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The traditional, longstanding view:  
Tibetan Plateau sensible heating drives 
inter-hemispheric South Asian monsoon

Prell et al. (1992, Geophys. Monograph AGU) e.g., Academia Sinica (1958), Flohn (1974), 
Hahn & Manabe (1975), Li and Yanai (1996)



Early modeling studies confirm that topography 
creates a strong South Asian monsoon

“Comparison of the simulation with mountains with 
the simulation without mountains reveals that the 
presence of mountains is instrumental in 
maintaining the south Asian low pressure system… 
Clearly, mountain effects help to extend a monsoon 
climate farther north onto the Asian continent.”   



But observed thermal structure is inconsistent with idea of Tibet as 
dominant heat source for the large-scale South Asian monsoon

Boos & Kuang (2010)

LETTERS

Dominant control of the South Asian monsoon by
orographic insulation versus plateau heating
William R. Boos1 & Zhiming Kuang1,2

The Tibetan plateau, like any landmass, emits energy into the
atmosphere in the form of dry heat and water vapour, but its mean
surface elevation is more than 5 km above sea level. This elevation
is widely held to cause the plateau to serve as a heat source that
drives the South Asian summer monsoon, potentially coupling
uplift of the plateau to climate changes on geologic timescales1–5.
Observations of the present climate, however, do not clearly establish
the Tibetan plateau as the dominant thermal forcing in the region:
peak upper-tropospheric temperatures during boreal summer are
located over continental India, south of the plateau. Here we show
that, although Tibetan plateau heating locally enhances rainfall
along its southern edge in an atmospheric model, the large-scale
South Asian summer monsoon circulation is otherwise unaffected
by removal of the plateau, provided that the narrow orography of the
Himalayas and adjacent mountain ranges is preserved. Additional
observational and model results suggest that these mountains pro-
duce a strong monsoon by insulating warm, moist air over conti-
nental India from the cold and dry extratropics. These results call for
both a reinterpretation of how South Asian climate may have
responded to orographic uplift, and a re-evaluation of how this
climate may respond to modified land surface and radiative forcings
in coming decades.

The Tibetan plateau has long been held to serve as an elevated heat
source that drives the thermally direct circulation of the South Asian
summer monsoon, with air at a given level of the atmosphere thought
to be heated to higher temperatures over the plateau than over adjacent
non-elevated surfaces1,2,6. Often cited in support of this idea is the fact
that the intensity and northward extent of monsoon rains were greatly

reduced in general circulation models (GCMs) in which all elevated
topography was eliminated3,7–11. Together with proxies for past winds
and rainfall, these results have been used to argue that tectonic uplift of
the plateau, which may have occurred millions of years after Himalayan
uplift, caused a large increase in Asian monsoon intensity4,12,13. The idea
that the thermal forcing of the Tibetan plateau drives the South Asian
monsoon is sufficiently widespread to cause worry that changes in its
surface temperature, glacial cover and vegetation in a warming climate
might alter monsoon intensity in coming decades5.

However, model tests that show a dramatic monsoon weakening in
the absence of all topography do not distinguish the role of the
Himalayas from that of the horizontally extensive Tibetan plateau.
Furthermore, the thermodynamic structure of the troposphere does
not clearly establish the Tibetan plateau as the dominant heat source for
the South Asian summer monsoon: upper-tropospheric temperatures
peak south of the plateau during boreal summer (Fig. 1a). The upper-
tropospheric high pressure system often called the Tibetan High is also
centred south of the plateau (Supplementary Information). Some
authors have attempted to reconcile these facts with the supposed
dominant role of plateau heating by assuming that the plateau acts as
a sensible heat pump, driving local ascent that causes low-level moist air
south of the plateau to converge and condense, producing latent heat-
ing that in turn drives the large-scale monsoon flow14. However, such a
mechanism would not explain why peak upper-tropospheric tempera-
tures are centred over northern India, about 1,000 km west of the peak
precipitation. Furthermore, we present model results below to show
that the large-scale monsoon flow is insensitive to the removal of plat-
eau heating.

1Department of Earth and Planetary Sciences, 2School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138, USA.
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Figure 1 | Observational estimates of June–August thermodynamic
structure, precipitation and wind. a, Satellite-based (AIRS) estimate of
mass-weighted vertical mean temperature for 175–450 hPa. b, ERA40
equivalent potential temperature on a terrain-following model level about

20 hPa above the surface. c, TRMM precipitation rate (colour shading) and
ERA40 850 hPa winds (vectors). In all panels, grey lines denote coasts and
thick black contours surround surface pressures lower than 900 hPa and
700 hPa. The contour interval is 1 K in a, 2 K in b and 2 mm d21 in c.
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Low-level energy (K) 
(equivalent potential temperature 20 hPa 

above surface)

Upper-level temperature (K) 
(200-400 hPa)

all July climatologies, black contours mark 
surface pressures of 700 and 900 hPa 



Convection does not act as a heat source; it couples low-
level moist static energy with upper-tropospheric temperature
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• Moist convection maintains free-troposphere near a moist adiabat 
• Free-tropospheric temperature covaries with sub-cloud energy: 

           δTu ~ δhb
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Schematic of a convective quasi-equilibrium 
monsoon

Maxima of hb and Tu 
are in same position, 
at poleward edge of 
cross-equatorial cell. 

Tu gradients are 
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Outline

How does orography create a strong South Asian 
monsoon? 

• A convective quasi-equilibrium view of monsoons 

• Orographic insulation 

• The basic physics of “elevated heating” 

• Albedo-elevation compensation, runaway greenhouses



though it is located squarely within the box used to de-
fine the precipitation index (Fig. 2c). Australian pre-
cipitation is positively related to ueb over much of the
Australian continent (Fig. 2d). Enhanced East African
precipitation is associated with a band of positive ueb
anomalies stretching from southern Africa to the south-
western Indian Ocean (Fig. 2e). South American mon-
soon precipitation is positively related to ueb in two
regions: one on the eastern and poleward edge of the
monsoon domain and extending over the Atlantic Ocean
and one poleward of the Amazon basin over Argentina.
SouthAmerican precipitation is also negatively related to

ueb in the equatorial eastern Pacific and the northern
tropical Atlantic (Fig. 2f).
We now present an alternate analysis of the same

data, regressing limited zonal means of ERA-40 ueb
onto the various GHCN monsoon precipitation in-
dices, with the zonal means taken over the same lon-
gitude range used for averaging precipitation. This
allows for the results to be interpreted in a single spatial
dimension. Figure 3 shows the summer-mean (JJA and
DJF) climatology of ueb as dashed lines and the re-
gression coefficients, scaled by a factor of 5 cmmonth21

(10 cmmonth21 for Australia) and added to the ueb

FIG. 2. Regression coefficients [shading, K (cmmonth21)21] of 3-month-averaged full-year ueb (ERA-40) onto
monsoon region precipitation (GHCN) for 1958–2002, following the removal of the linear variability associated with
ENSO, for (a)West Africa, (b) SouthAsia, (c) NorthAmerica, (d) Australia, (e) East Africa, and (f) SouthAmerica.
Precipitation was averaged over the boxed regions. Black contours (negative dashed) delineate regions where the
correlation coefficient is statistically significant at the 95% confidence level. Note the different color scale for (a).
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(Rowell 2003). No strong local correlation between
precipitation and Tu is seen in the Americas.
It is intriguing that the positive correlations between

precipitation and Tu in several regions have an equato-
rial minimum, with maxima in either hemisphere roughly
equidistant from the equator. This meridional structure,
symmetric about the equator, is seen for the Sahel, South
Asia, and Australia (Figs. 6a,b,d, respectively), though
the winter hemisphere maxima lie outside of the areas
plotted in Fig. 6 and are not shown here. This type of

temperature structure is consistent with an angular
momentum-conserving Hadley circulation that has an
off-equatorial ascent branch (Lindzen and Hou 1988)
and can be seen in simple models of monsoon flow that
couple ueb with Tu in a QE framework (e.g., Emanuel
1995 and Boos and Emanuel 2008b). Excitation of n5 1
equatorial Rossby waves might also produce equato-
rially symmetric anomalies through entirely linear dy-
namics (Matsuno 1966). Both Gill (1980) and Rodwell
and Hoskins (1996) show a stationary response both

FIG. 6. Regression coefficients [shading; g kg21 (cmmonth21)21] of 3-month-averaged full-year qb (ERA-40) onto
monsoon region precipitation (GHCN), for 1958–2002, following removal of the linear variability associated with
ENSO, for (a)WestAfrica, (b) SouthAsia, (c) NorthAmerica, (d) Australia, (e) East Africa, and (f) SouthAmerica.
Green contours (0.10 contour interval; 0 contour not shown) are correlation coefficients between precipitation
(GHCN) and upper troposphere temperatures (Tu, ERA-40; 200–400hPa); dashed contours indicate negative cor-
relations (values are significant at values above or below 10.3 or 20.3, bold contour). Precipitation was averaged
over the boxed regions. Black contours delineate regions where the correlation coefficient between qb and pre-
cipitation is statistically significant at the 95% confidence level.
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north and south of the equator, at locations west of the
idealized off-equatorial steady heating.

d. Wind versus precipitation

While a thorough study of the covariation of pre-
cipitation with large-scale winds is beyond the scope of
this manuscript, we do examine correlations between
precipitation and flow in the lower free troposphere.
This is motivated by the relatively recent finding that
interannual variations of Sahel precipitation in climate
models is related to the strength of the Sahara low
(Biasutti et al. 2009; Haarsma et al. 2005; Thorncroft
et al. 2011) and by the identification of shallow circu-
lations in the seasonal-mean climatologies of summer
meridional flow in Australia and southern Africa (e.g.,

Nie et al. 2010). These shallow circulations consist of
the near-surface poleward flow that extends beyond the
primary monsoon precipitation maximum and termi-
nates near the peak subcloud potential temperature
maximum (ub, not ueb). Since the positive anomalies of
ueb and qb that are associated with enhanced monsoon
precipitation also extend poleward of the main precip-
itation maximum into the desert regions of Australia
and West Africa, it seems reasonable to ask if they are
associated with some change in the shallow flow. A
working hypothesis is that the advection of dry air by the
shallow circulation into the primary monsoon convec-
tion zone reduces the rate of monsoon precipitation.
This is consistent with discussion of the possible in-
fluence of shallow flow in the Sahara low on the seasonal

FIG. 7. As in Fig. 6, but for Tb [shading, K (cmmonth21 )21].
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Convective quasi-equilibrium framework is 
consistent with South Asian interannual variability

Data:  GHCN rainfall & ERA-Interim 
T, q, moist static energy Hurley & Boos (2013)

regressions on South Asian 
monsoon rainfall of near-surface …
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A global view (July climatology)
ERA-Interim(Contours: 200-400 hPa temperature, thick black contour at 242 K;    Colors: surface air moist static energy) 

--> Global thermal 
maximum lies in Asian 
monsoon, over northwest 
India/Pakistan 

--> This maximum is 
stronger and located further 
poleward than that in any 
other monsoon region ... 
why?
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--> This maximum is 
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why?
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--> Thermal maximum abuts 
topography.  Broad Tibetan 
Plateau does not look like a 
heat source...

Boos & Hurley (2013)

arrows: 10-m horizontal wind       Colors: surface air h    blue contour:  2 km topo



Outline

How does orography create a strong South Asian 
monsoon? 

• A convective quasi-equilibrium view of monsoons 

• Orographic insulation 

• The basic physics of “elevated heating” 

• Albedo-elevation compensation, runaway greenhouses



Observations suggest South Asian monsoon is an 
orographically confined pool of high energy air

11

CLIMATE

A moist model monsoon 
Mark A. Cane

Received wisdom about the main driver of the South Asian monsoon comes into question with a report 
that tests the idea that the Himalayas, not the Tibetan plateau, are the essential topographic ingredient.

A substantial literature takes it for granted that 
the prime reason for the great strength of the 
South Asian monsoon is the heating effect of 
the Tibetan plateau. On page 218 of this issue, 
Boos and Kuang1 show that what counts is the 
barrier posed by the mountains at the south-
ern edge of the plateau, not the heating. This 
view has deep implications for our mechanis-
tic understanding of this monsoon system, for 
our projections of how it might be altered in a 
warmer world, and for our understanding of 
Earth history.

The prevailing wisdom is based on plausible 
and venerable ideas. First, there is the idea of 
the monsoon as a giant sea-breeze (onshore) 
circulation. Land heats faster than the ocean: in 
summer, or on a diurnal basis, the temperature 
rises faster in the lower levels of the atmosphere 
above land, and so the pressure falls. The result-
ing pressure gradient drives the atmospheric 
flow onshore and, in the case of the monsoon, 
moisture-laden winds blow towards land and 
the rains begin. It is a reasonable expectation 
that enhancing the heating should increase the 
power of the monsoon — which brings us to 
the extra heating expected from the looming 
presence of the world’s largest elevated region, 
the Tibetan plateau. The solar energy driving 
Earth’s climate system is absorbed far better by 
land than by air. Hence, an elevated land sur-
face should be warmer than the nearby atmos-
phere at the same height above sea level. So we 
should expect the presence of the plateau to 
put an extra charge into the heating differential 
driving the monsoon. 

The previous paragraph set up a straw man, 
but one still esteemed in research papers and 
textbooks. It is perhaps adequate to explain 
monsoonal wind shifts, but not the rains. A 
heat low forms over land well before the mon-
soon begins, but still it does not rain. In fact, 
the land is hotter in May, before it rains, than 
at the height of the monsoon season in July. A 
more useful view, nicely presented by Gadgil2, 
unifies monsoon rains with other tropical 
rainfall. In this view, tropical rainy seasons 
are largely a matter of when the Intertropical 
Convergence Zone, a near-global belt of deep 
atmospheric convection, passes overhead as it 
migrates north–south with the seasons. 

This perspective brings moisture to the 
fore as a driver. Deep convection requires that 
surface air has enough buoyancy to rise to the 
top of the troposphere (the lowest 10–15 km 
of Earth’s atmosphere). Water vapour is a 
crucial ingredient; a rising parcel of air can 
acquire additional buoyancy from the heat 
that is released as water vapour condenses. 
To see if a region is ripe for deep convection, 
we invoke a parameter called moist entropy, 
which tells us how the temperature of a parcel 
of air will change as it rises, accounting both for 
the decrease due to expansion as the pressure 
falls with height, and for the increase as the water 
vapour it contains condenses, releasing heat. 
Thus, we compare a measure of moist entropy 
at the surface, such as the equivalent potential 
temperature (θe ), which is indicative of the den-
sity a parcel will have as it rises, with a measure 
of the density in the upper troposphere. In the 
tropics, we expect mean conditions to reflect a 
statistical equilibrium between convection and 
radiation3,4. Where a parcel of moist air is able to 
rise to great heights from near the surface (that 
is, where there is deep convection), it will pass 

a level at which it becomes saturated because 
temperature decreases with height. Thereafter, 
its temperature is enhanced by the latent heat 
released as water vapour condenses. Thus, in 
convective regions, upper-level temperatures 
are largely determined by the temperature and 
humidity of near-surface air.  

Boos and Kuang1 show that, below cloud 
level, the maximum moist entropy is located 
south of the Himalayas (Fig. 1), indicating that 
the important surface entropy supply is in the 
moist air over the Indian continent, not the 
Tibetan plateau to the north. The peak upper-
tropospheric temperatures are over the con-
tinent, although direct heating of the Tibetan 
plateau is evident in a local dry boundary layer. 
It is telling that the straw-man reasoning above 
considered radiative processes, but not moist 
convection.

Noting the sharp gradients in θe  at the 
Himalayas, Boos and Kuang hypothesize that 
the mountains enable a stronger monsoon by 
preventing the high-entropy warm and moist 
air to the south from being diluted by mixing 
with the low-entropy cold and dry air to 

Monsoon
circulation

Low
eentropiess

Moderate
entropies

Maximum upper-
tropospheric temperature

Onshore, moisture-laden winds

Maximum
subcloud
entropies

Colder,
drier air

Indian Ocean

North South

South Asia

Tibetan plateau

Himalayas

Figure 1 | A new model monsoon. Boos and Kuang’s thinking1 centres on the role of moisture convection 
rather than heat absorbed and radiated by the Tibetan plateau. Maximum subcloud moist entropy occurs 
south of the Himalayas, and the heat released as water vapour rises and condenses is reflected in peak 
temperatures in the overlying upper troposphere. The Himalayas keep the moist warm air over South Asia 
separated from the colder, drier air to the north, so the high energy of this air mass is undiluted, remains 
favourable for moisture-driven convection and underlies the strength of the South Asian monsoon.
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Use climate model to see if we need a horizontally extensive 
topographic heat source or simply a narrow topographic barrier 

to create a strong monsoon.

--> monsoon precipitation largely unchanged by elimination of 
almost all of Tibetan plateau, as long as Himalayas are preserved

(thick black contours denote 900 hPa and 750 hPa surface pressures; 
  arrows represent 850 hPa horizontal winds)

control thin mountains only flat topography

Boos & Kuang (2010)



More recent test in high-resolution global model

Global WRF model integrated at 40 km horizontal resolution, prescribed SST

Ma, Boos & Kuang (2014)

June-August climatologies of precipitation (mm/day) and 850 hPa wind

Now examine influence of topography & surface heat fluxes on monsoon circulation in red box

FIG. 1. The thermodynamic structure, precipitation, and wind from observations, reanalysis data, and the
CONTROL. (a) ERA-40 temperature averaged between 175 and 450 hPa. (b) ERA-40 ueb: ue about 20 hPa above the
surface. (c) Vertical–meridional distributions of the ue from the ERA-40 averaged between 708 and 958E along
the lines at the same relative latitude with respect to the peaks of theHimalayas [indicated by the thick white curve in
(a)]. (d) TRMM precipitation rate (color shading) and ERA-40 850-hPa winds (vectors). (e)–(h) The corresponding
properties of averages of ensemble members from the CONTROL experiment. In (f), the white box denotes the
domain in which regions covering 3.7 3 106 km2 of the highest ueb are identified to calculate the maximum ueb over
northern India. The black box indicates the domain in the equatorial IndianOceanwhere the reference ue* is averaged
over for Duec. In (a),(b),(d),(e),(f),(h), the gray contours denote elevations with the interval of 1200m. In (c),(g), the
gray curve shows the maximum height of the orography along the relative latitude, so that, below the gray
curve, along each relative latitude there are different numbers of invalid data points that are not considered into the
average. In (h), the red box defines the region to calculate the mWYI.

1 SEPTEMBER 2014 MA ET AL . 6649

model (control run)

FIG. 1. The thermodynamic structure, precipitation, and wind from observations, reanalysis data, and the
CONTROL. (a) ERA-40 temperature averaged between 175 and 450 hPa. (b) ERA-40 ueb: ue about 20 hPa above the
surface. (c) Vertical–meridional distributions of the ue from the ERA-40 averaged between 708 and 958E along
the lines at the same relative latitude with respect to the peaks of theHimalayas [indicated by the thick white curve in
(a)]. (d) TRMM precipitation rate (color shading) and ERA-40 850-hPa winds (vectors). (e)–(h) The corresponding
properties of averages of ensemble members from the CONTROL experiment. In (f), the white box denotes the
domain in which regions covering 3.7 3 106 km2 of the highest ueb are identified to calculate the maximum ueb over
northern India. The black box indicates the domain in the equatorial IndianOceanwhere the reference ue* is averaged
over for Duec. In (a),(b),(d),(e),(f),(h), the gray contours denote elevations with the interval of 1200m. In (c),(g), the
gray curve shows the maximum height of the orography along the relative latitude, so that, below the gray
curve, along each relative latitude there are different numbers of invalid data points that are not considered into the
average. In (h), the red box defines the region to calculate the mWYI.

1 SEPTEMBER 2014 MA ET AL . 6649

observations (TRMM & ERA-40)



Effects of 
topography 
in high-
resolution 
global 
model

Ma, Boos & Kuang (2014)

drops by more than 70% compared to the CONTROL,
and the Somali jet decreases by around 4m s21 from
12.3m s21 in the CONTROL.Also, the free-tropospheric
temperature peak south of the Himalayas decreases in
amplitude and shifts equatorward, and the ueb peak drops
by around 2.5K and moves southward to the Bay of
Bengal (Fig. 2d). The fine resolution of this model allows
amore careful look at how themonsoon strength changes
when topography is modified. Results from the HIM90
experiment show that the mWYI slightly decreases, by
less than 4m s21, compared to the CONTROL experi-
ment. Then the monsoon circulation gradually weakens
as the peaks of the Himalayas further decrease to 66%
and 33% of their height in CONTROL (Fig. 4a). These
experiments confirm the conclusion by Boos and Kuang
(2010) that the presence of the Tibetan Plateau is not
required for the existence of a strong monsoon and that
the monsoon weakens as the elevation of the Himalayas
decreases. The decrease of the monsoon strength is ap-
proximately linear with the decrease in the maximum
elevation of the insulation with no threshold behavior
observed. TIBET, HIM, INDIA, and INDIA2 are then
conducted with realistic topography but reduced surface
sensible heat fluxes. Because the internal variability of
the mWYI grows in this group of experiments, the
number of integrations for each experiment is increased
to 10 to improve the signal-to-noise ratio. There is
a clear dependence of themWYI on the surface heat flux
forcing whether the forcing is over elevated terrain or
not. A sensible heat sink of 150Wm22 over INDIA2

decreases the mWYI by around 4.5m s21, while the
mWYI goes down by around 3m s21 when sensible heat
sinks with the same magnitude per unit area are im-
plemented over TIBET, HIM, and INDIA (Fig. 4b).
Given the areal extent with reduced surface heat fluxes
in different experiments, the monsoon is most sensitive
to the forcing in INDIA2 (the nonelevated region in the
location of the ueb maximum) and least sensitive to that
in TIBET, which is more extensive than HIM, INDIA,
and INDIA2.
Figure 2 shows the spatial distribution of the ueb in the

experiments with orographic and surface heat flux
forcing, as it was suggested that the ueb maximum in
north India is closely associated with the monsoon
strength. It should be noted that, though the surface heat
fluxes do change when the orography is reduced, the
surface heat fluxes anomaly in the experiments with al-
tered orography is very small compared to that from the
experiments with reduced surface sensible heat flux. As
a result, the ue anomalies in HIM90, HIM66, HIM33,
and FLAT can mainly be considered as results from
increased mixing between the high ue air south of the
Himalayas and the dry air north of the topographic
barrier. In the experiments with altered orography, the
dry air from the north penetrates into north India. As
the maximum height of the Himalayas is reduced, the
ueb over the Tibetan Plateau and north India decreases
gradually and the regions with the highest ueb shift
southward (Figs. 2a–d). For the first group of experiments
with reduced surface sensible heat fluxes (Figs. 2e–h),

FIG. 4. The monsoon strength plotted (a) against the maximum elevation of the orography in South Asia in the
experiments with altered orography and (b) against total surface sensible heat flux forcing in the experiment with
sensible heat sink. The averaged mWYI of 10 ensemble members is shown with error bars for CONTROL, TIBET,
HIM, INDIA, and INDIA2; the data from individual simulations is plotted for HIM90, HIM66, HIM33, and FLAT,
because there are only three ensemble members for each of these experiments.
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Tibetan Plateau heating produces a local response

Boos & Kuang (2010)

regional surface heat fluxes without altering the ability of topography
to block flow or induce low-level moisture convergence, we inte-
grated the same atmospheric model with standard topography but
with modified land surface albedo. In a run with the surface albedo of
the Tibetan plateau set to unity, all solar radiation incident on the
plateau is reflected, producing near zero sensible and latent heat flux
on the plateau surface. This produced a strong reduction in precipi-
tation south of the plateau along the Himalayas, but almost no
change in the low-level wind (Fig. 4b). A slight increase in precipita-
tion occurred southwest of the plateau and over the ocean near 15uN,
suggesting that plateau heating may actually shift rainfall from
some parts of South Asia into the Himalayas. But compared to the
effects of removing all topography (Fig. 4a), surface heat fluxes from
the plateau exert a primarily local effect on rainfall near the
Himalayas, with negligible influence on the circulation.

Additional model integrations were performed to confirm that the
South Asian monsoon was most sensitive to the band of mountains
west and south of the plateau, and not some other topographic feature
(Supplementary Information). The comparatively low mountains on
the west coasts of India and the Indochina peninsula did enhance
model precipitation on their upwind side and strengthen the monsoon
circulation, consistent with a previous study23, but this effect was not as
large as that caused by the mountains south and west of the plateau.

In contrast to its effects on South Asian summer climate, the
Tibetan plateau may be very important for East Asian climate. It is
likely that the mechanical effects of plateau orography set the posi-
tion of the jet stream and the dynamics of low-level flow that advect
moisture into East Asia24–27. Such effects may be tied to jet stream and
frontal dynamics that are extratropical in nature, rather than the
tropical Hadley circulation dynamics thought relevant for the
South Asian summer monsoon, and are not explored here. Finally,
we emphasize that surface elevations used in our model were chosen
to facilitate investigation of atmospheric mechanisms and not to
represent likely configurations of past orography. Our choice of
prescribed modern SST was similarly made to simplify investigation
of the mechanism by which orography alters atmospheric dynamics.
Additional work is needed to assess how the evolution of climate
may be coupled with plateau uplift, the formation of zonally
elongated mountain ranges, and changes in ocean circulation on
geologic timescales.

METHODS SUMMARY
Boreal summer (June–August) climatologies of upper-tropospheric temper-
ature were obtained from the Atmospheric Infrared Sounder (AIRS level 3,
version 5) for 2003–08. Low-level winds and subcloud entropies were obtained
from the European Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis 40 (ERA40, ref. 28) for 1979–2002, and precipitation from the
Tropical Rainfall Measuring Mission (TRMM) 3B43V6 data set for 1998–
2006, both provided by the National Center for Atmospheric Research

(NCAR). Radiosonde data were taken from the Integrated Global Radiosonde
Archive29, and only stations having data at both 00:00 and 12:00 UTC for June–
August 1970–2008 were used. All mentions of entropy in this paper refer to moist
entropy, represented in terms of equivalent potential temperature30.

Model integrations used the Community Atmospheric Model (CAM) version
3.5.18 (ref. 31). This interim version was chosen because the most recent public
release (CAM 3.1) exhibited considerable bias in its simulation of the South
Asian summer monsoon. Runs were started from initial conditions on 1
September 1992, with climatologies calculated for the following five June–
August periods. Observed SST and sea ice for the same period were prescribed.
Topography was modified by changing only the prescribed surface elevations,
leaving unchanged all other fixed properties of the surface, including soil colour
and vegetation. An additional integration was performed using standard topo-
graphy but with the surface shortwave albedo set to unity on the Tibetan plateau.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Results from model runs with modified topography and surface
albedo. Shading shows precipitation and arrows show 850 hPa horizontal
wind, both as anomalies relative to the control run with standard
topography and albedo. a, Run with no elevated topography but standard

surface albedo (that is, the same run shown in Fig. 3b). b, Run with standard
topography but with the Tibetan plateau assigned a surface shortwave
albedo of unity. The thick black contour surrounds regions where the surface
albedo was modified.
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regional surface heat fluxes without altering the ability of topography
to block flow or induce low-level moisture convergence, we inte-
grated the same atmospheric model with standard topography but
with modified land surface albedo. In a run with the surface albedo of
the Tibetan plateau set to unity, all solar radiation incident on the
plateau is reflected, producing near zero sensible and latent heat flux
on the plateau surface. This produced a strong reduction in precipi-
tation south of the plateau along the Himalayas, but almost no
change in the low-level wind (Fig. 4b). A slight increase in precipita-
tion occurred southwest of the plateau and over the ocean near 15uN,
suggesting that plateau heating may actually shift rainfall from
some parts of South Asia into the Himalayas. But compared to the
effects of removing all topography (Fig. 4a), surface heat fluxes from
the plateau exert a primarily local effect on rainfall near the
Himalayas, with negligible influence on the circulation.

Additional model integrations were performed to confirm that the
South Asian monsoon was most sensitive to the band of mountains
west and south of the plateau, and not some other topographic feature
(Supplementary Information). The comparatively low mountains on
the west coasts of India and the Indochina peninsula did enhance
model precipitation on their upwind side and strengthen the monsoon
circulation, consistent with a previous study23, but this effect was not as
large as that caused by the mountains south and west of the plateau.

In contrast to its effects on South Asian summer climate, the
Tibetan plateau may be very important for East Asian climate. It is
likely that the mechanical effects of plateau orography set the posi-
tion of the jet stream and the dynamics of low-level flow that advect
moisture into East Asia24–27. Such effects may be tied to jet stream and
frontal dynamics that are extratropical in nature, rather than the
tropical Hadley circulation dynamics thought relevant for the
South Asian summer monsoon, and are not explored here. Finally,
we emphasize that surface elevations used in our model were chosen
to facilitate investigation of atmospheric mechanisms and not to
represent likely configurations of past orography. Our choice of
prescribed modern SST was similarly made to simplify investigation
of the mechanism by which orography alters atmospheric dynamics.
Additional work is needed to assess how the evolution of climate
may be coupled with plateau uplift, the formation of zonally
elongated mountain ranges, and changes in ocean circulation on
geologic timescales.

METHODS SUMMARY
Boreal summer (June–August) climatologies of upper-tropospheric temper-
ature were obtained from the Atmospheric Infrared Sounder (AIRS level 3,
version 5) for 2003–08. Low-level winds and subcloud entropies were obtained
from the European Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis 40 (ERA40, ref. 28) for 1979–2002, and precipitation from the
Tropical Rainfall Measuring Mission (TRMM) 3B43V6 data set for 1998–
2006, both provided by the National Center for Atmospheric Research

(NCAR). Radiosonde data were taken from the Integrated Global Radiosonde
Archive29, and only stations having data at both 00:00 and 12:00 UTC for June–
August 1970–2008 were used. All mentions of entropy in this paper refer to moist
entropy, represented in terms of equivalent potential temperature30.

Model integrations used the Community Atmospheric Model (CAM) version
3.5.18 (ref. 31). This interim version was chosen because the most recent public
release (CAM 3.1) exhibited considerable bias in its simulation of the South
Asian summer monsoon. Runs were started from initial conditions on 1
September 1992, with climatologies calculated for the following five June–
August periods. Observed SST and sea ice for the same period were prescribed.
Topography was modified by changing only the prescribed surface elevations,
leaving unchanged all other fixed properties of the surface, including soil colour
and vegetation. An additional integration was performed using standard topo-
graphy but with the surface shortwave albedo set to unity on the Tibetan plateau.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Results from model runs with modified topography and surface
albedo. Shading shows precipitation and arrows show 850 hPa horizontal
wind, both as anomalies relative to the control run with standard
topography and albedo. a, Run with no elevated topography but standard

surface albedo (that is, the same run shown in Fig. 3b). b, Run with standard
topography but with the Tibetan plateau assigned a surface shortwave
albedo of unity. The thick black contour surrounds regions where the surface
albedo was modified.
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change in precipitation rate & 850 hPa wind compared to the control run



Why doesn’t Tibet’s “elevated heat source” 
dominate the entire South Asian monsoon?

Hypothesis:  
Elevated heating 
effect is offset by high 
surface albedo.

Hu and Boos (2017)
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Outline

How does orography create a strong South Asian 
monsoon? 

• A convective quasi-equilibrium view of monsoons 

• Orographic insulation 

• The basic physics of “elevated heating” 

• Albedo-elevation compensation, runaway 
greenhouses



How does elevated heating work? 

animation 
courtesy Olivier 
Pauluis

Study this using simulations of  
radiative-convective equilibrium in a cloud-
resolving model.



How does elevated heating work? 

animation 
courtesy Olivier 
Pauluis

Study this using simulations of  
radiative-convective equilibrium in a cloud-
resolving model.



Simulated radiative-convective equilibrium temperature 
profiles over surfaces at different heights & surface albedos
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c d

vary surface height vary surface albedoa b
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Hu & Boos (2017a)



One easy way to think about elevated heating
outgoing longwave

z

land
air

land
air

outgoing longwave



Full story is more complicated and depends 
on longwave & shortwave radiation

! 4!

large-scale monsoon flow. Thus, the nonlinear sensitivity of tropospheric temperature to surface 125!
albedo gives even more dominance to the non-elevated parts of India as a thermal forcing. 126!
 127!
The second fundamental nonlinearity is the state-dependence of the elevated heating effect, 128!
which can even change sign to become elevated cooling under certain conditions. We 129!
demonstrate this by using the definition of θeb 

17 to derive an elevated heating index (EHI), which 130!
is simply the sensitivity of θeb to surface elevation (zs), 131!
 EHI ≡ dθeb

dzs
≈ A ⋅ dTs

dzs
+ Γms

⎛
⎝⎜

⎞
⎠⎟

 . (2) 132!

Here, A is a positive-definite state-dependent dimensionless number with a typical value of 4, 133!
and Γms is an approximate moist adiabatic lapse rate evaluated at surface temperature and 134!
pressure (Extended Data Fig. 3). Eq. (2) is derived in the Methods section, but the dependence of 135!
EHI on the relative magnitudes of the moist adiabatic lapse rate and dTs/dzs is intuitive:  upper-136!
tropospheric temperature will be higher over an elevated surface than over a non-elevated 137!
surface only if the surface temperature Ts decreases, as zs rises, more slowly than temperature 138!
along a moist adiabat (e.g. Fig. 2a). 139!
 140!
We now present a theory for the value of dTs/dzs and explain how the effect of surface elevation 141!
on top-of-atmosphere (TOA) radiative fluxes sets the magnitude, and even the sign, of the 142!
elevated heating effect.  We use a traditional climate sensitivity framework23, 143!

dTs
dzs

= − dR
dzs

⎛
⎝⎜

⎞
⎠⎟

λ ,                                                           (3) 144!

where R is the net radiative flux at TOA and �=dR/dTs is the net climate feedback parameter of 145!
the radiative-convective system, which is an inherent property that can be independently 146!
estimated, e.g., by doubled-CO2 experiments. We decompose the numerator of Eq. (3) into 147!
shortwave and longwave components, and further separate the latter into changes associated with 148!
CO2, H2O, and lapse-rate effects, 149!
 150!

dR
dzs

≡
dISR
dzs

−
dOLR
dzs

≈
dISR
dzs

−
∂OLR
∂τ co2

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
T ,τH2O

dτ co2
dzs

⎛

⎝
⎜

⎞

⎠
⎟−

∂OLR
∂τH2O

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
T ,τCO2

∂τH2O
∂zs

⎛

⎝
⎜

⎞

⎠
⎟
T

−
∂OLR
∂T

⎛

⎝
⎜

⎞

⎠
⎟
τCO2

dT
dzs

⎛

⎝
⎜

⎞

⎠
⎟          (4) 

151!

   =  SW  –     LWCO2  –     LWH2O     –    LWLAPSE.    
152!

                    
 153!

In the second line of Eq. (4), τ represents the optical depth of a given constituent. The four terms 154!
on the right-hand side of Eq. (4) represent the effect of surface elevation on, respectively, (i) 155!
incoming shortwave radiation (ISR) due to changes in clear1sky!scattering and absorption by air 156!
(labeled in the third line above as SW), (ii) outgoing longwave radiation (OLR) due to changes 157!
in the optical depth of carbon dioxide (LWCO2), (iii) OLR due to changes in the amount of 158!
longwave absorption accomplished by each water molecule, e.g. the pressure broadening of 159!
water vapor’s absorption lines (LWH2O), and (iv) OLR due to changes in lapse rate (LWLAPSE). 160!
The last of these includes the effects of changes in tropospheric temperature as well as water 161!
vapor, assuming fixed relative humidity. Cloud radiative effects are highly uncertain and will be 162!

+ + +

Using a traditional climate sensitivity framework, 
with R = net TOA radiation and zs = surface height:

Hu and Boos (2017b)



Radiative transfer calculations reveal strong influence 
of water vapor in elevated heating magnitude 

decreases there is less dry air to be heated by conden-
sation of a given mass of water. As a result, air tem-
perature above the elevated surface will be warmer than
air temperature the same distance above the non-
elevated surface (e.g., Fig. 2b, where height is referenced
in kilometers relative to each surface). The vertically
integrated effect of this dependence of the moist adia-
batic lapse rate on surface pressure produces a much
warmer troposphere above the elevated surface (again,
at a given altitude relative to each surface). For surface
temperatures of 58–158C, a reduction of surface pressure
from 1000 to 500 hPa produces a temperature contrast as
large as 108–308C at altitudes of 10–15km (Fig. 2c).
This increase of air temperature at a given altitude

above the surface increases OLR, cooling the column.
Some of this cooling is offset by the reduction in OLR
that occurs as water vapor pressure increases in the
warmer upper troposphere, where relative humidity has
been argued to stay roughly constant as the lapse-rate
changes (Sherwood et al. 2010). This lapse-rate effect,
including the associated water vapor changes, is analo-
gous to that which occurs as CO2 is increased over a
nonelevated surface (Soden and Held 2006). As in that
well-known scenario, our calculations show that the net
effect of the change in lapse rate is an increase in OLR
with surface elevation (i.e., the temperature effect
dominates). For the particular case of lifting the surface
from 1000 to 500 hPa, the temperature part of the lapse-
rate effect accounts for 248.1Wm22 while the

associated water vapor effect is136.7Wm22, yielding a
total lapse-rate effect of 211.4Wm22. This net lapse-
rate effect is larger than any of the other terms discussed
above or mentioned in ME99, and, unlike the other
terms, it involves both moist convective and radiative
processes rather than radiation alone. One could cate-
gorize the terms in Eq. (14) differently and add together
all the contributions from greenhouse gas changes
(LWCO2, LWH2O, and the water vapor component of
LWLAPSE1H2O), yielding a positive value that would
cancel much but not all of the temperature component
of LWLAPSE1H2O. Note that, as the atmospheric column
cools in response to the TOA radiative changes, its
pseudoadiabatic lapse rate will adjust accordingly; our
framework does not impose an artificially low lapse rate
over elevated surfaces.
For this particular case of lifting the surface from 1000

to 500hPa with a surface temperature of 288C, we further
investigate which levels the lapse-rate effect comes from
using offline radiative calculations (yellow lines in Fig. 4).
Because of the lapse-rate change, the whole troposphere
is much warmer, and this temperature difference extends
to the lower stratosphere. Note that the upper-level
warming is realized by a lifted ‘‘tropopause’’ in offline
radiative calculations, mimicking the fact that, in the
CSRM simulations, the warming always extends to the
lower stratosphere before it gradually vanishes with
height in the presence of the basic-state ozone heating
(not shown). Next we eliminate the temperature differ-
ence above a certain level in our offline calculation and
study its effect on LWLAPSE1H2O (Fig. 4b). We find that
about 60% of the lapse-rate effect comes from the lower
stratosphere–upper troposphere (e.g., above 100hPa).
However, the contribution from the lower stratosphere–
upper troposphere shrinks in colder and drier climates.
For example, when for a surface temperature of 208C, the
elimination of air temperature changes above 150hPa has
little effect on the magnitude of LWLAPSE1H2O, and the
contribution from the mid- and lower troposphere dom-
inates (Fig. 4b). Note that the nonmonotonic changes
with height in Fig. 4b occur because of nonlinear radiative
interactions among different vertical levels.
The sum of all four of these individual effects [(i)–(iv)

above] is220.9Wm22 for our surface lifting from1000 to
500hPa. Nonlinearities are slight: simulation in CliMT of
the net change in R produced by the same surface lifting
while Ts is fixed has a magnitude that is only about
1Wm22 smaller (cf. black and gray bars in Fig. 3).
To predict the change in surface temperature caused

by the surface lifting, we combine this net change in R
with the climate feedback parameter l. As mentioned in
the previous section, a doubled-CO2 CSRM simulation
yielded an estimate of l 5 2.5Wm22K21. Although

FIG. 3. Elevated radiative forcing when the surface is elevated
from 1000 to 500 hPa with a fixed albedo of 0.24, for each term in
Eq. (14). The bar labeledRADD is for the addition of the four terms,
and RNET is the net radiative forcing change with all the afore-
mentioned effects and their interactions.
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for 
dzs= +5 km

Hu and Boos (2017b)



Exploration of parameter space in our RCE model 
confirms that non-elevated India has a warmer radiative-

convective equilibrium temperature than Tibet

Hu and Boos (2017)

(color shows low-level equivalent potential temperature)
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Elevated heating is temperature dependent, and is 
less effective in warmer climates

(b)

(c)

(a)

Hu and Boos (2017b)



These results generalize since Tibet and 
southern India have typical surface albedos 

for their elevations

Hu and Boos (2017b)

Histogram of MODIS land surface albedo at each elevation
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Elevated heating has been argued to drive 
thermally direct circulations that set regional 

climate in numerous places on Earth



… and even on Mars

boreal summer Hadley circulation on Mars (Leovy 2001)

refractive index inferred from Doppler delay of radio signals passing
through the atmosphere (radio occultation) provides a limited num-
ber of temperature profiles with much higher vertical resolution11.
These also give information about the distribution of pressure on
horizontal surfaces. Time series of surface pressure are available from
the sites of two Viking and one Pathfinder landed spacecraft6,12.
Three-dimensional time-dependent distributions of temperature
together with pressure on a single horizontal surface can be used to
derive approximate large-scale wind fields (see Box 1). Wind distrib-
utions can also be derived through the process of assimilation of 
temperature data into more complete nonlinear dynamical models13.

A representative MGS-TES temperature cross-section in the
meridional plane and the corresponding zonal mean (latitude 
average) eastward wind field derived from thermal gradient wind
balance is shown in Fig. 2. It can be compared with a meridional
cross-section of temperature and total (not approximate) zonal
mean eastward wind generated by a martian numerical general 
circulation model (GCM; Fig. 3a, b). Agreement between observed
temperatures and the derived thermal gradient winds and the 
temperatures and winds generated by the GCM is remarkable and
serves as a good test of our ability to simulate the martian general 
circulation14–16. Viking landing site and radio occultation measure-
ments also provide some validation for the GCM surface winds1,11.
Zonal mean mid-latitude eastward winds increase with height to
maxima (jet streams) near or above the level of 3 scale heights (about
30 km) in all seasons except mid-summer, with westward wind
throughout most of the subtropics and tropics. Similar zonal mean
wind distributions are found on Earth, but they are weaker and the
mean eastward jet streams occur at lower altitudes and latitudes.
Eastward zonal winds prevail during summer at mid-latitudes on
Earth, but mid-latitude zonal winds are generally westward on Mars

in mid-summer. These differences in zonal winds and associated
meridional temperature gradients between Mars and Earth were 
predicted long before spacecraft measurements became available17.
They can be understood in terms of the thermal response to underly-
ing oceans on Earth and underlying desert on Mars, together with the
much shorter martian radiative timescale (Table 1).

The zonal mean meridional circulation, consisting of the zonally
averaged poleward and upward flow components, can also be
deduced approximately from the temperature field18 (see Box 2). On
Earth, this meridional circulation consists of a tropical circulation
cell and a weaker mid-latitude circulation cell. The tropical cell,
called the Hadley circulation, is often described in terms of an
ascending branch on the Equator and descending branches near 30!
in the subtropics of both hemispheres. In fact, this symmetry about
the Equator is observed only near equinox. In northern winter,
Earth’s Hadley circulation is dominated by a single cell with ascend-
ing motion south of the Equator and descending motion in the
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Figure 2Cross-sections of zonal mean temperature and zonal wind for northern-
hemisphere winter solstice (Ls" 270!) from MGS-TES observations. a, Temperature
(K); b, eastward wind (m s–1). Wind was derived from the thermal gradient wind
approximation under the assumption that surface wind is zero everywhere (Box 1).
The ordinate scale of log pressure corresponds approximately to height, with each
decade roughly equivalent to 20 km, and the upper boundary near 60 km. Figure
adapted from ref. 9; reproduced by permission of the American Geophysical Union.
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Figure 3Zonal mean general circulation components from the GCM of Haberle et
al.14. a, Temperature (K); b, west–east wind (m s–1; shading corresponds to westward
wind); and c, meridional mass stream function (108 kg s–1; shading corresponds to
clockwise circulation in the plane of the page). Simulation is for the northern winter
solstice with average optical depth at visible wavelengths equal to 0.3, slightly lower
than observed at this season by MGS-TES. Reproduced by permission of the
American Geophysical Union.
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Summary
• Tibet is not the dominant thermal forcing for the South Asian 

monsoon. “Elevated heating” operates, but is 
overcompensated by surface albedo so that India would be 
warmer than Tibet in radiative-convective equilibrium. 

• Topography instead creates a strong monsoon by 
preventing dry air intrusions into the moist monsoon domain.

CLIMATE

A moist model monsoon 
Mark A. Cane

Received wisdom about the main driver of the South Asian monsoon comes into question with a report 
that tests the idea that the Himalayas, not the Tibetan plateau, are the essential topographic ingredient.

A substantial literature takes it for granted that 
the prime reason for the great strength of the 
South Asian monsoon is the heating effect of 
the Tibetan plateau. On page 218 of this issue, 
Boos and Kuang1 show that what counts is the 
barrier posed by the mountains at the south-
ern edge of the plateau, not the heating. This 
view has deep implications for our mechanis-
tic understanding of this monsoon system, for 
our projections of how it might be altered in a 
warmer world, and for our understanding of 
Earth history.

The prevailing wisdom is based on plausible 
and venerable ideas. First, there is the idea of 
the monsoon as a giant sea-breeze (onshore) 
circulation. Land heats faster than the ocean: in 
summer, or on a diurnal basis, the temperature 
rises faster in the lower levels of the atmosphere 
above land, and so the pressure falls. The result-
ing pressure gradient drives the atmospheric 
flow onshore and, in the case of the monsoon, 
moisture-laden winds blow towards land and 
the rains begin. It is a reasonable expectation 
that enhancing the heating should increase the 
power of the monsoon — which brings us to 
the extra heating expected from the looming 
presence of the world’s largest elevated region, 
the Tibetan plateau. The solar energy driving 
Earth’s climate system is absorbed far better by 
land than by air. Hence, an elevated land sur-
face should be warmer than the nearby atmos-
phere at the same height above sea level. So we 
should expect the presence of the plateau to 
put an extra charge into the heating differential 
driving the monsoon. 

The previous paragraph set up a straw man, 
but one still esteemed in research papers and 
textbooks. It is perhaps adequate to explain 
monsoonal wind shifts, but not the rains. A 
heat low forms over land well before the mon-
soon begins, but still it does not rain. In fact, 
the land is hotter in May, before it rains, than 
at the height of the monsoon season in July. A 
more useful view, nicely presented by Gadgil2, 
unifies monsoon rains with other tropical 
rainfall. In this view, tropical rainy seasons 
are largely a matter of when the Intertropical 
Convergence Zone, a near-global belt of deep 
atmospheric convection, passes overhead as it 
migrates north–south with the seasons. 

This perspective brings moisture to the 
fore as a driver. Deep convection requires that 
surface air has enough buoyancy to rise to the 
top of the troposphere (the lowest 10–15 km 
of Earth’s atmosphere). Water vapour is a 
crucial ingredient; a rising parcel of air can 
acquire additional buoyancy from the heat 
that is released as water vapour condenses. 
To see if a region is ripe for deep convection, 
we invoke a parameter called moist entropy, 
which tells us how the temperature of a parcel 
of air will change as it rises, accounting both for 
the decrease due to expansion as the pressure 
falls with height, and for the increase as the water 
vapour it contains condenses, releasing heat. 
Thus, we compare a measure of moist entropy 
at the surface, such as the equivalent potential 
temperature (θe ), which is indicative of the den-
sity a parcel will have as it rises, with a measure 
of the density in the upper troposphere. In the 
tropics, we expect mean conditions to reflect a 
statistical equilibrium between convection and 
radiation3,4. Where a parcel of moist air is able to 
rise to great heights from near the surface (that 
is, where there is deep convection), it will pass 

a level at which it becomes saturated because 
temperature decreases with height. Thereafter, 
its temperature is enhanced by the latent heat 
released as water vapour condenses. Thus, in 
convective regions, upper-level temperatures 
are largely determined by the temperature and 
humidity of near-surface air.  

Boos and Kuang1 show that, below cloud 
level, the maximum moist entropy is located 
south of the Himalayas (Fig. 1), indicating that 
the important surface entropy supply is in the 
moist air over the Indian continent, not the 
Tibetan plateau to the north. The peak upper-
tropospheric temperatures are over the con-
tinent, although direct heating of the Tibetan 
plateau is evident in a local dry boundary layer. 
It is telling that the straw-man reasoning above 
considered radiative processes, but not moist 
convection.

Noting the sharp gradients in θe  at the 
Himalayas, Boos and Kuang hypothesize that 
the mountains enable a stronger monsoon by 
preventing the high-entropy warm and moist 
air to the south from being diluted by mixing 
with the low-entropy cold and dry air to 
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Figure 1 | A new model monsoon. Boos and Kuang’s thinking1 centres on the role of moisture convection 
rather than heat absorbed and radiated by the Tibetan plateau. Maximum subcloud moist entropy occurs 
south of the Himalayas, and the heat released as water vapour rises and condenses is reflected in peak 
temperatures in the overlying upper troposphere. The Himalayas keep the moist warm air over South Asia 
separated from the colder, drier air to the north, so the high energy of this air mass is undiluted, remains 
favourable for moisture-driven convection and underlies the strength of the South Asian monsoon.
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• Elevated heating is state-
dependent and its proper 
representation in models 
requires proper simulation 
of radiative transfer and 
moist convection.


