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Coupled Land-Ocean-Atmosphere Processes and
South Asian Monsoon Variability

Gerald A. Meeh|

Results from a global coupled ocean-atmosphere climate model and a mode! with spec-
ified tropical convective heating anomalies show that the South Asian monsoon was an
active part of the tropical biennial oscilfation (TBO). Convective heating anomalies over
Africa and the westem Pacific Ocean associated with the TBO aftered the simulated
pattern of atmospheric circulation for the Northern Hemisphere winter mid-latitude over
Asia. This alteration in the mid-latitude circulation maintained temperature anomalies over
South Asia through winter and helped set up the land-sea temperature contrast for
subsequent monsoon development. South Asian snow cover contributed to monsoon
strength but was symptomatic of the larger scale alteration in the mid-latitude atmo-

spheric circulation pattern,

Coupled climate interactions between the
ocean and atmosphere contribute o a
mechanism that produces biennial variabil-
ity {TBO) in the troposphere and upper
ocean i the tropical Indian and Pacific
ocean regions (!, 2). The notion of such
coupling has been central to studies of tro-
pospheric biennial oscillations (3), and sev-
eral researchers have linked the biennial
component of variabilicy to El Nifio-South-
ern Oscillation (ENSO} (4-7). The TBO is
associated with modulations of the seasonal
cycle, with maxima in the TRO manifested
as warm (El Nifo) and cold (La Nira) ex-
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tremes in the tropical Pacific, modulations
that have connections to the Indian mon.
soon {1). A biennial component of tropo-
spheric variability is seen in the tropical
Pacific and Indian regions in sea-surface
temperature (SST) and surface wind (8-
12), and in the western Pacific, in ocean
dynamics (I13-15). A possible association
between the stratospheric quasi-biennial os-
cillation {QBO) of zonal wind and interan.
nual variability in the tropical troposphere
has also been suggested {16, {7). The focus
of this report is the extent to which the
South Asian monsoon is involved as an
active or passive participant in the TBO
(and, by extension, ENSO} and the mech-

anisms by which this interaction occurs.

SCIENCE + VOL. 266 =+ 14 OCTOBER 1994

The land-sea temperature contrast is the
basic forcing of the South Asian monscon
(of which the Indian tnonsoon is an integral
Haf_t) (18). Mote accurately, there is a me-
ridional temperatyre gradient extending
from the tropical Indian Ocean north to the
Aslap fand mass that develops through a
considerable depth of the troposphere be-
cause South Asia heats more quickly than
does the Indian Ocean in spring. Heated air
over land rises and draws moist, low-level
maritime air inland, where convection and
heavy precipitation occur during northern
summer to fuel the monsoon 'circulation
further. Such land-sea temperature con-
trasts are important in other tropical rain-
fail regimes (19} as well as for the simula-
tion of monsoon rainfall in various general
circulation models (GCMs) (20) and in
paleoclimate studies (21). Consequently,
the South Asian monsoon could be actively
involved in the TBO and ENSO through
modulations of temperature contrast be-
tween South Asian land areas and the In-
dian Ocean.

Links between the South Asian monsoon
and the Southemn Oscillation have also been
shown to have a biennial tendency (22-25).
Additionally, snow cover may alter land-
surface temperature and subsequent mon-
soon strength, as suggested in the late 1800s
{26). Years with enhanced winter and spring
snow cover over South Asia tend to have
below-normal monsoon rainfall (27-30).
Consequently, tropical-mid-latitude inter-
action has also been proposed as playing
some role in monsoon evolution {(24).

The National Center for Awmospheric
Research's (NCAR's) coarse-grid, global
coupled ocean-atmosphere GCM (31} was
used to study the processes postulated
above. This type of model is a useful tool for
elucidating basic processes in the coupled
climate system. It can represent aspects of
the observed large-scale mean climate (31 )
climate vatiability compared to satellite ob-
servations {32), and some elements of
ENSO-related variability (33). Because
there are no correction terms used to force
the coupled model to the observed state,
the model-simulated SSTs in the tropics
tend to be too cool, thys enhancing land-
sea fernperature contrast in the monsoon
region. Yet, the pattern of mean monsoon
seasonal precipitation and the variability of
the simulated South Asian monsoon has
been shown to be comparable 1o the ob-
served pattern (34),

The atmospheric model had an approx-
tmarte horizontal resolution of 4.5° latitude
and 7.5° longitude with nine vertical levels.
Soil moisture was parameterized by a simple
reservoir formulation, and clouds, precipita-
tion, snowfall, and resulting snow cover
were computed. The global dynamical
ocean model had a resolution of 5° by 5°
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with four vertical layers and accounted for
sea ice with a simple thermodynamic for-
mulation. An integration was performed,
without flux correction for preseat-day cli-
mate, for 70 years, the last 50 years of which
are analyzed here,

I compusited area averages from the cou-
pled model on the basis of an arca-averaged
index of Indian monsoon rainfall that was
the average of all land points over the In-
dian region for the 50-year time series for
the Junc, July, and August (JJA) season.
Using extreme wet or Jry seasons (in excess
of | standard deviation), computed area
averages tor vimous other paramerers. Dif-
ferences were formulated as a function of
season for strong-minus-weak  monsoons
(Fig. 1), with the sign of those differences
indicarive of a strong monsoon, Maximum
magnitudes of these differences were aboyt
5t 20% of rhe strong or weak monsoon
averages and in moest cases were around |
standard deviation of the monsoon scasonal
values.

The coupled model produced o number
of similaritics to the obseeved resules (Figs.
D). In particular, South Asian tand temper-

-atures were elevared {in relation to Indian

Ocean SSTs) in the northern winter and
spring before o strong monsoon o produce
an enhanced land-sea temperature contrast.
This contrast was associated with reduced
Asian snow cover. During JJA of a strong
monsaon (JJAL), the South Asian land
temperatures  decreased as soil  motsture
amounts increased because of heavy rain-
fall. The cool South Asian land tempera-
tures persisted through the following north-
ern fall, winter, and spring seasons to con-

tribute to decreased land-sea temperature
contrast and a relatively weak monsoon the
following JJA (JJA,,). The cool South
Asian land temperatures were associated
with increased South Asian snow cover
during northern winter [December, January,
and February (DJF )] and spring [March,
April, and May (MAM, )].

For the ocean-atmosphere biennial
mechanism described earlier, upper-ocean
heat-content  anomalies provided the
“memory” for the 1-year time scale of SST
anomalies (2). The land surface does not
possess such heat storage characteristics, but
soil moisture could provide some memory
because it is an accumulated quantity. In
the coupled model, elevated soil moisture
levels that occurred in conjunction with
the strong monsoon in JJA, pemsisted into
northern fall {September, October, and No-
vember (SONG) (Fig. 1). The wetter land
surface was associated with enhanced evap-
oration and cooler land -temperatures. By
the following northern winter, the soil
moisture differences were near zero. Addi-
tionally, those differences were also near
zerv before a strong monsoon during DJE,
and MAM,. Surface hydrology appears to
have contribured to land-surface tempera-
ture anomalies for only part of the year.
Consequently, other processes must have
been at work to maintain South Asian
land-surface temperature anomalies on the
l-year time scale.

Tropical convective heating anomalies
are thought to force anomalous mid-kati-
tude circulation by inducing a remote
Rossby wave response (35, 36). Such forc-
ing could affect mid-latitude circulation
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that in turn affects the monsocon (24),
Studies have shown connections between
the tropics and mid-latitudes that affect
the South Asian monsoon as well (37).
Perhaps heating from anomalous convec-
tion associated with the coupled air-sea
biennial mechanism that operates in the
tropical Indian and Pacific ocean regions
(1, 2} could be altering the mid-tatitude
circulation so as to contribute to the per-
sistence of the surface temperature anom-
alies over South Asia and thus to monsoon
development.

To investigate this hypothesis, | calcy-
lated surface temperature anomalies from
the coupled model for the DJF season before
a strong.monsoon (DJF,, Fig. 2ZA). Positive
differences were located over much of
South Asia (as noted by the W's in Fig. 1).
Magnitudes of these differences were in ex-
cess of 0.5°C in areas of South Asia and up
to arcund 3°C over North Asia. Interan-
nual standard deviations of northern winter
surface temperatures from the 50.year inte-
gration were 0.8° to 1.0°C over South Asia
and were near 2.5°C over North Asta. The
500-mbar height differences (standard devi-
ations averaged about 10 to 15 m over
South Asia and near 20 to 25 m over North
‘Asia) showed a well-organized large-scale
pattern. Negative differences of about [0 m
were located over the Middle East, with
positive differences of greater than 35 m
over North Asia and negative differences of
about 15 m over Northeast Asia (Fig. 2B).
This pattern indicates an alteration of the
mid-latitude armospheric circulation such
that there was an anomalous ridge of high
pressure over Asia (H in Fig. 2B}). Such a
patternn would help maintain relatively
warm surface remperatures aver South Asia
as a result of southerly advection of warm
air under the ridge (38). A further indica-
tion that warm air was advected over South
Asta in the coupled model is that the sen-
sible heat flux over that region was +7 W
m~? (the positive sign indicates that warm
surface air heated the ground}, or about
10% of the mean value for that time of year.

To investigate whether similar patterns
were present in observations, | then com-
puted observed differences in surface tem-
perature represented by the European Cen-
tre for Medium-Range Weather Forecasts
(ECMWF) analyses (39) for the northern
winter 1988 (that is, December 1987 and
January and February 1988) minus those for
northern winter 1987 (Fig. 2C). The 1988
monsoon season was strong, and the 1987
season was weak (40, 41). Therefore, these
differences have the sign of conditions that
precede a strong monsoon. Similar to but
larger than the coupled model composites,
positive surface temperature differences of
several degrees occurred over most of South
Asia and North Asia and negative differ-



ences occurred over Central Asia (Fig, 2C).
Also similar to the coupled model values
but with increased amplitude, negative 500-
mbar height differences of near 30 m (Fig.
D) were located over the Middle East,
positive differences of over 100 m occurred
over North Asia, and negative differences
of about 40 m were present over East Asia.
This pattern signifies the presence of an
anomalous ridge of high pressure over Asia
in the winter before the strong monsoon
year (1988) compared to the pressure dur-
ing the winter before the weak monsoon
year (1987). The smaller amplitude anom-
aly patterns in the coupled model (Fig. 2, A
and B) compared to the observed values
(Fig. 2, C and D) were typical of the lower
amplitude tropical variability in the model
(33, 34). However, the pattemns were simi-
far enough to justify proceeding with an
additional sensitivity experiment to test the
hypothesis that anomalous heat soutces as-
sociated with tropical convective heating
anomalies could be altering the mid-lari.
tude circulation (and consequent surface
temperature anomalies) by remote Rossby
wave response.

An atmospheric GCM similar to the one
used in the coupled model was run in per-
petual January mode with specified clima-
tological SSTs and fixed surface wetness
and snow cover. In this model, anomalous
convecrive heat sources and sinks werce
specified in 2 manner similar to that in a
previous experiment {(42). The sources and
sinks corresponded to tropical precipitation
anomalies suggested by the observations {1,
8, 22} and the coupled model (Fig. 1). The
heat sources were centered at 30°E at the
equator over continental Africa and ar
I60°E at the equator over the Pacific. A
heat sink was placed at 130°E at the equator
over Australasia. Area averages of observed
outgoing long-wave radiation (OLR, a
proxy for precipitation) were calcylated for
similar areas to form the 1988 minus 1987
differences and showed rough correspon-
dence to the specified heating anomalies in
those regions.

Surface temperature differences from the
specified heating experiment (Fig. 2E)
showed warming greater than 2°C over
South Asia and more than 5°C over Notrth
Asia, with standard deviations similar to
those in the coupled model. This pattern is
in rough agreement with the coupled model
and the observations {Fig. 2, A and C). The
assaciated 500-mbar height difference map
(Fig. 2F) showed a similar pattern: Negative
differences were about 40 m over the Mid-
dle East, positive values exceeded 60 m over
North Asia, and negative values were over
East Asia and the Northwest Pacific. These
anomalies were larger than those noted for
the coupled model and approached those
seen in the observations (Fig. 2, B and D).

This result suggests that tropical-mid-lari-
tde interaction was probably qualitatively
correct in the coupled model but that the
amplitudes were too low, as is typical of that
model (32, 33). :

The resules from thas sensitivity experi-
ment indicate that anomalous heating from
convective anomalies related w the cou.
rled atmosphere.ocean bicnnial mecha-
nixne, and associated alteration of the large-
scale cast-west atmospheric circulation in
the ropics with connections to African
precipitation (229, could produce changes
i the mid-fatrtude  circulation, Conse-
quently, South Asian fand-surfice temper-
ature anomitdies could be maintiined by
anomalous: heat transport Giused by such

A Coupled mode! DJF, surface T ditferences

shifts in the mid-latitude atmospheric cir-
culation patterns.

To examine this possibility further, |
computed surface temperature differences
for the northern winter season after a strong
monsoon and before a weak monsoon
(DJF, | in the convention of Fig. 1) for the
coupled model. Additionally, I calculared
the DJF differences for 1989 minus 1988,
representing the period after i .. strong
1988 monsoon, from the observations. ]
also performed the corresponding calcula-
tion for the specified heating experiment by
specifying negative heating anomalies {rep-
resentative of suppressed convection and,
thus, of a heating deficit) centered at 30°E
at the equator and 160°E at the equator as

Coupled model DJF, S00-mbar Z differences

C
ECMWT 1988 minus 1987 DJF surface Tditterences
9%_0 90E 180
. & I ]
[]
£ eon
g
2 aonD
3
0
: 207
2050 90E 180
E

Longhude {degrees)

Fig. 2. (A) Surface temperature anomaiies with s1gns representative of DJF, before a stroqg monsoon
{Fig 1) for the coupled modet formed from strong-minus-weak monsoon composites. Positive contours
are sold. and negative contours are dashed, {B) Same as (A) except for 500-mbar height anomaties. {C)
Same as (A) except for observed surface temperature differences, DJF 1988 minus 1987. (D) Same as (C)
except for 500-mbar height anomaties. {E} Same as (A) except for specified heating anomaly model of
perpetual January with anomatous convective heat sources at the equator, at 30°
160°E and with anomalous cooling located at the equator 130°
height anomalies. Major warm surface temperature areas | : N
negative or anomalousty low 500-mbar height centers are marked with L, whereas major positive or
anomalously high 500-mbar height centers are labeled with an H. The anomalqus ' .
(designated by +) or caoiing (-} in {E) and (F) was sinuscida! in the verti_cal v_wth a m;d—trppospherlc
maximum of 5°C and decreased linearly away from the central point in all directions to a rac_jlus of 1.500
km. Differences were formed by taking a 795-day average, days 100 to 895, from the experiment minus

a 2700-day average, days 100 to 2800. from a control integration.
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E. and at the equator
E. (F) Same as (E) except for 500-mbar
A). (C), and (E) are denoted by W. Key

convective heating

.




well as a positive heating anomaly placed
over Australasia and centered at 130°F at
the equator. All showed patterns nearly
opposite to those seen in the northern win.
ter before a strong monsoon (Fig. 2). The
analogous area-averaged differences of cou-
pled model precipitation corresponded to
these specified heating anomalies (Fig. 1).
Observed OLR differences showed a com-
parable combination of apparent heating
and cooling over these regions as weil.

I suggest that a combination of tropical-
mid-latitude forcings associated with tropi-
cal SST anomalies duting northern winter
caused the land-sea {or meridional tropo-
spheric) temperature contrast for the subse-
quent monsoon (Fig. 3, A and B). Tropical
biennial air-sea coupling, consequent SST
anomalies, and atmospheric  east-west
(Walker-type) circulations on the large-
scale influence the convective precipitation
and associated tropospheric heating anom-
alies, which then reverse these precipitation
and heating trends the following northern
winter. The resulting cooler South Asian
land temperatures and increased snow cover
produce a decreased land-sea tempetature
contrast and a weak monsoon the following
northern summer (Fig. 3, C and D).

A number of other sensitivity experi-
ments were carried out with anomalous
equatorial convective heating and cooling
centers shifted to various longitudes to rep-
resent other features in the empirical or-
thogonal functions of observed and model-
simulated precipitation. Only combinations
involving heating and cooling anomalies

over the Pacific, Australasia, and Africa
produced the appropriate mid-latitude re.
sponse over Asia. These results indicate
that African precipitation anomalies and
associated convective heating anomalies,
acting in concert with convective heating
anomalies over the western Pacific, could
contribute to mid-latitude conditions con.
ducive to subsequent Indian monsoon de-
velopment. For this sequence of connec.
tions, the South Asian monsoon is an ac-
tive participant in TBO (and, by extension,
in ENSO).

In the coupled model (Fig. 1), Asian
Snow cover was connected to the Asian
monsoon. There was less snow in the winter
and spring before a strong monsoon and
more snow before a weak monsoon. How-
ever, the specified heating experiments
showed that tropical convective heating
anomalies altered the atmospheric circula.
tion pattern over Asia. These changes pro-
vided anomalously warm or cold land-sur-
face conditions that could contribute to
land-sea temperature contrast without any
feedbacks from snow cover {snow areas and
surface moisture were specified and could
not change in that model). The results from
the coupled model suggest that Asian snow
cover anomalies contribyted positively to
the land temperature anomalies. However,
the changes of snow cover appear to be an
artifact of the shift of the mid-latitude cir-
culation partern forced by convective hear-
ing anomalies. These changes were associ-
ated with dynamic air-sea coupling and al-
teration of the large-scale east-west circula-

Fig. 3. Schematic biennial evolution from the northern winter before a strong Asian monsoon (A} thraugh
the strong monsoon season {B), 1o the northern winter after the strong monsoon before a weak monsoon

(C), to the foliowing weak monsoon (D).
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tion in the tropics influenced by precip-
itation anomalies over Africa and the west.
emn Pacific.

These results need to be examined fur-
ther in the context of an improved glok:'
coupled GCM that better resolves ENSO
processes and in a model with a tropical
convective scheme thar could better simu-.
late the magnitude of convective heating
anomalics. Further observational studies are
also required to document these relations
with & longer time series. However, the
processes outlined here involving the TBO,
ENSO. and tropical-mid-latitude interac-
tion provide a framework for understanding
variability of the dynamically coupled cli-
mate system that connects different regions
of the planer,
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