features. In particular, the low level westerly

The analysis of the precipitation before and after  flow, that is the dominant manifestation of the Asian
1976 in the model results reveals that in correspon-  summer monsoon, is well captured by the model at all
a) pre—1976 Amip T30 e) post=1976 Amip T30
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resolutions, and the precipitation is realistically simu-
lated either in space distribution and intensity. The
precipitation around the Equatorial zone are stronger
than observed, a common problem for many atmo-
spheric models. The major deficiencies of the model
are the lack of precipitation over the Bay of Bengal
and a meridional wind at the Equator stronger than
observed. A probable explanation for the lack of pre-
cipitation in the Bay of Bengal is the deficiency of the
model to simulate well the surface winds from the
Eastern African Highlands preventing the migration of
rainfall into the Indian Ocean and the Indian subcon-
tinent. The increase of the horizontal resolution im-
proves the simulation of some regional aspects of the
monsoon, for example the higher resolution experi-
ment reproduce the precipitation on the Western
Ghats, that is completely absent at lower resolution,
mainly because of an improvement in the orography.
However, higher resolution can not represent the en-
tire solution for the systematic errors of the models.

The interaction between atmosphere and ocean is
important for a good representation of the Asian
monsoon. Anyway, as shown in Sect. 3, the SINTEX
coupled model tends to overestimate the SST in the
Indian Ocean. Furthermore, the SST gradient in the
western part of the basin near Somalia is weak in the
coupled model: a consequence is the weakening of the
surface winds from the Indian Ocean towards India.
Precipitation and surface winds as simulated by the
coupled model are realistic, somehow they are better
than in the forced model, but somehow they are worse.
Over India and in the Equatorial Indian Ocean the
simulated precipitation in the coupled model is slightly
reduced with respect to the atmospheric model and
more similar to the observations, but around Philip-
pines it is largely underestimated than in the atmo-
spheric model forced with prescribed SST and in the
observations. The set of experiments performed with
the atmospheric model forced with SST from the
coupled model helped to distinguish in some way the
importance of an interactive Ocean for the simulation
of the Asian summer monsoon. The differences be-
tween the results of the coupled model experiments
and the results of the new forced experiments are small
(lower than 2 mm/day). When the atmospheric model
is forced with SST computed from the coupled model,
it tends to simulate more precipitation over the Indian
subcontinent and in the Western Tropical Pacific
Ocean, but less precipitation over Indonesia and along
the Equatorial Indian Ocean. The systematic error in
the SST, presumably in the Indian Ocean, seems to be
the main reason for the difference between the AMIP
experiment and the coupled model.
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The Echam4 model is able to realistically simulate
the interannual variability of the Asian summer
monsoon. Winds field are better simulated than pre-
cipitation in the model, as a consequence circulation-
based indices are better correlated with observations.
The indices used for the analysis, DMI and MHI, are
both dynamical indices. The DMI has been intro-
duced to study the variability of the large-scale
monsoon. In our models it represents the variability
of the Indian summer monsoon as well, and as it is
significantly correlated with the reanalysis it has been
used to study the spatial variability of precipitation
and wind fields in correspondence of strong and weak
monsoon. The results from the coupled model
experiments are encouraging of the ability of that
model to reproduce the ASM and its dynamics. The
other index used, the MHI, has been introduced as a
representation of the variability of the ISM associ-
ated to the Hadley circulation. The correlation be-
tween the index computed from the AMIP-type
experiments wind fields and that from ERAA40
reanalysis is not significant and the resolution does
not help to solve this issue.

The analysis of the interannual variability of the
monsoon has been extended to the coupled model re-
sults, with the main aim to analyze the differences
among the models. As a first step an EOF analysis has
been computed for precipitation fields. The main result
of this analysis is that the intensity of the variability is
reduced at high resolution. In both forced and coupled
model the areas of higher precipitation variability are
localized over Indonesia and in the Eastern Equatorial
Indian Ocean. The positive anomaly in the Eastern
Equatorial Indian Ocean is linked with an anomaly of
the same sign over India.

Composite analysis of precipitation and winds
according to DMI and MHI are then used to analyze
the spatial difference on the sequence of strong and
weak monsoon years in forced and coupled model. The
DMI is used to follow the dependence of the monsoon
circulation on the Walker circulation, while the MHI is
chosen to investigate the relevance of the Hadley cir-
culation. Strong monsoon years are characterized by
abundant precipitation over India and less than normal
precipitation in the Indian Ocean and along the
Equatorial Pacific Ocean. According to MHI, precipi-
tation are weaker during strong monsoon years in the
north western Pacific, differently from the DMI case,
mainly as a consequence of a local effect. The main
features described are repeated at all resolutions. The
main differences between the forced experiments and
the coupled model experiments are found in the com-
posites of the wind fields.
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The connection between ENSO and the monsoon
has been studied as well. In particular, the AMIP-type
experiments results have been used to compute the
correlation between SST and DMI in summer before
and after 1976, following the analysis made by Kinter
et al. (2002). As in the observations the relationship
between the monsoon and SST in the Eastern Equa-
torial Pacific Ocean in summer is negative. Interest-
ingly, this connection decreases in recent decades, as
shown by previous observational studies (e.g., Kumar
et al. 1999b; Kinter et al. 2002).

We may summarize the main conclusions of this
work as follows:

— the Echam4 model either coupled or uncoupled is
able to simulate the ASM in a realistic way.

— an higher horizontal resolution of the atmospheric
model helps to better represents some regional as-
pects of the precipitation, e.g., in the Western Ghats.

— error compensation in the coupled model seems to
reduce some systematic errors in precipitation and
wind fields simulation in the Equatorial Indian
Ocean.

— the interannual variability in the AMIP-type exper-
iment is realistic, with weak differences among the
resolutions, suggesting its stronger connection with
the SST representation.

— the atmospheric model is able to capture the nega-
tive relationship between monsoon and ENSO as
well as the weakening of that connection observed
after 1976.

The results shown indicate that the increase in the
resolution alone is not able to solve all the errors of the
model. However, high resolution seem to be a pre-
requisite to have a better simulation of the precipita-
tion.
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