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ABSTRACT

Cloud distribution characteristics over the Tibetan Plateau in the summer monsoon period simulated by the Australian
Community Climate and Earth System Simulator (ACCESS) model are evaluated using COSP [the CFMIP (Cloud Feedback
Model Intercomparison Project) Observation Simulator Package]. The results show that the ACCESS model simulates less
cumulus cloud at atmospheric middle levels when compared with observations from CALIPSO and CloudSat, but more
ice cloud at high levels and drizzle drops at low levels. The model also has seasonal biases after the onset of the summer
monsoon in May. While observations show that the prevalent high cloud at 9—10 km in spring shifts downward to 7-9 km,
the modeled maximum cloud fractions move upward to 12—15 km. The reason for this model deficiency is investigated by
comparing model dynamical and thermodynamical fields with those of ERA-Interim. It is found that the lifting effect of the
Tibetan Plateau in the ACCESS model is stronger than in ERA-Interim, which means that the vertical velocity in the ACCESS
model is stronger and more water vapor is transported to the upper levels of the atmosphere, resulting in more high-level ice
clouds and less middle-level cumulus cloud over the Tibetan Plateau. The modeled radiation fields and precipitation are also
evaluated against the relevant satellite observations.
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1. Introduction

The dynamic and thermodynamic impacts of the Tibetan
Plateau (TP) on atmospheric circulation have been investi-
gated by many scientists (Maussion et al., 2011; Luo et al.,
2011; Duan et al., 2013; Wang et al., 2015; Wu et al., 2015).
In these studies, the important role of the cloud systems over
the TP on weather and climate around the TP has been exten-
sively investigated in the past several decades, but the partic-
ular characteristics of these cloud systems are not well un-
derstood, due to the complex topography and lack of suf-
ficient observations over the TP. Remote sensing data from
satellites have greatly enriched our knowledge of clouds over
the TP since the 1970s (Yan et al., 2016). Recent satellite-
retrieved products from CloudSat and CALIPSO (Marchand
et al., 2008) have provided information on the cloud micro-
physical properties and their vertical distributions, which can
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be used to validate model cloud properties (Bodas-Salcedo
et al., 2008; Stein et al., 2015). Through analysis of these
satellite data, Luo et al. (2011) found that the deep convec-
tion on the TP is shallower, less frequent, and embedded in
smaller-size convection systems than that along the southern
slope of the TP and the regions of the southern Asia sum-
mer monsoon. They also found that the cloud-top height over
the TP is lower than that of the southern slope region of the
TP. A similar study was also conducted by Yan et al. (2016).
They found that the frequency of a single-layer cloud over
the TP was higher than those over the southern slope of the
TP and the tropical ocean. The thickness of the single-layer
cloud over the TP was comparable with that over the tropical
ocean, while that over the southern slope region was much
thicker, due to abundant moisture supply and strong upward
motion (Yan et al., 2016).

There have been many numerical modelling studies that
have examined the effects of the TP on the Asian sum-
mer monsoon (e.g., Wu and Zhang, 1998; Liu et al., 2007;
IPCC, 2007; Annamalai et al., 2007). Duan et al. (2013)
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analyzed the TP summer monsoon using 15 CGCMs and
eight AGCMs from CMIPS. They showed that GCMs are
able to successfully simulate the climatological-mean mon-
soon over the TP, but large biases exist in the summer pre-
cipitation. Increasing the model spatial resolution and incor-
porating the indirect effects of sulfate aerosol helped to im-
prove the model performance. Using ECHAMS coupled with
the ocean model developed by Max Planck Institute for Me-
teorology and atmosphere-only ECHAMS models, Fallah et
al. (2016) showed that the large-scale patterns of the Asian
summer monsoon change significantly after removing the TP.
Maussion et al. (2011) used the WRF model with different
resolutions to evaluate precipitation over the TP and found
that the simulated precipitation with higher spatial resolution
was generally better than with lower resolution, but the pre-
cipitation bias due to the effects of the orography remains
unsolved.

It can be seen from the literature that many studies have
focused on the dynamic and thermodynamic effects of the
TP on large-scale circulations, particularly those of the Asian
monsoon. However, research activities comparing in detail
the modeled and observed cloud properties over the TP seem
to be insufficient. Such a study is important for improving
the model physics and reducing the simulation biases in this
region. For this reason, this study analyzes the cloud and ra-
diative properties in the Australian Community Climate and
Earth System Simulator (ACCESS) model and compares the
simulation with the same properties derived from satellite ob-
servations. To ensure a consistent comparison between model
output and satellite observation, the software of the Cloud
Feedback Model Intercomparison Project Observation Simu-
lator Package (COSP; Bodas-Salcedo et al., 2011) has been
implemented in the ACCESS model (Franklin et al., 2013a).
Thus, the modelled and satellite-retrieved cloud properties
are determined in the same manner.

The paper is organized as follows: Section 2 introduces
the data and model. Section 3 compares clouds over the TP
between observations and simulations in boreal summer. Sec-
tion 4 analyzes the dynamic and thermodynamic fields over
the TP, as well as the surface energy budget and precipitation,
to investigate the possible reasons for the differences between
the model and observations. The last section discusses the key
points of the study and draws conclusions.

2. Data and model
2.1. Cloud data from CloudSat and CALIPSO

Observational COSP datasets are used in this paper to
validate the model-simulated cloud properties over the TP.
In addition to the common cloud products retrieved from
satellite observations, the CloudSat and CALIPSO products
in COSP provide the vertical distributions of the cloud frac-
tions and equivalent cloud microphysical properties. Cloud-
Sat provides multi-level cloud fractions and radar reflectivity,
while CALIPSO produces multi-level lidar scattering ratio
(SR) data. These datasets can be used to analyze the three-
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dimensional structures of clouds over the TP and validate
the modeled results. The CALIPSO cloud fraction and SR
are derived using the GCM-Oriented CALIPSO Cloud Prod-
uct (GOCCP) (Chepfer et al., 2010), which diagnoses cloud
properties from CALIPSO observations in the same way as
in the model simulator. This ensures that discrepancies be-
tween the model and observations reveal biases in the model’s
cloudiness, rather than differences in the definition of clouds
or diagnostics. The SR, which is proportional to the cloud
optical depth, is defined as

ATB(z)

SRE) = A TBpa@

where ATB is the attenuation backscattered profile from the
532-nm CALIOP lidar level-1 dataset, ATBy,o is the cor-
responding value in cloud-free conditions, representing the
attenuated backscatter molecular signal profile, and z is the
height of the ATB profiles. An atmospheric layer with SR > 5
is classified as cloudy, while 0.01 < SR < 1.2 is clear, 1.2 <
SR < 5 is unclassified, and SR < 0.01 indicates the lidar sig-
nal is fully attenuated by a thick cloud above that layer. The
monthly cloud fractions are determined at each vertical level
by dividing the number of cloudy profiles identified during
the month by the total number of SR profiles measured dur-
ing that month.

2.2. ERA-Interim data

To evaluate the dynamic and thermodynamic fields in the
ACCESS model, ERA-Interim (Dee et al., 2011) data are
adopted. This dataset covers the period from January 1979
onwards and continues to be extended forward in near-real
time. A large amount of observational data have been assimi-
lated into the reanalysis, and these data are normally regarded
as the best estimate of the state of the atmosphere. The tem-
perature, moisture and wind fields for the same period as the
CALIPSO/CloudSat observations are used to evaluate corre-
sponding model variables. In addition, the cloud fraction and
sensible and latent heat fluxes estimated by ERA-Interim are
also used for model evaluation.

2.3. Precipitation data

For evaluating the model’s precipitation fields, we col-
lected three satellite-observed precipitation datasets. These
precipitation data are: (1) Tropical Rainfall Measuring Mis-
sion (TRMM) (Huffman et al., 2010), designed to moni-
tor tropical and subtropical precipitation and the associated
energy balance—a joint space mission between NASA and
the Japan Aerospace Exploration Agency. The mission de-
livered 17 years of precipitation data at a spatial resolution
of 0.25°, covering 50°N to 50°S for 1998-2015 (product
3B42; Kummerow et al., 2001); (2) Global Precipitation Cli-
matology Project (GPCP) (Adler et al., 2012), which com-
prises monthly satellite-gauge precipitation computed from
microwave and infrared sounder data observed by the Inter-
national Constellation of Precipitation-related Satellites; and
(3) CPC Merged Analysis of Precipitation (CMAP) (Xie and
Arkin, 1997), which is derived from a combination of gauge
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data, satellite estimates, and NCEP-NCAR reanalysis, and
comprises monthly mean data with a global coverage at a spa-
tial resolution of 2.5° x2.5°.

2.4. Radiation data

The Surface Radiation Budget (SRB) project is a
NASA/GEWEX project for the retrieval of surface radia-
tive fluxes from satellite observations (Zhang et al., 2015).
This dataset provides shortwave and longwave radiation on a
global grid of 1° X 1° at three-hourly intervals using the al-
gorithms of Pinker and Laszlo (1992) and Fu et al. (1997).
The data have a record length of 24 years from 1983 to 2007.
These data are used in this work to evaluate the modeled ra-
diation at the surface and the top of the atmosphere.

2.5. ACCESS model

The ACCESS model is used in this work to examine mod-
elled cloud properties over the TP. A detailed description of
the ACCESS model has been documented previously by Bi
et al. (2013). Briefly, however, the ACCESS model is a cou-
pled ocean and atmosphere climate modeling system devel-
oped at the Collaboration for Australian Weather and Cli-
mate Research. It uses the UK Met Office Unified Model
(MetUM; Walters et al., 2017) as its atmospheric component,
and in this study we conducted an atmosphere-only model
run. ACCESS MetUM, version 10.1, was run for 30 years
with: September 1988 initial conditions; a horizontal reso-
lution of 1.25° latitude by 1.875° longitude; and 85 vertical
levels. Prescribed sea-surface temperature and sea-ice data
with seasonal variations were used as forcing from the ocean.
The simulated results for January 2006 to December 2012 pe-
riod, with three-hourly model outputs, were used to generate
the satellite-equivalent cloud products. These model outputs
were then used to compare with observed cloud properties
over the TP.

The scheme to simulate subgrid variability in the compu-
tation of the radar reflectivity is SCOPS (the Subgrid Cloud
Overlap Profile Sampler), developed for the ISCCP (Interna-
tional Satellite Cloud Climatology Project) simulator (Webb
et al., 2001). The subgrid distribution of clouds is gener-
ated within a grid box by dividing the grid box into a num-
ber of vertical columns using a pseudorandom sampling pro-
cess, fully consistent with the maximum, random and max-
imum/random cloud overlap assumptions. Maximum over-
lap is used for the convective cloud, and maximum/random
is specified to the large-scale cloud. The convective and
large-scale cloud water contents are distributed evenly in the
subcolumns that are occupied by convective and large-scale
cloud, respectively. Thus, the subgrid distribution in this case
only accounts for cloud overlap assumptions, but not for the
subgrid distribution of cloud water itself.

The subgrid sampling data are aggregated to produce a
final product at the model grid box resolution. In this study,
model outputs are analyzed from the CloudSat and CALIPSO
simulators. The monthly mean cloud products are produced
from daily means of three-hourly calculations, which are fur-
ther averaged over the seven years to form a short-period cli-
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matology to compare with the satellite observations (Cloud-
Sat and CALIPSO).

3. Comparison of modelled and observed
cloud properties over the TP in boreal sum-
mer

Figure 1 compares the total cloud fraction in boreal sum-
mer [June—July—August (JJA)] between CALIPSO observa-
tions and the ACCESS model simulation. Note that the total
cloud fractions are determined using the maximum and ran-
dom overlap assumption in both the model and satellite obser-
vation (Franklin et al., 2013b). CloudSat/CALIPSO observa-
tions (Fig. 1a) show that the largest cloud fraction occurs over
the southern slope of the TP, with values decreasing north-
ward and minimum values occurring over the northwestern
TP. The ACCESS model captures the main distribution pat-
tern of cloud fraction successfully, but produces a negative
bias over the main, western and northeastern TP regions.
As we know, most Tibetan convective systems occur over the
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Fig. 1. Total cloud fraction over the TP in (a) CALIPSO and (b)
ACCESS, and (c) the difference between them, in JJA. Units:
%. The black contour represents the 3000 m topography. The
dashed box (31°-35°N, 85°-101°E) shows the main region of
the TP selected in this study.
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central and eastern part of the TP (Gao et al., 1982; Hu et al.,
2017), so the region (31°-35°N, 85°-101°E) was selected in
this study to investigate the possible reasons for the cloud de-
ficiency over the TP.

Unlike conventional passive sensor satellites, Cloud-
Sat/CALIPSO can provide the vertical distribution of cloud.
The vertical cloud fraction difference between the model
and observation is shown in Fig. 2, where Fig. 2a shows a
longitude—height cross section and Fig. 2b a latitude—height
cross section of the cloud fraction difference. It can be seen
that the model produces more cloud over the TP at the heights
of 11-16 km, especially over the south slope (> 25%). The
result is opposite to the result over the West African mon-
soon and Indian monsoon regions, where high-level clouds
in the model are much less than observed (Stein et al., 2015;
Jayakumar et al., 2017). Compared to satellite observation,
ACCESS generates less cloud at heights between 7 and 11
km, and this negative bias can be lower than —25%. The re-
sults from Figs. 1 and 2 indicate that the total cloud fraction
over the main TP region is underestimated by the ACCESS
model, and this underestimation is due to a failure to produce
enough middle-level clouds in the model, despite producing
more cloud at high levels.

CloudSat provides radar reflectivity determined via
a reflecting particle size distribution scattering program
(Pokharel and Vali, 2011), and can estimate the number and
sizes of scattering particles. Figure 3 shows the CloudSat and
ACCESS reflectivity—height histograms over the main TP re-
gion (the dashed box in Fig. 1). The observed reflectivity

18
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shows that cloud particles are constrained between 5 and 15
km in the vertical, while modeled values extend both above
and below those levels, suggesting that more and deeper con-
vection occurs in ACCESS. The observed reflectivity cuts off
at —30 dBZ, whereas the modeled values extend to —40 dBZ,
indicating that the model produces more small particles than
in the satellite observations. The modeled highest frequency
corresponds to a reflectivity of —5 to 10 dBZ and appears at
~ 5 km. Abel and Boutle (2012) identified that this prob-
lem is due to more drizzle-sized drops being produced by the
model.

Figure 3a shows that the observed highest occurrence
centers around 7 km in the radar reflectivity range of —15 to
0 dBZ, corresponding to the prevalent cumulus clouds over
the TP (Gao et al., 1982), but the model does not capture this
characteristic, instead producing higher values above and be-
low the observed center (Fig. 3b). This means that ACCESS
produces more small ice cloud particles than observed at lev-
els above 11 km, and more drizzle-sized raindrops below 6
km. More small ice clouds at high levels demonstrates that
deep convection in the model is too strong over the TP, while
more drizzle-sized raindrops at low levels is similar to the
situation elsewhere (Franklin et al., 2013b; Luo et al., 2016).

As the radar is insensitive to thin ice cloud, comparison of
modeled lidar SRs with those from CALIPSO can further re-
veal the deficiency of the modeled cloud microphysical struc-
ture (Winker et al., 2010).

Figure 4 shows the SR distribution of CALIPSO lidar ob-
servations, wherein there are three large-frequency regions:
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Fig. 2. Cloud fraction difference between ACCESS and CALIPSO in (a) longitude-height and (b) latitude—
height cross sections over (31°-35°N, 85°~101°E) in JJA. Units: %. The dotted area shows differences larger
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Fig. 3. Radar reflectivity—height histogram from (a) CloudSat observation and (b) the ACCESS radar simulator
over the main TP in JJA. Units: 1073.
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Fig. 4. Lidar SR-height histogram from (a) CALIPSO observation and (b) the ACCESS lidar simulator over
the main TP in JJA. Units: 1073,

SR > 80 at 6-9 km; 7 < SR <20 at 11-16 km; and 5 < SR are located at 5—7 km, about 2 km lower than observed. The
< 20 at 6-9 km. The first region (SR > 80 at 6-9 km) has the second large SR region (7 < SR < 20 at 11-16 km) is pro-
largest frequency of occurrence. This region corresponds to  duced by the deep convective cloud systems over the TP. The
typical cumulus clouds over the TP, but the modeled values model captures the main feature of convective cloud between
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11 and 16 km, but the frequency occurrences for SR between
7 and 40 are too high. This suggests that the model overes-
timates the ice cloud optical depth in the upper troposphere,
indicating the model’s deep convection over the TP in bo-
real summer is too strong. A third large region is observed,
with SR between 5 and 20 at 6-9 km, in CALIPSO, but it
is missed in ACCESS, reflecting the deficiency of low cloud
water content in the model. Of note is that large frequencies
for SR < 5 are observed at all levels by CALIPSO. Based on
the GOCCEP threshold definitions, these SR values indicate
three cases: (1) atmospheric layers are cloud-free (0.01 < SR
< 1.2); (2) the lidar signal is fully attenuated by thick cloud
above that layer (SR < 0.01); and (3) layers can be unclas-
sified because of the possible presence of subvisible cirrus
clouds or aerosols (1.2 < SR < 5).

As we can see from Figs. 3 and 4, ACCESS simulates
less Tibetan cumulus clouds at middle levels compared with
CALIPSO and CloudSat observations, whereas it produces
more small ice particles at high levels and more water con-
tent/raindrops at low levels.

We further examine the seasonal variation of clouds over
the main TP, and Fig. 5 shows the month—height cross sec-
tion of cloud fractions determined by CALIPSO, ACCESS,
and ERA-Interim. Similar to the result of Yan et al. (2016),
all datasets show a seasonal variation of the cloud fractions
over the main TP: a single peak at 8—11 km from January to
May, and two peaks at 6-9 km and 12-15 km from July to
September. However, after the onset of the summer monsoon
in May, the ACCESS 8-11 km maximum shifts to 12-15 km,
while it shifts to 6-9 km in observations and reanalyses. Fig-
ure 5d shows the differences between simulated and observed
cloud fractions, and one can see that there are large negative
middle-level biases and positive biases aloft.

Cloud is one of the most difficult variables to simulate in

J
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numerical models, yet Fig. 5 shows that the seasonal varia-
tion of clouds over the main TP in ERA-Interim is very close
to those of CALIPSO. As one of the best reanalysis datasets
in the world, a large amount of observational data have been
assimilated into ERA-Interim, and it has been widely used
as the real state of the atmosphere for model evaluations. So,
ERA-Interim is used as a reference in the following sections
to diagnose the possible reasons that cause the biases of the
cloud simulations in ACCESS in this study.

4. Investigation of the ACCESS model cloud
bias
4.1. Dynamic and thermodynamic fields

To find possible reasons that may explain the ACCESS
model errors, dynamic and thermodynamic fields generated
by ACCESS and ERA-Interim are analyzed. Figure 6 shows
TP month—pressure cross sections of relative humidity (RH),
temperature, and vertical velocity from ERA-Interim and
ACCESS.

ACCESS captures the main features of the seasonal vari-
ation of temperature; however, at levels above 250 hPa in
JJA, the RH is larger and vertical velocity is stronger than
in ERA-Interim. The strong vertical velocity in JJA brings
more water vapor to upper levels, leading to the higher cloud
fractions above 10 km (Fig. 5d). Note a large difference in
RH between ACCESS and ERA-Interim occurs at the lower
boundary, due to the boundary cutting through mountains for
the ACCESS model, which is not applied in the ERA-Interim
boundary condition.

Figures 7a and b show that the circulation and temper-
ature around the TP are similar between ERA-Interim and
ACCESS. The low-level southern air climbing over the TP

Fig. 5. Month-height cross section of cloud fraction over the main TP in (a) CALIPSO, (b) ACCESS, (c) ERA-Interim,
and (d) the difference between ACCESS and CALIPSO. The black dotted area means the difference larger than 10%.
The blue and red arrow represent the moving downward and upward of the cloud, respectively.
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southern slope, then turning back to tropical regions at high
levels, is simulated successfully in ACCESS, but the vertical
velocity at 850-200 hPa is overestimated over the TP south-
ern slope, while it is underestimated over the Bay of Bengal
(10°-20°N). Figure 7c shows the difference in wind and RH
between ACCESS and ERA-Interim. Most of the vertical ve-
locity over the TP is overestimated in ACCESS, especially
over the southern slope, and the high-level RH is also overes-
timated over the TP.

Figures 6 and 7 suggest that the main reason for the AC-
CESS cloud simulation problem over the TP is that the lifting
effect of the TP is stronger than in ERA-Interim, especially
over its southern slope. The strong vertical velocity trans-
ports more water vapor to high levels, resulting in the higher
frequency of ice cloud aloft (due to increased ice particle for-
mation) and lower frequency of cumulus cloud at middle and
low levels (due to reduced moisture content) over the TP.

4.2. Surface energy budget

To see if the surface heating on the TP is too strong in
ACCESS, which may be partly responsible for its positive

bias in convection and vertical velocity, the surface energy
budget is analyzed using radiation data retrieved from the
NASA/GEWEX SRB project.

Figure 8a shows the surface net shortwave radiation dif-
ference in JJA between the model and SRB observations. It
can be seen that the net shortwave radiation over the main
TP is overestimated by the ACCESS model, and the cloud
shortwave radiative effect (CSRE) in this region is less than
observed in terms of absolute values, leading to positive bi-
ases as shown in Fig. 8c. These results are consistent with the
cloud distribution presented in the previous sections: the high
clouds are overestimated, while the middle clouds are under-
estimated. Such cloud distributions allow more solar radia-
tion to reach the surface and reduce the CSRE, leading to a
positive bias in CSRE. More shortwave heating at the surface
facilitates convection and makes the strong convection over
the TP even stronger.

Figure 8b shows the biases of the outgoing longwave
radiation (OLR) at the top of the atmosphere (TOA). Nega-
tive values mean underestimations of OLR in the model, and
these are seen in the eastern, southeastern, and northwestern
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101°E in (a) ERA-Interim, (b) ACCESS, and (c) their differ-
ences. The black shade represents the topography.

TP regions. The lower OLR means that the cloud-top heights
are too high. The model overestimates the OLR in the west-
ern TP region. Figure 8d also shows a net upward longwave
flux difference at the surface, which results in the main TP
having very similar OLR differences at the TOA. The nega-
tive bias suggests that the modeled downward longwave flux
is larger than observed, which may reflect the effect of high-
level clouds and thus indicate a consistent cloud effect.

Figure 9 compares the sensible and latent heat flux be-
tween ACCESS and ERA-Interim. The model overestimates
the sensible and latent heat fluxes over the main TP, and the
overestimation of the latent flux spreads over the whole TP
too. The seasonal variations of surface energy fluxes over the
main TP are also calculated, as plotted in Fig. 10. Compared
with ERA-Interim, the ACCESS model underestimates the
sensible heat fluxes from January to March and overestimates
them from May to June and August to December, while the
model’s latent heat fluxes are systematically overestimated
throughout the year. These results indicate that the overes-
timation of sensible and latent heat fluxes by ACCESS may
also be responsible for the strong summer convection over the
main TP.
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4.3. Precipitation

Strong convection must result in strong precipitation, and
so evaluation of the model’s precipitation can be used as evi-
dence confirming the excessive convection. For this purpose,
the precipitation is compared with three observed precipita-
tion climatologies, based on retrievals from satellites, gauge
observations, and reanalysis, respectively. These precipita-
tion data, corresponding to the period of the model simu-
lations (2006-12), are averaged for the summer mean and
compared with the model’s results.

Figure 11 shows that the distribution pattern of precipita-
tion from the three observed climatologies are very similar,
with large precipitation occurring on the southern slope of
the TP and extending to the Bay of Bengal. Over the main
part of the TP, the precipitation decreases from southeast to
northwest. The distribution pattern produced by the ACCESS
model shows high values in the south and low values in the
north, which is quite different from the observation. The pre-
cipitation along the TP southern slope in ACCESS is much
larger than observed, and overestimation is also apparent in
the western and northwestern parts of the TP. These com-
parisons confirm that the ACCESS model overestimates the
precipitation along the southern slope and main part of the
TP. An overestimation of precipitation over the TP was also
identified by Walters et al. (2017), using MetUM in both the
GA4 and GAG6 configurations, and the results presented here
are consistent with their findings.

To analyze the precipitation more carefully, convective
rain and large-scale rain need to be evaluated separately.
Only TRMM data include convective and stratified compo-
nents of precipitation, but these precipitation types over the
TP region have been found to be unreliable (Fu and Liu,
2007), due to misidentified weak convective precipitation as
large-scale precipitation, and therefore the results cannot be
used for our purposes. Instead, the convective precipitation
and large-scale precipitation from ERA-Interim are used in
this study. Figures 12a and b compare the total precipita-
tion between CMAP and ERA-Interim. It can be seen that
the agreement between these two datasets is generally bet-
ter than that between CMAP and the ACCESS model, al-
beit the results from ERA-Interim along the southern slope
of the TP are less than those of CMAP. Figures 12c—f com-
pare the convective and large-scale precipitation between the
ACCESS model and ERA-Interim. It can be seen that AC-
CESS overestimates both large-scale and convective precip-
itation, but the overestimation of convective precipitation is
much larger than that of the large-scale precipitation, es-
pecially along the southern slopes of the TP. This suggests
that the total rainfall overestimation over the main TP in
ACCESS is mainly due to the overestimation of convective
precipitation.

5. Conclusions and discussion

Using the radar reflectivity and lidar SR dataset from
CloudSat and CALIPSO, the horizontal and vertical distri-
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butions and seasonal variations of cloud properties over the
TP in boreal summer simulated by the ACCESS model are
evaluated in this paper.

The results show that the ACCESS model generates a
lower frequency of cloud at 7-11 km over the TP, but a higher
frequency of cloud at 11-16 km and below 7 km. These re-
sults indicate that ACCESS produces less cumulus clouds at
middle levels, but more small ice particles at high levels and
drizzle-sized drops at low levels.

The ACCESS model also produces biases in the seasonal
variation of cloud fraction over the TP. With the onset of the

summer monsoon in May, observations show that the max-
imum of cloud fractions occurring at 7-11 km in May de-
scends to lower levels, at 6-9 km, over the main TP; whereas,
it shifts upward to a higher level, at 10-15 km, in ACCESS
simulations.

The dynamic and thermodynamic fields simulated by AC-
CESS are then compared with ERA-Interim data, showing
that the vertical velocity over the TP is stronger than in ERA-
Interim, especially on the TP’s southern slope. The strong
vertical velocity brings more water vapor to higher levels, re-
sulting in more cloud at high levels and less cumulus cloud
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at middle levels. This suggests that the effects of topogra-
phy and the boundary layer scheme in the ACCESS model
may need to be adjusted in the TP region to reduce the lifting
effect.

The surface radiation fields generated by ACCESS are
evaluated against the same variables estimated from satel-
lite measurements, while the sensible and latent heat fluxes
are compared with ERA-Interim. The results show that the
model overestimates the surface net solar radiation, sensible
and latent heat fluxes, which may be a possible cause for the
strong convection over the TP. The modeled precipitation is
evaluated using three observational datasets estimated from
satellites, revealing that the ACCESS model also overesti-
mates precipitation along the southern slope and western and
northwestern parts of the TP, especially for convective pre-

cipitation.

The model biases over the TP region explored in this
study raise an unclear issue of positive feedback, i.e., whether
the surface forcing produces convection that is too strong and
leads to the incorrect vertical cloud structure, or it is the ver-
tical cloud distribution that results in the incorrect surface ra-
diative forcing. To answer this question, we intend to con-
duct some sensitivity studies to test the effects of some crit-
ical physical processes, such as convection, topography, and
boundary conditions. Due to the complex topography in this
area, especially along the south slope of the TP, the effect of
model resolution may also have an important impact. These
sensitivity studies will be conducted in the near future using
the ACCESS city-scale model, with a relatively high spatial
resolution.
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