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Longstanding view:  
Tibetan Plateau heating drives Asian monsoon

Cause of Asian monsoon:

1. Insolation produces 
sensible heat flux from 
Plateau 

2. This produces moisture 
convergence and latent 
heating of atmosphere 
above S. Asia 

3. This heating drives 
monsoon flow, including 
Somali jet

Prell et al. (1992)

see, e.g., Flohn (1974), 
Hahn & Manabe (1975), 
Li and Yanai (1996)



Observed thermal structure is inconsistent with 
idea of Tibet as dominant heat source

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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black contours mark surface pressures of 700 and 900 hPa 



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.

control thin mountains only flat topography

--> 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)

Boos & Kuang (2010)



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.
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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

observations (TRMM & ERA-40) model (control run)

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



Effects of topography & surface heat fluxes

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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Why doesn’t Tibet act as elevated heat source?

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

Hu and Boos (in prep.)

May-August surface albedo 
climatology (MODIS)

b

IN

TP



How much of Tibet’s elevated heating is 
cancelled by high surface albedo? 

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



Tibet’s high surface albedo  
more than compensates for its elevation  

in effects on upper-tropospheric temperature

Hu and Boos (in prep.)

albedo-elevation parameter space
(color shows low-level equivalent potential temperature)
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We have a theory for “elevated heating”; 
its magnitude depends on radiative-

convective physics

correctly representing “elevated heating” in a model requires 
accurate simulation of radiative transfer and moist adiabats

! 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!
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How well do climate models represent monsoon thermodynamic state?

ERA-Interim

(Contours: 200-400 hPa temperature;   Colors: surface air moist static energy)

--> Asian thermal maximum too oceanic  and too weak
--> Asian upper-level temperature maximum doesn’t penetrate far enough into Africa
--> North American “ridge” too weak
--> Model upper-level temperature too cool

CMIP5

Boos & Hurley (2013)



The bias of energy content being too low over 
continental India is accompanied by too little rain there

12

(d) CMIP5 MMM 0.90

(c) MIROC-ESM 0.62

(b) CNRM-CM5 0.85

(a) GPCP (1979-2007) 0.93

(e) CMIP3 MMM 0.86

(i) CMIP5 MMM –GPCP

(h) MIROC-ESM –GPCP

(g) CNRM-CM5 –GPCP

(f) CMAP –GPCP (1979-2007)

(j) CMIP3 MMM –GPCP

The Asian summer monsoon 2719

123

CMIP5 multi-model mean precip bias (relative to GPCP, mm/day)

Sperber et al.  (2013)
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Fig. 2. a, CMIP3 and b, CMIP5 July mean (1979-1999) biases, relative to ERA-Int, in
hb (shading, K) and Tu (contours, K). Thick grey line surrounds regions with statistically
significant Tu anomalies, and only statistically significant hb anomalies are plotted. Location
of maximum Tu is shown by inverted green triangles for each model, by large green triangle
for the multi-model mean, and by black triangle for ERA-Int. Only 14 inverted triangles are
visible in a because two of those symbols overlap.
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Strongest bias over South Asia

(CMIP3)

Negative h 
anomaly 
over 
northern 
India 
& Pakistan

Negative 
upper-level T 
anomaly 
spreads 
westward 

Bias in multi-model mean surface h (colors, K) and
upper-tropospheric T (contours, negative dashed, K), all relative to ERA-Interim.
Thick grey contour surrounds statistically significant upper-tropospheric T bias

(CMIP5)

Boos & Hurley (2013)



Structure of bias 
suggests 
ventilation from 
overly smoothed 
topography
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Fig. 3. a, ERA-Int July 10-m wind (arrows), hb (shading, K), and observed topography
(black contours, m). b, CMIP5 biases in 10-m wind (arrows), horizontal hb advection by
time-mean winds (shading, K/day), and multi-model mean topography (black contours, m).
Green contours represent a CMIP5 hb bias of -10 K, and only statistically significant biases in
winds and advection are shown. c, Topography along 72◦E (green line in a) for observations
(brown line), CMIP5 and CMIP3 multi-model means (solid and dashed thick blue lines,
respectively), individual CMIP5 models (green lines), and ERA-Int (thin black line). Inset
shows maximum hb over northwestern India, 68-74◦E, 31-34◦N (vertical axis) plotted against
maximum surface elevation (in km) along 72◦E for CMIP3 (green dots) and CMIP5 (blue
dots). Magenta lines in inset show a best linear fit and its uncertainty.
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ERA-Interim surface wind, surface air h (K), topography
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Relatively small truncation of topography west of Tibet 
creates large dry bias over India

15

Errors in surface h (colors) and
upper-tropospheric temperature (contours, negative dashed)

green and pink contours are 2 km surface altitude in control and perturbed model
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precipitation (mm/day). b, Anomaly in the May-Sept. precipitation anomaly in the present
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precip anomaly caused by truncating Hindu Kush (mm/day)

(CESM5 0.9x1.25 coupled model, rcp8.5 scenario)

Boos & Hurley (2013)



Summary
• Topography influences multiple regional monsoons in 

multiple ways, but obviously increases monsoon strength 
greatly in South Asia. 

• 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.  Coarse resolution models will likely allow too much 
ventilation of the monsoon by dry desert air unless there are 
compensating errors (e.g. in surface albedo) or some 
subgrid-scale topographic blocking scheme.


