by H. Annamalai

his article describes the ability of the coupled mod-

els in the Fourth Assessment Report (AR4) of the

Intergovernmental Panel on Climate Change to sim-
ulate the mean monsoon rainfall and its variability. The mon-
soon is a coupled ocean-atmosphere-land phenomenon, and
our trust in projections of how the monsoon will respond to
overall warming depends on the ability of the coupled mod-
els to capture the present-day monsoon climate. The results
summarized below stem from a series of collaborative proj-
ects I have conducted with IPRC scientists Markus Stowas-
ser and Kevin Hamilton, and with Ken Sperber from the
Program of Climate Model Diagnosis and Intercomparison

at Lawrence Livermore National Laboratory.

Monsoon climatology and ENSO-monsoon association

Computer simulation of monsoon rainfall climatology
has proven difficult and provides a severe test of climate
models. A realistic representation of the basic monsoon cli-
mate state and its variability in models, however, is a pre-req-
uisite for assessing projections of future monsoon climate in
a global warming scenario. In the following project, I exam-
ined the success of the AR4 models in capturing the present-
day mean monsoon precipitation and the El Niflo-Southern
Oscillation-monsoon relationship, and then selected those
models that best captured present-day climate to study the

monsoon response to warming.
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IPCC Climate
Models and
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Monsoon

For each model, a June-September rainfall climatology
of the last 30-years from the 20" century simulations was
constructed and compared with observations. The observa-

tions (Figure 1 top panel) show that intense rainfall occurs
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Figure 1: Precipitation climatology (color) and standard deviation
(contours in 1.0 mm/day) are shown for CMAP observations and for
the 20th century integrations of the 6 models that have significant pat-

tern correlations with observations.



over three regions in Asia, which represent (1) the Indian
Summer Monsoon (ISM: 70°E-100°E, 10°N-25°N,) (2) the
Western North Pacific Monsoon (WNPM: 110°E-150°E,
10°N-20°N), and (3) the eastern equatorial Indian Ocean
(EEIO: 10°S-0, 90°E-110°E). Because these centers do not
respond in unison to El Nifo forcing and influence each oth-
er, a realistic representation of these three centers is needed
if the models are to adequately reproduce the variability of
the Indian monsoon.

To see how well the models represent the three major
convection centers, we used their simulations of June-Sep-
tember rainfall climatology over both India (the all-India
rainfall; 65-95°E, 7°N-30°N) and the larger monsoon do-
main (40-180°E, 25°S-40°N). Our selection metrics were
based on the pattern correlations between simulated and ob-
served rainfall estimates and their root mean square differ-
ences (RMSDs) for the period. These are shown in Figure 1,
and reflect the “present status” of monsoon precipitation
simulation by these state-of-the-art climate models. In only
6 out of the 18 models were the June-September rainfall
simulations significantly correlated to observations at the
95% confidence level.

The Indian summer monsoon variability is known to
be closely related to central-eastern Pacific sea surface tem-
perature (SST) variations associated with the El Nifio-South-
ern Oscillation (ENSO), with typically less rainfall during
El Nifio years. This suggests the mean monsoon and its in-
terannual variability are predictable by charting the slowly
varying Pacific Ocean conditions. If the relationship remains
strong, there is hope that monsoon interannual fluctuations
are at least somewhat predictable. The recently observed
weakened ENSO-monsoon relationship, however, may be
partly due to global warming, and if this relationship fails,
then the leading predictor of monsoon variability will be
lost. Thus, it becomes important to determine what will
happen to the monsoon-ENSO relationship in the future.

For a realistic representation of this relationship, models
must capture the ENSO characteristics apart from the mean
monsoon precipitation. We examined, therefore, not only the
space and time evolution of SST together with the associated
precipitation anomalies along the equatorial Pacific, but also
the resulting atmospheric circulation anomalies that link the
tropical Pacific to the Asian monsoon domain. Out of the
6 models that had shown adequate skill in simulating the

mean monsoon (Figure 1), only four were able to represent

Heatwave in Southern India. Credit: Land Surface Temperature

data processing by Jesse Allen and provided by Zhengming Wan
(UCSB SCF). Purple shades are near 0°C, red between 35°-45°C, yellow
up to 50°C.

ENSO characteristics. Figure 2 shows the expected lead-lag
relationship between NINO3.4 (120°W-170°W, 5°S-5°N)
SST anomalies and all-India rainfall anomalies. We used
NINO3.4 SST because the strongest observed negative cor-
relations between all-India rainfall and SST occur over this
region (figure not shown). For each of the four models, we
first calculated the correlation for each realization, and then

computed the ensemble-mean pattern.
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Figure 2: Lag/lead correlations between all-India rainfall anomalies
and NINO3.4 SST anomalies, in which 0 on the x axis represents the
peak monsoon season: 20th century (panel a) and C0, doubling (panel
b) simulations. Both panels include the present-day observed rela-
tionship. Negative correlations greater than r = —0.24 in magnitude

are significant at the 5% level. Lag -12 corresponds to NINO3.4 SST

anomalies one year before the monsoon season.
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In observations, NINO3.4 SST
and the all-India rainfall are negatively
correlated (Figure 2a, black curve). In
the 20™ century simulations, all four
models capture this inverse relation-
ship during boreal summer, but the
maximum negative correlation occurs
too early in the GFDL_CM_2.0, MRI,
and MPI_ECHAMS5 simulations. Three
of the models represent reasonably the
spring predictability barrier, seen as
the near-zero correlations during the
preceding winter and spring. Only
the GFDL_CM_2.1 model, however,
captures the overall timing between
El Nifo and the all-India rainfall cor-
rectly. The model’s ability to resolve

the timing is possibly related to the
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Figure 3: In the GFDL_CM_2.1, the seasonal
mean (JJAS) climatology differences between
the quadrupled CO, and 20" century integra-
tions: (a) SST (°C), (b) precipitation (mm/day),
and (c) evaporation (in mm). Only statistically

significant values for (b) are shown.
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model’s ability in simulating the space
and time evolution of SST and associ-
ated diabatic heating anomalies during
El Nifo events.

Analysis ofthe warmingscenarioin
which CO, was increased from present
values by 1% per year and compound-
ed until doubled, the CO. doubling
runs, shows that with warming the lack
of predictability in spring becomes
even more apparent, and that the nega-
tive correlations in GFDL_CM_2.0 and
MRI persist for about 3-6 months after
the monsoon season (Figure 2b). Over-
all, our results indicate that the ENSO-
monsoon relationship remains strong
and stable in a warmer climate, but as
in present-day observations, waxes and
wanes at decadal time scales.

More detailed results on this proj-
ect are available in Annamalai et al.
(2007).

Monsoon Response to
Global Warming

Encouraged by the findings that
the GFDL_CM_2.1

mean monsoon and ENSO-monsoon

represents the

relationship fairly well, Markus Stowas-
ser and I examined in this model the
response of the mean monsoon in the
simulations with 4 times present-day
CO, concentrations, the quadrupled
CO; runs. We tested the hypothesis
that an increase in mid-tropospheric
temperature and associated increase
in moisture content provide additional
potential for latent heat release during
the build-up of low-pressure systems,
thereby possibly intensifying monsoon
depressions, the main rain-bearing sys-
tems over central India.

The seasonal-mean differences
in precipitation, SST, and evapora-

tion were calculated by subtracting the

quadrupled CO, climatology from the
corresponding 20" century climatology
(see Figure 3; the corresponding circu-
lation changes are shown in Figure 4).
Notable features in the GFDL_CM_2.1
model during typical El Nifio events
are anomalous cold SST and less rain-
fall than usual in the western Pacific,
but more rainfall together with low-
level anomalous westerlies over central
and eastern Pacific (140°W-120°W).
With increased SST in the equatorial
central Pacific one might expect per-
manent El Nino-like conditions in a
warmer climate. The absence of these
signatures in the quadrupled CO, ex-
periment, however, negates the notion
of El Nifo-like conditions.

Despite a rise of over 2°C in

SST everywhere in the tropical Indo-

Pacific, the model shows signifi-
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Figure 4: Same as Figure 3 but for: (a) 925 hPa
velocity potential (in m%s, (b) 850hPa wind

(in m/s), and (c) vertical easterly shear.



cantly less rainfall over the equatorial
Indian Ocean, and more rainfall over
the peninsular parts of India, the west-
ern North Pacific monsoon region, and
the equatorial west Pacific. In sharp
contrast, at 850hPa the trades in the
southern Indian Ocean and the cross-
equatorial monsoon flow are weakened
(Figure 4b). This paradox between
increased monsoon rainfall and weak-
ened circulation has been noted previ-
ously in climate-change experiments,
but has not been explained to satisfac-
tion. Here we provide a possible expla-
nation based on (1) the equatorial wave-
response to regional heat sources/sinks
within the Asian summer monsoon
region, and (2) the associated changes
in SST that contribute to significantly
more evaporation.

Our reasoning goes as follows: The
increased precipitation over the equato-
rial western Pacific forces anomalous
descending circulation over the eastern
equatorial Indian Ocean, the two re-
gions being connected by an over-turn-
ing circulation (Figure 4). The spatially
well-organized anomalous precipitation
over the eastern equatorial Indian Ocean
forces twin anticyclones as a Rossby-wave
response (Figure 4b). The southern com-
ponent of the anticyclones opposes and
weakens the climatological cross-equa-
torial monsoon flow, thereby limiting
coastal upwelling along Somalia. As a
result, the sea surface warms along the
Somalian coast (Figure 3a) and evapo-
ration becomes a local maximum over
the southern Arabian Sea. That is, in ad-
dition to the increased CO,-induced rise
in temperature, evaporation, and atmo-
spheric moisture, the local air-sea interac-
tion further increases SST, evaporation,
and atmospheric moisture (Figure 3c),

leading to increased rainfall over India.
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Figure 5: The frequency of the number of
12h-time-steps a system was in the domain is
shown as a function of maximum wind speed
for the entire northern Indian Ocean in pan-
els (a) and (c), and only over the Bay of Ben-
gal in panels (b) and (d): Results in (a) and (b)
are from GFDL_CM_2.1, and (c) and (d) from
IPRC-RegCM. Blue bars indicate the control
runs and red bars the quadrupled CO, runs.
To understand the regional fea-
tures of the rainfall changes, the IPRC
Model (IPRC-
RegCM) was integrated for 20 years,

Regional ~Climate
with lateral boundary conditions taken
from the GFDL model 20" century
climate and from the quadrupled CO,
runs. The IPRC-RegCM runs confirm
the results obtained from the GFDL
model and capture the orographic na-
ture of monsoon precipitation realisti-
cally (not shown).

Will intense monsoon depressions
become more frequent in a warmer
climate? To detect and track synoptic
systems in the model, we adapted the
method developed by Stowasser et al.
(2007) for tropical cyclones. Our crite-
ria for selecting storms to track, how-
ever, were more relaxed than theirs be-
cause we wanted to track also weaker
synoptic systems. Our criteria were as

follows: (a) The local vorticity maxi-

mum at 850 hPa exceeds 5 x 10°/s;
and (b) a local pressure minimum ex-
ists within a radius of 250 km of the
vorticity maximum, the pressure mini-
mum defining the center of the storm
system. To be included in the storm
trajectory, the model storm must last at
least 2 days.

The monsoon synoptic systems
thus identified were then analyzed as
a function of maximum wind speed
and as the number of 12-hour time-
steps each system was present in the
domain (see Figure 5). The results
were prepared separately for the main
storm genesis location in the Bay of
Bengal and for a larger region encom-
passing both the Bay of Bengal and the
Arabian Sea.

The frequency distributions of max-
imum storm speed for the 20" century
GFDL model runs (blue bars) over the
larger domain (Figure 5a) and over
only the Bay of Bengal (Figure 5b) are
asymmetric. The distributions peak
around 12 m/s, after which they fall off
rapidly. The model simulates very few
intense storms (wind speed > 15m/s).
The IPRC-RegCM control runs (blue
bars in Figure 5¢ and d), however, show
a more realistic representation of the
storm strength probability with a much
higher wind-speed maximum and
significantly more storms with wind
speeds exceeding 15 m/s.

The storm frequency distribu-
tions in the GFDL quadrupled CO, run
(red bars in Figure 5a and b) are simi-
lar to the 20" century results, showing
only a slight increase in the number of
storms with wind speeds greater than
12 m/s. The number of 12-hour storm
steps also increases slightly, from 979
in the 20" century run to 1031 in the
quadrupled CO; run.
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The storm frequency in the IPRC-RegCM quadrupled
CO; runs also increases only slightly from that in the con-
trol experiment when the Indian Ocean region between 60°E
and 100°E and between the equator and 30°N is considered.
The storm systems in the Bay of Bengal, however, show a
pronounced increase in both frequency and intensity in the
quadrupled CO; run.

The results presented here support our hypothesis that
in a warmer climate, additional moisture content intensifies
monsoon depressions. The present-day coarse resolution
climate models, however, are unable to detect such changes
in the intensity of synoptic systems over the South Asian
monsoon region, and experiments with very high-resolu-
tion regional models are needed to make projections of how
storms there will change with warming.

More details on this project are available in Stowasser
and Annamalai (2007).

Boreal Summer Intraseasonal Variability

The boreal summer intraseasonal variability associated
with the 30-to-50-day cycle of wet and dry spells consists of
three coexisting components: poleward propagation of con-
vection over (1) India and (2) the tropical western Pacific and
(3) eastward propagation along the equator. This complex
pattern of convection results in regional heat sources and
sinks; in particular, it produces a northwest-southeast tilted
rainband thought to arise from a Kelvin-Rossby wave inter-

action. Thus, this summertime atmospheric circulation has a

more complex structure than the wintertime Madden-Julian

Tropical Cyclone 03B over India. Credit: Jeff Schmaltz, MODIS Rapid Re-
sponse Team, NASA/GSFC
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oscillation (MJO), and its analysis in climate model simu-
lations has received less attention and has met with poorer
results than the MJO. Ken Sperber spearheaded this project
on diagnosing the ability of the AR4 models to capture this
complex convection and rainfall system.

Recent published research shows there are many con-
ditions that models must represent in order to simulate the
summer MJO realistically, the most important being, (1) the
three main centers of precipitation in the time-mean state
(Figure 1) and their interaction; (2) the climatological east-
erly wind shear over the Indian Ocean and west Pacific in
order to create an environment favorable for the emanation
of Rossby waves; and (3) the eastward propagation of equa-
torial intraseasonal convective anomalies in order to gen-
erate the necessary heating for the northward propagation
of convective anomalies.

Our results indicate that simulating the life cycle of this
summer monsoon phenomenon is still difficult. Though most
models exhibit eastward propagation of convective anomalies
over the Indian Ocean, few have the eastward propagation
extending into the western and central Pacific. Few models
show statistically significant rainfall that represents the tilted
convection. Our results indicate that correct simulation of
the main heat sources and easterly wind shear is a necessary
but insufficient condition for simulating the spacing and tim-
ing of the summer monsoon dry and wet spells.

Sperber and Annamalai (2007) provide more details

on the study.
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