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Abstract Current climate model resolution cannot accurately describe the complex topography
over the Tibetan Plateau, which limits our understanding of past and future precipitation over this
region. This study investigates the daily precipitation characteristics and its future changes over the
Tibetan Plateau, especially for the southern slope of Tibetan Plateau (SSTP), by 14-km Nonhydrostatic
ICosahedral Atmospheric Model (NICAM) with explicitly calculated convection for historical and future
30-years period. By comparing with the satellite Global Precipitation Measurement (GPM), NICAM

well reproduces the historical precipitation spatial pattern, seasonal cycle, and the extreme precipitation
belt over SSTP, but overestimates precipitation amount by ~35%. It is found that heavy precipitation
probability decreases as elevation becomes higher while the light precipitation generally shows the
opposite. For the precipitation changes during June to September from 1979-2008 to 2075-2104, NICAM
predicts that mean precipitation will decrease over low-level SSTP but increase over high-level SSTP.
Nonprecipitation and heavy precipitation probability will increase while light precipitation probability
will decrease in the future over SSTP. The extreme precipitation probability and intensity will increase
~50%/°C and ~8%/°C over SSTP, and this increase is more obvious as elevation becomes higher. The
robust increase of extreme precipitation along the SSTP topography is unique and has not been identified
by the climate model simulations before. The strong meridional gradient of specific humidity over SSTP
is found to be further enhanced under global warming, and this gradient enhancement is suggested to be
responsible for the increase in the extreme precipitation over SSTP.

1. Introduction

The Tibetan Plateau is the highest and most extensive highland in the world and is considered as the
Asian water tower by hosting the headwaters of surrounding regions (Lin et al., 2018; Su et al., 2016;
Xu et al., 2008). South Asian summer monsoon and orographic lifting process result in abundant pre-
cipitation, especially along south-facing slopes of the Tibetan Plateau (Bhatt & Nakamura, 2005; Wu &
Zhang 1998; Zhang et al., 2019). Precipitation over the Tibetan Plateau is critical to river runoff, glacier
mass balance, and water supply to human society (Bibi et al., 2018; Dong et al., 2016; Yang et al. 2012;
Yao et al., 2012). On the other hand, landslides over steep region triggered by extreme precipitation
cause hundreds to thousands of fatalities each year (Froude & Petley, 2018; Petley et al., 2007) and the
landslide activity is expected to increase due to extreme precipitation changes under climate change
(Kirschbaum et al., 2020). Therefore, the study of precipitation over southern slope of Tibetan Plateau
(SSTP) and its future prediction has significant societal implications.

Characteristics of precipitation over SSTP have been investigated by many previous studies, including
precipitation spatial distribution, temporal variability, and precipitation mechanism. The uplifting of
topography was shown to have an important effect on precipitation (Fu et al., 2017; Liu & Dong, 2013;
Zhang et al., 2015) and therefore the precipitation over SSTP exhibits a zonal distribution along the
topography of valley and ridge (Anders et al., 2006; Bookhagen & Burbank, 2006; Fu et al., 2017;
Zhang et al., 2018a). Precipitation also presents an increasing tendency from flat plain to lower SSTP
below ~2.5 km but a decreasing tendency as elevation increase above ~2.5 km (Fu et al., 2017; Saler-
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no et al., 2015; Yang et al., 2018). Some studies show that there are two remarkable rainfall peaks at
~0.9 and ~2.1 km (e.g., Bookhagen & Burbank, 2006; Shrestha et al., 2012). For temporal variability,
most precipitation over SSTP concentrates on boreal summer (Bookhagen & Burbank, 2010; Palazzi
et al., 2015; Shrestha et al., 2012) and presents a strong diurnal cycle (Chen, 2020; Hirose & Kenji, 2005;
Liu et al., 2009). The sucking and pumping effects induced by surface sensible heating lead to climbing
airflow and moisture convergence over southern Tibetan Plateau, which is one of the primary causes of
local precipitation formation (Duan & Wu, 2005; Wu et al., 2007).

The Tibetan Plateau is one of the most sensitive regions to global climate change (Kuang & Jiao, 2016;
Liu & Chen, 2000; Liu et al., 2009; Xu et al., 2008). Salerno et al. (2015) show a substantial rain weaken-
ing (—9.3 mm/year) and temperature increasing (0.044 °C/year) during the monsoon season over SSTP
by analyzing the station observations during 1994-2013, which may lead to the glacier shrinkage in the
Himalayas. Yao et al. (2012) and Lei et al. (2014) also show that precipitation changes accompanied by
different atmospheric circulation patterns are probably driving lakes and glaciers changes over Tibetan
Plateau for the past several decades. For future possible precipitation change under global warming,
climate models predict more precipitation and intensive precipitation extremes over most of the Tibetan
Plateau (Ali et al., 2015; Palazzi et al., 2015; Panday et al., 2015; Su et al., 2013; Wu et al., 2017). However,
current climate models’ spatial resolutions are too coarse to resolve the steep topography and associated
small-scale processes, and thus they have limitation to investigate the topographic convection and the
elevation-dependence of meteorological variables. Furthermore most climate models are proved to have
wet bias over the Himalayan Mountains and Tibetan Plateau (Gao et al., 2011; Mehran et al., 2014; Mu-
eller & Seneviratne, 2014; Su et al., 2013; Yu et al., 2015), which may be caused by the excess of water
vapor transport toward the Tibetan Plateau (Lin et al., 2018) or higher intensity of intermittent events
(Karki et al., 2017). Due to the limitation of climate models’ resolution, few studies focus on the future
precipitation change over steep slope region of south Tibetan Plateau which is the main focus of this
study.

Finer model resolution can improve the precipitation simulation over complex terrain (e.g., Giorgi
et al., 2016; Leung & Qian, 2003; Li et al., 2020; Mahoney et al., 2013; Torma et al., 2015), in particular for
the magnitudes of daytime convective precipitation, at higher elevations (Collier & Immerzeel, 2015),
and for the peak timings of diurnal precipitation cycle (Karki et al., 2017). Lin et al. (2018) indicates that
higher-resolution simulations reduce the wet bias over Tibetan Plateau by producing more precipita-
tion over the southern Himalayan slopes and weaker water vapor transport toward the Tibetan Plateau.
Zhang et al. (2019) suggests that finer resolution model can better reproduce the spatial patterns and
seasonal mean of precipitation and evaporation over the Tibetan Plateau. Improved parameterizations
along with finer resolutions can also favor better simulations of the probability density distributions of
precipitation. Lin et al. (2019) shows that climate models with higher horizontal resolution and upgrad-
ed physical parameterizations better simulate the probability density distributions of daily precipitation
over Tibet. Bao and Li (2020) finds that a climate model (FGOALS-f3-L) with Resolving Convective
Precipitation scheme more accurately reproduces the probability distribution of daily precipitation over
the Tibetan Plateau in comparison with conventional convective parameterization. However, most of
previous high-resolution simulations over the Tibetan Plateau just perform for a short period and few of
them focus on future projection. Here, we investigate the precipitation and its future changes over the
Tibetan Plateau, especially at the southern steep slope, by the Nonhydrostatic Icosahedral Atmospheric
Model (NICAM), a global nonhydrostatic model with explicit convection calculations, for both historical
(30 years) and future (30 years) periods.

This paper is organized as follows. Section 2 describes the data and methods. Section 3 shows the his-
torical precipitation characteristics from satellite observation and evaluates the precipitation simulation
from NICAM over the Tibetan Plateau. Section 4 presents the future prediction of precipitation and
associated circulation at the end of 21st century from NICAM. Section 5 gives the conclusions and
discussions.
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2. Data and Methods
2.1. Observational and Model Data

Global Precipitation Measurement (GPM) is an international satellite mission that provide advanced
observations of rain and snow worldwide. GPM Core Observatory (GPM-CO) was launched in 2014,
including a dual-frequency precipitation radar (DPR) capable of providing information on precipitation
vertical distributions, and a multifrequency passive-microwave imaging radiometer (GPM Microwave
Imager, GMI) capable of sensing the total precipitation. GPM-CO make it possible to detect rain rates
from 0.2 to 110.0 mm/h as well as moderate to intense snow events. GPM-CO serves as a reference for
unifying the data from multiple satellites to provide next-generation precipitation products. Integrated
Multisatellite Retrievals for GPM (IMERG) algorithm (including GPM-CO, TRMM, etc.), combining
data from all passive-microwave instruments in the GPM mission, produces precipitation datasets with
high temporal (up to 0.5 h) and spatial (up to 0.1°) resolutions over the entire globe (Hou et al., 2014;
Huffman et al., 2015; Skofronick-Jackson et al., 2017). GPM IMERG could capture the spatial patterns
of precipitation and precipitation probability density functions corresponding to ground gauge data
(Lu & Yong, 2018), and generally performs better than TRMM (Tropical Rainfall Measuring Mission)
(Zhang et al., 2018b). Note that TRMM itself cannot detect light precipitation (i.e., <0.5 mm/h) and
snow events, which may be limited in application on high-elevation areas (Tian & Peters-Lidard, 2010).
Precipitation characteristics over the southern slope of Tibetan Plateau were investigated by using GPM
observations (Gao et al., 2019; Zhang et al., 2018a). In this study, we use GPM IMERG V06B Level3 daily
data with 0.1° resolution from 2001 to 2008 to evaluate model precipitation simulation. The data can
be accessed from https://gpm1.gesdisc.eosdis.nasa.gov/data/GPM_L3/GPM_3IMERGDF.06/. The GPM
data with 0.1° resolution are regridded to the horizontal resolution of model (0.14°) for the compari-
son by using bilinear interpolation from the Earth System Modeling Framework (ESMF, https://www.
earthsystemcog.org/projects/regridweightgen/).

The Non-hydrostatic Icosahedral Atmospheric Model (NICAM), a global atmospheric model, is designed
on a nonhydrostatic equation system and a quasi-uniform grid mesh structure (Satoh et al., 2008, 2014;
Tomita & Satoh, 2004). We use the climate simulation from the NICAM.12 version for both historical
and future periods (Kodama et al., 2015; Satoh et al., 2015). The horizontal resolution is 14 km and there
are 38 vertical levels extending to 40 km above the sea level. Water vapor, liquid cloud, ice cloud, rain,
snow, and graupel were predicted with the NICAM single-moment water 6-cloud microphysics scheme
(NSW6) (Tomita, 2008). Without a cumulus convection parameterization, the NICAM with a 14-km grid
is capable to resolve similar gross features of convective circulation as cloud resolving model with much
higher resolution (Kajikawa et al., 2016; Miyamoto et al., 2013). The temporally evolving monthly sea
surface temperatures (SST) and sea ice from observations were used for historical simulation. For future
simulation, the SST and sea ice were estimated based on CMIP3 model ensemble mean with a correc-
tion that eliminates the present-day climate simulation bias (Mizuta et al., 2008; Satoh et al., 2015).
The corresponding annual mean concentrations of CO,, N,0, CH,, CFCy;, and CFC,, were set uniform-
ly globally (Hansen & Sato, 2004) and without considering of aerosols and solar cycles. NICAM can
well simulate the spatiotemporal variations of convective clouds over Tibetan Plateau (Sato et al., 2007,
2008), and diurnal precipitation cycle and nocturnal precipitation over southern slope of the Tibetan
Plateau (Dirmeyer et al., 2011). It has been used to investigate the response of global precipitation and
monsoon precipitation to climate change in the future (e.g., Na et al., 2020; Takahashi et al., 2020). Here-
in, we focus on the Tibetan Plateau by using the NICAM AMIP-type simulation for the historical period
from 1979 to 2008 and future period from 2075 to 2104 under A1B scenario. The global-mean surface
temperature change is 2.67 °C from the historical to future periods considered. The hourly precipitation
data are converted to daily-mean data with a 14-km horizontal resolution. Wind and specific humidity
data are used with 1° resolution. The terms and guideline of NICAM data can be accessed from http://
nicam.jp/hiki/?Research+Collaborations.

Figure 1 shows the topography of the Tibetan Plateau based on the NOAA ETOPO1 data with a 1 arc-
min resolution (https://ngdc.noaa.gov/mgg/global/global.html) as compared with the topography used
in NICAM with 14-km resolution. Although the topography in NICAM is smoothed for the stable nu-
merical integration and loses many detailed descriptions of elevation higher than 5,000 m, it can capture
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2.2. Analysis Methods

We define the area where elevation falls in 1,000-4,000 m between
26°N and 36°N, 75°E-95°E in NICAM as the southern slope of Tibet-
an Plateau (SSTP) (Figure 1), following Fu et al. (2017) and Zhang
et al. (2018) based on the steep topography (Figure 1) and heavy precip-

itation region (Figure 2). The part of SSTP where elevation falls in 1-2,
2-3, and 3-4 km is defined as low-level, middle-level, and high-level
SSTP, respectively. Since the main rainy season over SSTP typically
lasts from June to September associated with India summer monsoon
m (Palazzi et al., 2015; Zhang et al., 2018a), our studies focus on the bore-
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Figure 1. Topography of the Tibetan Plateau from (a) NOAA with 1 arc-
min resolution and (b) NICAM with 14-km resolution, unit: m. The black

al summer from June to September.

We examine the precipitation frequency in terms of daily precipitation
intensities (mm/d) starting from 0.1 mm/d. Here, nonprecipitating day
is defined when daily precipitation intensity is smaller than 0.1 mm/d
(Dai et al., 2018). Probability density function (PDF) is derived over
each grid cell and then averaged over specific area. The percentage
change for future scenario relative to historical period is scaled by the
global-mean temperature change of 2.67 °C.

The approach for quantifying the precipitation change scaled by local

100E percentiles is based on Fischer and Knutti (2015, 2016). Daily precipi-
tation percentiles are first derived by considering all days during June

100 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 to September in historical and future periods, respectively, over each

grid cell where each percentile corresponds to an absolute daily precip-
itation intensity. For example, 95% corresponds to x mm/d and y mm/d

line is 2,000-m contour line in NICAM. The red dash line shows the area in historical and future period, respectively. The number of days with a
where elevation falls in 1,000-4,000 m between 75°E and 95°E in NICAM,  daily precipitation intensity lager than x (y) mm/d over this grid cell is
which is defined as southern slope of Tibetan Plateau (SSTP) in this study. 183 days in historical (future) period. The percentage change of precip-

NICAM, Nonhydrostatic ICosahedral Atmospheric Model.

itation intensity scaled by temperature change for a given percentile is
defined as (y — x)/x 0100%/2.67 °C. Suppose that the future probability
of precipitation intensity larger than x mm/d is m%. The percentage
change of precipitation probability is (m%-5%)/5%%100%/2.67 °C. We
then derive the average over specific area.

3. Historical Precipitation From Observation and Model

Figure 2 shows the annual mean precipitation and summer-mean precipitation from GPM and NICAM
and their difference over the Tibetan Plateau from 2001 to 2008. Precipitation decreases from southeast
to northwest of the Tibetan Plateau. Precipitation over SSTP obviously stands out and there are two
precipitation maxima at southeast of the Tibetan Plateau. NICAM can well simulate the precipitation
distribution as observation. Annual mean precipitation over most of the Tibetan Plateau is <2 mm/d.
The annul mean precipitation averaged over SSTP is 3.68 mm/d from GPM and 5.17 mm/d from NICAM
(Figures 2a and 2c). Precipitation in the summer from June to September is much larger than annual
mean, especially over SSTP. The maximum summer precipitation over SSTP is 19.8 (24.3) mm/d from
GPM (NICAM) and the summer-mean precipitation averaged over SSTP is 7.73 (10.48) mm/d (Fig-
ures 2b and 2d). From the difference between NICAM and GPM, NICAM overestimates both annual
and summer-mean precipitation over the whole Tibetan Plateau including SSTP (Figures 2e and 2f).
NICAM shows similar bias as compared with gauge observation data (See Supplementary Figure S1).
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Figure 2. Precipitation (a and b) observed by GPM, (c and d) simulated by NICAM, and (e and f) difference between
NICAM and GPM for (a, ¢, and e) annual mean and (b, d, and f) summer mean from June to September during 2001-
2008, unit: mm/d. The black line is 2,000 m elevation contour and the red line shows SSTP area. (g) Monthly means
of precipitation averaged over SSTP during 2001-2008 from GPM and NICAM, unit: mm/d. NICAM, Nonhydrostatic
ICosahedral Atmospheric Model; GPM, Global Precipitation Measurement; SSTP, southern slope of Tibetan Plateau.

Wet bias over Tibetan Plateau in the NICAM is also seen in both CMIP5 and CMIP6 model simulations
(e.g., Mehran et al., 2014; Mueller & Seneviratne, 2014; Su et al., 2013; Zhu & Yang, 2020). The average
summer precipitation bias over Tibetan Plateau in NICAM is about 50%, while the bias in the CMIP5
(CMIP6) multimodel ensemble mean is about 80% (70%) (Su et al., 2013; Zhu & Yang, 2020) and these
studies do not focus on the southern slope. Sato et al. (2007) suggested that the stronger upslope flow ow-
ing to the smoothed topography may lead to the stronger convection over SSTP in NICAM. The annual cycle
of monthly precipitation averaged over SSTP is shown in Figure 2g. NICAM well captures the annual cycle
observed by GPM, but overestimates the precipitation especially from June to November. In the following
analysis, we focus on the precipitation over SSTP from June to September.

Figure 3a shows the precipitation probability density functions (PDFs) and nonprecipitation fractions
from GPM and NICAM averaged over SSTP for June to September during 2001-2008. PDF denotes time
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Figure 3. (a) Probability density function (PDF) of daily precipitation vs.
precipitation intensity with a bin size of 1 mm/d averaged over SSTP for
June to September during 2001-2008 from GPM and NICAM. (b) Same
as (a), but for PDF averaged over low-level, middle-level, and high-level
SSTP from NICAM. The small insert is a blowout for the precipitation
intensity range between 1 and 20 mm/d. The nonprecipitation fractions
(<0.1 mmy/d) are also provided. (c) Probability of nonprecipitation

(<0.1 mmy/d) (right), light precipitation (0.1-20 mm/d) (left), and heavy
precipitation (>20 mm/d) (right) averaged over bins of SSTP with a
vertical bin size of 100 m vs. the corresponding topography height for June
to September during 2001-2008 from NICAM. NICAM, Nonhydrostatic
ICosahedral Atmospheric Model; GPM, Global Precipitation
Measurement; SSTP, southern slope of Tibetan Plateau.

frequency, i.e., larger PDF means there are more days in precipitation
with specific intensity. Nonprecipitation fraction over SSTP observed by
GPM is 0.219 which is higher than 0.160 from NICAM. NICAM generally
underestimates light precipitation PDF but overestimates heavy precip-
itation with intensity larger than ~30 mm/d. The largest precipitation
intensity observed by GPM is ~400 mm/d, while NICAM can simulate
precipitation larger than 800 mm/d. The wet bias of mean precipitation
over SSTP shown in Figure 2 may be caused by the overestimation of
heavy precipitation in NICAM. Figure 3b gives the precipitation PDFs
over low-level, middle-level, and high-level SSTP from NICAM. Figure 3c
shows the probability of nonprecipitation (<0.1 mm/d), light precipita-
tion (0.1-20 mm/d), and heavy precipitation (>20 mm/d) averaged over
different altitudes of SSTP. Although the precipitation over the whole
SSTP is abundant, the precipitation probability shows different distribu-
tion over different levels. The nonprecipitation fraction over middle-level
SSTP is the smallest. The heavy precipitation probability decreases as ele-
vation becomes higher while the light precipitation PDFs generally show
the opposite.

Figure 4 shows the spatial distributions of probability (%) for (a) non-
precipitation (<0.1 mm/d), (b) drizzle precipitation (0.1-1 mm/d), (c)
light precipitation (1-20 mm/d), (d) heavy precipitation (20-100 mm/d),
and (e) extreme heavy precipitation (>100 mm/d) from NICAM for June
to September during 2001-2008. The same but from GPM observations
is shown in Figure S2. Drizzle, light, heavy, and extreme heavy precip-
itation contributes to 1% (1%), 26% (40%), 47% (52%), and 26% (7%) of
the total precipitation over SSTP from NICAM (GPM), respectively. Non-
precipitation probability from NICAM over most north Tibetan Plateau
is larger than 40-50% but is much lower over SSTP and near-by regions
with a mean value of 16% over SSTP (Figure 4a). Compared with GPM,
NICAM overestimates nonprecipitation probability over north Tibetan
Plateau but underestimates it over south Tibetan Plateau including SSTP
(Figure S3). The drizzle and light precipitation probability over SSTP are
21.2% and 49.6%, respectively, from NICAM (Figures 4b and 4c), which
does not show a systematic bias over SSTP as compared with GPM. Fig-
ure 4d shows that the probability for heavy precipitation ranging from 20
to 100 mm/d is 11.6% over SSTP. NICAM overestimates heavy precipita-
tion probability over high-level SSTP but underestimates it over low-level
SSTP. The probability of precipitation larger than 100 mm/d is only 1.65%
over SSTP (Figure 4e). The extreme heavy precipitation probability over
SSTP from NICAM is higher than GPM. NICAM simulations in most are-
as over SSTP do not show significant differences from GPM observations
for the probability of drizzle, light, and heavy precipitation, but exhibit
significant differences for extreme heavy precipitation probability. This
suggests that the NICAM wet bias over SSTP mainly comes from the
overestimation of extreme heavy precipitation probability. Besides, over
the surrounding regions of Tibetan Plateau, such as Tian Shan Moun-
tains and Sichuan Basin, NICAM overestimates nonprecipitation proba-
bility but underestimates drizzle and light precipitation probability (Fig-
ure S3) and dry bias exhibits over these regions (Figure 2f). The effects of
complex terrain on precipitation through, e.g., uplifting of westerly flow
over Tian Shan Mountains and downdraft from eastern Tibetan Plateau
over Sichuan Basin, are still difficult to be reliably simulated.
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Figure 4. Spatial distributions of probability (%) for (a) nonprecipitation (<0.1 mm/d), (b) drizzle precipitation

(0.1-1 mm/d), (c) light precipitation (1-20 mm/d), (d) heavy precipitation (20-100 mm/d), and (e) extreme heavy
precipitation (>100 mm/d) from NICAM for June-September during 2001-2008. The dotted areas indicate that the
difference between NICAM and GPM is statistically insignificant at the 95% level using the Mann Whitney test. The
corresponding probability averaged over SSTP is also given. The black lines show 2000 m elevation and the surrounded
SSTP area. NICAM, Nonhydrostatic ICosahedral Atmospheric Model; GPM, Global Precipitation Measurement; SSTP,
southern slope of Tibetan Plateau.

4. Future Change Projections
4.1. Mean Precipitation and Precipitation Probability Changes

Figure 5a shows simulated summer precipitation changes in the future of 2075-2104 with respect to 1979-
2008 over the Tibetan Plateau. For the entire Tibetan Plateau region, precipitation over the southeast area
will decrease but increase over the middle-west area. The precipitation gradient from southeast to northwest
will become weaker in the future. The precipitation change over most of the Tibetan Plateau is <1 mm/d.
For the SSTP, low-level SSTP and lower surrounding area exhibit negative change but high-level SSTP ex-
hibits positive change. This result differs from the CMIP5 multimodel mean with 2° resolution which shows
the precipitation for June to September will increase uniformly over the whole Himalaya region at the end
of 21st century under RCP 8.5 scenario (Palazzi et al., 2015). Figure 5b shows the precipitation for both
historical and future periods averaged over every 100 m elevation area of the SSTP. The precipitation gen-
erally decreases with elevation, similar to the observation from TRMM satellite radar (Anders et al., 2006).
Future precipitation will decrease over 1-2 km of SSTP but increase over 2-4 km of SSTP. The precipitation
decrease with elevation will thus become weaker in the future. Coarse resolution climate models can hard-
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Figure 5. (a) Precipitation (mm/d) change in June to September for 2075-
2104 vs. 1979-2008 from NICAM. The black lines show 2000-m contour
line and SSTP area. The dotted area indicates the change is statistically
significant at the 95% confidence level (Student's ¢-test). (b) Precipitation
(mm/d) averaged over bins of SSTP with a vertical bin size of 100 m vs. the
corresponding topography height for June to September during historical
period 1979-2008 and future period 2075-2104. NICAM, Nonhydrostatic
ICosahedral Atmospheric Model; SSTP, southern slope of Tibetan Plateau.

ly resolve the precipitation changes as detailed in Figure 5 (e.g., Palazzi
et al., 2015; Wu et al., 2017).

Figure 6 shows the percentage change of nonprecipitation fractions and
precipitation PDFs over the whole SSTP and low-level, middle-level, and
high-level SSTP. The nonprecipitation fraction averaged over SSTP will
increase 3.12% per degree global warming. The drizzle precipitation prob-
ability will increase and the light precipitation probability will decrease.
For heavy precipitation larger than ~60 mm/d, the PDF is projected to
increase greatly. The PDFs averaged over different levels of SSTP present
different changing distributions. The increasing tendency of nonprecipi-
tation probability decrease as elevation becomes higher. The future heavy
precipitation probability will increase greater over high-level SSTP than
over low-level SSTP.

Figure 7 presents the spatial distributions of future precipitation proba-
bility percentage changes relative to historical period for five precipitation
ranges from NICAM. Most of the Tibetan Plateau exhibits an increase
in nonprecipitation probability, especially for southeast Tibetan Plateau
(Figure 7a) where the historical nonprecipitation probability is the small-
est of Tibetan Plateau (Figure 4a), while part of west Tibetan Plateau ex-
hibits a slight decrease. The drizzle precipitation probability will increase
over SSTP and near-by regions but decrease over other parts (Figure 7b).
Light precipitation probability will decrease over most areas including
SSTP except part of west Tibetan Plateau (Figure 7c). Heavy precipita-
tion probability for rain intensity between 20 and 100 mm/d shows an
increase over west Tibetan Plateau but a decrease over southeast Tibetan
Plateau and SSTP (Figure 7d). For extreme heavy precipitation larger than
100 mm/d, the probability will increase significantly over the SSTP and
near-by regions with elevation above 2,000 m (Figure 7e). Note that the
mixed pattern of both large increasing and decreasing trend over central
Tibetan Plateau (Figure 7e) are caused by very few samples of extreme
heavy precipitation days (Figure 4e), which make the future projections
not statistically reliable. For precipitation over west Tibetan Plateau, near
Karakoram Mountains (about 35°N, 77°E, higher than 8 km), where the
elevation in NICAM uplifts higher than 5 km, both total precipitation
probability and heavy precipitation probability will increase in the fu-
ture. For precipitation over SSTP and surrounding slope area, especially
2-4 km area, the total precipitation probability will decrease while the
extreme heavy precipitation probability will increase significantly.

4.2. Extreme Precipitation Changes

Precipitation intensity varies greatly over the Tibetan Plateau and extreme heavy precipitation probabili-
ty presents an obvious increase in the future over SSTP. Here, we examine extreme precipitation chang-
es scaled by local precipitation percentiles (see Section 2.2). Figure 8a shows the precipitation intensity
(mm/d) corresponding to different percentiles (%) for June to September during historical period. For a
given percentile larger than ~50%, precipitation intensity decreases with elevation which is consistent with
a decrease of mean precipitation with elevation (Figure 5b). Precipitation intensity averaged over the whole
SSTP shows similar distribution as middle-level SSTP. Future relative changes of precipitation intensity cor-
responding to different percentiles are shown in Figure 8b. Over low-level SSTP, about 93% of precipitation
will become weaker in the future but the largest ~7% of precipitation will be stronger. Over the middle-level
and high-level SSTP regions, the largest ~10% and ~15% of precipitation will be stronger, respectively. The
increase in extreme precipitation intensity increases with percentiles and reaches to an extremum for the
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60 precipitation percentile larger than 99%. Extreme precipitation intensity

O 50 ®SSTP & 3.12%FC increases more over high-level SSTP than over low-level SSTP in the fu-

§ © tkm-2km: 5.71 %/°C ture. For extreme precipitation probability change shown in Figure 8c, it

o 40 o ©2Km-3km:S1 %/°C also increases over high-level SSTP more than over low-level SSTP. The

= 30 3km-4km: 2.15 %/°C relative change of extreme precipitation probability is larger than pre-

%’ cipitation intensity. Stronger extreme precipitation will happen more fre-

> 207 quently over SSTP, especially for high-level SSTP, in summer at the end of
% 10 3 21st century from NICAM simulation.

'8 0 3 Figure 9 shows spatial distribution of precipitation intensity corre-

o _ sponding to 95%, 99%, 99.9% percentiles for historical summer (Fig-

-10 ™ ™ ; — ures 9a1-9cl), corresponding percentage changes in precipitation inten-

10° 10° 10° sity (Figures 9a2-9c2) and precipitation probability (Figures 9a3-9¢3)

Precipitation intensity (mmd'1) for the future period relative to historical period. The positive values in

Figures 9a2-9c2 and 9a3-9c3 suggest that extreme precipitation will get

Figure 6. Percentage change (%/°C) of precipitation probability density stronger and more frequent in the future. The extreme precipitation in-

functions (PDFs) in June to September during future period relative
to historical period averaged over SSTP and portions of SSTP, scaled
by global-mean temperature increase, from NICAM. The dots are the

tensity exhibits similar distribution to mean precipitation. Extreme pre-
cipitation intensity over southeast Tibetan Plateau is larger than over

changes for precipitation intensities with an increment of 1 mm/d. The northwest Tibetan Plateau and precipitation over SSTP is much stronger

lines are polynomial fitting curves for precipitation intensity smaller than (Figures 9a1-9c1). Future change of precipitation intensity over west Ti-
300 mm/d and the shades are 95% confidence boundaries. The values are betan Plateau exhibits an increase for 95% (Figure 9a2), while the increase

relative changes of nonprecipitation fractions (<0.1 mm/d) per degree
global warming. NICAM, Nonhydrostatic ICosahedral Atmospheric
Model; SSTP, southern slope of Tibetan Plateau.

of precipitation intensity over SSTP is slightly stronger than other area
for 99% and 99.9% (Figures 9b2and 9c2). The relative increase of precip-
itation probability is larger than intensity over SSTP (Figures 9a3-9c3),
especially for 99% and 99.9%. Over SSTP, the distribution of the extreme
precipitation probability increase aligns with the topography which is not
simulated by previous climate models with coarser resolution. Extreme
precipitation probability increases more over 2-4 km of SSTP than over 1-2 km of SSTP. Considering the
heavy precipitation over SSTP and the steep terrain, the possible future intensified extreme precipitation
under global warming is noteworthy since it may lead to more natural disasters such as flooding and land-
slides. In addition to SSTP, extreme precipitation exhibits a significant increase over west Tibetan Plateau
which also locates at the windward slope for elevation higher than 5,000 m in NICAM.

Figure 10 is a global perspective of Figure 9b3. Extreme precipitation probability exhibits a significant in-
crease over high-latitudes, north Pacific, tropical Pacific, South Asia, and surrounding regions, while it ex-
hibits a decrease over parts of middle-latitudes. This changing tendency at the end of 21st century projected
by NICAM agrees with previous climate models (e.g., Chen & Frauenfeld, 2014; Kharin et al., 2013). How-
ever, previous models cannot simulate the extreme precipitation change over SSTP. The relative increase of
extreme precipitation probability over SSTP in the future is about 50%/°C, which is one of the regions in the
north hemisphere with the largest increase and the distribution presents high consistency with topography.
This possible change of extreme precipitation under global warming over SSTP is unique in the north hem-
isphere since extreme precipitation probability over other mountain regions, such as the Rockies and the
Alps, does not exhibit such significant increasing tendency along topography.

4.3. Possible Mechanisms

Precipitation changes can be decomposed into contributions from atmospheric thermodynamics and dy-
namics (Chen et al., 2019; Pfahl et al., 2017). Figure 11 shows the spatial distribution of horizontal wind
at 700 hPa and vertical velocity at 500 hPa from NICAM simulation for the historical period (Figures 11a
and 11b) and their future changes (Figures 11c and 11d). Figures 11a and 11care based on the average of all
days during June to September for 1979-2008 (3,660 days) and 2075-2104 (3,660 days). Figures 11b and 11d
are the composite of 1% extreme precipitation days during June to September of 1979-2008 and changes
for future 1% extreme precipitation days composite, respectively. There are 37 days with 1% extreme pre-
cipitation, i.e., the 1% largest daily precipitation averaged over SSTP during June to September in historical
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Figure 7. Spatial distributions of precipitation probability percentage changes (%/°C) for five precipitation ranges
per degree global warming for June to September during future period 2075-2104 relative to historical period 1979-
2008 from NICAM. The black lines show 2000-m contour line and SSTP area. NICAM, Nonhydrostatic ICosahedral
Atmospheric Model; SSTP, southern slope of Tibetan Plateau.

or future period. Over most of the Tibetan Plateau and the south surrounding regions, NICAM presents
the weak summer-mean upward flow (Figure 11a). For the composite of extreme precipitation days, strong
westerlies flow into SSTP from the south, which are accompanied by stronger ascent velocities over SSTP,
leading to the extreme precipitation (Figure 11b). NICAM projects easterly wind changes over the south of
SSTP for future period (Figure 11c), which is generally opposite with historical period (Figure 11a). The cir-
culation changes therefore may lead to the decrease of mean precipitation over the SSTP. The easterly wind
changes also appear to the southeast of SSTP (Figure 11d), and they are generally opposite to the westerlies
associated with extreme precipitation (Figure 11b). The maximum ascent velocities over southeast SSTP
will decrease in the future which may lead to weaker extreme precipitation, but increasing ascent velocities
appear to be over the central and western SSTP. The westward shift of the center of vertical velocity is in a
good agreement with the increasing extreme precipitation over central SSTP (Figure 9b3).

Thermodynamic effect is also crucial for precipitation. Figure 12 shows the specific humidity (g/kg) verti-
cally averaged in total column from NICAM historical simulation (a and b) and future changes (c and d).
The specific humidity decreases from south of the Tibetan Plateau to north and the meridional gradient
is strongest over SSTP. The distributions of extreme precipitation days (Figures 12b and 12d) do not show
significant difference with summer mean (Figures 12a and 12c), implying that the extreme precipitation
results mainly from dynamic effect for both the historical period and future changes, as shown in Fig-
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Figure 8. (a) Precipitation intensity (mm/d) corresponding to different
percentiles (%) for June to September during historical period 1979-2008
averaged over SSTP and parts of SSTP from NICAM. Percentage change
of (b) precipitation intensity and (c) precipitation probability (%/°C)
corresponding to different percentiles for June to September during
future period 2075-2104 relative to historical period per degree global

warming. The dots in (c) are the changes for precipitation probability with

an increment of 10%, 1%, 0.1%. The lines are polynomial fitting curves
and the shades are 95% confidence boundaries. NICAM, Nonhydrostatic

ICosahedral Atmospheric Model; SSTP, southern slope of Tibetan Plateau.

ure 11. On the other hand, the spatial patterns of future specific humidity
changes are similar to the historical distributions, which suggests that the
gradient will become larger in the future. The strengthening meridional
specific humidity gradient under global warming suggests that there will
be more water vapor transport over SSTP even without the strengthening
circulation, which means the thermodynamic effect may be responsible
for the future precipitation change rather than dynamic effect.

In summary, the westerly wind over the south of SSTP will generally be-
come weaker and the meridional specific humidity gradient over SSTP
will become stronger under global warming. For the mean precipitation
over the SSTP, the dynamic and thermodynamic effects tend to cancel
each other, leading to a small overall change. For the extreme precipita-
tion, its increase over SSTP is caused by the thermodynamic effect. This
result is consistent with previous studies (e.g., Pfahl et al., 2017), but gives
a specific perspective over SSTP.

5. Conclusions and Discussions

The southern slope of Tibetan Plateau is one of the rainiest regions in the
world where geological hazards caused by extreme precipitation result in
serious damages. In this study, we first evaluate the daily precipitation
simulation over the Tibetan Plateau from a 14 km mesh global nonhy-
drostatic model, NICAM, with the GPM satellite observation for June to
September during 2001-2008. Then we examine the future projection of
mean precipitation and extreme precipitation at the end of 21st century
under global warming from NICAM and discuss the elevation dependent
precipitation changes over SSTP.

Precipitation over the Tibetan Plateau decreases from the southeast to
the northwest and exhibits precipitation extremes and zonal distribution
along the topography over SSTP where precipitation concentrates on
monsoon season (June to September). NICAM can reproduce the spatial
pattern of precipitation over the Tibetan Plateau and the seasonal cycle
as GPM observation. NICAM can also reproduce the topography features
of rainfall over SSTP: the probability of heavy precipitation larger than
20 mm/d is much higher over SSTP than other regions and the probabili-
ty decreases as elevation becomes higher. But NICAM overestimates pre-
cipitation over most Tibetan Plateau, which is a common bias of current
climate models. Specifically, NICAM underestimates nonprecipitation
probability but overestimates heavy precipitation probability.

Over the whole SSTP, total summer precipitation projected by NICAM
change slightly under global warming. Future precipitation changes ex-

hibit variations over SSTP depending on elevation. Mean precipitation will decrease 3.5% over low-level
SSTP (1-2 km) but increase 2.6% and 9.2% over middle-level (2-3 km) and high-level SSTP (3-4 km). Non-
precipitation probability will increase while light precipitation probability will decrease in the future over
SSTP. Heavy precipitation probability will increase more significantly, especially over higher level SSTP.

In comparison with total precipitation, the extreme precipitation probability and intensity over SSTP ex-
hibit much more remarkable changes under global warming. Extreme precipitation intensity will increase
~8%/°C and extreme precipitation probability will increase up to ~50%/°C in the future. The increases of
extreme precipitation probability and intensity over high-level SSTP are more obvious than over low-level
SSTP. The extreme precipitation probability change over SSTP presents high consistency with topography
distribution of Tibetan Plateau. In addition, SSTP is one of the regions in the north hemisphere showing the
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Figure 9. (al-cl) Spatial distribution of precipitation intensity (mm/d) corresponding to 95%, 99%, 99.9% percentiles for June to September during historical
period 1979-2008 from NICAM. Percentage changes (%/°C) of (a2-c2) precipitation intensity and (a3-c3) precipitation probability for June to September during
future period 2075-2104 relative to historical period per degree global warming. The areas where precipitation intensity for historical period is <0.1 mm/d are
shaded by white color. The black lines show 2000-m contour line and SSTP area. NICAM, Nonhydrostatic ICosahedral Atmospheric Model; SSTP, southern

slope of Tibetan Plateau.
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largest future extreme precipitation probability increase. In contrast to the weakening circulation changes
over SSTP and surrounding region, the strengthened meridional specific humidity gradient is responsible
for the extreme precipitation increasing.

The present study shows a decrease (increase) of total precipitation over low- (high-) level SSTP but an
increase in extreme precipitation throughout the SSTP under global warming. The relationship between
the changes in total and extreme precipitation and the physical mechanisms for these changes remain
unknown. Why does the extreme precipitation increase even when the total precipitation decreases over
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Figure 10. Spatial distribution of percentage change (%/°C) of probability
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for precipitation intensity larger than historical 99% percentile per degree
global warming for June to September of future period 2075-2104 relative
to historical period 1979-2008 over the Northern Hemisphere. The black

lines show 2000-m contour line.

low-level SSTP? How much of the changes in total precipitation can be
attributed to extreme precipitation changes, given that they have opposite
signs of changes? By considering more significant increase in extreme
precipitation than the total precipitation over high-level SSTP, are there
any other factors, in addition to total precipitation increase, contributing
to the extreme precipitation increase over this region? Do a strong diurnal
cycle of precipitation over the SSTP (Chen, 2020; Hirose & Kenji, 2005;
Romatschke & Houze, 2011) and its changes play a role in affecting ex-
treme precipitation change under global warming and the distinction be-
tween low-level and high-level SSTP? The final but important question
might be: Are the SSTP precipitation changes dependent on model? This
study uses only one model, and thus whether the robust extreme precip-
itation increase over SSTP is projected by other high-resolution models
remains an open question.
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Figure 11. Spatial distributions of horizontal wind (m/s) at 700 hPa (vector) and vertical velocity (m/s) at 500 hPa
(color) from NICAM simulation for the average of (a) all days during June to September of 1979-2008, (b) 1% extreme
precipitation days (about 37 days in 30 years). (c and d) Same as (a and b), but for future changes for 2075-2104 relative
to 1979-2008. Note that positive values represent upward motion. NICAM, Nonhydrostatic ICosahedral Atmospheric

Model.
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Figure 12. Same as Figure 11, but for specific humidity (g/kg) vertically averaged in total column. The dotted area
indicates the change is statistically significant at the 95% confidence level (Student's t-test).
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A better understanding of the precipitation characteristics over SSTP and their future changes can con-
tribute to disaster-mitigation plans for this and downstream regions under global warming. The countries
located in SSTP, e.g., Nepal and Bhutan, are facing a number of serious climate-fragility risks. Floods and
landslides caused by extreme rainfall damage infrastructure, slow economic development, and cause hun-
dreds to thousands of fatalities each year (Froude & Petley, 2018; Petley et al., 2007), which will be more
serious in the warming future (Kirschbaum et al., 2020). Besides, the River Ganges, through some of Asia’s
most densely populated regions, originates in the Himalayas. The rainfall amount changes over SSTP can
affect the river's flow and the surrounding hundreds of millions of people and wildlife. This work, based on
the simulated results of one high-resolution climate model, suggests the necessity of further investigations
on this specific region, which will be useful for decision making in South Asian countries.

Data Availability Statement

The terms and guideline of NICAM data can be accessed from http://nicam.jp/hiki/?Research+Col-
laborations. GPM data can be accessed from https://gpml.gesdisc.eosdis.nasa.gov/data/GPM_L3/GP-
M_3IMERGDF.06/. NOAA ETOPO1 data are from https://ngdc.noaa.gov/mgg/global/global.html.
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