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ABSTRACT

Recent work has shown the dominance of the Himalaya in supporting the Indian summer monsoon (ISM), perhaps by
surface sensible heating along its southern slope and by mechanical blocking acting to separate moist tropical flow from drier
midlatitude air. Previous studies have also shown that Indian summer rainfall is largely unaffected in sensitivity experiments
that remove only the Tibetan Plateau. However, given the large biases in simulating the monsoon in CMIP5 models, such
results may be model dependent. This study investigates the impact of orographic forcing from the Tibetan Plateau, Himalaya
and Iranian Plateau on the ISM and East Asian summer monsoon (EASM) in the UK Met Office’s HaddGEM3-GA6 and
China’s Institute of Atmospheric Physics FGOALS-FAMIL global climate models. The models chosen feature opposite-
signed biases in their simulation of the ISM rainfall and circulation climatology.

The changes to ISM and EASM circulation across the sensitivity experiments are similar in both models and consistent
with previous studies. However, considerable differences exist in the rainfall responses over India and China, and in the
detailed aspects such as onset and retreat dates. In particular, the models show opposing changes in Indian monsoon rainfall
when the Himalaya and Tibetan Plateau orography are removed. Our results show that a multi-model approach, as suggested
in the forthcoming Global Monsoon Model Intercomparison Project (GMMIP) associated with CMIP6, is needed to clarify
the impact of orographic forcing on the Asian monsoon and to fully understand the implications of model systematic error.

Key words: Tibetan Plateau, East Asian summer monsoon, Indian summer monsoon, model bias, Global Monsoon Model
Intercomparison Project (GMMIP)
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1. Introduction

The Asian summer monsoon is a significant component
of the Asian climate system. The summer rainfall brought
by its two sub-systems, the Indian summer monsoon (ISM)
and the East Asian summer monsoon (EASM), supports eco-
nomic activity in rapidly developing economies within the
monsoon region, such as India and China. Since the Asian
summer monsoon is fundamentally driven by the land—sea
thermal contrast between the Eurasian landmass and adjacent
water bodies such as the Indian and Pacific oceans in sum-
mer, a lot of research in recent decades has focused on the im-
pact of surface sensible heating in maintaining the meridional
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temperature gradient that drives the cross-equatorial over-
turning circulation of the monsoon. For example, Li and
Yanai (1996) suggested the onset of the Asian summer mon-
soon is closely associated with the reversal of the meridional
temperature gradient in May to June, which is a direct result
of large-scale temperature increases in the upper-troposphere
over Eurasia. More recently, Xavier et al. (2007) showed
the onset and retreat of the ISM defined using the mid-to-
upper tropospheric temperature gradient between the Indian
subcontinent and the equatorial Indian Ocean is largely con-
sistent with other rainfall-based monsoon indices.

The Tibetan Plateau (TP) is the world’s highest and
largest plateau and has long been considered an important
component of the Asian summer monsoon (e.g., Flohn, 1957,
Ye, 1981). Yanai et al. (1992) also showed that the TP is an
effective heat source during summer, and the surface sensible
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heating emanating from its elevated surface is crucial in re-
versing the meridional temperature gradient leading to mon-
soon onset. Wu et al. (2007) also argued that the strong sen-
sible heating from the plateau’s surface in summer produces
ascending motion and surface convergence, while in winter
air descends and diverges from the plateau such that the shift
in circulation regime between summer and winter is similar
to a sensible-heat-driven “air pump”.

However, recent studies (e.g., Wu et al., 2012; Boos and
Kuang, 2013) have shown that, in climate model simulations,
the ISM is more sensitive to the surface heating emanating
from the southern slopes of the Himalaya and the relatively
low-lying northern Indian subcontinent, while elevated heat-
ing from the plateau’s surface is not necessarily required to
maintain the ISM. Ma et al. (2014) also showed that the
strength of the ISM decreases approximately linearly as the
height of the Himalaya is reduced in a climate model, sug-
gesting that mechanical blocking by the Himalaya of drier
and cooler midlatitude air may also be crucial in supporting
the ISM (Boos and Kuang, 2010).

Meanwhile, accurate simulation of the Asian summer
monsoon remains a grand challenge and CMIP5 climate
models are known to have significant biases when simulat-
ing the climatology of the Asian monsoons (Kitoh et al.,
2013; Dong et al., 2016). For the ISM, the multi-model mean
shows a weaker monsoon when compared to reanalysis data,
with weakened summer westerlies over the Arabian Sea, In-
dia and the Bay of Bengal (e.g., Sperber et al., 2013; Wang
et al., 2017). While CMIP5 climate models are able to sim-
ulate the overall circulation and precipitation characteristics
of the EASM more accurately than the ISM, significant vari-
ability also exists in the strength and position of the west-
ern Pacific subtropical high and in the intensity and seasonal
migration of the mei-yu/changma/baiu rainbelt (e.g., Feng et
al., 2014; Song and Zhou, 2014). The diverse biases among
climate models also suggest there can be considerable model
dependency when investigating the monsoon response to oro-
graphic forcing in sensitivity experiments.

Using a different global climate model, the UK Met Of-
fice’s HadGEM3, Wong et al.? (hereafter WTS2017) repeated
several sensitivity experiments conducted previously in Boos
and Kuang (2010, 2013). While the response in ISM circula-
tion to orographic forcing was generally consistent with pre-
vious studies, their results showed that the response in rainfall
can be model dependent. However, it is unclear whether their
results can be considered robust given HadGEM3’s large bias
in simulating the Indian summer rainfall climatology. Con-
trary to the ISM, WTS2017 also showed that the EASM is
more sensitive to the forcing from the TP compared to the Hi-
malaya, but further investigation is needed to determine if the
significant rainfall bias in the ISM region affects the transport
of moisture toward the South China Sea. Nevertheless, the
results in WTS2017 demonstrate the need for a multi-model
approach, such as the forthcoming Global Monsoon Model
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Intercomparison Project [GMMIP; see Zhou et al. (2016) for
a summary], to investigate the complex response of the Asian
monsoon to orography.

To investigate to what extent the response of the ISM
and EASM to change in orographic forcing is dependent
on the choice of climate model, in this study we repeat
some of the idealized orography numerical simulations of
WTS2017 using two separate climate models. The UK Met
Office’s HadGEM3 and the Institute of Atmospheric Physics’
FGOALS-FAMIL global climate models are chosen because
of their different behavior in simulating the climatology of
the ISM and EASM.

Details of both models and the experimental setup are
provided in section 2. Key results are presented in section
3, followed by conclusions and discussion in section 4.

2. Methods

2.1. Summary of HadGEM3

The UK Met Office’s Unified Model, HadGEM?3 Global
Atmosphere 6.0 (Walters et al., 2017), is used to perform var-
ious sensitivity simulations with modified orography. This
version of HadGEM3 includes the ENDGame (Even Newer
Dynamics for General Atmospheric Modelling of the Envi-
ronment) dynamical core, which uses a semi-implicit semi-
Lagrangian formulation to solve the non-hydrostatic, fully
compressible deep-atmosphere equations of motion. Prog-
nostic variables are discretized horizontally onto a regular
longitude—latitude grid with Arakawa C-grid staggering, and
vertically onto a terrain-following hybrid height coordinate
with Charney—Phillips staggering. The horizontal resolution
is set at N96 (roughly 200 km grid spacing at the equator) and
there are 85 vertical levels in the model domain with a fixed
top lid at 85 km above sea level.

2.2. Summary of FGOALS-FAMIL

The sensitivity simulations are then repeated using the
FGOALS-FAMIL (hereafter FGOALS-f) atmospheric gen-
eral circulation model (AGCM) developed by the State Key
Laboratory of Numerical Modeling for Atmospheric Sci-
ences and Geophysical Fluid Dynamics (LASG), Institute of
Atmospheric Physics (IAP), Chinese Academy of Sciences
(Zhou et al., 2012, 2015; Yu et al., 2014). Its dynamical core
uses a finite-volume algorithm calculated on a cubed-sphere
grid system with flexible resolution (Lin, 2004; Putman and
Lin, 2007). In the present study, the model resolution is also
set at N96, as in HadGEMS3. In the vertical direction, there
are 32 vertical levels with a top pressure of 2.16 hPa.

A comparison of the physical parametrizations incorpo-
rated in the two models is provided in Table 1.

2.3. Experimental setup

Firstly, a control experiment forced with interannually
varying sea surface temperature data according to the AMIP

*Wong, K. C., A. G. Turner, and R. K. Schiemann, 2017: Differing impacts of Tibetan Plateau and Himalayan region orography on the East and South

Asian monsoon. Climate Dyn., in revision.
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Table 1. AGCM physical parametrizations.
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Physical parameterization

FGOALS-f

HadGEM3

Cumulus convection

Cloud microphysics
Planetary boundary layer

Gravity wave drag

A mass flux cumulus parameterization (Tiedtke,
1989), adding a variant based on convective avail-
able potential energy (Nordeng, 1994)

A single-moment cloud microphysics scheme (Harris
and Lin, 2014)

A non-local first-order closure scheme (Holtslag and
Boville, 1993)

Only orographic gravity waves (Palmer et al., 1986)

A mass flux convection scheme based on Gregory and
Rowntree (1990) with a convective available poten-
tial energy closure based on Fritsch and Chappell
(1980)

Prognostic cloud fraction and prognostic condensate
(PC2) scheme (Wilson et al., 2008a, 2008b)

First order turbulence closure scheme (Lock et al.,
2000)

Effective roughness parametrization (Wood and Ma-

Radiative transfer
(Clough et al., 2005)

Rapid Radiative Transfer Model for GCMs (RRTMG)

son, 1993) for sub-grid orographic drag, spec-

tral sub-grid parametrization scheme (Scaife et al.,

2002) for non-orographic gravity-wave drag
Radiation scheme of Edwards and Slingo (1996)

protocol (Gates et al., 1998) is conducted using both mod-
els. Four sensitivity experiments with modified orography,
designed to isolate the orographic forcing from the TP, Hi-
malaya and Iranian Plateau (IP), are then performed. In each
sensitivity experiment, the targeted orography is lowered to
500 m above sea level to remove the mechanical blocking
and to lower the elevation of surface heating. Table 2 lists
the experiments performed and regional bounds of the oro-
graphic adjustment, while Fig. 1 shows the orography used
in each experiment.

All experiments in HadGEM3 are initialized using re-
analysis data on 1 September 1981 and integrated forward
in time for 20 years until 30 August 2001. For FGOALS-f,
the experiments are initialized with a zero-value state such
that they begin earlier, at 1978, and are integrated until 2001,
with the first three years being discarded for model spin-up.
For consistency, the monsoon climatology from both models
is defined using the 20-year average from September 1981
to August 2001, which includes 20 summer (June—August)
periods.

2.4. Observational data

For precipitation, the model results are compared to
data from version 2.2 of the Global Precipitation Climatol-
ogy Project (GPCP) Monthly Precipitation Analysis dataset
(Adler et al., 2003). This dataset is a merged analysis that
includes estimates from low-orbit satellite microwave data,
geostationary satellite infrared data and surface rain gauge

Table 2. List of sensitivity experiments. 4/ denotes terrain un-
changed and x denotes terrain lowered to 500m above sea level.

Name of experiment TP Himalaya 1P
CON v v v
NoTP X X v
HM-IPonly X v v
NolP v v X
HMonly X v X

observations, at 2.5° X 2.5° resolution. The data between
1981 and 2001 are used to produce the summer precipita-
tion climatology, which is then interpolated to the N96 res-
olution for comparison with both models. For fields such as
wind, temperature and moisture at various pressure levels and
for column-integrated moisture flux, the ERA-Interim atmo-
spheric reanalysis dataset (Dee et al., 2011) is used. Refer-
ence data from ERA-Interim are produced by averaging over
the period 1981-2001 and then interpolated from the original
0.7°x0.7° resolution to the N96 resolution for comparison.

3. Results

3.1. Control experiment and model bias

Before analyzing the impacts of orographic forcing on
the South and East Asian monsoons in the HadGEM3 and
FGOALS-f models, we first compare their mean-state simu-
lation against observational data. Figures 2a and b show the
summer (June—August) average rainfall and 850 hPa circu-
lation from the control experiment (hereafter referred to as
CON) in FGOALS-f and HadGEM3. Both models are able
to simulate the large-scale features of the westerly summer
monsoon flow over India and the Bay of Bengal, as well as
the southerly summer monsoon into southern China. How-
ever, the models feature contrasting biases in summer rainfall
and 850 hPa circulation patterns when compared to observed
estimates. For FGOALS-f (Fig. 2c), there is a strong ISM
bias with a meridionally narrow core of enhanced westerlies
passing from the Arabian Sea over the southern peninsular In-
dia. This is associated with a cyclonic anomaly to the north,
representing an enhancement of the monsoon trough, and an
anticyclonic circulation anomaly to the south. Anomalous
horizontal convergence leads to a positive rainfall bias to the
southwest of India, while the eastern Arabian Sea and west-
ern Bay of Bengal receive 4-8 mm d~! more rainfall than ob-
served estimates, consistent with the strong circulation. Com-
pared to the ISM, the EASM is more accurately simulated in
FGOALS-f, with little circulation bias over China; although,
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Fig. 1. Orography data used in (a) CON, (b) NoTP, (c) HM-IPonly, (d) NoIP and (¢) HMonly.

easterly anomalies can be found over the western Pacific, re-
lated to biases in the strength or mean position of the sub-
tropical high. Biases in summer rainfall over China are also
small compared to those in the ISM region, but these could
be caused by the EASM’s smaller summer mean rainfall com-
pared to the ISM.

Contrary to FGOALS-f’s strong ISM bias, HadGEM3’s
CON shows a weak ISM bias (Fig. 2d). The summer lower-
tropospheric westerlies over the Arabian Sea are weak com-
pared to observed estimates, while most of India and the Bay
of Bengal receives 6-10 mm d~! less summer rainfall than
observed estimates. A significant wet bias (of more than 10
mm d~!) is found over the equatorial Indian Ocean, which
is a common bias among models, as discussed previously in

Sperber et al. (2013) and Bollasina and Ming (2013). The
coupling between deficient ISM rainfall and a weakened cir-
culation is clear among the CMIP5 multi-model ensemble
(Sperber et al., 2013). Similar to FGOALS-f, the EASM
in HadGEM3’s CON is also better simulated than the ISM.
There is little rainfall or circulation bias over China; although,
a cyclonic anomaly can be found over the western Pacific, in-
dicating a weaker subtropical high relative to observed esti-
mates. Overall, the weak ISM bias in HadGEM3 is more like
the CMIP3 or CMIP5 multi-model mean shown in Sperber
et al. (2013). The fact that the two models chosen here ex-
hibit biases of opposite sign over the Indian monsoon region
is desirable, since it will allow us to determine the robustness
of the modeled monsoon response to orography and present
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Fig. 2. Summer (June—August) average precipitation (shading; units: mm d~!) and 850 hPa wind (vectors; units: m
s~1) over the period 1981-2001 from the CON experiment of (a) FGOALS-f and (b) HadGEM3, and (c, d) their bias
compared to GPCP and ERA-Interim data. Grey lines denote coastline and elevation contours from 500 m at 2000 m

intervals.

some insight into the impact of monsoon biases.

3.2. Sensitivity experiments: changes in rainfall and cir-
culation

Four sensitivity experiments targeting the orographic
forcing from the TP, Himalaya and the IP are performed
in both models. The 20-year average of summer rainfall
and 850 hPa circulation from the sensitivity experiments are
then compared to the corresponding CON experiment, thus
demonstrating the impact of orographic forcing from the tar-
geted terrain on the monsoon.

In the “no TP” (NoTP) experiment, all terrain inside
(20°-60°N, 70°-150°E) is lowered to 500 m above sea level,
thus removing the orographic forcing from both the TP and
the Himalaya. Both models show a similar response in 850
hPa circulation, but the change in summer rainfall is different
(Figs. 3a and b). In the ISM region, a weakened monsoon
circulation is found with easterly anomalies over India and
the Arabian Sea. The EASM also reduces in strength, with
northeasterly anomalies dominating southern China and the
South China Sea, representing a weakened penetration of the
monsoon winds into East Asia.

For summer rainfall, FGOALS-f shows a clear reduction
in the ISM region relative to CON, particularly over northern
India and along the southern edge of the TP; however, there
is little change in the EASM region over China. In contrast,
and despite the weakened large-scale monsoon circulation,
HadGEM3 shows increased rainfall over southern India and
the Bay of Bengal; although, reduced rainfall is found over

the southeastern TP and most of China. The reduced rainfall
under a weakened ISM in FGOALS-f is more consistent with
the results presented in previous studies and could be consid-
ered more robust than the results from HadGEM3 given its
smaller rainfall bias in CON. Examination of the change in
circulation over India suggests subtle differences in the loca-
tion of convergence zones between the models may give rise
to the precipitation differences there; this will be analyzed
later in section 3.3. Further investigation is also needed to
explain the different responses in rainfall over China, since
the EASM in the CON of both models is accurately simu-
lated, with little bias in summer rainfall over China.

A “Himalaya and IP-only” (HM-IPonly) experiment is
then conducted to demonstrate the value of orographic forc-
ing provided by the Himalaya and IP. The orography used
in HM-IPonly is the same as in NoTP, except that the Hi-
malaya are retained to form a roughly zonal barrier separat-
ing moist air over the Indian subcontinent from presumably
drier air over the Eurasian landmass. The response in 850
hPa circulation is again very consistent between FGOALS-f
and HadGEM3 (Figs. 3c and d). Both models show reduced
easterly anomalies over India and the Arabian Sea compared
to NoTP, as well as much weaker circulation anomalies over
China. The response in summer rainfall is still different, with
FGOALS-f showing little change over India relative to CON,
except a small 2-4 mm d~! reduction along the southern edge
of the TP. For HadGEM3, increased rainfall is still found over
northeastern India and the Bay of Bengal relative to CON, but
the change is much smaller compared to that in NoTP.
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Fig. 3. Difference in summer average precipitation (shading; units: mm d~!) and 850 hPa wind (vectors; units: m s~ !)
between (a, b) NoTP, (¢, d) HM-IPonly, (e, f) NoIP and (g, h) HMonly, relative to CON, for FGOALS-f (left) and
HadGEM3 (right). Only signals passing the 95% confidence level are plotted. Grey lines denote coastline and elevation
contours above 500 m at 2000 m intervals.

Despite the different response in rainfall over the ISM re-  the Himalaya in maintaining the ISM and is consistent with
gion between the two models, the reduced circulation and previous studies. Over the EASM region, both models again
rainfall anomaly compared to the respective NoTP experi- disagree on the change in summer rainfall over China, with
ment suggests the ISM in this experiment is more similar to  no change at all in FGOALS-f but a 2—4 mm d~' reduction in
that in CON. This demonstrates the crucial role played by HadGEM3. Such results show that the EASM in HadGEM3



AUGUST 2018

is sensitive to the forcing from the TP and that orographic
forcing from the Himalaya alone is insufficient to maintain
the summer rainfall over China, while FGOALS-f is unable
to demonstrate a similar connection between the EASM and
TP. This will be further investigated later using other diag-
nostics to examine the downstream response over East Asia.

A “no IP” (NolIP) experiment is performed to investigate
the impact of orographic forcing provided by the IP, since it
is located directly upstream of the Indian subcontinent with
respect to the summer midlatitude westerlies. The orography
used in this experiment is identical to that in CON, except
that the IP is lowered from its typical height of 1000 m to
500 m above sea level. Both models show a consistent re-
sponse in 850 hPa circulation. An anticyclonic circulation
anomaly is found centered over the IP with its southeastern
quadrant covering the northern Arabian Sea, resulting in ex-
tensive easterly anomalies to the west of India (Figs. 3e and
f). This anticyclonic anomaly could be interpreted both as
a response to removal of surface heating and as a direct im-
pact of unblocking the Hindu Kush region west of the Hi-
malaya. While the Arabian Sea easterly anomalies found in
both models are likely to reduce the moisture transport from
the Arabian Sea toward India, only in FGOALS-f does the
circulation penetrate over India enough to enable a 4-8 mm
d~! reduction in rainfall over most of India. In HadGEM3,
summer rainfall over India is the same as in CON, although a
4-6 mm d~! reduction in rainfall is found further downstream
over northern Indochina. Both models show little change in
the EASM rainfall, but FGOALS-f features stronger wester-
lies over the South China Sea.

Given the significant impact of the IP on the ISM demon-
strated in NolP, a further “Himalaya-only” (HMonly) experi-
ment is conducted to isolate the orographic forcing from the
Himalaya. The orography used is identical to that in HM-
[Ponly, except the IP is also lowered. The results from both
models are largely similar to those from NolP, characterized
by an anticyclonic circulation anomaly over the IP region and
northeasterly anomalies over the Arabian Sea (Figs. 3g and
h).

The above results demonstrate the considerable model de-
pendency when investigating the impact of orographic forc-
ing on the monsoonal rainfall using global climate model ex-
periments. For the ISM, the results from FGOALS-f are more
consistent with previous studies, with reduced summer rain-
fall over India without the orographic forcing provided by
the Himalaya and IP. The different response between NolP
and HMonly in FGOALS-f is unexpected, since both experi-
ments lack the IP; this will be further investigated in the next
section using moisture flux diagnostics. HadGEM3, how-
ever, shows different results, with increased Indian rainfall
when the Himalaya and TP are removed from the model in
NoTP, most likely related to the model’s inability to accu-
rately simulate the ISM rainfall climatology in CON. Nev-
ertheless, the response in 850 hPa circulation across the ex-
periments is largely consistent between both models and is
supportive of the consensus that the ISM is not sensitive to
the elevation of surface heating emanating from the TP’s sur-
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face. Both models also show different results for the EASM,
as the link between the TP and summer rainfall over China is
captured only in HadGEM3 but not in FGOALS-{.

3.3. Sensitivity experiments: changes in moisture flux and
its convergence

The responses in rainfall can be largely explained by
changes in moisture flux and its convergence associated with
the ISM and EASM. For NoTP (Figs. 4a and b), the re-
duction in summer rainfall over India is consistent with re-
duced moisture convergence there relative to CON. The re-
sults from HadGEM3 are different, with enhanced mois-
ture convergence over India and the Bay of Bengal, thus
explaining the enhanced rainfall relative to CON. This im-
plies that the winds over India are slowed more rapidly than
those over the Arabian Sea. The reduction in moisture con-
vergence over the southern TP in HadGEM3 is similar to
that in FGOALS-f but covers a larger area, extending fur-
ther eastward into China and the West Pacific. Both mod-
els show similar changes in column-integrated moisture flux,
with easterly anomalies dominating the northern Arabian Sea
and northeasterly anomalies in the EASM domain, similar to
the responses in 850 hPa circulation.

In HM-IPonly, the changes in moisture flux and con-
vergence in FGOALS-f are much smaller when compared
to those in NoTP, suggesting that the Himalaya dominate
the orographic control of the monsoonal circulation. For
HadGEM3 the increased moisture convergence along the
west coast of India previously found in NoTP has reduced,
but stronger convergence relative to CON is still found over
the Bay of Bengal. Similar to the changes in summer rain-
fall, only HadGEM3 is able to show reduced moisture con-
vergence over southern China in HM-IPonly.

In NolP, FGOALS-f shows a clear reduction in mois-
ture convergence over northern India and reduced westerly
moisture flux toward India from the Arabian Sea. Although
HadGEM3 also shows a similar reduction in westerly mois-
ture flux toward India, removing the IP has little impact on the
moisture convergence over India. Results from HMonly are
also consistent with the responses in summer rainfall, with
FGOALS-f showing the impact of the IP on moisture con-
vergence over India and HadGEM3 demonstrating the clear
impact of the TP on moisture convergence over China.

For a more quantitative comparison of the strength of the
ISM and EASM between both models, Fig. 5 shows the cu-
mulative moisture flux profiles computed at two locations,
after the method developed in WTS2017. Given the dom-
inant directions of the mean monsoonal circulation, for the
ISM (Figs. 5a and b), the zonal component of the column-
integrated moisture flux (westerly flux only) is accumulated
along the 0°-25°N meridional line at 65°E to demonstrate the
strength of the westerly summer monsoon. For the EASM
(Figs. 5c and d), the meridional moisture flux (southerly flux
only) accumulated crossing the zonal 110°-130°E line at
25°N over the South China Sea is used. Each model’s bias in
simulating the ISM can be clearly seen when comparing the
cumulative moisture flux profile from CON to observed es-



1056

60N
45N
30N
15N

NoTP

OROGRAPHY EXPERIMENTS IN HADGEM3 AND FGOALS-F

VOLUME 35

15S

60N
45N
30N
15N

HM-1Ponly

1568

60N
45N
30N
15N

NolP

15S

60N
45N
30N
15N

HMonly

158

— |

30E  60E 90E

120E 150E  30E 60E 90E

120E 150E

N S N O W |
5.0 -4.0 -3.0 -20 -1.0 0.0 1.0 2.0 3.0 40 50 X 10°

Fig. 4. As in Fig. 3 but for column-integrated moisture flux (vectors; units: kg m~' s~') and moisture convergence

(shading; units: kg m=2 s™1).

timates derived from ERA-Interim. In FGOALS-f, although
the monsoon onset occurs in early May in CON, just as in the
reanalysis, the moisture flux increases more rapidly during
the model’s monsoon season leading to a 51% overestimate
in the annual total. On the contrary, HaddGEM3’s weak ISM
circulation bias results in a weaker moisture flux that per-
sists throughout the monsoon season, with a 32% decrease

in the annual total relative to observed estimates. From a
moisture flux perspective, therefore, the mean-state bias in
the FGOALS model is larger than that of HadGEM3.
Despite the opposite model biases leading to large dif-
ferences in the annual total accumulated moisture flux, the
changes in westerly moisture flux toward India in the sen-
sitivity experiments are very consistent between the mod-
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Fig. 5. Cumulative moisture flux (vertical axis; units: kg m~") over the (a, b) Arabian Sea (westerly component only)
and (c, d) South China Sea (southerly component only) in observed estimates and all experiments of (a, c) FGOALS-f

and (b, d) HadGEM3.

els. In NoTP, both models show weakened westerly mois-
ture flux during summer and the largest reduction in annual
total among all experiments (36% in FGOALS-f, 38% in
HadGEM3). With the Himalaya retained in HM-IPonly, both
models show significant improvement relative to NoTP dur-
ing the monsoon season, as the annual total is more consis-
tent to CON with only a small reduction (6% in FGOALS-,
9% in HadGEM3). While the changes in rainfall in NoIP and
HMonly are different between both models, a more consistent
response is found in the moisture flux. Without the IP, both
models show reduced westerly moisture flux during summer,
as well as a reduced annual total, in NoIP and HMonly (-16%
to —20% for both experiments), demonstrating the impact of
the IP on the moisture transport by the ISM. This reduced

flow of moisture toward India is consistent with an anomalous
influx of low moist static energy air (not shown) emanating
from the northwest over the IP region.

For the EASM, both models are quite accurate at simu-
lating the southerly moisture flux from the South China Sea
toward China, showing realistic annual totals in CON when
compared to observed estimates. However, in a separate anal-
ysis focusing on the South China Sea only (22°N, 110°-
120°E), i.e., (not shown here), HadGEM3’s CON produces
a strong monsoon bias with enhanced moisture flux toward
China, resulting in an annual total that is 25% greater than
observed estimates. This positive bias is not obvious when
considering a wider domain covering both the South China
Sea and the western Pacific, as shown in Fig. 5d. This is most
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likely due to HadGEM3'’s bias in simulating the position—
particularly the westward extension—of the western Pacific
subtropical high, leading to a weaker southeasterly moisture
flux from the western Pacific and thus cancelling out the
strong bias over the South China Sea. FGOALS-f does not
show such sensitivity to the choice of domain when calcu-
lating the annual southerly moisture flux associated with the
EASM and produces accurate results when compared to ob-
served estimates.

The responses of the EASM northward moisture flux in
the experiments are quite consistent between the two mod-
els. Removing the TP and Himalaya in NoTP again yields a
significant reduction in moisture flux in both models, albeit
HadGEM3 shows a much larger reduction (75%) compared
to FGOALS-f (44%). Despite the disagreement between the
two models on the impact of the TP on summer rainfall over
China, as shown in the previous section, similar changes in
moisture flux are found in the HM-IPonly and HMonly ex-
periments, which both lack the TP but retain the Himalaya.
A reduced annual total moisture flux is found in both ex-
periments (—24% to —33% in FGOALS-f, —38% to —42%
in HadGEM3) compared to CON. Relatively little change is
found in NolIP for both models compared to other experi-
ments, suggesting that the remote IP plays little role in al-
tering northward moisture fluxes toward China.

3.4. Sensitivity experiments: changes
tropospheric temperature and circulation

in upper-

34.1.

The previous section demonstrates that moisture flux can
be used as a quantitative means of evaluating changes in mon-
soon strength and provides more consistent results in the two
models compared to rainfall. Apart from rainfall and mois-
ture transport, another crucial aspect of both the ISM and
EASM is the meridional temperature gradient through the
depth of the troposphere that maintains the cross-equatorial
overturning circulation (e.g., Xavier et al., 2007). In this sec-
tion, we examine the changes in mid-to-upper tropospheric
temperature and the meridional temperature gradient in the
Asian monsoon region across the sensitivity experiments
from both models.

Figure 6 shows the changes in summer temperature av-
eraged between 400 and 200 hPa for all sensitivity exper-
iments, alongside the upper-tropospheric circulation. Both
models show a similar response but HadGEM3 generally
shows larger changes compared to FGOALS. In NoTP (Figs.
6a and b), both models show a drastic 3-5 K reduction in
temperature associated with a cyclonic anomaly, indicating a
weakened South Asian/Tibetan high compared to CON once
elevated heating from the TP and Himalaya is removed. Also,
HadGEM3 shows a larger reduction in temperature cover-
ing an extensive region from the Mediterranean to the coast
of China, while in FGOALS the cooling signal is weaker
and centered further to the west over the Hindu Kush re-
gion. In HM-IPonly (Figs. 6¢ and d), both models show
weaker cooling of 2-4 K and a reduced cyclonic circula-

Large-scale view
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tion anomaly compared to NoTP, demonstrating the crucial
role played by the Himalaya in maintaining the South Asian
high. HadGEM3 again shows stronger and more extensive
cooling, while the changes in FGOALS are confined over the
now-lowered TP. In NolP (Figs. 6e-f), both models show 2—4
K cooling over the lowered IP and 1-2 K warming further
downstream over the northern TP. In this particular experi-
ment, the cooling over the IP is stronger in FGOALS com-
pared to HadGEM3. Results from HMonly (Figs. 6g and h)
are generally similar to those in NoIP, except that the warm-
ing over the northern TP is missing, while the southern TP in
both models is affected by reduced temperature. Opposite to
the results in NoIP, HadGEM3 shows a stronger cooling over
the lowered IP in HMonly.

3.4.2. Meridional temperature gradient index

We next quantify the changes in meridional temperature
gradient in the ISM region among the sensitivity experiments.
Following Xavier et al. (2007), the gradient is defined us-
ing the mean temperature in the 400-200 hPa layer, averaged
over two adjacent boxes at 15°S—-5°N, 40°-100°E and 5°-
35°N, 40°-100°E, respectively. The onset and withdrawal
of the ISM are then defined as the times when the gradi-
ent becomes positive in spring and later becomes negative in
autumn, respectively. The different biases in simulating the
ISM from both models are also reflected in the results (Figs.
7a and b). Consistent with the strong ISM bias, FGOALS’s
CON has a 0.5 K stronger gradient compared to reanalysis es-
timates. The peak gradient also shifts from mid-July to early
July, while the onset and retreat timing of the ISM are cap-
tured accurately. In HadGEM3’s CON, the temperature gra-
dient during most of the year is 0.7 K weaker compared to
observed estimates under the weak ISM bias. The monsoon
duration is also shorter, with the onset delayed from mid-May
to early June and an earlier retreat in late September.

Both models show a reduced meridional temperature gra-
dient in NoTP. While FGOALS-f shows a 1.5 K reduction
in the peak gradient during August, with little change in on-
set and retreat, HadGEM3 has a stronger reduction relative
to its CON, showing a reduction of more than 2 K in the
peak gradient in August and a significantly shorter monsoon
duration starting in July and retreating in early September.
In HM-IPonly, the meridional temperature gradient in both
models is more like CON relative to NoTP, with FGOALS-f
and HadGEM3 showing a 0.7 to 0.9 K reduction in peak gra-
dient, respectively, along with a delayed onset in HadGEM3.
Removing the IP in NoIP has relatively little impact com-
pared to other experiments, while in HMonly a larger reduc-
tion in peak temperature gradient (1 K in FGOALS-f, 1.25
K in HadGEM3) is found, with HadGEM3 again showing a
delayed onset.

4. Conclusion and discussion

In this study we examine the impact of orography on the
Asian summer monsoons by conducting various sensitivity
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experiments using the UK Met Office’s HadGEM3-GA6 and
the IAP’s FGOALS-f global climate models in atmosphere-
only configurations. The sensitivity experiments are designed
to isolate the combined impact of mechanical blocking and
elevation of surface heating by lowering key terrain in Asia,
including the TP, Himalaya and IP, to only 500 m above sea
level. By running these experiments in global climate models

that feature opposing biases in their simulation of the clima-
tological mean of the Asian summer monsoon (strong ISM
bias in FGOALS-f, weak ISM bias in HadGEM3), this study
also highlights the model dependency of the results.

The responses of ISM circulation to changes in orogra-
phy are largely consistent with previous studies. Without the
TP and Himalaya, a much weaker summer monsoon circula-
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southern box (15°S-5°N, 40°-~100°E) in observed estimates (dashed black line), (a) FGOALS-f and (b) HadGEM3.

tion at the 850 hPa level is found in both models. By then
replacing the Himalaya, the ISM improves greatly, with the
circulation more consistent to CON. The IP also has a sig-
nificant influence on the ISM circulation, particularly for the
summer westerlies over the Arabian Sea.

Despite the consistent change in circulation across the
sensitivity experiments in both models, the changes in rain-
fall over India are highly model dependent. Results from
FGOALS-f are generally more like those in previous stud-
ies, showing reduced rainfall over India associated with a
weakened ISM circulation in experiments that lack the Hi-
malaya or IP. Meanwhile, rainfall changes in HadGEM3
seem, when viewed superficially, contradictory to the circula-
tion response, with increased summer rainfall over India un-
der a weakened ISM circulation. However, the local details of
the patterns of change in moisture convergence are consistent
with the rainfall responses in the models.

For the EASM, a weakened monsoon is found in both
models when the TP and Himalaya are removed. Similar to
the ISM results, the EASM is more consistent with CON in
experiments that retain the Himalaya, even without the TP.
However, the models disagree on the responses in summer
rainfall over China. In FGOALS-f, the change in rainfall rel-
ative to CON is relatively small, even under a diminished
EASM, when both the TP and Himalaya are lowered. Re-
sults from HadGEM3 show greater sensitivity to the presence
of the TP, as reduced summer rainfall over China is found
in all experiments that lack the TP, even when the Himalaya
are retained and the EASM circulation is fairly consistent to
CON. Although this study only uses two AGCMs, meaning
the results presented here provide a somewhat limited view,
the different rainfall response in both monsoon regions sug-
gests that further investigation with a multi-model approach,
as in the GMMIP-CMIP6-endorsed experiments, is urgently
needed in order to clarify the impact of orographic forcing on

the Asian monsoons.

The upper-tropospheric temperature in both models also
shows different sensitivity to changes in elevation of surface
sensible heating across the experiments. Overall, HoddGEM3
is more sensitive to changes in elevation over the TP, with
stronger and more extensive cooling in the mid-to-upper tro-
posphere in all experiments that lower the TP. Compared to
HadGEM3, FGOALS-f is less sensitive to the change in orog-
raphy over the TP but shows a greater response when the IP
is lowered. One of the most interesting differences between
the FGOALS-f and HadGEM3 model responses occurs in the
NoTP and HMonly experiments (Figs. 6a and b, 6g and h). In
HadGEMS3 there is a noticeable temperature reduction over
the Japan region in response to removal of the TP, illustrating
a clear downstream response. This is associated with a local
cyclonic anomaly at upper levels, particularly in NoTP (Fig.
6b). Evidence of a baroclinic response is found in the lower
troposphere (Fig. 3a), albeit with some vertical tilt. This un-
derlines the potential for a remote influence on the East Asian
region by orography around Tibet.

The impact of the IP on the ISM also requires further in-
vestigation. In NoIP, both models demonstrate similar weak-
ening of summer westerlies over the northern Arabian Sea
and reduced moisture flux toward India. Separate investi-
gations (WTS2017) also have also shown lower equivalent
potential temperature over the Arabian Sea and northern In-
dia associated with the southward movement of the dry con-
tinental airmass when the IP is lowered, therefore demon-
strating the contribution of mechanical blocking from the 1P
in maintaining the humid nature of the monsoonal moisture
flux. However, both models also show significant cooling
in the mid-to-upper troposphere centered over the lowered
IP, suggesting that elevated surface sensible heating from the
IP strongly affects the tropospheric temperature in the re-
gion. Therefore, further investigation is needed to determine
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whether the weakening in summer westerlies and moisture
flux are simply caused by the removal of mechanical block-
ing, or are a dynamical response to the change in thermal
forcing.

The changes in meridional temperature gradient are also
used to evaluate the strength of the ISM in the sensitivity ex-
periments. Despite the opposing biases in CON compared
to observed estimates, both models show similar changes in
meridional temperature gradient. Removing both the TP and
Himalaya leads to the largest reduction in peak temperature
gradient in both models, while retaining the Himalaya pro-
duces results similar to CON. While the responses in peak
temperature gradient are similar, HadGEM3 shows greater
variation in the duration of the monsoon. In particular, in
NoTP, the onset of the weakened ISM in HadGEM3 is de-
layed by more than a month, while FGOALS shows little-to-
no change in the monsoon onset or retreat relative to its CON.
Therefore, even though the overall change in ISM (e.g., cir-
culation, annual total moisture flux, peak temperature gradi-
ent) may be similar between both models, considerable dif-
ferences exist in the more detailed aspects of the monsoon.
Further investigation of the onset process is planned in a fu-
ture study using suitable diagnostics, such as those presented
in Wang and Lin (2002) and Parker et al. (2016).
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