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Abstract This study examines the ability of Community
Atmosphere Model (CAM) and Community Climate Sys-
tem Model (CCSM) to simulate the Asian summer mon-
soon, focusing particularly on inter-model comparison and
the role of air—sea interaction. Two different versions of
CAM, namely CAM4 and CAMS, are used for uncoupled
simulations whereas coupled simulations are performed
with CCSM4 model. Ensemble uncoupled simulations are
performed for a 30 year time period whereas the coupled
model is integrated for 100 years. Emphasis is placed on
the simulation of monsoon precipitation by analyzing the
interannual variability of the atmosphere-only simulations
and sea surface temperature bias in the coupled simulation.
It is found that both CAM4 and CAMS adequately simu-
lated monsoon precipitation, and considerably reduced
systematic errors that occurred in predecessors of CAM4,
although both tend to overestimate monsoon precipitation
when compared with observations. The onset and cessation
of the precipitation annual cycle, along with the mean
climatology, are reasonably well captured in their simula-
tions. In terms of monsoon interannual variability and its
teleconnection with SST over the Pacific and Indian Ocean,
both CAM4 and CAMS showed modest skill. CAMS, with
revised model physics, has significantly improved the
simulation of the monsoon mean climatology and showed
better skill than CAM4. Using idealized experiments with
CAMS, it is seen that the adoption of new boundary layer
schemes in CAMS contributes the most to reduce the
monsoon overestimation bias in its simulation. In the
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CCSM4 coupled simulations, several aspects of the mon-
soon simulation are improved by the inclusion of air—sea
interaction, including the cross-variability of simulated
precipitation and SST. A significant improvement is seen in
the spatial distribution of monsoon mean climatology
where a too-heavy monsoon precipitation, which occurred
in CAM4, is rectified. A detailed investigation of this
significant precipitation reduction showed that the large
systematic cold SST errors in the Northern Indian Ocean
reduces monsoon precipitation and delays onset by weak-
ening local evaporation. Sensitivity experiments with
CAM4 further confirmed these results by simulating a
weak monsoon in the presence of cold biases in the
Northern Indian Ocean. It is found that although the air—sea
coupling rectifies the major weaknesses of the monsoon
simulation, the SST bias in coupled simulations induces
significant differences in monsoon precipitation. The
overall simulation characteristics demonstrate that
although the new model versions CAM4, CAMS and
CCSM4, are significantly improved, they still have major
weaknesses in simulating Asian monsoon precipitation.

1 Introduction

The monsoon is one of the most prominent and dynamic
phenomena of the climate system, and has a large effect on
weather and climate anomalies at both local and global
scales. Monsoon systems are caused by the seasonal
reversal of winds due to differential heating between land
and ocean, and result in seasonal heavy precipitation pat-
terns. The dominant monsoon systems around the globe are
the Asian, Australian, African and American monsoons.
Among these various monsoon systems, the Asian summer
monsoon composed of the East Asian monsoon (EAM) and
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the South Asian monsoon (SAM) (Lau and Li 1984)
receives the heaviest seasonal precipitation during the
summer months and has a major impact on global atmo-
spheric circulations. The SAM region includes parts of the
Arabian Sea, the Indian continent and the Bay of Bengal
(Goswami et al. 1999); the region receives around 75 % of
its annual precipitation during the summer season in the
months of June, July, August and September (JJAS).
Complex topographic features such as the Himalayas (in
the north and north east) and the Western Ghats (along the
western coast of India) strongly influence the monsoon
circulations. Any monsoon fluctuations are often associated
with floods, droughts, and other climatic extreme events in
the region (Malik et al. 2010). The SAM precipitation has a
very strong temporal and spatial variation due to the
interaction between regional topography and the monsoon
circulation. A detailed understanding of the different
external forcing mechanisms that modulate the SAM pre-
cipitation is therefore necessary for the societal and eco-
nomical needs of the South Asian region. The study of the
SAM variability and its prediction is challenging and
important issue in the scientific community.

Climate models have been significantly improved in
simulating the mean global climate (Randall et al. 2007)
and in predicting climate anomalies at the seasonal time
scale (Liang et al. 2009; Lee et al. 2010; Kang et al. 2002;
Kang and Shukla 2006; Wang et al. 2004). These models
are fairly good at simulating the average atmospheric state
and large scale patterns, but poor at simulating relatively
small and local atmospheric systems such as the monsoon.
In some of the studies such as Kang et al. (2004) and Wang
et al. (2004), it has been seen that even when forced with
observed sea surface temperatures (SSTs), Global Climate
Model (GCM) performance over the SAM region is not
satisfactory and presents large systematic biases. Even in
coupled Atmosphere Ocean Global Climate Models
(AOGCMs), which are believed to simulate the most
realistic physical processes, there are notable biases in
simulation of the mean climate and its variability (Covey
et al. 2003; Meehl et al. 2005). These discrepancies include
a Pacific cold bias, a double Intertropical Convergence
Zone (ITCZ), and a westward shift of El Nino—Southern
Oscillation (ENSO) variability (AchutaRao and Sperber
2006; Covey et al. 2000; Joseph and Nigam 2006). Gimeno
et al. (2010) have shown the Northern Indian Ocean, par-
ticularly the Arabian Sea, to be an important moisture
source for SAM and any changes in Indian Ocean SSTs
affect monsoon precipitation by altering the amount of
moisture available for transport towards South Asia. Fur-
thermore, due to the strong air—sea coupling over the
Indian Ocean, any variation in the strength of the SAM
precipitation influences the SST variation which signifi-
cantly complicates the detection of monsoon variability
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related to other changes in the lower boundary of the
atmosphere in the coupled model.

It has been a challenging issue to correctly simulate the
monsoon variability at seasonal and interannual time scales
(Annamalai et al. 2007; Dai 2006; Kripalani et al. 2007
Lin 2007; Waliser et al. 2007) and the relationship between
SST anomalies and SAM precipitation variability (An-
namalai and Liu 2005; Meehl and Arblaster 2002; Shukla
and Paolino 1983; Rasmusson and Carpenter 1983). An
important issue is the simulation of the relationship
between local SAM and SST variations in the Pacific and
Indian Ocean. The link between the SAM precipitation and
ENSO has been well documented in observations and
modeling. For example, it has been reported that the warm
phase (El Nino) is associated with weakening of the Indian
monsoon and an overall reduction in precipitation, while
the cold phase (La Nina) is associated with the strength-
ening of the Indian monsoon and an enhancement of pre-
cipitation ~ (Kanamitsu and  Krishnamurti  1978;
Krishnamurti et al. 1989; Palmer et al. 1992; Pant and
Parthasarathy 1981; Rasmusson and Carpenter 1983;
Shukla and Paolino 1983; Shukla and Mooley 1987; Sikka
1999). Meehl et al. (2012), described SAM as a fully
coupled air—sea—land system which can be better repro-
duced by AOGCMs. Many other studies also reported that
AOGCMs perform better than atmosphere-only GCMs in
simulating the SAM with moderate skill (Kumar et al.
2005; Wang et al. 2005).

As discussed above, an intensive research effort has
been made to improve simulation of monsoon systems by
climate models and significant progress has been made in
recent years. Among these models, Community Climate
Models developed at the US National Center for Atmo-
spheric Research (NCAR) have played an important role in
monsoon research due to their complete physical dynamics
and easy implementation. NCAR released new versions of
the climate models, i.e., the Community Atmosphere
Model version 4 and version 5 (CAM4 and CAMS) and the
Community Climate System Model version 4 (CCSM4). In
the recent paper by Meehl et al. (2012) documenting the
monsoon simulations in the Community Climate Model
version 4 (CCSM4), the SAM and Australian monsoon is
thoroughly examined for the fully coupled model. They
also compared the CAM4 atmosphere simulation with
coupled run and discussed the improvement of CCSM4
compared with the previous generation of this model
(CCSM3) in simulating the monsoon. Also in the study by
Meehl et al. (2006), the monsoon in CCSM3 was described
and compared to a previous version of the model simula-
tion (Meehl and Arblaster 1998). In this context, it is of
interest and importance to evaluate the ability of these new
model versions, particularly CAMS, in simulating the
monsoon. The important factors affecting monsoon—-SST
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relationships, such as air—sea coupling and SST bias from
the CCSM4, need to be studied in detail to determine the
strengths and weaknesses of these new models. A sys-
tematic evaluation is also important if these new model
versions are to be used for seasonal climate prediction or
climate change studies. In this study, we therefore explore
in detail the strengths and limitations of CAM4, CAMS and
CCSM4 in simulating SAM precipitation with an emphasis
on the mean climate, seasonal and interannual variability
and the relationship between SAM and SST (local and
remote) in the simulations. Our focus is (1) on the analysis
of SAM interannual variability when simulations are
forced with observed SST and (2) the role of air-sea
coupling and SST bias in simulating the SAM. In the latter,
using sensitivity experiments, we also examine the effect of
Northern Indian SST bias in coupled simulations and its
impact on SAM.

This paper is organized as follows. Section 2 describes
models, data and experiments. Section 3 investigates the
mean climatology, annual cycle and evaluates simulated
monsoon interannual variability in CAM4 and CAMS.
Section 4 highlights and compares the coupled simulations
of CAM4 (CCSM4) in terms of the mean climatology and
SAM-SST relationship as well as the effect and impor-
tance of air—sea coupling over the SAM region. To address
the effect of CCSM4 SST bias on the SAM precipitation,
Sect. 5 explores results of sensitivity experiments followed
by summary and conclusions in Sect. 6.

2 Models, experiments and validations
2.1 Models

Simulations are performed using the CAM4, CAMS and
CCSM4 models. These models are the latest in a succes-
sion of GCMs and AOGCMs that have been made widely
available to the scientific community from NCAR. For the
convenience of the reader we briefly introduce each model,
but refer interested readers to the cited references for full
details of each model.

CAM4 (Neale et al. 2010a) is developed from CAM3
(Collins et al. 2006a, b) with modifications to the deep
convection (Neale et al. 2008), polar filtering (Anderson
et al. 2009), and the polar cloud fraction in extremely cold
conditions parameterization schemes (Vavrus and Waliser
2008). It uses an updated convection parameterization
scheme (Neale et al. 2008; Richter and Rasch 2008). This
model can be used with three different dynamic schemes
(an Eulerian spectral scheme, a semi-Lagrangian scheme
and a finite volume scheme) along with different resolution
settings. CAMS (Neale et al. 2010b) is modified signifi-
cantly compared to CAM4, with a range of improvements

in the representation of physical processes. It includes a
new shallow convection scheme (Park and Bretherton
2009), a stratiform cloud microphysical scheme (Morrison
and Gettelman 2008), an updated radiation scheme (Iacono
et al. 2008) and 3-mode modal aerosol scheme (MAM3)
(Liu et al. 2012).

The CCSM4 (Gent et al. 2011) coupled model des-
cended from its predecessors, CCSM3 (Collins et al.
2006a, b) and CCSM?2 (Kiehl and Gent 2004). It contains a
new coupler that exchanges fluxes and state information
among all the embedded models. These embedded models
are the CAM4 atmospheric model, the Community Land
Model (CLM4), the Los Alamos Parallel Ocean Program
ocean model version 2.2 (POP 2.2) (Smith and Gent 2002)
and the Community Ice Code version 4 (CICE4) sea ice
model (Hunke and Lipscomb 2008). The CLM4 model
operates on the same grids as the CAM4 model whereas
CICE4 uses the same horizontal grid as POP 2.2, which has
a displaced dipole grid (Smith and Kortas 1995).

2.2 Experimental design

A series of experiments are performed to achieve three
goals: (1) exploring and comparing the ability of CAM4,
CAMS5 and CCSM4 in simulating the SAM; (2) evaluating
the contribution of air—sea coupling to the simulation and
(3) investigating the effect of SST bias on SAM precipi-
tation. These experiments can be generally categorized as
below:

1. Control runs: Thirty-two years (1978-2008) of uncou-
pled simulations are performed using the CAM4 and
CAMS atmospheric models forced with observed
prescribed SST (HadSST, Reynolds et al. 2002) and
sea ice data. Both models share the same 1.9° x 2.5°
horizontal resolution using the finite volume (FV)
dynamical core with 26 (in CAM4) and 30 (in CAM5Y)
vertical levels using a hybrid terrain-following coor-
dinate system. Higher resolution simulation of CAM4
and CAMS models are also performed using
0.9° x 1.25° in the horizontal for the same time
period.

2. Climatology run: CAM4 is also run forced with the
climatological (based on the observations from 1982 to
2001) seasonal cycle of SST and sea ice for 30 years.
This is referred to as CAM4_CLIM.

3. Coupled run: In the case of the CCSM4 coupled
experiment, a 100-year coupled integration is per-
formed using present day climatological forcing. The

' CAMS is run for different set of schemes. Standard run (control) of
CAMS has 30 vertical levels with all the default setting. The
remaining set of CAMS5 runs will be denoted with their particular
name throughout the text.
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output of the last 30 years of this coupled simulation is
used.” In this simulation, the horizontal resolution of
1.9° x 2.5° and finite volume grids in both the
atmospheric and land model is used, whereas the
ocean and ice models share the same 1° x 1° resolu-
tion with a displaced pole grid. To facilitate compar-
ison, observational datasets are interpolated to the
resolution of model grids.

4. Sensitivity runs: Idealized experiments using different
boundary forcings are performed with CAM4 and
CAMS. Details of these experiments are given in the
relevant sections.

Even a realistic model always contains random com-
ponents and uncertainties such as those in boundary forcing
or in initial conditions. To alleviate the impact of these
random components and obtain a deterministic response of
the model behavior to forcing (such as SST), an ensemble
strategy is used for the above experiments except for the
coupled run. For the control run, ensembles are constructed
through perturbing the initial conditions, which allows us
to separate the ‘‘SST-forced’’ (or external) response (Ro-
well et al. 1995). The perturbation of the initial conditions
is performed by using the initial conditions lagged in time.
For the climatology run, the same method is used to con-
struct the ensembles. A detailed summary of all the
experiments and the ensemble runs is given in Table 1. All
simulation results from the control and climatology runs
used for validation and presented in the next sections are
the ensemble mean, unless otherwise indicated.

2.3 Validation

The following validation steps are used to examine the
performance of the models in simulating the SAM mon-
soon: (1) the simulated SAM precipitation and wind by the
CAM4 and CAMS control runs are compared against the
observed counterparts in terms of climatology, interannual
variability, and the relationship to SST. (2) The climato-
logical means from the CAM4 runs are compared against
those from CCSM4 to explore the effects of ocean—atmo-
sphere coupling on the SAM simulation. (3) To explore the
impact of SST bias on monsoon simulations, CAM4 forced
with a modified SST climatology that contain SST bias, is
compared with that forced with the observed SST clima-
tology (CAM4_CLIM).

The metrics and methods used to evaluate the simula-
tions include mean bias, root means square error (RMSE),
variance, correlation and regression analysis. In all the
uncoupled simulations, the first year of the integration

2 Subject to the computational conditions, the spin-up run was carried
out 70 years, which basically allows atmospheric states to reach
equilibrium.
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output is discarded as a spin-up time, which is considered
sufficient for atmospheric-only simulations. In the case of
coupled runs, the first 70 years are discarded as the ocean
model needs more time for equilibration. Observed pre-
cipitation data from the Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP; Xie and Arkin
1997), on a 2.5° x 2.5° grid, is used for validation of
precipitation. The All-India Rainfall time series (AIR;
Parthasarathy et al. 1995), which is a combination of 306
uniformly distributed station measurements, is also used in
the analysis. National Centers for Environmental Predic-
tion (NCEP; Kistler et al. 2001) reanalysis data, also on a
2.5° x 2.5° grid, are used to validate winds. Observed SST
(HadSST) data (Reynolds et al. 2002) are used for coupled
model SST validation.

3 Simulations by CAM4 and CAMS

We first examine ensemble mean simulations of CAM4
and CAMS forced with prescribed observed SST and sea
ice data. Before focusing on the SAM, we evaluate both
models over the tropical region.

3.1 Climatological mean and seasonal cycle

The distribution of precipitation bias and root means square
error (RMSE) is shown in Figs. 1 and 2 for the winter
(December—February, DJF) and summer (June—September,
JJAS) seasons. The whole tropical region is shown to
assess overall model differences. Bias and RMSE are cal-
culated by comparing model output data with observations
(CMAP) for the time period 1979-2008.

The model bias for winter (DJF) precipitation simula-
tions are shown in Fig. la and b for CAM4 and CAMS
respectively and their corresponding RMSE are shown in
Fig. 1c, d. Significant large-scale spatial biases (Fig. 1a, b)
over the equatorial Indian Ocean and Western Pacific
Ocean, along with many regional biases, are found in the
CAM4 and CAMS simulations. The magnitude of these
biases is higher in CAM4 whereas CAMS, to a large extent,
significantly rectifies them in its simulation. Major
improvements in the CAMS5 simulation occur over the
South African land areas where the precipitation overesti-
mation seen in the CAM4 simulation is diminished. The
RMSE patterns (Fig. 1c, d) further highlight the improved
winter precipitation in the CAMS simulation. In summer,
when the precipitation activity over the northern hemi-
sphere is enhanced, both models show biases in the form of
excessive precipitation over the western Indian Ocean,
central China, Himalayas, and in the subtropical Pacific
Ocean (Fig. 2a, b). Over the eastern Indian Ocean, China
Sea, central parts of Africa and in the west and east Pacific
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Table 1 Summary of the experimental setups

Experiment name Model  Time Description/boundary conditions (BC) No. of

used period runs

CAM4 CAM4  1978-2008 1.9° x 2.5° horizontal resolution and 26 vertical levels. Prescribed observed 10
SST data as BC

CAMS CAMS  1978-2008 1.9° x 2.5° horizontal resolution and 30 vertical levels. Prescribed observed 10
SST data as BC

CAM4_CLIM CAM4 30 years 1.9° x 2.5° horizontal resolution and 26 vertical levels. Climatology SST data 05
repeated each year

CCSM4 CCSM4 100 years  1.9° x 2.5° horizontal resolution and 26 vertical levels for CAM4 and 1° x 1° 01
horizontal resolution with 60 vertical levels for POP2.2. Present day
climatology forcing

CAMS5_BAM CAMS  1978-2008 1.9° x 2.5° horizontal resolution and 30 vertical levels with bulk aerosol model 01
(BAM) scheme. Prescribed observed SST data as BC

CAMS5_BAM_CAMRT CAMS5 1978-2008 1.9° x 2.5° horizontal resolution and 30 vertical levels with BAM and CAMRT 01
(radiation) schemes. Prescribed observed SST data as BC

CAMS5_BAM_HB CAMS5 1978-2008 1.9° x 2.5° horizontal resolution and 30 vertical levels with BAM and HB 01
(Holtslag—Boville, boundary layer turbulence) schemes. Prescribed observed
SST data as BC

CAMS5_BAM_CAMRT_HB CAMS5 1978-2008 1.9° x 2.5° horizontal resolution and 30 vertical levels with BAM, HB, and 01
CAMRT schemes. Prescribed observed SST data as BC

CAM4_POP CAM4  1971-2000 Same as CAM4 but with predicted SST from CCSM4 climatology run 03

CAM4_AS_BoB CAM4 1978-2000 Same as CAM4_CLIM but with climatology SST data modified in the AS and 03
BoB region

CAM4_AS CAM4  1978-2000 Same as CAM4_CLIM but with climatology SST data modified in the AS region 03

only

CLIM climatology, BC boundary conditions, AS Arabian Sea, BoB Bay of Bengal

Ocean, the models underestimate precipitation. The spatial
patterns of bias from both models are similar, but the
magnitude of biases is higher in the CAM4 simulation
whereas CAMS is able to reduce many regional biases.
Compared to the land, biases are significantly higher over
the ocean. High magnitudes of RMSE (Fig. 2c, d) are seen
over the northern Indian Ocean (Arabian Sea and Bay of
Bengal) and the complex topography of the Himalayas.
Similar to the winter, the summer RMSE of the CAMS
simulation is less than for the CAM4 simulation.

In general it is seen that, while both CAM4 and CAMS
are able to capture many observed features, they have
regional biases somewhat similar to those in previous
versions of these models (i.e., CAM3, reported in Meehl
et al. 2006). In fact, these precipitation biases especially
over the Indian and Pacific Oceans are probably an intrinsic
error of the atmospheric model itself, as seen in Lin (2007)
and our simulations. Compared to CAM4, the CAMS
simulation is improved with less regional bias.

The magnitudes of tropical two meter air temperature
biases (not shown) in both CAM4 and CAMS5 are small
except in areas with complex topography such as the
Himalayan region which is true for many climate models
(IPCC 2007). Both models showed warm biases over most
of the tropical domain. Larger errors are in regions of sharp
elevation changes which may result simply from the

mismatches between the models’ smoothed topography and
the actual topography.

As this paper mainly focuses on the Asian region, the
rest of the analyses for CAM4 and CAMS include only the
Asian domain, and particularly discuss the SAM region
(JJAS only). Figure 3 shows seasonal mean summer (JJAS)
precipitation and 850 mb winds for (a) CAM4, (b) CAMS5
and (c) observations (CMAP/NCEP). In the observations,
there are two precipitation maxima, with heavier precipi-
tation around the northern Indian Ocean and a weaker
precipitation maximum along the equatorial Indian Ocean.
This is an important characteristic of the SAM precipita-
tion. Although both of these maxima are captured in the
models, significant large-scale biases such as excessive
precipitation over the Arabian Bay and diminished pre-
cipitation in the central and the eastern Indian Ocean
extending into the Bay of Bengal is seen. Simulations also
show reduced precipitation along the coast of Bangladesh
and excessive rain over the Western Ghats of India. CAM4
simulates excessive precipitation in the eastern Arabian
Sea and in the Bay of Bengal, with the maximum center
around the Bay of Bengal shifted to the west of the
observed maximum center. This is also true for the CAMS5
simulation but the spatial magnitude of the precipitation is
reduced bringing its climatology close to the observation.
This same conclusion regarding the CAM4 simulation is
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Fig. 1 Seasonal mean (December—February; DJF) precipitation differences (biases) and root means square error (RMSE) from observation

(CMAP) for a, ¢ CAM4 and b, d CAMS. Units are in mm/day

found in the recent study by Meehl et al. (2012). Apart
from the SAM region, the EAM system, covering both
subtropics and mid-latitudes, is well captured in both
models. CAMS5 shows spatial patterns similar to those
observed whereas the CAM4 simulation is drier than
observations over the South China Sea. All simulations
show very good correlation and RMSE skill for the EAM,
compared with the SAM.

In the observed 850 mb wind pattern (Fig. 3c), the most
important features are the monsoon westerlies, the north-
ward movement of the low pressure area from the Bay of
Bengal and the low level jet stream passing across the
equator onto the Indian sub-continent. The strengthening of
westerly 850 mb winds during the summer monsoon sea-
sons can be seen in both models (Fig. 3a, b) over the 10°N—
25°N latitude belt extending eastward from the western
Arabian Sea through India and Bay of Bengal. The Bay of
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Bengal is considered as the moisture source of heavy
precipitation events over the central South Asian region
(Malik et al. 2010) and precipitation over this central
region is mainly caused by the northward movement of low
pressure areas from the Bay of Bengal (Lal et al. 1995).
This interpretation is seen in both CAM4 and CAMS
simulations showing strong winds flowing from the Bay of
Bengal to the north over central South Asia. In general,
CAM4 and CAMS are able to simulate the wind circulation
at 850 mb (such as the equatorial monsoon flow and lower
level jet stream) realistically, even though there are biases
in the strength of monsoon westerlies over the Indian
region.

The simulation of the seasonal migration of the ITCZ is
a challenging issue in GCMs. Many studies (such as Hack
et al. 1998 and Wu et al. 2003) reported that most GCMs
are unable to reproduce the seasonal migration of the ITCZ
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Fig. 2 Same as Fig. 1 but for the summer season (June—-September; JJAS)

precipitation. Gadgil and Sajani (1998) found that the
atmospheric models which can simulate the northward
migration of the ITCZ can also simulate the interannual
variation of the Indian monsoon reasonably well, whereas
in models with poor SAM simulation, the ITCZ remains
over the equatorial oceans in all seasons. Over the SAM
region, the seasonal migration of the ITCZ from the
equatorial region in winter to the heated continent in
summer is the most important feature of the seasonal var-
iation. We therefore briefly analyzed the seasonal migra-
tion of ITCZ in our model simulations by analyzing the
mean January and July surface winds (not shown). It is
found that this planetary scale feature of the general cir-
culation is well captured by both CAM4 and CAMS. Also
the location and strength of both the westerly jets over the
northern Indian region during January and the tropical jets
during July (early Monsoon) are fairly well reproduced in

simulations which indicate that both models realistically
capture the large shift of the ITCZ from January to July.
We have also performed simulations of CAM4 and
CAMS at higher resolution (0.9° x 1.25°) to analyze the
effect of better resolved topography (which is an important
aspect for the simulation of precipitation). We found (not
shown here) that increasing the resolution improved the
simulation over areas of complex terrain such as the
Western Ghats and Himalayas in the SAM region. The
Western Ghats capture much of the rain on the Arabian
Sea-facing side, while the other side of these mountains (to
the east in southeastern India) remains dry in the summer
season. This is a localized effect and can only be seen in
the higher resolution simulation. Also in the higher reso-
lution run, heavy precipitation on the coastal mountain
slopes of Myanmar, across the Bay of Bengal, is well
simulated but with the same overestimation in the amount
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as seen in the lower resolution run. Also the excessive
precipitation over the Tibetan Plateau in CAM4 (also the
case in CAMS) is reduced in its higher resolution simula-
tion. Both higher resolution simulations are somewhat
closer to observations for the complex terrain regions of the
SAM.

The seasonal evolution of SAM precipitation is exam-
ined in time-latitude diagrams averaged over the SAM
longitudes (50°-120°E) for observations, CAM4 and
CAMS (Fig. 4). In the observations (Fig. 4c), a well-
defined seasonal precipitation pattern that varies with lat-
itude and moves significantly northward from 5°N in
winter to 20°N in summer is visible. In models (Fig. 4a, b),
the northward shift of precipitation starting in winter and
reaching a maximum in summer is well captured but there
are considerable systematic errors such as the simulated
summer precipitation northward extent reaching too far
north with a second maximum around 30°N. In the CAM4
and CAMS simulations, the precipitation reaches a maxi-
mum at 15°N and exhibits an essentially realistic seasonal
migration, but the simulations have heavier than observed
precipitation over the Western Ghats. The overestimation is
higher in CAM4 than in CAMS along with more

@ Springer

penetration of precipitation toward the north. In CAMS, the
maximum contour of precipitation is somewhat reduced
and is comparable to observations. The annual cycle of
precipitation averaged over the latitude and longitude of
the SAM region is simulated quite well in models, with a
well-defined seasonal cycle as shown in Fig. 4d. Several
characteristics of the annual cycle of SAM precipitation,
such as the rapid onset between May and June, the sus-
tained high precipitation from June to August and the slow
withdrawal during September—October, are well simulated
by both models. As noted earlier in the discussion of spatial
patterns, both models produce realistic seasonal variation
of precipitation in the SAM region, but with considerable
overestimation. The annual cycle highlights this overesti-
mation more clearly by showing excessive precipitation in
the months July, August and September as well as in
December, January and February.

From the above discussion of mean climatology simu-
lations, it is seen that CAMS has significantly improved
simulations compared to CAM4. We further investigated
this improvement by performing different sets of CAMS5
simulations using the same radiation (CAMRT), aerosol
(BAM) and boundary layer (HB, Holtslag—Boville 1993)



Asian monsoon simulations

Fig. 4 Time-latitude evolution

of precipitation averaged over
(50°-120°E) for: a CAM4,

b CAMS, ¢ observations
(CMAP) and d represents
annual cycle of precipitation
area averaged over SAM region.
Units are in mm/day
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schemes which are used in the CAM4 default configura-
tion. This switching of new schemes (in CAMS) with old
ones (in CAM4) allowed us to explore the effect of each
individual scheme in improving CAMS5 simulations
over the SAM. We named each individual experiment of
CAMS as CAM5_BAM, CAM5_BAM_CAMRT, CAMS5_
BAM_HB and CAM5_BAM_CAMRT_HB (see Table 1
for details). Figure 5 represents the precipitation difference
(JJAS) of CAMS5S_BAM, CAMS_BAM_CAMRT,
CAMS5_BAM_HB and CAM5_BAM_CAMRT_HB from
observation. Comparing these differences, with the default
CAM4 and CAMS runs (Fig. 2a, b), reveals that the
implementation of new boundary layer schemes (UW
moist turbulence) in CAMS has the greatest effect (in our
case) on decreasing the overestimation seen in the CAM4
simulation. As reported by Park and Bretherton (2009), the
new UW moist turbulence scheme improved the cloud top
boundary layers in the CAM model. They used the
CAM3.5 version to test this scheme and found significant
reduction in model bias. In our case, although the new
RRTMG radiation scheme and the full representation of
aerosol indirect effects do not contribute as much to the
improved SAM simulation, virtually every atmospheric
process (revised/replaced) and its physical representation

JFMAMUJ JASOND

CONTOUR FROM 2 TO 12 BY 2|

TSN [ N

2 4 6 8 10 12

in the new version makes an improvement in the simulation
(the individual discussion of all these new features of
CAMS is beyond the scope of this study).

3.2 Monsoon interannual variability

In this section, the monsoon variability is examined by
focusing on the simulation of monsoon indices (precipita-
tion and circulation) for both CAM4 and CAMS5 models.
The strong and weak monsoon composite analysis is also
discussed to further explore the simulation’s interannual
variability. It has been well recognized that the interannual
variability of many climatological variables on earth can
stem from ENSO, which is the strongest interannual vari-
ability of the earth’s climate system. Thus, the link between
simulated SAM precipitation and ENSO is also explored
using lag correlation. This is also performed to explore the
relationship between the Indian Ocean Dipole (IOD, Saji
et al. 1999) and SAM precipitation.

3.2.1 Asian monsoon indices

We examined the models simulations of monsoon inter-
annual variability with several commonly used monsoon
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Fig. 5 Seasonal mean (June—September; JJAS) precipitation differ-
ences from observations (CMAP) for: a CAM5_BAM (CAMS5 with
bulk aerosol model (BAM) scheme), b CAM5_BAM_CAMRT
(CAMS with  BAM and CAMRT (radiation) schemes),

indices, including Indian Summer Rainfall (ISR), the
Webster—Yang monsoon index (WY index) (Webster and
Yang 1992), the Southeast Asian monsoon (SEAM) index
or Western North Pacific monsoon (WNPM) index (Wang
and Fan 1999), Indian monsoon (IM) index (Wang et al.
2001) and South Asian monsoon index (SAM;, here the
subscript i denotes “index” to differentiate it from SAM)
(Goswami et al. 1999). The definitions of these indices are
given in Table 2.

Figures 6 and 7 show the simulated and observed
interannual variability of ISR, WY, IMI, WNPM, and
SAM; monsoon indices normalized with their respective
standard deviation. All these indices are circulation indices
except ISR which represents SAM precipitation. To ana-
lyze model simulations for individual strong and weak
monsoons, the ISR index is separated from the circulation
indices (Fig. 7) and is presented in Fig. 6. In Fig. 6a, the
observed ISR index representing the strength (strong and

@ Springer

2 4 6 8 10

¢ CAM5_BAM_HB (CAMS5 with BAM and HB (Holtslag—Boville,
boundary layer turbulence) schemes) and d CAMS5_BAM_CAM-
RT_HB (CAMS5 with BAM, HB and CAMRT schemes). Units are in
mm/day

weak monsoon) and interannual variation of SAM precip-
itation, is shown. Strong monsoon years such as 1980, 1988
and 2007 are differentiable in the observations, whereas in
CAM4 and CAMS (Fig. 6b, c) only the year 1988 has the
same sign. Both 1980 and 2007 are characterized as weak
monsoon years in both models—opposite to the observa-
tions. Similarly, the observed weak monsoon years 1984,
1986 and 2002 are simulated as strong monsoon years in
model. This means that both CAM4 and CAMS failed to
capture the interannual variability of the SAM, except in
some years. We find that there are large errors in the
simulation of some extreme seasons which leads to the
overall poor skill. Considering SAM extreme precipitation,
for those associated with ENSO, both models simulate at
least the sign of SAM accurately. For example, the La Nina
of year 1988 was successfully simulated by both models
while CAM4 failed to spatially capture the El Nino year of
1987. This analysis suggests that the low skill in simulation
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Table 2 Details concerning frequently used Asian monsoon indices
Name of the index Type of Definition References Correlation
index
CAM4 CAM5
Indian summer rainfall (ISR) Precipitation PREC (5°-40°N, 60°-~100°E) - —0.13 —-0.31
Averaged JJAS precipitation over the domain
Webster—Yang monsoon (WY)  Circulation ~ U850-U200 (0°-20°N, 40°~110°E) Webster and Yang 0.38 0.45
Vertical shear of zonal winds between 850 and (1992)
200 mb levels
Western North Pacific monsoon Circulation — U850 (5°-15°N, 90°-130°E) — U850 (22.5°- Wang and Fan 0.66 0.60
(WNPM) 32.5°N, 110°-140°E) (1999)
Difference of 850 mb zonal winds
Indian monsoon (IM) Circulation ~ U850 (5°-15°N, 40°-80°E) — U850 (20°-30°N, Wang et al. (2001) —0.037 —0.11
70°-90°E)
Difference of 850 mb zonal winds
South Asian monsoon index Circulation V850 — V200 (10°-30°N, 70°-110°E) Goswami et al. —-0.26 —0.13

(SAM))
200 mb levels

Vertical shear of meridonal winds between 850 and

(1999)

The last two columns give the correlation of simulated indices with observations for both CAM4 and CAMS5

of monsoon interannual variation arises mainly from a poor
simulation ENSO-monsoon teleconnections rather than the
lack of air-sea interaction (coupling). Since the SAM has
remote and local SST teleconnections, the poor simulation
of SAM interannual variability in these atmospheric mod-
els (forced with observed SST) can be explain by analyzing
the ENSO-monsoon teleconnection and regression of Nino
SST on SAM precipitation. We will further discuss this
issue in the next section.

In case of circulation indices (Fig. 7), it is seen that both
CAM4 and CAMS5 show considerable skill in simulating
the interannual variation of the WY and WNPM indices
with significant correlation coefficients (see Table 2). For
the IM and SAMi indices, correlation coefficients are
insignificant, meaning that these indices are not well sim-
ulated in these models. As the WNPM index represents the
East Asian summer monsoon, the significant higher cor-
relation of this index means that East Asian monsoon cir-
culations are better simulated in both models compared to
the SAM. Analyses of monsoon spatial patterns also sup-
port this result. This may be due to the fact that the East
Asian monsoon has a stronger response to ENSO than the
Indian monsoon.

To get better insight into the simulated circulation in
CAM4 and CAMS simulations, JJAS mean velocity
potential and divergent wind anomalies are calculated for
both models and observations (NCEP). These show upper-
level convergence and lower-level divergence over the
equatorial central Pacific, and upper-level divergence and
lower-level convergence over the SAM region (not shown
here). In Fig. 8, we analyze the difference between model
and observation (NCEP) of the JJAS mean velocity
potential and corresponding divergent winds at 850 mb and

200 mb. Although some of the circulation indices have
higher correlation for CAM4 than CAMS, the overall
spatial patterns from the CAMS5 simulations are better. At
both atmospheric levels, over the Pacific and Indian
regions, CAMS5 have much better skill (less difference)
compared to CAM4.

3.2.2 Composite analysis

Modeling extreme events is one of the most challenging
issues and validating model extreme event simulations is
therefore important to assess their performance. In this
subsection, we will focus on several particular years which
were recorded as strong and weak monsoon years over
SAM region (as seen in Fig. 6). Strong and weak monsoon
years are characterized on the basis of significant weak or
strong summer precipitation over the monsoon region.
Years with anomalies of summer mean precipitation
greater than 0.5 standard deviation above the mean are
categorized as strong monsoon years (1980, 1981, 1983,
1988, 1994, 1996, 1998 and 2007) and those with mean
precipitation less than —0.5 standard deviation below the
mean are categorized as weak monsoons (1982, 1984,
1986, 1987, 1989 and 2002). Composites of strong and
weak monsoon years from observations (CMAP), CAM4
and CAMS are shown in Fig. 9. The observed strong and
weak monsoon composites have a large-scale structure
with anomalies of the same sign over many parts within the
SAM region (Fig. 9a, b). The observed weak monsoon
composite has negative anomalies over the whole Indian
region whereas in the strong monsoon composite there are
positive anomalies over the Indian land area, Bay of
Bengal, and the maritime continent, while there are
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Fig. 6 Time series of Indian summer rainfall (ISR) index for a CMAP, b CAM4 and ¢ CAMS. Details of this index are given in Table 1. The

time series are normalized and thus unitless

negative anomalies over the equatorial Indian Ocean. The
increased precipitation during a strong monsoon over the
Indian monsoon region is accompanied by a decrease in
precipitation over the equatorial eastern Indian Ocean. The
models composites (Fig. 9c—f) show that the simulations
failed to reproduce the observed anomaly patterns with
some areas having significant differences. For its weak
monsoon composite, CAM4 and CAMS5 have a much dif-
ferent pattern with more intense and large scale positive
anomalies (which is opposite from the observed composite
patterns) over the Western Ghats and Bay of Bengal.
CAM4 and CAMS to some extent, reproduce the strong
monsoon composite over southern India. In short, both
models show poor skill in differentiating the strong and
weak monsoon years. This is also seen in the models ISR
index (Fig. 6) as both showed poor skill in simulating the
interannual variability of the SAM region. This is probably
due to the simulated overestimation of precipitation, as
well as strong internal dynamics (noise) in the models. An
examination of the interannual variability of CAM4 and
CAMS monsoon simulations showed that, although the
observed SST tends to enhance the variability, the internal
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dynamics also produce considerable interannual variability
in these simulations. It is interesting to note that the large
variance in control runs is dominated by a few events such
as 1983, 1988 and 2007. For many years, the interannual
variability produced by internal dynamics is often larger
than that in the control runs, suggesting that the interannual
variability generated purely by internal dynamics is com-
parable to that forced by the slowly varying SST boundary
forcing in many cases. This is probably the reason why
these models perform poorly in differentiating strong and
weak monsoon seasons.

3.3 Teleconnection of SAM with ENSO and 10D
in CAM simulations

In this section, we explore how well CAM4 and CAMS5
capture SAM-ENSO and SAM-IOD relationships. We
perform regression analysis to analyze spatial patterns of
these relationships whereas lag-lead correlation is used for
temporal analysis. Figure 10 shows the linear regression of
Nino3.4 (—5°S-5°N, 120°-170°W) and IOD [(—10°S-
10°N, 50°-70°E) — (—10°S-0°, 90°-110°E)] SST indices
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Fig. 7 Time series of a Webster—-Yang (WY) index, b Indian
monsoon index (IMI), ¢ Western North Pacific monsoon (WNPM)
index, and d South Asian monsoon (SAM;) index of observation
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with JJAS precipitation and 850 mb winds for observations
and both models. Unless stated otherwise, all regression
maps show the covariance of the normalized Nino3.4 and
IOD indices. The regression of precipitation and 850 mb
wind onto the Nino3.4 index is an important key to
understanding the behavior of CAM4 and CAMS in sim-
ulating realistic ENSO properties as these fields are direct
indicators of the connection between the ocean and the
atmosphere. In Fig. 10a, the regression of the observed
Nino3.4 index with precipitation and 850 mb winds is
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shown. The observations reveal enhanced precipitation
over the Bay of Bengal, accompanied by a westerly wind
anomaly and decreased precipitation over most of the
Indian region. In the models’ results (Fig. 10c, e) quite
realistic patterns are seen over the equatorial Indian Ocean
whereas over the Western Ghats and central India, both
CAM4 and CAMS5 have opposite response compared to
observations. In the IOD regression pattern (Fig. 10d, f),
spatial modes are well reproduced over the Indian Ocean
(enhanced precipitation over the Western equatorial Indian
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Fig. 10 The linear regression of observed June—September (JJAS)
Nino3.4 (—=5°S-5°N, 120°-170°W) and IOD [(—10°S-10°N, 50°-
70°E) — (—10°S-0°, 90°-110°E)] SST indices with June—September

Ocean and decreased precipitation over the Eastern Indian
Ocean) whereas over the Indian continent the models have
the opposite sign similar to the ENSO regression.

The analysis above showed that precipitation response
to local and remote SST in the models’ simulations is not
preserved. To further investigate this issue, the lagged
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correlation of Nino3.4 and IOD indices with the simulated
ISR index is shown in Fig. 11. The area averaged (0°-
40°N, 55°-100°E) time series of observed CMAP precip-
itation (ISR, solid black line), observed All-India Precipi-
tation (AIR) index (dashed black line) and simulated
(CAM4, solid blue line and CAMS, solid red line) time

@ Springer



2632

S. u. Islam et al.

series are correlated with observed Nino3.4 and IOD SST
indices. The months with negative (positive) sign indicate
that SST leads (lags) the ISR with maximum lead of
12 months (1 year). Months 0 and 12 indicate June
whereas months 4 and 8 correspond to February and
October (minus sign for previous months). Correlations are
calculated using a 5 month sliding window. The observed
positive correlations occur when the SST leads the SAM
precipitation and negative correlations occur when SST
lags the SAM precipitation. A negative correlation is seen
for SST from the same summer to the following winter,
showing a weak (strong) SAM in El Nino (La Nina)
developing years. The highest negative correlations are
noted if the monsoon lags Nino 3.4 SSTs which suggests,
as reported in Kirtman and Shukla (2000), that monsoons
can provide favorable conditions for triggering or
enhancing El Nino or La Nina events in the Pacific during
the following winter. The observed ISR index has signifi-
cant lagged and lead correlations with SST, with the
highest value of around 0.5 when monsoon precipitation is
slightly led by SST. This suggests a cross-interaction
between monsoon and ENSO, namely, ENSO impacts on
SAM precipitation and meanwhile the monsoon variability
may affect the ENSO evolution, intensity, and periodicity.
The mutual influence between ENSO and SAM has been
widely reported in other studies as well (Chung and Nigam
1999; Kitoh and Arakawa 1999; Meehl and Arblaster 1998;
Wang et al. 2004). It is noted that the difference in corre-
lation magnitude between Fig. 11a and those in other
studies (Kirtman and Shukla 2000; Yasunari 1990) may be
accounted for by a dramatic change of the ENSO-SAM
relationship in the late 1970s, since Fig. 11a is obtained
only using the data after 1979. In the CAM4 and CAMS
simulations, this relationship is poorly captured, particu-
larly when SST lags monsoon. CAM4 shows a somewhat
comparable result when SST leads monsoon. Both of these
models failed to maintain the monsoon and ENSO rela-
tionship because, as discussed in the composite analysis,
the internal dynamics of these models can overwhelm the
Pacific SST influence on monsoon precipitation. In
Fig. 11b, the lag-lead correlation of SAM with IOD is
computed. A positive correlation during late spring and the
simultaneous summer is seen. The correlation changes to
negative in the following fall, suggesting a negative feed-
back of SAM on the I0. For the models, the simultaneous
response is not clear but when 10D leads monsoon, both
models show a comparable response to observation.
Overall the above analysis shows that the interannual
skill of CAM4 and CAMS in simulating SAM is poor. Both
models failed to differentiate strong and weak monsoon
which is indirectly linked to their poor reproduction of the
ENSO-monsoon relationship. The correct representation of
the ENSO-SAM relationship in models is crucial, since it
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is the basis for seasonal forecasts of SAM using climate
models. The poor skill of CAM4/CAMS interannual vari-
ability, even when forced by observed SST, is attributed to
the models’ poor skill in simulating the SST—precipitation
relationship over the Indian and Pacific oceans and a lack
of atmosphere—ocean coupling that has been reported as
critical for skillful simulation of the monsoon (Wang et al.
2005). Since this lack of atmosphere—ocean coupling in
GCMs is one of the possibilities for their poor skill, we
focus our analysis on the coupled CCSM4 model in the
next section and will compare its simulation with CAM4
and observations.

4 Coupled simulation using CCSM4

We now investigate the mean climatology and relationship
between SAM precipitation and SST in the CCSM4 fully
coupled model, which will allow insight into the role of
coupling on the simulation of SAM precipitation. As pre-
viously discussed, CCSM4 uses CAM4 as its atmospheric
model and POP2.2 as its ocean model. Along with obser-
vations, we will also contrast CCSM4 with the CAM4
results presented in previous sections. Here we will mainly
use the CCSM4 climatology run whereas for some sensi-
tivity experiments, data from a CCSM4 transient run
(CCSM4_TR, downloaded from NCAR) forced with
observed forcing of green house gases) is also used.

4.1 Mean climatology of CCSM4

We first analyze, as for the atmospheric simulations, the
coupled model over the tropical region including both
Indian and Pacific Oceans. Figure 12b shows the observed
(CMAP) JJAS mean precipitation differences (in mm/day).
The difference between the CAM4 climatology run
(CAM4_CLIM) and observations is also shown in
Fig. 12a. CCSM4 shows significant differences, particu-
larly over the Indian and Pacific Ocean. Specifically, the
coupled simulation underestimates precipitation over the
western and eastern equatorial Pacific and over the eastern
Indian Ocean, and it overestimates precipitation over the
western Indian Ocean and central equatorial Pacific Ocean.
These differences, shown in Fig. 12, result from the ocean
component of CCSM4. The SST bias from the ocean model
influences the precipitation directly, making it different
from the observed precipitation climatology. Comparing
CCSM4 with CAM4_CLIM shows that CCSM4 precipi-
tation biases are at a broad scale (especially over oceans).
In CCSM4, the negative precipitation bias increases over
the equatorial area in the Pacific Ocean. This is probably
due to the feedbacks of ocean-air coupling in the coupled
model that amplifies the bias in the atmospheric and
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Fig. 11 Lag-lead correlation of monthly mean precipitation with
a Nino3.4 (=5°S-5°N, 120°-170°W) and b IOD [(—10°S-10°N, 50°-
70°E) — (—10°S-0°, 90°~110°E)] indices. Area averaged (0°—40°N,
55°~100°E) time series (ISR) of observed CMAP (solid black line)
precipitation, observed All-India Precipitation (AIR—dashed black
line) time series and simulated (CAM4 solid blue line and CAMS

oceanic components. CCSM4 has the double ITCZ bias,
characterized by heavy simulated precipitation over much
of the tropical Pacific (central Pacific near 5° south) and the
equatorial Indian Ocean, and light precipitation in the west
and central Pacific between 15° and 30° south. The double
ITCZ problem was also present in previous versions of the
CCSM model. Lin (2007) found that most of the current
coupled models and uncoupled models have this double
ITCZ problem to some extent. Focusing on the SAM
region reveals that while the CAM4 simulation overesti-
mates precipitation over much of this region, the coupled
simulation is more realistic and comparable to observations
although the amounts are still overestimated somewhat.
This is similar to results from the CCSM3 model reported
in Meehl et al. (2006). The CCSM4 simulation has reduced
bias over the Arabian Peninsula and the western coast of
India (Fig. 12b), which is a direct consequence of the
thermodynamic air—sea interactions in the Arabian Sea,
Bay of Bengal, and South China Sea, which are absent in
uncoupled simulations. Meehl et al. (2012) also reported
that the CCSM4 simulation over the SAM region is much
better than the CAM4 simulation. It is also reported in
Wang et al. (2004) that the implementation of air—sea
coupling could improve the model simulation of monsoon
precipitation and circulation in the Asian monsoon. The
absence of air—sea coupling in CAM4 results in continuous
heating of the atmosphere by the prescribed SST (thus
keeping the SST warm) which increases the evaporation,
resulting in increased precipitation in those models. This
positive feedback on precipitation amplifies the SAM
variability and therefore CAM4 simulations overestimate
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solid red line) time series are correlated with observed Nino3.4 and
10D SST indices. The month with negative (positive) sign indicate
that SST leads (lags) the ISR with maximum lead of 12 months
(1 year). Month 0 and 12 indicates June whereas month 4 and 8
correspond to February and October (minus sign for previous month).
Correlations are calculated using a 5 month sliding window

precipitation in the SAM region. We will further discuss
air—sea coupling and role of SST bias in the next section. In
general, CCSM4 shows a large reduction in precipitation
and less bias over the SAM region including the Arabian
Sea, Bay of Bengal and equatorial Indian Ocean as com-
pared with the CAM4 simulation. The reduction of SAM
precipitation in the coupled model can also be seen in the
seasonal cycle (not shown) averaged over the region.

Seasonal mean JJAS precipitation and 850mb wind from
CCSM4 shown in Fig. 13 is more reliable and comparable
to the observations than results from CAM4 and CAMS5
(compare with Fig. 3). The extreme high precipitation area
over the Northern West Indian Ocean is diminished in the
coupled simulation making it more comparable to obser-
vations. However, CCSM4 also removed the heavy
observed precipitation over the Bay of Bengal making its
simulation different than observation. This is a significant
shortcoming of the coupled simulation. Also, in CCSM4
runs, the precipitation is more concentrated in the western
Indian Ocean, which was also seen in CCSM3 (Meehl et al.
2006). Considering these spatial patterns only, the overall
mean climatology of CCSM4 seems to be more realistic
and much better than from the uncoupled simulation,
providing evidence that coupled air—sea interaction is
necessary for climate models.

4.2 Teleconnection of SAM with ENSO in coupled
simulation

A correct ENSO-monsoon relationship is one of the pre-
requisites needed for a coupled model to produce reliable
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Fig. 12 June-September (JJAS) mean differences between simulation and climatology (CMAP) for: a CAM_CLIM (CAM4 climatology run)
and b CCSM4. Shading corresponds to the precipitation difference in mm/day
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Fig. 13 Same as Fig. 3 but for CCSM4. Precipitation (shaded) in
mm/day and 850 mb wind (vectors) in m/s

simulations of the monsoon. Here we document the ability
of CCSM4 to reproduce the observed lead-lag relationships
between the SAM and ENSO, and to understand how
systematic errors may affect the simulation of this rela-
tionship. We first discuss the simulation of Nino3.4 and
IOD indices in the coupled model. Figure 14 shows the
variance spectrums of monthly Nino3.4 and IOD index for
(a) observation and (b) CCSM4. In the observations, the
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broad peak shows a probable frequency of ENSO events of
3-6 years (0.24/year) with the maximum variance of about
20. In the CCSM4 simulation, the same frequency of
3-6 years is seen with maximum peak at 4 years although
the CCSM4 Nino3.4 variability is significantly larger than
the observed variability. In the previous version of CCSM
i.e. CCSM3 the ENSO frequency (about 2 years) was
reported as very poor by Collins et al. (2006a, b). This
shows that new version of CCSM has significant
improvements in its dynamics and can therefore simulate
the ENSO properties more closely to observation. For the
case of the IOD spectrum, being irregular in its oscillatory
period, there is no well-defined peak in the observed fre-
quency whereas in CCSM4, the peak of the IOD spectrum
remains in phase with that of the Nino3.4 index showing a
frequency of 3-6 years. Also these results show that the
10D index varies significantly with ENSO in CCSM4. The
observed IOD variance is very small whereas the model
variability is significantly larger showing a similar pattern
as the Nino3.4 index.

Figure 15 (top) shows the linear regression of the
CCSM4 simulated JJAS Nino3.4 (—5°S-5°N, 120°-
170°W) SST index with JJAS precipitation and 850 mb
winds. Comparison of this regression pattern with Fig. 10
reveals the improved spatial Nino3.4 regression pattern of
the CCSM4 simulation, which is due to the improved and
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Fig. 14 The variance power

OBS Specturm CCSM4 Specturm

spectrum for a observed SST 50
(HadSST) and b CCSM4.
Nino3.4 (—5°-5°N, 120°-
170°W) SST index is in a solid
black line and 10D [(—10°S—
10°N, 50°-70E°) — (—10°S-0°,
90°~110°E)] index is in a solid
blue line

Variance

Variance

0.00 0.

coherent atmospheric response in coupling. This can be
also seen in Fig. 15 (bottom), representing lag-lead corre-
lation of CCSM4 simulated SAM precipitation with sim-
ulated Nino3.4 SST index. The observations show positive
correlation when precipitation lags ENSO and strong
negative correlations when precipitation leads ENSO. The
CCSM4 can partially capture the observed variation of
correlation timing but with quite different magnitudes.
Comparing CCSM4 lag-lead correlation with CAM4
(Fig. 11) shows significant improvement in the coupled
simulation relationship. This is probably due to an
improved or consistent SST simulation and its interaction
with atmosphere, which is absent in atmosphere-only
simulations. The response of ENSO to SAM precipitation
(i.e., SST lagging the monsoon) is realistic in CCSM4,
better than in CAM4. The lag-lead correlation for ENSO
suggests that in the CCSM4, SST has significant biases
over the central equatorial Pacific and Indian Ocean. The
fact that CCSM4 reveals a better connection between ocean
and atmosphere in its simulation, although the Nino3.4
amplitude is considerably larger than the observed one,
supports the low sensitivity to SST in the CAM4 model.
Apparently, the atmospheric component i.e. CAM4 in
CCSM4 shows a realistic response to ENSO variability
only when being forced by a strong SST signal which is
confirmed by CAM4 sensitivity experiments (not shown or
discussed further here).

Since SST and precipitation are strongly coupled in the
tropics, an unrealistic simulation of SST distribution should
lead to an unrealistic SAM-ENSO relationship. To assess
this we analyzed the average mean seasonal SST differ-
ences between CCSM4 and the observed climatology over
the Indian and Pacific oceans. This also helps further
investigate the SAM improvements in coupled simulations.
In the observed mean SST climatology (not shown here)
the most important feature is the warm pool region over the
west Pacific with SSTs more than 28.0 °C and a cold SST
tongue along the east Pacific associated with easterly trade
winds along with a strong east—west SST gradient across
the equatorial Pacific. A north—south irregularity is present

0
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Frequency (cycles/month) Frequency (cycles/month)
(JJAS Regression Nino3.4)
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Fig. 15 The linear regression (fop) of CCSM4 June—September
(JJAS). Nino3.4 (—5°S-5°N, 120°-170°W) SST index with June—
September (JJAS) simulated precipitation and 850 mb winds. Lag-
lead correlation (bottom) of CCSM4 monthly mean precipitation with
CCSM4 Nino3.4 (—5°S-5°N, 120°-170°W) SST index. Area aver-
aged (0°-40°N, 55°-100°E) time series (ISR) of observed CMAP
(solid black line) precipitation and observed All-India Precipitation
(AIR—dashed black line) time series are correlated with observed
Nino3.4 SST index. Correlations are calculated using a 5 month
sliding window
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in the eastern Pacific where warm water is located north of
the equator and cold water is present along the west coast
of South America. This north—south irregularity is impor-
tant for the formation of the annual cycle (Xie 1994) and
ENSO (Cane et al. 1986). CCSM4 SST patterns, showed
almost the same climatology but with significant differ-
ences in magnitude. Figure 16 shows the difference
between the simulated CCSM4 SST climatology and the
observed SST climatology for DJF, MAM, JJA and SON
seasons. In CCSM4, the model predicts warm SSTs over
most of the Pacific and Indian Oceans in all four seasons
whereas over the eastern equatorial pacific and northern
East Indian Ocean, the model has cold SST biases in spring
and summer. The cold SST bias in the equatorial Pacific
significantly reduces the temperature of the warm pool
whereas the warm biases near the coast of Peru reduce the
meridional SST gradient. This may be the cause of the
double ITCZ in the CCSM4 simulations, as seen in
Fig. 12b. Comparing the SST bias in summer with the
summer precipitation bias of CCSM4 (Fig. 12) reveals that
the negative precipitation anomalies over much of the
Pacific Ocean are largely associated with the cold SST bias
in the same region. This most likely originates from errors
in the atmospheric model. As reported in Li and Hogan
(1999), Manganello and Huang (2008), deficiencies in the
simulated SSTs are likely responsible for some of the
unrealistic ENSO properties in the coupled model.
Although CCSM4 simulated summer monsoon precipita-
tion in South Asia is considerably improved, the SST bias
over the Pacific Ocean (ENSO region) can still lead to a
spurious response of the SAM to ENSO in CCSM4.

5 The contribution of air sea interaction to SAM
simulation

In previous sections, we investigated the SAM simulations
using CAM4 and CCSM4. Their differences were due to
two factors: (1) the role of coupling in CCSM4 which is
absent in CAM4; (2) the SST consistency in CCSM4. To
better isolate the role of coupling in simulating the SAM,
we designed another set of experiments referred as to
CAM4_POP, in which the predicted SST by CCSM4 forces
CAMA4. These experiments allow us to investigate the air
sea coupling in CCSM4 and its effect on SAM precipita-
tion. An ensemble strategy is used as discussed in Sect. 2.2,
and therefore the following discussions are from the
ensemble mean analysis.

The difference between the CAM4_ POP and CCSM4
(Fig. 17b) reveals that the precipitation and westerly winds
in the CAM4_POP simulation are enhanced over the
Northern Indian Ocean including the Arabian Sea and Bay
of Bengal. These differences show that SAM monsoon
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Fig. 16 Seasonal SST differences between CCSM4 and observation
(HadSST) for a 30 year mean climatology during: a December—
February (DJF), b March-May (MAM), ¢ June—-August JJA and
d September—November (SON). The shading corresponds to model
SST bias in °C (red for warm SST and blue for cold SST)

variability is amplified in the absence of the air—sea cou-
pling. A considerable increase is also seen in the variance
(not shown here), revealing that the monsoon variability is
amplified by about half as compared with the CCSM4. The
absence of the air—sea coupling keeps SSTs warm in the
Indian Ocean (as discussed previously), which increases
the local evaporation and precipitation. This suggests that
the air—sea coupling works to stabilize the monsoon and
hence suppress the variability, which is the case in CCSM4
simulations. Figure 17a shows the difference between the
CAM4_POP mean precipitation and wind (JJAS), and
observations (CMAP/NCEP). The spatial pattern in this
case is almost same as seen in Fig. 12b for the SAM
region. This means that the reduction in excessive precip-
itation seen in the CCSM4 simulation is not only due to the
air—sea interaction but also due to the more consistent SST
simulation in the coupled model integration. In other
words, the more consistent SST simulated in CCSM4
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(different from observation in magnitude) is responsible for
decreasing the overestimation of precipitation.

To further elaborate this point we performed another set
of experiments and analyzed the CCSM4 SST in the Indian
Ocean and its effect on SAM monsoon. For this set of
experiments, we used the SST data from the CCSM4
transient run (CCSM_TR). The CCSM4_TR precipitation
is similar to precipitation in the CCSM4 run, but the SST
bias is more significant in CCSM4_TR simulation.

The Indian Ocean SST bias, seen in Fig. 16, prompted
us to find its influence on the SAM. Comparison of CCSM4
and CAM4 runs suggests that the coupled model cold SST
biases significantly reduce monsoon precipitation as seen
in Fig. 17. The role of these biases is for CCSM4 to
remove the overestimation (reduction in the monsoon) seen
in the CAM4 simulation. Gimeno et al. (2010) have shown
the Northern Indian Ocean to be an important moisture
source for Indian monsoon precipitation and therefore
understanding the monsoon dependence on Indian Ocean

Fig. 17 June-September
(JTJAS) differences of

CAM4_POP - OBS
I L

SST, and correctly representing this in climate models, is
important in order to realistically predict monsoon
fluctuations.

In Fig. 18a, b, the annual cycle of SST over the
Northern Indian Ocean for two separate regions, the Ara-
bian Sea and Bay of Bengal, is shown for observation and
for both the CCSM4 and CCSM4_TR coupled model runs.
In CCSM4, the magnitude of the cold SST bias in the
Arabian Sea is small, diminishing after the summer season,
whereas CCSM4_TR shows a large cold bias throughout
the year, with a slight decrease in its magnitude during the
fall. Over the Bay of Bengal, instead of a cold SST bias,
both models show a warm SST bias, with a larger bias in
the CCSM4 climatology run. This means, from January to
July, the cold bias becomes more confined to the Arabian
Sea in these models, while a warming appears in the Bay of
Bengal.

To further analyze the role of this Indian Ocean bias, we
designed two different sensitivity experiments with CAM4
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Fig. 18 Annual cycle of observed SST (HadSST, solid black line)
and simulated SST (CCSM4, blue dotted line and CCSM4_TR, red
dotted line) over a Arabian Sea (40°-80°E, 7°-30°N) and b Bay of
Bengal (80°-100°E, 7°-30°N). ¢ June-September (JJAS) mean
precipitation difference of CAM4_AS_BoB (CAM4 climatology

using climatological SST repeated every year but with the
addition of the CCSM4 Northern Indian Ocean SST bias
into the SST climatology. In the first experiment, we added
the annual cycle of CCSM4_TR SST bias (bounded in the
Ocean region 7°-30°N, 40°-100°E) covering the whole
Northern Indian Ocean to the annual cycle of climatolog-
ical SST (named as CAM4_AS_BoB). To remove any
discontinuity at the boundary of the region of bias the bias
is added in a tapered manner over the region, being highest
at the center and approaching zero at its boundaries. In the
second set of the experiments, the bias of CCSM4_TR SST
is confined only to the Arabian Sea covering 7°-30°N, 40°-
80°E (named as CAM4_AS). Both of these experiments are
compared against the CAM4 climatology run (CAM4._-
CLIM) forced with the climatological SST cycle (see
Table 1 for details). To account for uncertainties, each
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SST run with SST modification in both Arabian Sea and Bay of
Bengal) from CAM4_CLIM (CAM4 climatology SST run). d Same
as ¢ but for CAM4_AS run (with SST modification in Arabian Sea
only). The shading corresponds to the difference in mm/day

simulation is performed three times starting with three
different initial conditions. As mentioned previously,
CAM4 is not very sensitive to the small changes in its
boundary conditions which mean that only a strong
anomaly added to its boundary condition will produce a
significantly altered simulation. We therefore use the
CCSM4_TR simulated SST in this case which has larger
magnitude of SST bias, especially in the Arabian Sea. In
Fig. 18c, d, precipitation differences of both of these
experimental setups from the CAM4_CLIM run are shown.
In CAM4_AS_BoB, a significant reduction in the precipi-
tation is seen over the whole Indian subcontinent, Arabian
Sea and Bay of Bengal. Also the increased precipitation is
seen over the West Indian Ocean around 10°N. In the
second experiment (CAM4_AS) where we used the SST
bias only over the Arabian Sea, the reduced precipitation
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over the Bay of Bengal vanished and only the Arabian Sea
is affected by the bias. Both these experiments support our
conclusion that the reduction of CCSM4 SAM precipitation
is mainly due to the SST bias in Northern Indian Ocean.
The weakened (reduced precipitation as compared to
CAM4) monsoon seen in the CCSM4 run is therefore
mainly caused by systematic cold SST biases of Northern
Indian Ocean particularly in the Arabian Sea. This cold
bias keeps the ocean cool, and thus reduces evaporation,
which results into the reduction of SAM precipitation. This
issue needs more attention in the coupled model to improve
monsoon simulation. CCSM4, while being revised with
improved physics and dynamics, needs improvement in its
oceanic counterpart.

6 Summary and conclusions

The SAM precipitation is an important climatic feature due
to its profound influence on droughts and floods over Asia,
along with its influence on the global general circulation.
Improved and accurate simulation of the SAM system is
therefore crucial to predict decadal and seasonal climate as
well as projecting long-term climate change in the region.
Also it is necessary to assess whether climate models can
realistically simulate monsoon systems before using them
for such predictions. This study discussed selected features
of the SAM precipitation in the simulations of NCAR’s
new versions of the uncoupled (CAM) and coupled
(CCSM) climate models. Simulations using CAM4, CAMS
and CCSM4 models are performed and compared against
observations to identify improvements and discrepancies in
these newly updated models. Along with the simulated
mean climatology of the region, the interannual variability
and SAM-ENSO/IOD teleconnections are evaluated using
lag-lead correlation and regression analysis. The
improvements due to air—sea interactions and impact of
SST biases from the CCSM4 are assessed in coupled model
simulations.

It is found, in the comparison of atmosphere-only sim-
ulations, that the improvements in CAM4 and CAMS5
dynamics and convection parameterizations have elimi-
nated many regional differences (specially for CAMS).
Many improvements in these simulations, compared to
previous versions, are seen in both models. The detailed
structure of spatial patterns and the seasonal cycle of
monsoon precipitation are well reproduced in both CAM4
and CAMS. The annual cycle of average precipitation is
well simulated along with it major characteristics such as
the rapid monsoon onset between May and June, the high
precipitation during June—August and slow withdrawal
during September—October. The large northward shift of
the ITCZ from January to July is also well simulated by

both CAM4 and CAMS and its location and strength are
fairly well reproduced. Increasing the resolution shows a
pronounced improvement in precipitation simulation with a
reduction in many regional biases, especially over regions
of complex terrain. The CAMS new dynamics and physics
showed improved simulation results over the SAM region.
Sensitivity experiments using CAMS showed that the
implementation of new boundary layer schemes (UW
moist turbulence) in CAMS contributes to decreasing the
CAM4 simulation overestimation.

Analysis showed that both CAM4 and CAMS poorly
simulate the ENSO-monsoon teleconnection. These mod-
els partially captured the monsoon interannual variability
with inconsistencies in oscillatory period and amplitude. It
is also found that the simulation of East Asian summer
monsoon is much better than the simulation of the SAM in
both CAM4 and CAMS. The better simulation of the WY
and WNPM monsoon indices and poor simulation of the
IM, SAM; and ISR monsoon indices in both CAM4 and
CAMS also supported this conclusion. Both the models are
able to simulate the wind circulation such as equatorial
monsoon flow and lower level jet stream very well. Both
models simulate excessive precipitation over the western
Indian Ocean and subtropical Pacific Ocean whereas
decreased precipitation is simulated over the eastern Indian
Ocean, China Sea and South America. Over the SAM
region their simulations show significant large-scale biases
such as excessive precipitation over the Arabian bay and
over the Western Ghats of India, and reduced precipitation
over the eastern Indian Ocean extending into the Bay of
Bengal.

The CCSM4 simulated SAM precipitation is consider-
ably improved compared with CAM4 with the reduction of
many biases particularly over the Arabian Peninsula and
the western coast of India. The results showed that the air—
sea coupling has significantly improved the monsoon
simulation. Along with these improvements, interrupted
northward progression and delayed onset of the monsoon
over the SAM region is seen. The CCSM4 underestimated
the precipitation over the equatorial area in the Pacific
Ocean. Also CCSM4 still has the double ITCZ problem
that was also present in the previous versions of the CCSM
model (CCSM3). CCSM4 showed a systematic cold bias in
the simulation of SSTs over the tropical Pacific Ocean and
hence showed problems in simulating the observed SST-
precipitation relationship. Analysis over the whole tropical
region revealed that biases in CAM4 and CCSM4 are
somewhat similar to those in previous versions of these
models.

The frequency of ENSO in CCSM4 is found to be more
realistic than was simulated in its previous version
(CCSM3). The SAM-ENSO teleconnection in the CCSM4
climatology run is partially captured. Significant cold
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biases over the equatorial Pacific Ocean are found in
CCSM4, particularly in winter and early summer. It is seen
that the air-sea coupling can improve the simulation of
precipitation. Forcing CAM4 with coupled model SST
clarified the impact of the air—sea coupling in the interan-
nual variability of the SAM precipitation. The local air—sea
coupling over the SAM region acts to modulate the activity
of the SAM summer monsoon as well as the remote SST
forcing. The SST continuously warms over the SAM
region as the feedback from the atmosphere to the ocean
does not exist in the CAM4 model forced with SST from
the coupled model. The SST warming contributes to
increased evaporation, which results in the monsoon
destabilization over the SAM region. Another impact, the
absence of the air—sea coupling, enhances heavier precip-
itation in the SAM. It is found that, along with air—sea
interaction, SST bias in the CCSM4 model plays an
important role in simulation of SAM precipitation vari-
ability and magnitude. Using CAM4 sensitivity experi-
ments, the influence of the coupled model SST bias in the
northern Indian Ocean on SAM precipitation is investi-
gated. It is found that the reduction of SAM precipitation in
the coupled simulation, as compared to the uncoupled
simulation, is mainly due to cold SST bias in the Arabian
Sea.

The strengths and limitations in simulating Asian sum-
mer monsoon in CAM4, CAMS and CCSM4, depend
mainly on how well they simulate the mean state of
atmosphere, its variability, the internal dynamics of mon-
soon systems and ocean—atmosphere interactions. Although
these recent model versions have many improvements and
are able to capture the observed features of SAM precipi-
tation, many biases are still present. This study shows that
while the NCAR systems models can serve as tools in
simulating and understanding Asian monsoon climate
systems, they still have simulation errors that need further
consideration. Along with the improvements in the model
physics and resolution, understanding of the coupled
physical processes in conjunction with the complex
topography over the SAM region is crucial. As the ocean
dynamics also play an important role in Indian Ocean SST,
further studies are needed to clarify its relative importance
compared with the role of air—sea interaction in SST
cooling during the SAM. It is necessary for the coupled
model to simulate realistic SST variation to improve the
SST climatology, which can then improve the SAM pre-
cipitation teleconnection in CCSM4. In general, modeling
monsoon fluctuations mainly depends on understanding the
fundamental processes that affect local climate, good
parameterization and representation of these processes and
the methods used for numerical implementation of these
processes.
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