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1 Introduction

The Tibetan Plateau (TP) is a vast elevated plateau in Cen-
tral Asia with an average elevation of 4,500 meters. It has 
long been established textbook knowledge that the Asian 
summer monsoon is associated with the direct sensible heat-
ing over the TP (Flohn 1968; Yanni and Wu 2006). Although 
recent theoretical studies and numerical experiments have 
questioned this concept (Boos and Kuang 2010, 2013; Park 
et al. 2011; Rajagopalan and Molnar 2013; Saito et al. 2006; 
Tang et al. 2011, 2013a, b; Wu et al. 2012; Yasunari et al. 
2006), there is still controversy regarding the role of the TP 
in driving the Asian summer monsoon system.

Several studies applied Atmosphere—only General 
Circulation Models (AGCM) (Boos and Kuang 2010; 
Chakraborty et al. 2002; Wu et al. 2012; Yasunari et al. 
2006) or Atmosphere–Ocean General Circulation Mod-
els (AOGCM) (Boos and Kuang 2013; Park et al. 2011; 
Tang et al. 2013b) to investigate the Asian summer mon-
soon behaviour caused by the orographic forcing of the TP. 
For example, Boos and Kuang (2010, 2013) showed that 
the heating of the TP locally affects the precipitation over 
the Himalayas but has no impact on the large-scale mon-
soon circulations, demonstrating that, during the summer, 
the Himalayan topography acts as a barrier to shield the 
warm and moist southern Asian monsoon region from the 
cold and dry extra-tropical air masses. They concluded that, 
during summer, the maximum upper tropospheric tempera-
tures occur throughout the Indian sub-continent, rather than 
over the TP. In contrast to Boos and Kuang (2010, 2013), 
Wu et al. (2012) suggested that South and East Asian mon-
soons are controlled by the thermal forcing of the different 
parts of the TP, and that the mechanical effect of the plateau 
is not the major driver of the Asian summer monsoon. The 
models applied in the studies of Boos and Kuang (2010) 
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and Wu et al. (2012) were integrated using the prescribed 
climatological Sea Surface Temperature (SST) and sea ice. 
This approach may be insufficient to demonstrate the indi-
rect impact of the orographic modifications on the ocean 
circulation (Boos and Kuang 2010). The integration period 
of the coupled atmosphere–ocean simulation of Boos and 
Kuang (2013) was limited to 25 years. Additional studies 
are therefore needed to investigate the ocean response to 
orographic forcing by using longer integrations of coupled 
atmosphere–ocean models.

To discover the high-resolution patterns of the Asian 
summer monsoon, Tang et al. (2013b) applied a regional 
climate model which was driven by an AOGCM. They 
showed that the regional orographic uplift produces the 
asynchronous evolution of the Indian summer monsoon 
and the East Asian summer monsoon, concluding that the 
intensified East Asian summer monsoon is linked to the 
sensible heat pumping of the northern, eastern and central 
TP, and that the Indian summer monsoon is enhanced by 
thermal insulation. The selected AOGCM, which was used 
for their sensitivity experiment, had a globally lower orog-
raphy except over the TP.

Apart from sensitivity experiments based on the climate 
model simulations, some studies have used observational 
and re-analysis data to study the impact of the TP on the 
Asian monsoon (Gu et al. 2009; Rajagopalan and Molnar 
2013). Using the re-analysis data, Rajagopalan and Molnar 
(2013) showed that the plateau heating correlates directly 
with the monsoon rainfall during the early and late sum-
mer, but only marginally during the mid-June to the end of 
August period.

The ocean circulation is affected by the highly nonlinear 
variations in the atmospheric circulation. This is illustrated, 
for example, in the atmosphere–ocean interactions during 
an abrupt climate change (Rahmstorf 2002; Gu et al. 2009; 
Liu et al. 2013). Using the NCEP/NCAR re-analysis data-
set, Ya et al. (2013) investigated the possible Eurasia-North 
Atlantic Ocean teleconnection. According to their results, 
Atlantic SST changes have a greater impact on the southern 
TP summer rainfall than Indo–Pacific oceans via Rossby 
waves. The recent IPCC report (Stocker et al. 2013) points 
out that global warming may lead to a cooler North Atlan-
tic by weakening the Atlantic Meridional Overturning Cir-
culation (AMOC). Assuming two preferred regimes (e.g., 
active and break) in the Asian summer monsoon (Palmer 
1994; Turner and Hannachi 2010; Hannachi and Turner 
2013), the break phases of the Indian monsoon coincide 
with a cold Northern Atlantic and Arctic, and the active 
phases with a warm Northern Atlantic and Arctic (Mar-
zin et al. 2012). Thus, the AMOC, which plays a major 
role in transporting heat from the Southern Hemisphere 
and tropics towards the North Atlantic, may influence the 
extreme moisture changes in monsoon regions. The AMOC 

reduction is closely connected to the cooling of the North 
Atlantic. Woollings et al. (2012) estimated a temperature 
change of 0.31 K for a 1 Sv weakening of the AMOC in 
the region 20◦−60

◦W, 45◦−70
◦N. They concluded that in 

a warm North Atlantic, the positive Atlantic Multidecadal 
Oscillation (AMO+) phase is associated with an increase 
in the Sahel and Indian summer monsoon rainfall. Previous 
studies (Vellinga and Wood 2002; Cheng et al. 2013; Chi-
ang et al. 2008; Stouffer et al. 2006) indicated that changes 
in the AMOC influence the Inter-Tropical Convergence 
Zone (ITCZ). Stouffer et al. (2006) showed that an AMOC 
weakening causes an equatorward shift of the ITCZ. Thus, 
as a consequence of changing ITCZ, the AMOC influences 
the Asian monsoon regions (Zhang and Delworth 2006). 
The paleo records from sediment cores of the North Atlan-
tic indicate a “shutdown” in the AMOC during the Heinrich 
event H1 (McManus et al. 2004). Using a stalagmite record 
from China, Liu et al. (2013) assessed the linkage between 
the North Atlantic and the monsoon system during the 8.2 
k year event. They showed that, during this event, the cli-
mate was significantly drier than today and was connected 
to an abrupt cooling in the North Atlantic ocean. Accord-
ing to their results, this linkage is also existent in any 
warm climate similar to the current one. Wang et al. (2001) 
found a remarkable resemblance between the oxygen iso-
tope records of stalagmites from the Hulu Cave in China 
and from the Greenland ice cores. They concluded that 
the strong East Asian monsoon is linked to warmer Green-
land temperatures, while the weaker East Asian monsoon 
is related to cool temperatures in Greenland. The weaken-
ing of the AMOC due to global warming is more likely to 
be linked to changes in surface heat flux than in freshwater 
(Gregory et al. 2005).

The question which is still not answered in the previous 
studies is how the TP elevation will influence the atmos-
phere–ocean relation, and to what extent the atmospheric 
changes influence the ocean’s response. Our study investi-
gates the results of a numerical modeling experiment using 
the ECHAM5/MPI-OM coupled AOGCM to identify the 
role of the TP in the evolution of the climate system with 
a focus on the Asian summer monsoon. A longer integra-
tion time is chosen here to consider the feedback processes 
between the ocean and the atmosphere. In contrast to most 
of the previous studies, our model set up allows an inves-
tigation of the climatic patterns under a changing Tibetan 
Plateau forcing with an interactive ocean. The model set up 
is based on the hypothesis on the effects of the TP on the 
Asian summer monsoon stated above, and is described in 
Sect. 1. In Sect. 2 the mechanisms governing the interplay 
between the summer monsoon, the low-level circulations 
and the ocean conditions are reviewed, in order to build a 
basis for further investigations. Section 3 contributes to the 
results. Discussion and conclusions are presented in Sect. 4.
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2  Approach and methods

2.1  Model configuration

The feedback processes between ocean, atmosphere and 
orographic forcing are studied by designing two differ-
ent simulation scenarios: (a) a simulation with present 
day topography as the control (CTRL) run, and (b) with 
decreased elevation of the TP and Central Asia (NOTP). 
The Community Earth System Models (COSMOS version 
1.2.1) developed by the Max Planck Institute for Meteorol-
ogy in Hamburg was applied in this study, which consist 
of the atmosphere climate model ECHAM5 version 5.4.01 
(Roeckner et al. 2006) and the ocean model MPI-OM 
version 1.3.1 (Marsland et al. 2003). ECHAM5 was inte-
grated at T31 resolution (corresponding to a Gaussian grid 
of 3.75◦ × 3.75

◦) with 19 vertical levels and the MPI-OM 
ocean model at GR30 resolution with 40 vertical levels. 
Both simulations are initialised using the climate state of 
the ensemble member mil0014 of the “millennium“ simu-
lation from the fully coupled MPI-ESM (Jungclaus et al. 
2010), starting from the year 1500 AD. The model-proxy 
comparisons show that mil0014 has the best performance 
(Polanski et al. 2014). Greenhouse gas (GHG) concentra-
tions (e.g. CO2, N2O, CH4) are fixed at their pre-industrial 
values. In both setups, the subgrid-scale orographic drag 
is considered, using the parameterisation scheme of Lott 
and Miller (1997). In the NOTP set-up, the topography 
of the TP is decreased by 200 m in every 10-year integra-
tion period to the threshold of 500 m after 180 years of 
integration (Fig. 1). The related subgrid-scale orography 
parameters (surface roughness length, standard deviation 
of orography, slope, orientation, anisotropy, angle, peaks 
and valleys elevation) have been adjusted according to the 
scheme presented by Baines and Palmer (1990). The model 
simulations are integrated for 500 years and the last 50 
years are used for the analysis unless otherwise mentioned.

Two additional simulations are performed with the atm-
osphere-only ECHAM5 model using the prescribed SST 
and sea ice from the CTRL and NOTP simulations. The 

model is integrated for 6 years and the last 2 years are 
analysed (first 4 years are excluded as spin-up). The data 
adjustment for interpolation of SST and sea ice from T31 
to T63 resolution follows the Atmospheric Model Inter-
comparison Project phase 2 (AMIP2) procedure available 
at: http://www-pcmdi.llnl.gov/projects/amip/AMIP2EXP-
DSN/BCS_OBS/amip2_bcs.htm#create_sic.

2.2  Low‑level circulation, ocean conditions 
and summer monsoons

The atmospheric general circulation consists of the flow 
which is averaged over time long enough to eliminate the 
random changes related to local weather systems (Holton 
and Hakim 2012). Lower atmospheric circulations over the 
oceans can impact the large-scale precipitation patterns like 
the monsoons. Inversely, the heating associated with the 
monsoon rainfall modifies the low-level circulations over 
the oceans (Heckley and Gill 1984; Rodwell and Hoskins 
2001). According to Rodwell and Hoskins (2001) (hereaf-
ter, RH), during wintertime, the subtropical circulation is 
strongly dominated by the zonal mean flow and its interac-
tions with the orography. In the Northern Hemisphere sum-
mer, the low-level circulation over the subtropical oceans 
is characterised by subtropical highs (anticyclones in 
Fig.  2b). According to Anderson and Gill (1975), the wind 
stress curl related to these subtropical highs drives the sub-
tropical gyres. RH showed that the subtropical highs (anti-
cyclones) also affect the global teleconnection patterns such 
as the North Atlantic oscillation. There is a clear interplay 
between the monsoons, the subtropical anticyclones and 
the global atmosphere–oceans interaction. RH concluded 
that the summertime anticyclone easterlies over the North 
Pacific are linked to the Asian summer monsoon heat-
ing and demonstrated that the subtropical descent over the 
North Pacific and the North Atlantic is induced by North 
American and Asian monsoon, respectively. The year-long 
colder eastern subtropical oceans support the atmospheric 
descent. On the other hand, the descent itself is followed 
by equator-ward winds which lead to the upwelling of 
cold deeper water over the eastern subtropical oceans via 

Fig. 1  Topography (metre) 
for a CTRL and b NOTP (final 
state) simulations
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the wind-driven Ekman pumping. Over the western sub-
tropical oceans, the poleward Sverdrup transport leads to 
the Ekman suction. RH discussed how the Earth’s major 
topographic features play a major role in localisation of the 
descent east of the subtropical highs.

In frictionless barotropic conditions, the atmospheric 
response to the orographic forcing depends on the moun-
tain scale (Wu 1984). According to Wu (1984), most of 
the atmospheric response to large-scale topographic fea-
tures (higher than “critical mountain height” of 1 km) is 

Fig. 2  Large scale patterns of 
a summer (JJAS) Precipitation 
minus Evaporation (mm/day) 
for CTRL, b 500 hPa. ω (Pas−1) 
and 850 hPa wind (ms

−1)  
for CTRL, c precipitation 
minus evaporation (mm/day) 
difference of NOTP compared 
to CTRL (CTRL-NOTP), and 
d 500 hPa ω (Pas−1) and 850 
hPa wind (ms

−1) difference 
of NOTP compared to CTRL 
(CTRL–NOTP). The largest 
vector in (b) is 12 ms

−1 and in 
(d) is 6 ms
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non-linear and the mechanically-forced surface anticyclone 
is located upstream of the orography. The mid-latitude 
topography plays a major role in the formation of Rossby 
waves (Hoskins and Karoly 1981; Held and Ting 1990; 
Saulire et al. 2011), which can influence the air flows as 
far as very remote areas and alter the wind field pattern 
throughout the hemisphere. Previous studies confirmed 
the linkage between the North Atlantic and Eurasia via the 
wave trains (Bothe et al. 2011; Sun and Wang 2012; Ya 
et al. 2013). According to Ding and Wang (2005), the sum-
mer wave train (e.g., circumglobal teleconnection pattern) 
originates in Europe and the North Atlantic region which 
facilitates the low-level ascending air motions over India. 
As mentioned by Holton and Hakim (2012), a quantitative 
study of the general circulation requires complex numerical 
models which solve the spherical primitive equations.

Given that there is a linkage between the summer mon-
soon, the low-level circulations and the ocean conditions, 
the challenging question is how does the orographic forc-
ing impact such interactions.

3  Results

3.1  Simulation of present day conditions

The state-of-the-art IPCC AR5 models can generally pro-
vide accurate estimates of the current climate. Among them, 
the ECHAM5/MPI-OM shows a relatively good perfor-
mance in reproducing the interannual variation and mean 
of the Asian summer monsoon (Kripalani et al. 2007a, 
b). Using this motivation, the possible state of the climate 
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(temporally averaged patterns of temperature, wind, pre-
cipitation and other variables) in the absence of the Tibetan 
Plateau is presented here. Prior to applying the model for 
the sensitivity experiment, its ability to reproduce the Asian 
summer monsoon patterns for precipitation and temperature 
is tested (supplementary material). The model-data com-
parison shows that the model is skillful in reproducing the 
mean climatological state of the rainfall and temperature 
patterns throughout the Asian monsoon domain. Figure 2a 
shows the mean summer (JJAS) precipitation minus evapo-
ration (P-E) for CTRL. The global picture of the summer 
monsoon is well represented by this simulation (see also 
Sect. 3.3). Figure 2b shows 500 hPa ω as a proxy for the 
ascending (ω < 0) and descending (ω > 0) motions super-
posed on the 850 hPa wind field. Comparing the two figures 
reveals that the maximum rainfall values are located over 

the upward motion regions (convective precipitation). There 
are two large-scale anticyclonic circulations over the North 
Pacific Ocean and in the North Atlantic Ocean (Fig. 2b). The 
500 hPa ω pattern over the Pacific shows a descending cen-
tre over the east North Pacific and an ascending region over 
the west equatorial Pacific. The easterly winds in 850 hPa 
connect these two regions and generate the trade winds over 
the Pacific. The anticyclone over the North Atlantic consists 
of a descending region over the east and an ascending area 
over the west North Atlantic. These anticyclones may origi-
nate from the land-sea distribution due to the induced vari-
ous diabatic heating and not as a result of wave propagation 
on the lee-side of the TP (Wu and Liu 2003; Liu et al. 2004; 
Wu et al. 2009). The influence of the TP on the monsoon 
circulation is studied in the next section by a simulation of 
conditions without the TP.

Fig. 4  Large scale patterns of a climatology of summer (JJAS) SST (◦C) differences for CTRL-NOTP, b cross section of North Atlantic Ocean’s 
temperature (◦C) and c cross section of the North Atlantic Ocean’s temperature difference (CTRL-NOTP) at 45◦N
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3.2  Simulation of conditions without Tibetan Plateau

Subtracting the general state of the climate in the two dif-
ferent simulations (CTRL – NOTP) highlights the topo-
graphic effect of the TP on the climate patterns.

As can be seen in Fig. 2c (and Sect. 3.3), a large por-
tion of the Asian summer monsoon P-E is reduced in the 
NOTP. Over the east equatorial Pacific Ocean (around 120◦

W and 20◦N), atmospheric deep convection is reduced and 
shifted towards the Central Pacific and the American con-
tinent. The largest patterns which are altered in the NOTP 
are the reduced ascending motions over the Asian monsoon 
region with a peak over the TP and the weaker Somali Jet 
(Fig. 2d). The reduced large cyclonic motion over the Mid-
dle East is mainly due to the removal of the Iranian Pla-
teau (IP). This is because the IP surface sensible heating 
generates the cyclonic circulation (Wu et al. 2012). The 
pronounced weakening of the Somali Jet, which transits 
Kenya, Somalia, Yemen and Oman, accounts for the reduc-
tion in moisture transport to the Indian monsoon region. On 
the lee-side of the largest topographic barrier, the TP, the 
alternating cyclonic and anticyclonic motions are shown in 
the anomaly patterns (Fig. 2d). The weakening of the trade 
winds in the NOTP lead to an attenuated “Walker cell” in 
the equatorial Pacific which accounts for a rising motion 

over Indonesia and a sinking one over the eastern Pacific. 
The 850 hPa wind presents an anticyclonic motion in the 
North Atlantic (Fig.2b). The reduction of this circulation in 
the NOTP (Fig. 2d) influences the oceanic currents in the 
North Atlantic via the wind-driven ocean circulations. The 
anticyclonic motion over the west North Pacific, east coast 
of Japan, is also reduced in the NOTP.

As a response to anomalous atmospheric low level 
winds, convergence, precipitation and vertical motions, the 
ocean–atmosphere interaction alters the ocean circulation. 
The North Atlantic averaged meridional overturning stream 
function for the NOTP shows a remarkable decrease com-
pared to the CTRL (Fig. 3a). This circulation expresses the 
impact of the TP on the North Atlantic circulations. The 
AMOC circulation pattern (its core is located at ~1000 m 
depth and 55◦N) leads to downwelling of warm surface 
water into the deeper ocean layers around 40◦ N. To assess 
the AMOC changes, the AMOC index is calculated based 
upon the maximum value of meridional overturning stream 
function north of 28◦N within the red box in Fig. 3a (Hofer 
et al. 2011). The AMOC indices of the CTRL and the 
NOTP are shown in Fig. 3b. There is a clear drop of about 6 
Sv in the AMOC when the TP is removed. The weakening 
of the AMOC is connected to the weakening of the North 
Atlantic anticyclone and the reduced heat advection from 
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south-western North Atlantic regions to the north-eastern 
part. This leads to a cooling of the North Atlantic (Fig. 4).

The impact of the removal of the TP is apparent in SST 
patterns mainly in the North Atlantic and to a lesser extent 
in the North Pacific (Fig. 4a). The North Atlantic Ocean is 
remarkably warmer in the CTRL than in the NOTP (up to 8 
K). This can influence the monsoon via the teleconnection 
between the North Atlantic and the Asian monsoon, which 
is discussed in Sect. 3.3.

Figure 4b shows the climatology of ocean temperature 
in the longitude-depth plane at 45◦N. In the CTRL, a warm 
water current, which initiates from the surface over the 

Western North Atlantic Ocean (around 45◦W), penetrates 
to the deeper layers down to 2000 m depth at 10◦W. This 
warm current is reduced when the large-scale topography 
of the TP is removed (Fig. 4c).

3.3  Direct linkage between AMOC, North Atlantic 
SSTs and Asian summer monsoon

Liu et al. (2013) suggested that there was a rapid telecon-
nection between the North Atlantic and the Asian summer 
monsoon. This teleconnection is not a result of a baroclinic 
adjustment in the oceans. They concluded that these changes 
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in the North Atlantic ocean circulation may be damped as 
they reach the Pacific and Indian oceans and this relation-
ship may originate from the atmospheric processes (Liu 
et al. 2013; Broccoli et al. 2006; Chiang and Bitz 2005).

In order to explore the direct impact of the AMOC and 
the SSTs over the North Atlantic on the Asian summer mon-
soon, the ECHAM5 model is run with a higher horizon-
tal resolution of T63L31 using the SSTs and sea ice from 
the ECHAM5/MPI-OM coupled simulations (CTRL and 
NOTP). The orography is unchanged in both runs in order to 
consider only the impact of changing the oceanic heat trans-
port in the Atlantic ocean on the Asian summer monsoon. 
Figure 5a shows the summer (JJAS) precipitation minus 
evaporation pattern from the ECHAM5 simulation driven by 
SST and sea ice data from the CTRL. This figure shows a 
more realistic rainfall pattern compared to the coupled simu-
lation. The model was able to capture the rainfall over the 
Himalayas, which was not present in the coupled runs. This 
may be due to the more realistic topography of the new sim-
ulations at T63 horizontal resolution. Figure 5b shows the 
differences of the two atmosphere-only simulations with the 
prescribed SST and sea ice from both coupled runs. There is 
a substantial decrease in the Asian summer monsoon in the 
ECHAM5-NOTP simulation, especially over Western Ghats, 
the Himalayas, East China and Indonesia.

Figure 6 presents the differences of near surface circula-
tion patterns between the CTRL and the NOTP atmosphere-
only simulations. Given that the topography is unchanged, 
there is a weakening of the Somali Jet and the anticy-
clonic pattern over the North Atlantic in the NOTP-driven 
ECHAM5 runs compared to normal conditions. However, 
the northward moisture transport from the Bay of Bengal is 
significantly reduced in the NOTP and the trade winds show 
a substantial reduction over the equatorial Pacific (Fig. 6).

These atmosphere-only simulations present the abrupt 
impact of altered SST conditions on the atmosphere regard-
less of the direct orographical forcing and thereby support the 
hypothesis of Liu et al. (2013). However, we encourage fur-
ther investigations using longer simulation times (~30 years).

4  Conclusions and discussions

In this study, the role of the TP on the Asian summer mon-
soon is investigated using the coupled ECHAM5-MPI-
OM and atmosphere-only ECHAM5 models. As a result 
of the coarse spatial resolution of the coupled runs, these 
experiments are able to capture the large-scale climatologi-
cal patterns of the monsoon, although its local effects are 
not resolved. The large-scale patterns of the Asian sum-
mer monsoon are significantly influenced by the removal 
of the Tibetan Plateau. In agreement to the studies of Boos 

and Kuang (2010) and Park et al. (2011), our results dem-
onstrate that the large-scale Asian summer monsoon cir-
culations are weakened notably by the removal of the TP. 
Boos and Kuang (2010), however, conclude that this weak-
ening is linked to the insulator effect of the Himalayas, 
rather than the sensible heating effect by the TP. Our model 
experiment revealed that the main large-scale circulations 
(e.g., the Somali Jet, the trade winds and the North Atlantic 
anticyclones) are reduced in the absence of the TP. We find 
two main effects when removing the TP: 1. The removal 
of the TP produces a weaker Somali Jet that normally acts 
as the main driver of the “moisture conveyor belt” which 
brings moisture to the Indian sub-continent. In the absence 
of the TP forcing, trade winds tend to decelerate over the 
North Pacific Ocean, resulting in an attenuated “Walker 
cell” in the equatorial Pacific. These changes contribute 
to a reduction of the monsoon rainfall over India and East 
China. 2. The removal of the TP also alters the global wave 
pattern, which induces a reduction of anticyclonic patterns 
of low-level winds in the North Atlantic Ocean. This leads 
to a decreased advection of near surface atmospheric heat 
into the North Atlantic Ocean and a drop of the sea surface 
temperature by about 6 K. This leads to less transport by 
the atmospheric circulations and hence to a southward shift 
of the ITCZ and the Asian summer monsoon.

Our results point to possible direct and indirect mecha-
nisms, in which the TP influences the climatic circulation 
and in particular the Indian summer monsoon. We recog-
nise, however, that our model experiment, due to a lack 
of computing resources, does not have the resolution to 
resolve all the processes in detail. The experiment could 
not be run to reach an equilibrium state of the oceanic cir-
culation. The COSMOS simulations need a spin-up phase 
on the order of 5000 years for deep oceans (Stepanek and 
Lohmann 2012). More experiments and experiments with 
different models are necessary to establish additional 
confidence in the results. However, with the computing 
resources currently available, it is impossible to cover all 
these considerations.
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