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ABSTRACT

The representation of the Indian summer monsoon (ISM) circulation in some current chemistry—climate
models (CCMs) is assessed. The main assessment focuses on the anticyclone that forms in the upper tropo-
sphere and lower stratosphere and the related changes in water vapor and ozone during July and August for
the recent past. The synoptic structures are described and CCMs and reanalysis models are compared.
Multiannual means and weak versus strong monsoon cases as classified by the Monsoon-Hadley index (MHI)
are discussed. The authors find that current CCMs capture the average synoptic structure of the ISM anti-
cyclone well as compared to the 40-yr ECMWF Re-Analysis (ERA-40) and NCEP-NCAR reanalyses. The
associated impact on water vapor and ozone in the upper troposphere and lower stratosphere as observed with
the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on Envisat is captured by most
models to some degree. The similarities for the strong versus weak monsoon cases are limited, and even for
present-day conditions the models do not agree well for extreme events. Nevertheless, some features are
present in the reanalyses and more than one CCM, for example, ozone increases at 380 K eastward of the
ISM. With the database available for this study, future changes of the ISM are hard to assess. The modeled
monsoon activity index used here shows slight weakening of the ISM circulation in a future climate, and some
of the modeled water vapor increase seems to be contained in the anticyclone at 360 K and sometimes above.
The authors conclude that current CCMs capture the average large-scale synoptic structure of the ISM well
during July and August, but large differences for the interannual variability make assessments of likely future
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changes of the ISM highly uncertain.

1. Introduction

The Indian summer monsoon (ISM) is a major source
of interannual variability in the Northern Hemisphere
(Annamalai et al. 1999). It is a significant moisture source
for the upper troposphere outside the deep tropics with a
potential to moisten the lower stratosphere (Dethof et al.
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1999). The current generation of Intergovernmental Panel
on Climate Change (IPCC) coupled ocean—atmosphere
climate models shows variable skill in capturing aspects
of the monsoon variability (e.g., Kripalani et al. 2007,
and references therein). Here we will assess the ability of
chemistry—climate models (CCMs), driven with observed
monthly mean sea surface temperatures (SSTs), to cap-
ture the large-scale monsoon circulation and its impact
on trace gas distributions, in particular water vapor and
ozone. Three questions form the main focus: Are the
models capable of capturing the mean state of the upper
troposphere/lower stratosphere (UTLS) ISM anticyclone?
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Are the models able to capture the observed interannual
variability of the ISM anticyclone? Do the models pre-
dict changes in the ISM in the future?

The ISM is a seasonal and regional feature, occurring
between June and September over the Indian subcon-
tinent. It is so large a feature that it determines to some
extent the annual and zonal mean state of the atmosphere
in low to middle latitudes in the Northern Hemisphere.
Capturing such a major mode of variability correctly is
an important test for the performance of CCMs, and
deficits in representing the ISM will affect highly aver-
aged quantities used in policy assessments (e.g., WMO
2007). The ISM is not only a purely dynamical phenom-
enon affecting winds (triggered by land-sea temperature
contrasts), it is also important for trace gas distributions
in the upper troposphere and lower stratosphere, po-
tentially lifting pollution and water vapor from the tro-
posphere into the lowermost stratosphere on short time
scales.

The obvious trace gas immediately affected by a mon-
soon is water vapor, which is transported inland in the
lower troposphere but is also transported upward and
has a distinct distribution in the upper troposphere dur-
ing the lifetime of the ISM anticyclone. Moistening or
drying of the lowermost stratosphere due to changes in
the ISM would have climate relevant consequences for
the radiative balance of the atmosphere (Shine and Forster
1999). Nonetheless, aspects of its temporal evolution in
the UTLS and how it is linked to ISM variability remain
unclear (e.g., Oltmans et al. 2000; Rosenlof et al. 2001;
Fueglistaler and Haynes 2005; Randel et al. 2006; Scherer
et al. 2008).

Chen (1995) diagnosed isentropic exchange between
the troposphere and the stratosphere at 340 K and above
during the active phase of the ISM. In addition, a model
study by Dethof et al. (1999) highlighted the potential of
the ISM to moisten the extratropical upper tropopause.
Subsequently lower stratospheric water vapor could in-
crease. In another model study, Bannister et al. (2004)
showed that the largest contribution to the moist phase
of the so-called stratospheric tape recorder (Mote et al.
1996) during June, July, and August could be attributed
to the ISM. James et al. (2008) analyzed backward tra-
jectories to identify the pathways of air parcels con-
tributing to the ISM water vapor maximum at 100 hPa.
By convection over the Bay of Bengal and the South
China Sea moist air is transported into the tropical tro-
popause layer (TTL). The air parcels are then transported
through the TTL by the ISM anticyclonic circulation
toward northwest India, where they are finally dehy-
drated, avoiding bypassing the coldest point of the TTL
(James et al. 2008). Dessler and Sherwood (2004) used
a simple model to show that convection can lead to an
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increase of extratropical water vapor around the 380-K
isentropic level of 40%. The 380-K level in the extra-
tropics is in the lower stratosphere and is close to the
tropopause in tropical latitudes. Gettelman et al. (2004)
analyzed data from a chemistry transport model and
found that the ISM contributes 75% of the total net
upward water vapor flux in the tropics at tropopause
levels from July to September. Levine et al. (2008) pointed
out that no clear monsoon signal is apparent in transport
studies from the tropical tropopause layer into the low-
ermost stratosphere. The large-scale meridional winds
as associated with the ISM are important in determining
the seasonality and hemispheric preference for transport
from the TTL into the lowermost stratosphere.

Another important trace gas affected by the ISM is
ozone. For the policy-relevant monitoring of the Mon-
treal protocol and its amendments, it is necessary to eval-
uate our ability to detect ozone recovery due to changes
in the halogen loading (WMO 2007). Attribution of ozone
changes requires an understanding of interannual ISM
variability. Like water vapor, ozone in the UTLS is an
important radiatively active species and partly determines
vertical temperature gradients (Shine and Forster 1999).

Recent satellite observations have helped to charac-
terize the ISM impact on trace gas distributions over the
Indian subcontinent in more detail. Randel and Park
(2006) analyzed upper tropospheric water vapor and
ozone concentrations from the Atmospheric Infrared
Sounder (AIRS) and found a strong link to convection.
Park et al. (2007) analyzed Microwave Limb Sounder
(MLS) data of carbon monoxide, water vapor, ozone,
and temperature from Aura and identified at the eastern
edge of the monsoon anticyclone rising motion, poten-
tially transporting trace gases from the region of con-
vective outflow (~12 km) to the level of the tropopause.
Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) CO observations also imply an impor-
tant role of the ISM in upward transport (Funke et al. 2009).

Here, we will study the ability of current CCMs to
capture the climatology of the ISM and its impact on
water vapor and ozone. We will focus on model runs
covering the recent past (CCMVal-1 REF1) (Eyring et al.
2006), assessing their mean ISM, their ISM-related trans-
port regimes as manifested in water vapor and ozone,
and their interannual variability of the ISM and its im-
pact on tracers in comparison with reanalysis output.

For available future projections (CCMVal-1 REF2)
(Eyring et al. 2007) of two CCMs, we will present an
initial study of the changes in UTLS water vapor and
ozone concentrations related to the monsoon circula-
tions in a changing climate.

The plan of the paper is as follows. In section 2 we in-
troduce our diagnostic strategy and data, while section 3
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TABLE 1. Chemistry—climate models used.
Horizontal Number of
Model resolution levels/upper boundary Underlying GCM Group and location

E39C 3.75° X 3.75°(T30)  39/10 hPa ECHAM4.L39 (DLR)  DLR, Oberpfaffenhofen, Germany

LMDZrepro 2.5° X 3.75° 50/0.07 hPa LMDz4 L’Institut Pierre-Simon Laplace (IPSL),
Paris, France

MAECHAM4CHEM 3.75° X 3.75°(T30)  39/0.01 hPa MAECHAM4 MPI-C, Mainz, MPI-M, Hamburg,
Germany

UMSLIMCAT 2.5° X 3.75° 64/0.01 hPa Unified Model University of Leeds, Leeds,
United Kingdom

WACCM(v3) 4.5° X 5° 66/0.0000045 hPa Community Atmosphere NCAR, Boulder, Colorado

Model (CAM)

discusses the synoptic characteristics of observed and
modeled dynamical monsoon features in the UTLS. In
section 4 we show the effect of the ISM circulation on
water vapor and ozone concentrations in the UTLS and
in section 5 describe features of interannual monsoon
variability in water vapor and ozone. Section 6 provides
first-order estimates of future monsoon changes and char-
acterizes potential impacts on water vapor and ozone.
A summary and an outlook are provided in section 7.

2. Methodology, models, and data

We focus on the evaluation of the fully developed
Indian summer monsoon (ISM) during July and August
using monthly mean wind, geopotential height, and tem-
perature data from a set of CCMVal-1 REF1 integra-
tions, as summarized in Eyring et al. (2006) and used in
the World Meteorological Organization—United Nations
Environment Programme report ‘‘Scientific Assessment
of Ozone Depletion: 2006 (WMO 2007).

The mean synoptic ISM structures in the upper tro-
posphere and lower stratosphere are analyzed. Geo-
potential heights and streamlines, averaged over 1980-99,
are evaluated and compared to 40-yr European Cen-
tre for Medium-Range Weather Forecasts Re-Analysis
(ERA-40) (Uppala et al. 2005) and National Centers for
Environmental Prediction (NCEP)-National Center for

Atmospheric Research (NCAR) reanalysis (Kalnay et al.
1996; Kistler et al. 2001) output.

Similarly, the averaged large-scale features in the wa-
ter vapor and ozone distributions associated with the
ISM, which are derived from the CCM simulations and
ERA-40 data, are compared. NCEP-NCAR does not
provide water vapor data in the UTLS and does not pro-
vide any ozone data. The ERA-40 water vapor and ozone
are only weakly constrained by observations (Oikonomou
and O’Neill 2006). In contrast to the temperature and
wind data, the ERA-40 water vapor and ozone data
should be considered model output rather than observa-
tions. Therefore, ozone and water vapor are investigated
using MIPAS satellite data of water vapor (Milz et al.
2009; von Clarmann et al. 2009) and ozone (Steck et al.
2007; von Clarmann et al. 2009). MIPAS measures water
vapor and ozone, among numerous other species, as a
limb emission midinfrared sounder with high spectral
resolution from a sun-synchronous polar orbit at about
800-km altitude. It covers the atmosphere from 70 km to
cloud top by scanning from top to bottom with a step
width of 1.5 km (upper troposphere/lower stratosphere,
since 2005) to 8 km (mesosphere, before 2005). Data are
recorded every 400 km along the orbit, with 14.4 orbits
per day, providing one profile per day roughly every 4°
latitude and 12.5° longitude. Cloud contamination reduces
the achievable coverage. The atmospheric distributions

TABLE 2. Main specifications of CCMVal-1 REF1 simulations.

Quasi-biennial Greenhouse
Model oscillation (QBO) Volcanoes Solar cycle SSTs gas (GHG) Halogenes

MAECHAM4CHEM Assim. Yes Yes Hadley Centre Global IPCC A2 WMO (2003)
Sea Ice and Sea Surface
Temperature, vl (HadISST1)

E39C Assim. Yes Yes HadISST1 IPCC A2 WMO (2003)

WACCM(v3) No Yes Yes J. Hurrell (2005, personal WMO (2003) WMO (2003)
communication)

UMSLIMCAT Internal Yes No Atmospheric Model IPCC A2 WMO (2003)
Intercomparison Project
(AMIP) 11

LMDZrepro No Yes No AMIP 11 WMO (2003) WMO (2003)
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FIG. 1. Long-term monthly mean (20 yr; 1980-99) for July/August of the 150-hPa geopotential height for 10°S-50°N, 20°W-180°, shaded in
gpkm. Overlaid as streamlines are the horizontal wind components. The red line indicates the lapse rate tropopause.

of water vapor and ozone used in this study were re-
trieved with the MIPAS level-2 data processor at the
Institut fiir Meteorologie und Klimaforschung-Instituto
de Astrofisica de Andalucia (von Clarmann et al. 2003)
from observations of 57 days overall during July and
August 2003, 2005, 2006, and 2007. The precision, ac-
curacy, and vertical resolution of single profiles in the
relevant altitude range of water vapor (ozone) is 5%—
6%, 8%—17%, and 2.3-3.3 km (3.8-12.6%, 9.6-17.0%,
2.4-2.9 km), respectively (von Clarmann et al. 2009).

The selection of characteristic vertical levels to use in
such a comparison is slightly arbitrary and is guided by
available data and previous work. We will focus on the
150-hPa pressure level and the 380-K isentropic level,
which in the tropics are fairly parallel, with the 150-hPa
pressure level being slightly lower in altitude compared
to 380 K. The intersection of pressure and isentropic
levels in conjunction with the configuration of stream-
lines might be indicative of isentropic transport and
troposphere-stratosphere exchange. The approach here
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FIG. 2. (left) Asin Fig. 1 but for the NCEP-NCAR reanalysis. The vertical white lines mark the sections used in Fig. 3. (right) Latitude—
height sections between 1000 and 50 hPa from the equator to 65°N for the July/August long-term mean (20 yr) zonal velocity averaged
between 60° and 120°E: shading interval 5 m s~ . Displayed as contours in black are the temperature anomalies of the respective latitude
section relative to the zonal average. The white dashed contours indicate the isentropic surfaces (contour interval 20 K). Displayed in red
is the lapse rate tropopause: zonal mean (dashed) averaged between 60° and 120°E (solid). Data are from the NCEP-NCAR reanalysis.

is limited by the use of monthly mean data, which allows
only the representation of a quasi-stationary mean state
and cannot take into account temporal variability on
shorter time scales that is important for the net transport
of air. The selected horizontal maps will be supported
by latitude-height cross sections at different longitudes
to reveal the three-dimensional structure of the ISM
circulation.

We selected the Monsoon-Hadley index (MHI)
(Goswami et al. 1999) as a suitable monthly mean
monsoon index to describe interannual variability. The
MHI index is strongly correlated with the classical All-
India Monsoon Rainfall Index (AIR) (Mooley and
Parthasarathy 1984), which is based on the amount of
precipitation falling during the months from June to
September at stations on the Indian subcontinent. The
MHI is dynamically defined and is, therefore, a measure
for the strength of the ISM circulation. It is based on the
anomalous meridional wind shear averaged over the
region 10°-30°N, 70°-110°E. The deviation of the me-
ridional wind v; from the long-term area mean vy, is
calculated at 850 and 200 hPa for every single July—
August season i:

MHL, = [v,_(850) — v,(850)] — [v,,., (200) — v,(200)].

Large positive values of the MHI indicate a strong
northward-directed (southward-directed) meridional
wind at 850 hPa (200 hPa). Negative MHI correspond
to weak ISM cases. Using this monsoon index, we will
stratify the data (CCMs and ERA-40) and form com-
posites for strong and weak monsoon cases. We assess
how the interannual variability, in particular amplitude

and changes in spatial distribution of the ISM anticyclone,
is captured in CCMs compared to reanalysis systems.

The following models are used in this assessment:
MAECHAMA4CHEM (Steil et al. 2003; Manzini et al.
2003), E39C (Dameris et al. 2005), WACCM (Garcia
etal.2007), UMSLIMCAT (Tian and Chipperfield 2005),
and LMDZrepro (Jourdain et al. 2008) (see summary
Table 1). Even though all models are global CCMs, they
differ substantially in vertical and horizontal resolution,
vertical domain, complexity of chemistry, and tracer
transport. The setups of the model simulations used here
are summarized in Table 2. Not all models have used
the CCMVal-1recommended REF1 setup in all details.
Therefore, it might be very difficult to identify the causes
of the differences diagnosed between the model simu-
lations. Nevertheless, it is important to highlight those
differences because they may be regarded as representa-
tive of the model uncertainties. Their estimation is crucial
for assessment processes such as WMO (2007).

Using climate projections (Eyring et al. 2007) we will
assess how future changes in the ISM project on water
vapor and ozone changes. In conjunction with the earlier
composite assessment for present-day climate, we will
attempt to assess the likelihood of higher/lower water
vapor and ozone values in the lowermost extratropical
stratosphere and provide simple confidence measures
for modeled future water vapor and ozone changes.

3. Synoptic description of climatological monsoon

The synoptic structure of the lower tropospheric ISM
cyclone and the upper tropospheric ISM anticyclone has
been well described in the past (Annamalai et al. 1999).
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FIG. 3. Latitude-height sections between 1000 and 50 hPa from the equator to 65°N for the July/August long-term mean (20 yr)
meridional velocity averaged over (left page) 16°~46°E and (right page) 95°~125°E; shading interval is 1 m s~ '. Displayed as contours in
black are the temperature anomalies of the respective latitude sections relative to the zonal average. The tropopause height is displayed in
red. The blue arrows denote the meridional (in m s~ ') and vertical velocity (in mm s~ ).

Early during Northern Hemisphere summer a large cy-
clone with its center over Pakistan develops in the lower
troposphere. With increasing height the ISM cyclone in
the lower troposphere transitions into an anticyclone in
the UTLS.

Figure 1 shows the mean geopotential height and hor-
izontal wind fields as represented by streamlines during
July—August at the 150-hPa level for ERA-40 (top) and
participating CCMs. The ISM anticyclone is captured by
all models but varies considerably in strength, extent, and
position. Note that the position of the ISM anticyclone

affects further analyses because quantities are averaged
for specific regions following earlier work (Dunkerton
1995). Area extent as measured by the 14.28 gpkm iso-
line is also highly variable. MAECHAMA4CHEM, E39C,
and WACCM all show much larger anticyclones than
observed, whereas UMSLIMCAT calculates a much
smaller anticyclone. The strongest (in terms of stream-
line density) circulation is modeled in WACCM, which
also shows a marked displacement of the center of the
anticyclone to the west with respect to the ERA-40 re-
analysis. LMDZrepro did not provide geopotential
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height, but the streamlines indicate a strong, northward-
displaced ISM anticyclone. It is interesting to note that
MAECHAM4CHEM and E39C have been derived
from the same parent general circulation model but
have diverged in their development (transport scheme
and vertical grid; E39C has 39 levels up to 10 hPa
whereas MAECHAM4CHEM has 39 levels up to
0.01 hPa). Their ISM anticyclones are similar in structure
but differ in strength, with MAECHAM4CHEM dis-
playing the stronger circulation. Figure 2 (left) confirms
the spatial distribution of the ISM anticyclone at 150 hPa
from NCEP-NCAR reanalysis but suggests a slightly
stronger circulation compared to ERA-40. Nevertheless,

the difference between NCEP-NCAR and ERA-40 is
much smaller than the differences revealed between
CCMs and ERA-40 in Fig. 1.

To understand better the vertical ISM structure, we will
analyze the western and eastern boundaries of the anti-
cyclone. Figure 3 shows the meridional wind component
(shaded) averaged zonally over (left) 16°-46°E and (right)
95°-125°E. Arrows indicate the vertical and meridional
wind. Climatologically at 150 hPa these are the regions of
prevailing northward (southward) meridional winds on
the western (eastern) side of the ISM anticyclone.

The corresponding temperature anomalies relative to
the zonal mean are shown as black contour lines (dashed
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for negative values). The averaged lapse rate tropopause
is indicated by a solid red line. The strongest northward-
directed meridional velocities on the west side of the
ISM anticyclone occur at 150 hPa between 30° and 45°N
with values of 9 m s~ ! in ERA-40 (top).

According to ERA-40, in the upper troposphere around
150 hPa on the western side of the monsoon anticyclone
(Fig. 3, left) the northward-directed convergent merid-
ional motion coincides with a downward-directed ver-
tical velocity, whereas on the eastern side (Fig. 3, right)
the divergent southward flow coincides with an upward
vertical velocity. The southward meridional wind ex-
ceeds 7 m s~ in ERA-40. In both areas a characteristic

monsoon temperature pattern can be identified with pos-
itive anomalies in the troposphere and negative anom-
alies in the UTLS region. Dunkerton (1995) noted that
the largest northward flow at the west side of the ISM
anticyclone coincides with an acceleration of the zonal
wind. Therefore, we analyze in Fig. 4 the zonally aver-
aged zonal wind component (shaded), the temperature
anomalies (black contours), the 380-K potential tem-
perature contour (dashed white), and the tropopause
temperature (solid red) averaged for a section from 60°
to 120°E. The anomalies are calculated with respect to
the zonal average (adapted from Randel and Park 2006,
their Fig. 2).
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FIG. 5. MIPAS data (4 yr) for July-August at (top) 360 K and (bottom) 380 K for the region 10°S-50°N, 20°W-180°: (left) water vapor
in ppmyv, shaded with an interval of 2 (0.2) ppmv; (right) ozone in ppbv, shaded with an interval of 10 (15) ppbv at 360 (380) K. Overlaid as
streamlines are the horizontal wind components of ECMWF analyses.

As analyzed by Randel and Park (2006) for July—
August 2003 from NCEP-NCAR data, the structure of
the climatological means derived from NCEP-NCAR
(Fig. 2, right) and ERA-40 data is very similar. A well-
developed westerly (eastward) jet is apparent. The west-
erly jet has a wind speed near 29 m s~ ! in both reanalyses
and is located near 40°N with its center between 200 and
150 hPa slightly below and equatorward of the down-
wardsloping tropical to subtropical tropopause averaged
over this region. The center of the easterly jet is located
near the tropopause (between 150 and 100 hPa) at 10°N.
Due to latent heat release during the monsoon there is
a positive temperature anomaly reaching from the tro-
posphere in low latitudes to the lower stratosphere in
high latitudes with a maximum of more than 5 K near
250 hPa at about 30°N. In the UTLS region the mon-
soon circulation induces the opposite temperature signal,
peaking near 30°N above the tropopause at 80 hPa. A
strong negative temperature anomaly is found in the
center of the anticyclone, just above the tropopause, ex-
ceeding —5 K (see Fig. 4, top). Figure 2 (right) confirms

the vertical thermal and dynamical structure diagnosed
from ERA-40. As before, the difference between NCEP-
NCAR and ERA-40 is much smaller than the differences
revealed between CCMs and ERA-40 in Fig. 4.

The gross features of the ISM found in ERA-40 are
apparent in all CCMs, but significant differences exist.
Note that the ISM shows natural interannual variability
and that the CCMs are only constrained with SSTs and
sea ice coverage at the surface. Despite this constraint,
the models still have a considerable degree of freedom
to simulate weather and climate that is different from
the observed weather and climate during the years from
1980 to 1999. Nevertheless, a couple of differences might
be indicative of model deficiencies. The models of the
ECHAM family have a maximum meridional velocity
that is less pronounced than in the reanalyses and is
slightly shifted toward 30°N. On the east side of the ISM
anticyclone southward-directed meridional velocities with
maxima around the subtropical tropopause are apparent
(Fig. 3, right), but the modeled amplitude is highly vari-
able. Toward the equator a second region with southward
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FIG. 6. Long-term monthly mean (20 yr) for July-August at 380 K for the region 10°S-50°N, 20°W-180°. (left page): water vapor
(ppmv), shaded with an interval of 2 ppmv; (right page) ozone (ppbv), shaded with an interval of 15 ppbv. Overlaid as streamlines are the

horizontal wind components.

meridional velocities emerges as part of the southern
Hadley cell and is captured in all models apart from
LMDZrepro, although only weakly in WACCM. This
can be explained by the westward shift of the ISM an-
ticyclone in the WACCM REF]1 simulation; thus, using
fixed regions for the sectional averages we do not fully
capture the southern Hadley cell. This upper equatorial
branch of the southern Hadley circulation can also be
found very weakly and slightly lower in ERA-40 and to

a variable extent in the CCMs. Note that this statement
relies on the position of the ISM anticyclone and the
areas defined to average over. The width of the modeled
tropical tropopause break is variable. The tropopause
break in ERA-40 is located around 40°N and coincides
with the strongest meridional motions in both directions.
Quasi-stationary cross-tropopause flow is evident in this
region and stratosphere—troposphere exchange is likely
to occur.
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FIG. 6. (Continued)

4. Mean monsoon signature in water vapor
and ozone

Large dynamical systems like the ISM have implica-
tions for tracer distributions in their vicinity. In recent
years improvements in earth observation systems allowed
the characterization of such tracer anomalies. Gettelman
et al. (2004) analyzed water vapor from Halogen Occul-
tation Experiment (HALOE) data at 100 hPa in July
and found a clear summer monsoon signal northwest of

the Indian subcontinent and over Mexico. Randel and
Park (2006) found the strength of the Asian monsoon
anticyclone and the tracer variability linked to the oc-
currence of convection. They found high water vapor
concentrations at the 360-K isentropic surface during
July—August 2003 coinciding with the monsoon anti-
cyclone. A corresponding decrease in ozone (see also
Park et al. 2007) does imply strongly the presence of
air of tropospheric origin in the monsoon anticyclone at
360 K.
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As an observational reference we use MIPAS satellite
data. Figure 5 shows (left) MIPAS water vapor (Milz
et al. 2009; von Clarmann et al. 2009) and (right) ozone
volume mixing ratios (Steck et al. 2007; von Clarmann
et al. 2009) at (top) 360 and (bottom) 380 K averaged
over available July and August observations for 2003,
2005, 2006, and 2007. Note that the MHI averaged over
this observational period is close to zero and is therefore
not affected by a strong/weak ISM. Overlaid streamlines
are constructed from ECMWF operational analyses for
the corresponding months and years. The MIPAS wa-
ter vapor measurements at 360 K show a distinct en-
hancement within the ISM anticyclone with a maximum
northeast of the center of the anticyclone. The ozone
data at 360 K show a distinct minimum within the ISM
anticyclone and also even lower ozone concentrations in
the region of the western Pacific warm pool. This is in
good agreement with Randel and Park (2006), who an-
alyzed AIRS ozone and water vapor data at 360 K for
2003. Water vapor at 380 K (scale: 4-6 ppmv) shows a
clear north-south gradient with enhanced water vapor
north of 20°N where the streamfunction indicates the
ISM anticyclone. Ozone at 380 K (scale: 105-375 ppbv)
in the central region of the ISM anticyclone is low. En-
hanced ozone is found to the north and southeast of the
central ISM anticyclone. It should be noted that the
isolation of tracer concentrations is strongly height and
tracer dependent. While at respective pressure or geo-
metric altitude levels the signature of the ISM anticy-
clone is also clearly visible in the water vapor distributions
[similar to Park et al. (2007) and Gettelman et al. (2004)],
in the representation at the 380-K isentrope the en-
hanced levels of water vapor of the ISM anticyclone
merge with a band of enhanced water vapor covering all
longitudes within Northern Hemisphere midlatitudes,
leading to the north-south gradient observed in Fig. 5.
At360 K the water vapor maximum is more pronounced
than at 380 K, but the ozone minimum is more pro-
nounced at 380 K compared to 360 K, where the low
ozone in the core region of the ISM seems to merge
with low tropical ozone. Generally the 380-K isentrope
coincides well with the thermal tropopause at equatorial
latitudes and lies within the lower stratosphere in high
latitudes.

Figure 6 shows modeled water vapor and ozone con-
centrations at 380 K, together with the streamlines of
the horizontal wind fields for ERA-40 and the contrib-
uting CCMs. ERA-40 water vapor (scale: 2-20 ppmv,
note the extended scale to accommodate all models)
shows a north-south gradient and a small enhancement
in the center of the ISM anticyclone that is clearly visible
in the MIPAS data at 360 K, but not as clear at 380 K.
Ozone (scale: 105435 ppbv, note the extended scale to
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accommodate all models) shows a very similar behavior
in ERA-40 and MIPAS data. In ERA-40 the structures
of modeled tracer fields agree well with the dynamical
fields. This is not surprising, since the model provides a
self-consistent solution to the transport problem. Larger
discrepancies between the MIPAS tracers and the
ECMWEF dynamical fields are evident as the MIPAS
observations are independent from the ECMWF anal-
ysis system. Additional sampling issues in calculating
the averages play a role in explaining some differences
between observations and ERA-40. The observed ISM
center varies from Pakistan/Afghanistan/the Arabian
peninsula in the year 2005 to over northern India in the
years 2003 and 2006 to the Tibetan plateau and eastward
in the year 2007, smearing out in the multiannual mean.
MAECHAM4CHEM shows a distinct water vapor max-
imum embedded in the strong north-south gradient and
a corresponding ozone minimum. The overall ozone gra-
dient is more pronounced than in MIPAS observations
and in ERA-40. E39C shows no distinct water vapor
maximum and very high water vapor north of 30°N. The
ozone distribution in E39C is in good agreement with
ERA-40. WACCM shows both a distinct maximum in
water vapor and a minimum in ozone. The WACCM
modeled ISM center is positioned too far to the west
compared to ERA-40. It should be noted that the
ECMWEF streamfunction corresponding to the MIPAS
period (Fig. 5) has its center slightly farther west than
the ERA-40 climatological mean for 1980-99. For
UMSLIMCAT the chosen level is still close to the lower
boundary condition of the stratospheric chemistry mod-
ule, but both tracer anomalies are present, even though
the overall north-south ozone gradient cannot be estab-
lished. LMDZrepro does not show any distinct water
vapor features and the very small ISM center accommo-
dates a dynamical consistent small ozone anomaly.

This comparison reveals weaknesses and strengths in
all participating models, and it should be noted that even
the observational evidence is not without uncertainties.
Generally, it might be acceptable to rate models higher
in terms of chemistry—climate interactions that show both
tracer anomalies due to the ISM anticyclone (high water
vapor/low ozone as in MAECHAM4CHEM, WACCM,
and UMSLIMCAT). But this rating is problematic when
the position of the ISM anticyclone is taken into account,
which is too far to the west in WACCM, surely affecting
the climate modeled for the Asian subcontinent.

Figure 4 highlights that the tropopause above the
ISM anticyclone (solid red line) is higher than the zonal
mean tropopause (dashed red line). The 380-K isentrope
(dashed white line) intersects the thermal lapse rate tro-
popause (30°-40°N). The topography of the 380-K sur-
face as discussed in section 3 is another reason for the
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typically higher water vapor and lower ozone concen-
trations inside the monsoon anticyclone. In addition,
vertical exchange processes and the isolation of the ISM
anticyclone contribute to the visibility of distinct water
vapor and ozone anomalies at certain heights.

5. Interannual monsoon variability

The impact of the ISM anticyclone on the tracer dis-
tribution has been assessed in section 4. Here we analyze
how the interannual variability of the ISM affects the
tracer distribution in the UTLS. We stratify the data
according to weak and strong ISM cases identified by the
MHI (cf. section 2) and create composite anomalies.
Large positive (negative) values of the MHI indicate a
strong (weak) northward-directed meridional wind at
850 hPa and a strong (weak) southward-directed me-
ridional wind at 200 hPa. We call these the strong and
weak ISM cases, respectively.

Recall that the meteorology of the free-running CCMs
is not directly comparable with the ERA-40 reanalysis,
even though they all model 1980-99. To create com-
posite differences for strong and weak ISM cases with
equal sample size, we sort the years according to the
strength of the MHI and use the five years with the
lowest and highest MHI values respectively to calculate
differences for the July—August period. Given the small
number of years (20) and the high variability of the
MHLI, the differences are not expected to be statistically
significant, but as we will demonstrate they reveal some
consistent features.

Figure 7 shows the distributions of the MHI for the
CCMs and ERA-40 during the July-August period. The
distributions are hard to recognize as Gaussian owing to
the small number of cases. If at all, a more Gaussian-like
distribution can be found for ERA-40 and some of the
CCMs (MAECHAMA4CHEM, E39C, UMSLIMCAT),
whereas LMDZrepro and WACCM show a tendency
toward bimodal behavior. Definitely more cases are nec-
essary to draw any further conclusions from Fig. 7, but it
documents the variability of the ISM for the CCMs and
ERA-40.

Figure 8 shows percentage differences of (left) water
vapor and (right) ozone at 380 K for the strong minus
weak ISM cases (these cases are marked with crosses in
Fig. 7). The differences of the concentrations are shaded.

—

FI1G. 7. Histograms of the MHI for the ERA-40 reanalysis and
the CCMs. The MHI is calculated for a July-August average. The
crosses indicate the five weakest/strongest ISM cases, used to cre-
ate the composite differences of Fig. 8.
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differences of the horizontal wind.

Overlaid as streamlines are the differences of the hori-
zontal winds. For ERA-40 we find reduced ozone con-
centrations in regions of enhanced anticyclonic circulation,
indicating strengthened upwelling of ozone-poor air,
whereas regions with stronger cyclonic circulation show
enhanced ozone concentrations caused by weakened up-
welling of ozone-poor air. The ozone anomalies are an-
ticorrelated with water vapor anomalies, suggesting that
enhanced transport during strong ISM events is responsible

for the anomalies of both constituents. The modeled
tracer anomalies in Fig. 8 are fairly different in ampli-
tude and position between the CCMs, but some similar
features emerge for both trace gases. WA CCM reproduces
best the anticorrelation between ozone and water vapor,
with a corresponding circulation anomaly around 40°N,
60°E. UMSLIMCAT has only very low amplitude anom-
alies, quite likely caused by the stratospheric boundary
condition of UMSLIMCAT. LMDZrepro shows a very
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zonal response with only one pronounced north—south
dipole. The simplicity of the response hints toward a
problem in how this version of the model represents the
interannual variability of the ISM anticyclone.

In MAECHAMA4CHEM and E39C the circulation
anomalies are comparable, as both CCMs are based on
the same dynamical model, ECHAM4. However, dif-
ferences in the tracer anomalies are likely caused by the
different transport schemes implemented in the CCMs.
According to the analyses of James et al. (2008), we have

to assume stronger convection over the Bay of Bengal
during stronger ISM cases. This leads to more moist air
transported to the TTL where the anticyclonic circula-
tion further transports the air parcels through the TTL
toward northwest India, dehydrating at a point warmer
than the coldest point of the TTL. As a strong ISM in-
duces a negative temperature anomaly and, thus, a lower
cold point, a positive water vapor anomaly in a strong/
weak ISM composite difference indicates that the cold
point has not been bypassed. On the other hand, a
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FIG. 9. Vertical profiles of differences of the meridional velocity area averaged for (left) 15°-35°N, 16°~46°E and
(right) 15°-35°N, 95°-125°E. Dots mark levels where the differences are statistically significant at the 95% level
calculated with a Student’s ¢ test. (top) Differences between the July and August multiannual mean for 2000-19
minus 1980-99 for MAECHAMA4CHEM and WACCM (ensemble of three runs). (bottom) As at top, but for

WACCM only and for 2020-50 minus 1980-99.

negative anomaly indicates that the cold point has been
bypassed, leading to less water vapor in conjunction with
less ozone.

6. Projected monsoon changes and their
consequences

Previous studies have assessed potential changes of
the ISM in a future climate (e.g., Meehl and Washington
1993; Kitoh et al. 1997; May 2002; Ueda et al. 2006;
Kripalani et al. 2007). Doubling the effective CO, con-
centration in a version of the ECHAM4 model (May
2002) leads to an intensification of the monsoon rainfall
due to increased moisture transport, while the general
monsoon circulation weakens. A similar result is reported
by Ueda et al. (2006) from a multimodel analysis of re-
cent coupled atmosphere—ocean GCMs.

Here we will assess indications of future changes
of the monsoon circulation in the two CCMs for
which data were available, MAECHAM4CHEM and
WACCM. Future forcings include anthropogenic and
nonanthropogenic boundary conditions as specified for
the CCMVal-1 REF2 simulations (Eyring et al. 2005).
As an indicator for future circulation changes associ-
ated with the ISM, we analyze with Fig. 9 the meridi-
onal velocity changes on the eastern and western sides
of the ISM anticyclone where the most pronounced
meridional flow associated with the ISM anticyclone
can be expected between 150 and 100 hPa (northward-
directed on the western side and southward-directed on
the eastern side of the ISM anticyclone, cf. Fig. 3). Dots
mark levels where the differences are statistically sig-
nificant at the 95% level, calculated with a Student’s
t test.
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Figure 9 (top) shows the differences between the re-
gional July and August multiannual means for 2000-19
minus 1980-99 for MAECHAM4CHEM and WACCM
(ensemble of three runs). Note that, while the future
simulation of MAECHAM4CHEM started in 2000,
WACCM started its future climate projections (REF2, cf.
section 2) in 1980. We compare here the future changes
in WACCM with the 1980-99 period of the REF2 simu-
lations. Unlike for the WACCM REF1 simulation, the
position of the ISM anticyclone is well captured in the
REF2 simulations, which might be due to differences in
the prescribed SSTs in both simulations (cf. Eyring et al.
2005). All three WACCM runs show a decrease of both
the (left) northward flow and (right) southward flow
peaking between 200 and 100 hPa. Similar changes occur
in MAECHAM4CHEM although with smaller amplitude
and shifted in height. This weakening of the meridional
flow extends down to the lower troposphere where the
meridional circulation is reversed (see Fig. 3).

While the future change in the meridional circulation
is rather weak and does not show up consistently in all
simulations of the near future (2000-19), it is more pro-
nounced for the period 2020-50. The differences in the
changes for the ensemble members of WACCM cannot
be attributed to a shift in the position of the ISM anti-
cyclone, but reflect the internal model variability. Recall
that the monsoon index used for classifying the strength is
based on vertical shear in meridional velocities and not on
absolute values. Nevertheless, shear and absolute values
indicate a weakening of the ISM circulation in a future
climate.

Figure 10 shows tracer differences for (left) water va-
por and (right) ozone at 380 K between future and re-
cent past time periods. The differences are calculated
after removing the zonal average to highlight the ISM
impact under climate change. Consequently the changes
in ISM signal are less influenced by the model mean
state. A Student’s ¢ test is used to test the significance of
the differences at the 95% level (dashed regions). The
top row shows percentage differences between the July
and August multiannual mean for 2000-19 minus 1980-
99 for MAECHAM4CHEM. Contour lines for selected
geopotential heights at 150 hPa indicate the position of
the ISM anticyclone for the past (1980-99, in black) and
the future (in red). It is obvious that the area enclosed
by the 1440-gpdm isoline increases in the future. Sig-
nificant water vapor increases are predicted to the north
and the southwest of the anticyclone and in the eastern
part of the anticyclone at 360 K (not shown). Ozone in-
creases are more homogeneous with height and ozone
is increasing in and around the anticyclone. Consistent
changes are simulated in WACCM (Fig. 10, middle)
with stronger water vapor increases at 360 K than at
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380 K and an improved containment in the ISM anti-
cyclone in WACCM. Ozone at 380 K proves inconclu-
sive with a tendency toward less ozone northwest and
southeast of the anticyclone, but lower down some in-
creases are modeled as well. In general these tendencies
are confirmed for the extended time horizon from 2020
to 2050 (Fig. 10, bottom). The ozone changes are more
pronounced and the areas of significant changes are larger.

The water vapor increase can be related to a relatively
lower and warmer tropopause (differences after remov-
ing the zonal average; not shown) within the ISM an-
ticyclone. This indicates a weakening of the monsoon
circulation, as the ISM usually leads to a higher tropopause
(see Fig. 3). The weakening of the ISM is also indicated by
the monsoon activity index used, which weakens slightly in
a future climate as modeled with WACCM.

Because of the increasing greenhouse gas concentra-
tions prescribed in the model integrations, the tropo-
sphere warms in the models and leads to elevated future
pressure levels in the upper troposphere; thus, the se-
lected contours of geopotential height at 150 hPa (see
Fig. 10) enclose larger areas in the future. This result is
consistent with IPCC Fourth Assessment Report (AR4)
projections of the future (Meehl et al. 2007, chapter 10),
which generally do not consider the stratosphere and
chemical processes. The modeled changes of the me-
ridional flow and the change in the MHI indicate a
weakening of the ISM circulation. The assessment of the
MHI (and other monsoon indices) might be problematic
as a sole indicator of ISM strength. The validity of the
indices might change in a future climate. Somehow sub-
jective choices for area averages or pressure levels (used
in estimating vertical and/or horizontal gradients) might
require adaptation in a changing climate.

7. Conclusions

We have presented an assessment of how a group of
current CCMs represent the ISM anticyclone in the upper
troposphere and lower stratosphere. All models capture
some aspects of the mean climatological ISM anticy-
clone over the period 1980-99. Nevertheless, the strength
and position of the ISM anticyclone differ considerably.
UMSLIMCAT shows the weakest ISM anticyclone, and
the largest (westward) displacement of the center is seen
in WACCM, compared to ERA-40 for the period 1980-99.

Modeled tracer concentrations in water vapor and
ozone are dynamically consistent in most models, with
the exception of water vapor in LMDZrepro. MIPAS
observations of water vapor and ozone are in good
agreement with ERA-40, but the level of agreement is
highly dependent on the exact height of the chosen con-
trol level (here 380 K). In agreement with the dynamical
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F1G. 10. Tracer differences for (left) water vapor and (right) ozone at 380 K between future and recent past time periods. (top)
Percentage differences between the July and August multiannual mean for 2000-19 minus 1980-99 for MAECHAM4CHEM. (middle) As
at top but for WACCM. (bottom) As at top but for WACCM and for 2020-50 minus 1980-99. Contour lines for selected geopotential
heights at 150 hPa indicate the position of the ISM anticyclone. Black isolines indicate the period 1980-99; red isolines indicate future
periods as labeled. In regions with overlaid dashes the results of a Student’s ¢ test indicate that the differences are statistically significant at
the 95% level.

structure of the models, water vapor and ozone anomalies The comparison between weak and strong ISM cases
are highly variable, but most models show a clear anti- reveals complex dynamical and associated tracer struc-
correlation between the two in the center of the ISM an-  tures. The best agreement for the differences is seen
ticyclone (high water vapor/low ozone). in WACCM at 380 K, even though the mean ISM
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anticyclone is too far west in this model. UMSLIMCAT
and LMDZrepro show anomalies that do not reflect well
the patterns revealed in ERA-40. Our results demon-
strate that even for present-day conditions the models
do not agree well for extreme events.

In a future climate the models indicate that the used
monsoon activity index weakens slightly, which leads to
a relative lower and warmer tropopause. Water vapor is
predicted to increase in the anticyclone most strongly at
360 K and sometimes above.

The phenomenological nature of this assessment does
not provide an objective and unambiguous way of grad-
ing the models. From the results presented it is clear that
none of the CCMVal-1 models included in this inter-
comparison captures all aspects of the ISM anticyclone
and its imprint on ozone and water vapor in the upper
troposphere and lower stratosphere. Nevertheless, it be-
comes clear from this analysis that some models are better
than others in capturing the climatological mean state in
comparison to either ERA-40 reanalysis or MIPAS ob-
servational data. In addition it is important to note that,
even though ERA-40 and MIPAS observational data for
water vapor and ozone show clear similarities, they do not
agree in all aspects. The complex intersection of charac-
teristic levels (150 hPa, 380 K, and thermal tropopause) is
challenging for models and observations alike and poses
a challenge that we need to confront continuously.

Further observational data are required to establish
the long-term variability of trace gases due to the ISM
anticyclone. Given some of the large differences between
models and observations regarding the mean position,
extent, and interannual variability of the ISM anticy-
clone it is of paramount importance to scrutinize the
reliability of the modeled future changes of the ISM
anticyclone. For this study only 20 years could be used
to establish the variability of the recent past.

New model experiments within CCMVal-2 will allow
a more comprehensive and statistical significant assess-
ment of monsoon variability. Updated model versions
are now available. For example, E39C has included a
fully Lagrangian advection scheme that leads to a sig-
nificant improvement of tracer distributions (Stenke et al.
2008) and LMDZrepro has included a new convection
parameterization (Hourdin et al. 2006). At the same time
ECMWF and NCEP-NCAR will provide new reanalysis
products and the satellite observational database will
grow continuously. We will aim to reassess soon and will
establish the validity of our conclusions.
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