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Abstract

Despite the importance of the Tibetan Plateau (TP) to the surrounding water cycle, the moisture sources of the TP remain

uncertain. In this study, the moisture sources of the TP are quantitatively identified based on a 33-year simulation with a

horizontal resolution of 1.9°x2.5° using the Community Atmosphere Model version 5.1 (CAMS.1), in which atmospheric

water tracer technology is incorporated. Results demonstrate that the major moisture sources differ over the southern TP

(STP) and northern TP (NTP). During the winter, Africa, the TP, and India are the dominant source regions, contributing

nearly half of the water vapour over the STP. During the summer, the tropical Indian Ocean (TIO) supplies 28.5£3.6 % of

the water vapour over the STP and becomes the dominant source region. The dominant moisture source regions of the

water vapour over the NTP are Africa (19.0£2.8 %) during the winter and the TP (25.8+2.4 %) during the summer. The

overall relative contribution of each source region to the precipitation is similar to the contribution to the water vapour

over the TP. Like most models, CAMb5.1 generally overestimates the precipitation over the TP, yielding uncertainty in the

absolute contributions to the precipitation. Composite analyses exhibit significant variations in the TIO-supplied moisture

transport and precipitation over the STP during the summer alongside anomalous TP heating. This relationship between

moisture transport from the T1O and the TP heating primarily involves the dynamic change in the TIO-supplied moisture

flux, which further controls the variation in the TIO-contributed precipitation over the STP.

Key words: Tibetan Plateau - Heat source - Moisture source apportionment - Moisture transport
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1. Introduction

The Tibetan Plateau (TP), the highest plateau in the world, has important effects on its surrounding and global weather

and climate systems (Flohn 1957; Yeh et al. 1957). The TP acts as a barrier that splits the subtropical westerlies into two

branches during the winter (Bolin 1950; Manabe and Terpstra 1974). In addition, the TP regulates large-scale circulation

by acting as an elevated heat source during the summer (Yanai et al. 1992; Wu and Zhang 1998).

Many studies have suggested that the Asian summer monsoon (ASM) rainfall is related to heating over the TP. This

heating leads to an upper tropospheric divergent flow and a low-level convergent flow above the TP that brings

precipitation to Asia (Li and Yanai 1996; Duan and Wu 2005; Duan et al. 2008; Wu et al. 2012). The precipitation can

further intensify the upper-level thermal high pressure over the TP through the release of latent heat of condensation,

eventually enhancing the thermal pumping effect of the TP (Yanai and Wu 2006). Hsu and Liu (2003) noted that heating

over the TP during both spring and summer created wave-like circulation, such as Rossby waves, which further affected

the summer rainfall in East Asia. Duan et al. (2011), Xu et al. (2013), and Wang et al. (2014) found that the pattern of

summer precipitation in China was related to variation in spring thermal forcing over the TP. Wang et al. (2008) suggested

that increases in the temperature over the TP may result in more summer frontal rainfall over East Asia. Recently, Boos

and Kuang (2010) suggested that the TP thermal forcing has a negligible effect on the southwest summer monsoon.

Nevertheless, Xu et al. (2014) noted that even if this viewpoint was true, the TP heat source still greatly affects the

convective precipitation over the TP.

The identification of dominant moisture sources is a topic of research worldwide. Numerous source apportionment

methods, such as analytical models, isotopes, numerical atmospheric water tracers, and model sensitivity experiments,

have been developed and applied in this research area (Gimeno et al. 2012). Recently, many studies have focused on the

identification of moisture sources of atmospheric water over the TP. Using observation data and model sensitivity

experiments, Dong et al. (2016) established a new moisture transport pathway in which moisture is lifted by convection
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over central-eastern India and is transported to the south-western TP by mid-tropospheric circulation. This moisture

contributes ~50 % of the summer precipitation over the south-western TP. Using the Lagrangian FLEXible PARTiIcle

(FLEXPART) dispersion model (Stohl and James 2004), Chen et al. (2012) found that a narrow band area, including the

Indian subcontinent, the Arabian Sea (AS), and the Indian Ocean in the Southern Hemisphere, is the dominant moisture

source of the water vapour over the TP. Using the same model, Sun and Wang (2014) suggested that, throughout the year,

most of the rainfall over the eastern TP originated from the Eurasian continent, even though the contribution from oceanic

sources is notable. Zhang et al. (2017) suggested that Eurasian land evaporation supplies more than 69 % of the annual

precipitation over the western-central TP, while greater than 21 % originates from the ocean. Curio et al. (2015) calculated

the water vapour flux towards the TP and suggested that ~40 % of precipitation over the TP originates from external

moisture sources, while the remaining ~60 % originates from local moisture recycling. Wang et al. (2017) suggested that

the annual variation in the summer precipitation over the southern TP is determined by remote moisture transport.

Meanwhile, local surface evaporation has a hon-negligible effect on the summer precipitation. Yang et al. (2006) used the

5180 data to determine that the summer precipitation over the central and northern areas of the TP is mainly provided by

local evaporation. Based on isotope-incorporated atmospheric models, Yao et al. (2013) suggested that continental

recycling is an important moisture source on the TP during both winter and summer and that the Indian Ocean is the

dominant moisture source during the summer. Gimeno et al. (2012) summarized the main disadvantages of each method

that limit diagnostic studies of moisture sources. For instance, analytical models need simplified assumptions, isotope data

are influenced by signal sensitivity, Lagrangian methods allow limited consideration of cloud processes, and sensitivity

experiments suffer from non-linarites. In contrast, the Eulerian atmospheric water tracer (AWT) approach lacks these

weaknesses and is an efficient method to quantitatively identify the moisture source regions of precipitation or water

vapour over a certain region based on the detailed physical parameterizations of global or regional models (Koster et al.

1986; Numaguti 1999; Bosilovich and Schubert 2002; Sodemann et al. 2009; Knoche and Kunstmann 2013; Singh et al.
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2016; Pan et al. 2017). However, this tracer method has never been used to determine the dominant moisture sources in the

TP region.

The TP is a key area that influences its own water resource allocation and that of its downstream regions (Barnett et al.

2005; Xu et al. 2008). The ASM delivers abundant moisture from the tropical oceans to the TP (Xu et al. 2014), while the

mid-latitude westerlies also control moisture over the TP (Bothe et al. 2011; ). Further

investigation is required to understand the moisture sources and transport processes in the TP region (Yang et al. 2014).

Supplementary Fig. S1 shows the distribution of the deuterium isotope ratio (6D) in each month for 2006-2009 based on

hydrogen-deuterium-oxygen (HDO) and H,O data from the Tropospheric Emission Spectrometer (TES) (Beer et al. 2001).

The value of 8D is notably greater from May to July than during other months over the TP and its surrounding areas. The

increase in evapotranspiration over the TP and the transport of tropical moist air during the summer are two probable

explanations for this phenomenon (Worden et al. 2007). However, natural moisture from around the world is difficult to

quantify via measurements. Quantitative atmospheric water source apportionment may provide new insights into moisture

transport over the TP. The moisture that originates from the TP and external regions is quantitatively identified in this

study using the AWT method implemented in a global atmosphere model. We study the distributions of AWTSs to further

explore the relationship between the TP heat source and moisture transport during the summer.

In this study, descriptions of the model, data, and methods are provided in Sect. 2. Evaluations of the simulation

results, moisture source apportionment on the TP, the relationship between the TP summer heat source and moisture

transport from the tropical ocean, and uncertainties in the AWT method are presented in Sects. 3.1-3.4, respectively.

Finally, a summary is provided in Sect. 4.
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2. Data and methods
2.1 Model

The Community Atmosphere Model version 5.1 (CAM5.1) (Neale et al. 2012), in which the tagged AWT method has
been implemented, is used in this study. In this study, the chemistry mechanism is taken from the Model for Ozone and
Related chemical Tracers, version 4 (Emmons et al., 2010), in which water vapour is invariant. In CAM5.1, the physical
processes involved in the temporal evolutions of atmospheric water substances (water vapour, cloud droplets, cloud ice,
rain, and snow) including deep convection, shallow convection, cloud macrophysics, cloud microphysics, advection, and
vertical diffusion are simply expressed as
9 |, 1y . — (%9 94k 94k i3
at + pv ['Duqk] - ( at )dp + ( at )Sh + ( at )macro + ( at )micro + D(qk) (1)
%p _ (%p 9ap) | 19(Varap) | (%p
at ( at )dp + ( at )Sh + p 0z + ( at )micm @
where t is the time, u is the three-dimensional wind vector, p is the air density, D is the turbulent diffusion operator,
z is the height, and 1 is the mass-weighted terminal fall speeds. g, is the mass mixing ratio (MMR), which is replaced

: : . gk aqx
by q., q, and q; when calculating for water vapour, cloud droplets, and cloud ice, respectively. (—) , (—) ,
at dp ot /gh
(aﬂ) , and (%) are the tendencies in deep convection, shallow convection, cloud macrophysics, and cloud
0t Jmacro 0t /micro

microphysical processes, respectively. g, indicates the MMR of rain (gq,) or the MMR of snow (gs). (%”)dp and

a . Lo . . . . 7] .
(ﬂ) are the net production of precipitation in deep convection and shallow convection, respectively. (ﬂ) is the
ot Jsn 0t /micro

grid-mean source/sink term for g, in the cloud microphysics of CAMS. 1.

The deep convection scheme is taken from Zhang and McFarlane (1995) and follows modifications presented by
Richter and Rasch (2008) and Raymond and Blyth (1986, 1992). The shallow convection scheme is taken from Park and
Bretherton (2009). The cloud macrophysics parameterization in CAMS5.1 is described in Park et al. (2014). The cloud

microphysical scheme is taken from Morrison and Gettleman (2008) but with modifications following Gettleman et al.
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(2010). The moist turbulence scheme from Bretherton and Park (2009) is used to calculate the vertical diffusion of heat,

moisture, momentum, and tracers in CAMS5.1. The finite volume dynamical core is used in this study because of its

excellent performance for tracer transport (Rasch et al. 2006). CAMS5.1’s simulations can be driven by offline

meteorological fields instead of online calculations; these simulations are called the specified dynamics simulations of

CAMb5.1 (Lamarque et al. 2012). A procedure that allows for more accurate comparisons between measurements of

atmospheric composition and simulated results (Lamarque et al. 2012), first developed in the Model of Atmospheric

Transport and Chemistry (Rasch et al., 1997), is applied to input offline meteorological fields into CAMS.1. This

procedure requires horizontal wind fields, air temperature, surface pressure, surface temperature, surface geopotential,

surface horizontal stress, and sensible and latent heat fluxes. In this study, the Modern Era Retrospective analysis for

Research and Applications (MERRA) datasets (Rienecker et al. 2011) are used to drive the CAMb5.1 model; the datasets

were recommended by Lamarque et al. (2012) and have a time resolution of 6 h. All the input fields are linearly

interpolated at time-steps between the reading times to avoid jumps and are then used to drive the CAMb5.1’s

parameterizations to generate the necessary variables and calculate the sub-grid-scale transport and hydrological cycle

(Lamarque et al. 2012). The sub-stepping procedure (Lauritzen et al. 2011) and the atmospheric mass fixer algorithm from

Rotman et al. (2004) are applied to ensure consistencies between the input and model-calculated velocity and mass fields

in CAMS5.1 (Lamarque et al. 2012).

The tagged AWT method is described in Pan et al. (2017) and is similar to that in Numaguti (1999), Bosilovich and

Schubert (2002), and Knoche and Kunstmann (2013). The atmospheric water substances are “tagged” at their geographical

source region, and the formations of these substances start with evaporation at the surface (Knoche and Kunstmann 2013).

Within the source region, the surface emission of tagged water vapour equals the surface evaporation of regular water

vapour; outside the source region, the emission is zero. Then, these tagged atmospheric water substances undergo a series

of atmospheric processes that regular water substances experience, but these substances have no feedback on the
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dynamical and thermal fields and are separate from regular water substances in CAMb5.1. Accordingly, the time evolutions

of the tagged atmospheric water substances are expressed as

0‘1k,tg l . _ (BQk,tg) (BQR,tg) (6Qk,tg) (6Qk,tg)

ot * P v [puqk'tg] N o dp * ot Jsh + 9t /macro + 0t Jmicro + D(qk,tg) (3)
9ptg _ (aqp,tg) (aqp,tg) 10(Vapapg) (Wp.tg)

at ot Jap + ot Jgh + p 0z + 0t /micro (4)

where gy indicates various MMRs of tagged water vapour, tagged cloud droplets, and tagged cloud ice; that is, gy,
Qitg: aNd Gig- Gpe represents the MMR of tagged rain (g,) or the MMR of tagged snow (gsg). The terms on the
right-hand sides of Egs. (3) and (4) are generalized for conciseness, and detailed equations and treatments for various
tagged atmospheric water tracers are presented in Pan et al. (2017). In this study, the globe is divided into 25 tagged source
regions, as shown in Fig. 1. Regions 1-11 are oceanic source areas, and regions 12-25 are terrestrial source areas. Similar
to Knoche and Kunstmann (2013), precipitating tagged water does not remain “tagged” any longer as non-subsurface
tagged water in our method. Tagged water is completely lost when it precipitates outside its source region; tagged
precipitation returns as a newly tagged quantity to the model system when it precipitates inside its source region.

The simulation, with a latitudinal resolution of 1.9° and longitudinal resolution of 2.5°, begins on 01 January 1981,
and the initial MMRs of the tagged substances are set to zero in this study. The resolution of the MERRA datasets that are
used in this study are identical to those of CAMbS.1, which are available on the Earth System Grid

(https://www.earthsystemgrid.org/home.html) and are generated from the original resolution (1/2° x 2/3°) using a

conservative re-gridding procedure used in MERRA and CAM (Lamarque et al. 2012). The simulation result for the first

year is used for model spin up to attain stable initial concentrations of tagged water substances. We investigate the results

from 1982 to 2014.
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2.2 Water vapour data

The Atmospheric Infrared Sounder (AIRS) water vapour dataset (Tian et al. 2014) from 2003 to 2014, which has 1°x1°
horizontal resolution, is used in this study to assess the water vapour results over the TP. Additionally, the third Tibetan
Plateau Atmospheric Scientific Experiment (TIPEX III), which is supported by the China Meteorological Administration
(CMA), conducted daily vertical measurements of wind, air temperature, and moisture over the TP and its surrounding
areas from 21 June to 3 September 2014. Seventeen L-band rawinsonde and 5 Global Position System (GPS) pilot balloon
observation stations were used, whose locations are marked in Fig. 2¢ and d. These data are applied to validate the vertical

distribution of the simulated water vapour over the TP.

2.3 Precipitation data

Station-observed hourly precipitation over the TP for 1982-2013 is provided by the CMA. The number of stations
was 57 in the 1980s and has increased to 156 at present. The locations of these stations are shown in Fig. 4c. In addition,
the Global Precipitation Climatology Project (GPCP) version 2.2 combined precipitation dataset (Huffman and Bolvin
2011) for the period 1982-2014 and the Tropical Rainfall Measuring Mission (TRMM) 3A12 satellite rainfall dataset

(Huffman et al. 2007) from 1998 to 2014 are applied to estimate the simulated precipitation in this study.

2.4 Atmospheric heat source

The apparent heat source (Q,) and apparent moisture sink (Q,), as defined in Yanai et al. (1973), are calculated to

identify the variation in heating over the TP:

K
e (D) (4T v e 0
Ql_cp(po) G+7-vo+07) 5)
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Q, = L(at+V qu+wap) 6)

where 6 is the potential temperature; g, is the specific humidity; V is the horizontal velocity; p is the pressure; p, =
1000 hPa; w is the vertical p velocity; k = R/c,, where R is the gas constant, and c, is the specific heat at a
constant pressure of dry air; and L is the latent heat of water vapourisation.

Accordingly, the integrated Q; and Q, from the tropopause pressure (pr) to the surface pressure (ps) are expressed

as
VQi =+ J Q. dp (7.1)
VQ, == [7°Qdp (8.1)

where g is the gravitational acceleration. Equations (7.1) and (8.1) can also be expressed as follows:

VQ, =LP+S+ i 7% Qrdp (7.2)
VQ, = L(P —E) (8.2)
where P, E, and S are the precipitation rate, evaporation rate, and sensible heat flux at the surface, respectively, and Qg
is the radiative heating rate. The CAMS.1-calculated VQ; is compared to that from the National Centers for
Environmental Prediction (NCEP) reanalysis data (Kalnay et al. 1996) in Supplementary Fig. S2.

The normalized V@, is used to identify the heating anomaly over the TP from 1982 to 2014:

_ vQ,-VQ;

o

10, )

where Wl is the 33 year-averaged V@Q,, and o is the standard deviation of V@, .

2.5 The false discovery rate method

The over-interpretation of multiple hypothesis tests is a common problem in atmospheric sciences, and controlling

the false discovery rate (FDR) is a computationally straightforward method to prevent this problem (Wilks et al. 2016).

10
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The FDR is the expected fraction of rejected local null hypotheses that are actually true (Benjamini and Hochberg 1995;
Ventura et al. 2004; Wilks 2006, 2016). This approach first sorts the probabilities (denoted as p; values, with i =1,
2,..,N.) from N local hypothesis tests in ascending order. These sorted probabilities are denoted using parenthetical
subscripts, that is, p(1y < Py < -+ < pv)- The local null hypotheses are rejected if the corresponding p; values are no
greater than a threshold level

PrpR = Max [p(i):p(i) < %aFDR] ,i=1,2,...,N (10)

where agpg is the chosen level for the FDR.

2.6 Moisture flux components

The moisture flux can be divided into a mean term and three anomalous terms (Wei et al. 2016):
qu=(@G+q)a+u)=qu+qu +uq +qu (11)
qu=(q+q)YT+v)=qu+qv +vq +q'v (12)
where g is the water vapour content or the MMR of a water vapour tracer, u is the zonal wind speed, and v is the
meridional wind speed. Here, the bars represent the 33-year mean, and the primes represent the deviation from the mean.
The rightmost three terms in Egs. (11) and (12) represent the respective effects on the moisture transport by dynamic
processes (qu’ and qv'), thermodynamic processes (ug’ and vq'), and the covariation of humidity and wind (¢'u’ and
q'v').

On a longer timescale, the hydrological balance in the atmosphere can be expressed as (Brubaker et al. 1993)
P—E=—§V-f§;ql7dp (13)
The right-hand sides of Egs. (11) and (12) are substituted into the right-hand side of Eq. (13) (Wang et al. 2017):

L v 1 =7 sl 177 1777
—<V- [P qVdp = —<[V- [ qVadp + V- [2qV dp + V- [ q' Vudp + V- [7*q' Vidp] (14)

11
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where g and I_/; are the 33-year-averaged water vapour (or water vapour tracer) amount and horizontal wind fields,

respectively, and V' is the deviation from 17; The second and third terms on the right-hand side of Eq. (14) represent the

convergence of moisture caused by dynamic and thermodynamic processes, respectively.

3. Results and discussion

3.1 Model assessments

A comparison between AIRS-measured and CAMS5.1-simulated water vapour at 500 hPa is shown in Fig. 2. During
the boreal winter (December, January, and February), the water vapour is no greater than 1 g kg over the TP. During the
summer (June, July, and August), a northward decreasing gradient in the water vapour at 500 hPa is present over the TP in
both the AIRS measurements and CAMb.1 simulation. Overall, the pattern of the water vapour over the TP and its
surrounding areas can be characterized by CAM5.1. The difference between the AIRS-measured and CAMS. 1-simulated
water vapour is generally within the standard deviation of the AIRS measurement over most of the TP, except that the
simulated water vapour is overestimated over areas around (32.5° N, 95° E) during the summer.

Figure 3 shows a comparison between the station-observed and simulated specific humidity at altitudes from 2 to 16
km from July to August in 2014. The simulated specific humidity is sampled at the nearest grid-point around the
corresponding station in CAMS.1. Although the simulated specific humidity is overestimated compared with the
observations below 6 km for some areas of the southern TP, such as Nakqu, Lhasa, Shigatse, and Xichang, the vertical
distribution of the water vapour over the TP is generally well characterized by CAMS.1 during the summer.

Figure 4a and b show a comparison between the GPCP and CAMS.1 precipitation during the winter. The winter
precipitation is generally ~1 mm d™! over the TP, and the centre of precipitation is located in the north-western TP region.

Figure 4c—f show the distributions of the summer precipitation based on the CMA station observations, TRMM data,

12
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GPCP data, and CAMS5.1 simulation results, respectively. CAM5.1 can adequately represent the spatial pattern of the

summer precipitation but significantly overestimates the precipitation along the southern and south-eastern edges of the TP.

In addition, a high precipitation centre over the north-western TP is observed in the TRMM data but does not occur in the

GPCP data and CAMb.1 results. To assess the inter-annual variation in the simulated summer precipitation in the TP

region, the GPCP data, TRMM data, and CAMS5.1 results are interpolated onto the 156 CMA stations using the bilinear

interpolation method, which are shown in Fig. 5a. The correlation between the CMA data and CAMS5.1 results is 0.44 at a

95 % significance level, and the correlation between the GPCP data and CAMS.1 results is 0.79 at a 99 % significance

level, suggesting that CAMS5.1 can reasonably characterize the inter-annual variation in the summer precipitation over the

TP.

In addition, wind fields and potential temperature derived from the NCEP data are used to assess the CAMS5.1 results,

as shown in Supplementary Fig. S3. Overall, the horizontal wind fields and potential temperature are adequately simulated

by CAMS.1.

3.2 Sources of atmospheric moisture over the TP

Yao et al. (2013) reported that 35° N is the northern edge of the Indian summer monsoon. Moreover, Figs. 2 and 4

show that the water vapour and precipitation south of 35° N (southern TP, or STP) are generally greater than those north of

35° N (northern TP, or NTP) during summer, implying that the sources of atmospheric waters may differ for these two

portions of the TP. The contributions of all the moisture sources to the water vapour and precipitation over the STP and

NTP are quantified using the AWT method, as shown in Fig. 6.
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3.2.1 Moisture source apportionment over the STP

Figure 6a and b show the 33-year-averaged monthly contribution and percentage contribution of each source region

to the water vapour over the STP.

During the winter, the mean amount of water vapour is generally less than 3.5 kg m? over the STP. The dominant

source regions are Africa, the TP, and India, and the absolute (percentage) contributions of these regions are 0.48+0.13 kg

m? (15.143.5 %), 0.69+0.12 kg m? (22.0+4.1 %), and 0.32+0.12 kg m? (10.2+3.3 %), respectively. The most important

oceanic source region is the northern Atlantic Ocean, which supplies 0.27+0.06 kg m™ (8.7+1.7 %) of the water vapour. In

addition, only ~30 % of the winter water vapour originates from the oceans, indicating that the winter water vapour over

the STP is dominated by land-surface evaporation.

The moisture supplied from the tropical Indian Ocean (TIO), Bay of Bengal (BOB), and AS increases in May and

considerably decreases after September. During the summer, the TIO becomes the most important source region of the

water vapour over the STP, with an absolute (percentage) contribution of 4.64+0.94 kg m? (28.5+3.6 %). This is consistent

with Chen et al. (2012), who found that the Indian Ocean in the southern tropics is a dominant moisture source of the

water vapour over the TP. The absolute (percentage) contribution from the AS to the water vapour over the STP is

0.81%0.23 kg m? (5.1+1.6 %) and that from the BOB is 0.49+0.13 kg m? (3.0£0.8 %) during the summer. Chen et al.

(2012) suggested that the AS is a dominant source region of the water vapour over the TP. The atmospheric water

substances are “tagged” at their geographical source, but precipitating tagged water no longer remains “tagged” in the

AWT method. A great loss of water vapour originating from the AS occurs en route (Sun and Wang 2014), likely

explaining the difference between our results and those of Chen et al. (2012). The TP and India remain important source

regions during the summer, with contributions of 2.93+0.48 kg m? (18.1£2.4 %) and 1.59+0.39 kg m? (9.7£1.6 %),

respectively.
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Figure 6e and f show the 33-year-averaged monthly contribution and percentage contribution of each source region to

the precipitation over the STP. During winter, Africa, the TP, and India are the three most important source regions. Their

absolute (percentage) contributions are 0.15+0.09 mm d? (16.7+5.8 %), 0.13+0.06 mm d* (16.5+6.1 %), and 0.14+0.09

mm d (15.9+7.0 %), respectively. During the summer, the TIO is the most dominant source region, with a contribution of

2.69+0.68 mm d? (32.9£3.6 %). This result is consistent with that of Yao et al. (2013), who suggested that the Indian

Ocean is the dominant moisture source when monsoons develop. The TP is an important source region, supplying

1.20+0.23 mm d (14.9+2.0 %) of the precipitation. Similarly, Zhang et al. (2017) suggested that local surface evaporation

supplies approximately 18 % of the summer precipitation over the western-central areas of the STP. Wang et al. (2017)

also noted that local moisture is a substantial component of the summer precipitation over the STP. India is another

important source region, contributing 0.97+0.31 mm d* (11.7+1.9 %) of the summer precipitation.

The overall relative contribution of each source region to the precipitation is similar to the contribution to the water

vapour because the availability of water vapour is an important factor in forming and sustaining precipitation. Gimeno et al.

(2012) noted that the global distribution of precipitation is similar to the distribution of the total column of water vapour.

3.2.2 Moisture source apportionment over the NTP

Figure 6¢ and d show the contribution and relative contribution of each source region to the water vapour over the

NTP. Most of the water vapour over the NTP originates from evaporation from terrestrial source regions throughout the

year. The mean percentage contribution from terrestrial source regions is less (59.3 %) during the winter and greater

(80.9 %) during the summier, in contrast with the conditions over the STP because the NTP is influenced by westerlies, and

the STP is affected by the ASM during the summer (Yao et al. 2013).
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During the winter, Africa is the dominant source region, supplying 0.52+0.12 kg m2 (19.0+2.8 %) of the water

vapour. In addition, the TP and Europe are two important terrestrial source regions of the winter water vapour, with

absolute (percentage) contributions of 0.39+0.08 kg m2 (14.7+3.5 %) and 0.24+0.07 kg m?2 (8.7£1.9 %), respectively.

Approximately 0.45+0.09 kg m? (16.5+3.2 %) of the winter water vapour over the NTP originates from the northern

Atlantic Ocean, an important oceanic source region. The AS supplies 0.14+0.07 kg m? (4.8+1.9 %) of the water vapour

over the NTP.

During the summer, the TP is the most important source region, supplying 2.81+4.7 kg m2 (25.8+2.4 %) of the water

vapour over the NTP. Evaporation from Europe and northern Asia contributes 18.6+4.1 % and 20.6+£3.7 % of the water

vapour, respectively. From June to September, the contribution of water vapour from the TIO is evidently greater than that

in other months; correspondingly, its absolute (percentage) contribution is 0.66+0.29 kg m2 (5.9+2.1 %). Additionally, the

northern Atlantic Ocean supplies 0.57+0.08 kg m (5.3+1.1 %) of the summer water vapour over the NTP.

As shown in Fig. 6g and h, the overall relative contribution of each source region to the precipitation is also similar to

the contribution to the water vapour over the NTP. During the winter, Africa, the northern Atlantic Ocean, Europe, and the

TP are the four major moisture source regions of the precipitation over the NTP, with contributions of 0.24+0.09 mm d*

(25.2+3.7 %), 0.12+0.05 mm d** (13.7+3.7 %), 0.13+0.06 mm d* (12.9+3.0 %), and 0.08+0.03 mm d*! (8.8+3.5 %),

respectively. During the summer, the TP is the most dominant source region of the precipitation over the NTP, with an

absolute (percentage) contribution of 0.67+0.15 mm d* (31.5+3.5 %). Based on isotope data, Yang et al. (2006) also

suggested that the TP surface evaporation is important to the summer precipitation over the NTP, with a local recycling

ratio of at least 46.9 %. In addition, Europe and northern Asia are other two important sources of the summer precipitation,

with contributions of 0.27+0.11 mm d* (12.8+4.3 %) and 0.33+0.13 mm d*? (15.3+4.1 %), respectively. Thomas et al.

(2016) suggested that local and northwesterly air masses have been important moisture sources of the north-eastern TP

over the past 30,000 years.
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3.3 Relationship between the TP heating and moisture transport from the tropical Indian Ocean

The vertical integrated apparent heat source (VQ,, see Eq. (7.2)) consists of the latent heat of precipitation (LP),

surface sensible heat (S), and vertical integrated atmospheric radiation heating (VQg). Figure 5b shows the inter-annual

evolution of the summer mean of VQ;, V@, and their component terms over the TP. The value of LP approximates that

of VQ,, and a high correlation (the correlation coefficient r = 0.97) exists between them. This result is consistent with He

et al. (1987), who suggested that the heating over the TP mainly originates from the release of latent heat of condensation.

S isless than LP and exhibits an indistinctive inter-annual variation relative to LP. Radiation heating is negative, and its

absolute value is comparable to the surface sensible heat during the summer. All these results imply that the variation in

the TP summer heat source is primarily associated with the change in precipitation. The evolution of the normalized V@,

(see Eq. (9)) over the TP during the summer of 19822014 is shown in Fig. 5c. The TP heat source is anomalously strong

in 1987, 1988, 1995, 1998, and 2000, whereas 1986, 1997, 2002, 2006, and 2009 are years with anomalously weak heating

over the TP.

The dominant moisture source region that leads to precipitation over the STP during the summer is the TIO (Fig. 6).

We further studied the composite anomalies of precipitation contributions from the TIO over Asia in anomalous TP

heating years, as shown in Fig. 7a and b. The STP generally receives less TIO-contributed precipitation in weak heating

years and more TIO-contributed precipitation in strong heating years. Evaporation and moisture transport are two factors

that affect the precipitation at a seasonal scale (Eq. 13). Supplementary Fig. S4 generally shows no significant difference

in evaporation over the TIO between weak and strong TP heating years, implying that the change in evaporation over the

TIO barely influences the summer precipitation over the STP. Similarly, Wei et al. (2016) found that the variation in

Northeast Pacific evaporation barely influences the precipitation in California despite being the dominant source region of
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California’s precipitation. Figure 7c and d show the composite anomalies of the advective tendency of the TIO-contributed

water vapour during the summer in anomalous TP heating years. Similar to the anomalies in the TIO-contributed

precipitation (Fig. 7a and b), the inflow of TIO-contributed water vapour is significantly weaker (stronger) over the STP in

weak (strong) heating years. All these results indicate that the anomalies in the TP summer heat source are accompanied

by evident changes in water vapour transport from the TIO to the STP. The variation in the water vapour transport from

the TIO significantly changes the precipitation over the STP. The relationship between the TP heat source and moisture

transport from the T1O has been explained in previous studies—Duan and Wu (2005) and Wu et al. (2007) suggested that

the TP thermal forcing can cause the tropical moisture to converge towards and rise over the TP, resulting in abundant

rainfall. The latent heat of rainfall can further intensify the TP heat source (Yanai and Wu 2006).

Wind field and water vapour amount are two variables that control moisture transport (see Egs. (11) and (12)), both

of which are associated with the dynamic and thermodynamic structures of the atmosphere, and their relative importance

varies over different scales and regions (Li et al. 2013; Wang et al. 2017). The aforementioned results demonstrate that

moisture transport (or precipitation) from the TIO has a strong connection to the TP summer heat source and suggest

further study of the relative importance of dynamic and thermodynamic variations in moisture transport from the TIO to

the TP when anomalous TP summer heating occurs. Figure 8 shows the composite vertical distributions of the

T10-supplied moisture flux components on the right-hand sides of Egs. (11) and (12) during the summer in anomalous TP

heating years. The dynamic component (gu') of the TIO-contributed zonal moisture flux below 400 hPa significantly

decreases (increases) over the STP and areas to the east in response to a weak (strong) TP heat source (Fig. 8a and b).

Figure 8e and f show that the thermodynamic component (ziq") of the TIO-contributed zonal moisture flux below 400 hPa

also significantly decreases (increases) over areas between 90° and 100° E in the STP in weak (strong) TP heating years.

Similarly, Fig 8c and d show significant variation in the dynamic component (gv') of the TIO-contributed meridional

moisture flux over the STP and areas farther south in anomalous TP heating years. The thermodynamic component (7q')
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of the TIO-contributed meridional moisture flux is evidently lower over the STP in weak heating years (Fig. 8g) but
becomes greater in strong heating years (Fig. 8h). The covariations of humidity and wind (q'u’ and g¢'v') are negligible
quantities compared with the dynamic and thermodynamic components. Additionally, the absolute value of the dynamic
components (gu' and gv') are evidently greater than those of the thermodynamic components (iig" and ©q’) over the
STP, indicating that the variation in the TP summer heat source is more related to the dynamic change in moisture
transport from the tropical ocean.

Figure 5d shows the time series of summer averaged anomalies of the CMA station-observed precipitation and the
convergence of the TI1O-contributed moisture flux caused by dynamic (_Zl,v . f;;(q)TIOVdp) and thermodynamic (— év .
f;;(q')-no l_/;dp) processes over the STP for 1982-2013. The correlation between precipitation and the dynamic
component is 0.58, which is statistically significant at a 99 % confidence level. The correlation between precipitation and
the thermodynamic component is 0.31, which is statistically significant at a 90 % confidence level. A high correlation
exists between the TP summer heat source and LP (Fig. 5b). Therefore, Fig. 5d indicates that the variation in the TP
summer heat source is primarily related to the dynamic change in the TIO-supplied moisture transport. Duan and Wu
(2005) and Wu et al. (2007) suggested that mutually reinforcing roles exist between the TP heat source and the tropical
moisture transport during the summer. Wu et al. (2012) noted that the TP heat source can intensify the ASM circulation,
which strengthens the inflow of water vapour and eventually increases precipitation over the TP. Thus, the variation in TP

summer heating is primarily related to the dynamic component of the TIO-contributed moisture flux.

3.4 Uncertainties

The results of the AWT method depend on the performance of the model in reproducing the hydrological cycle

(Numaguti 1999). The comparisons between the observed and CAMS. 1-simulated water vapour demonstrate that CAMS. 1
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can generally represent the water vapour amount over the TP and its surrounding areas, except that the water vapour

amount over some portions of the STP is overestimated. Therefore, biases may exist in the results of moisture source

apportionment to water vapour over these areas. The precipitation over the TP, especially over the southern margin of the

TP during the summer, is overestimated in CAM5.1 (Fig. 4). Therefore, uncertainty exists in the absolute contribution of

each source region to the precipitation over the TP in this study. However, the results for the percentage contributions to

precipitation are consistent with those of previous studies (Yang et al. 2006; Yao et al. 2013; Thomas et al. 2016; Wang et

al. 2017; Zhang et al. 2017), facilitating meaningful studies of the quantitative moisture source apportionment to

precipitation over the TP.

The coarse resolution of the model is a source of uncertainties and implies that the orographic barriers to moisture

transport are not correctly represented. On the other hand, previous studies have suggested that global climate models,

high-resolution regional climate models, and dynamical downscaling models overestimate the precipitation over the TP

(Yu et al. 2010; Gao et al. 2012; Su et al. 2013), indicating that the models’ parameterizations also bring uncertainties to

the simulated results (Gao et al. 2012). Hence, simulations with higher resolution and further developments in models’

parameterizations are still required to improve the performance when simulating moisture transport and precipitation,

which should provide more accurate results from the AWT approach in the future.

Additionally, the surface evaporation flux from the MERRA dataset is used to drive CAMS5.1 in this study, and thus

the bias in the MERRA surface evaporation could have produced uncertainties in the results of the AWT method. Jiménez

et al. (2011) suggested that the MERRA land evaporation is greater over southern and eastern Asia relative to other global

estimates. Bosilovich et al. (2011) noted that, compared with other reanalysis datasets, the MERRA ocean evaporation is

lower but much similar to observed data. Therefore, the bias in the MERRA surface evaporation may have produced the

greater land contribution and lower oceanic contribution to atmospheric moisture over the TP in this study.
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414 4. Conclusions

415 Although the TP is a key region that affects global water cycles, its moisture sources remain uncertain. We used the

416  tagged AWT method implemented in CAMb5.1 to quantitatively identify the moisture sources of water vapour and

417  precipitation over the STP and NTP for 1982-2014. Africa, the TP, and India are the three dominant moisture sources of

418  the winter water vapour over the STP, with absolute (percentage) contributions of 0.48+0.13 kg m? (15.1£3.5 %),

419  0.69+0.12 kg m? (22.0+4.1 %), and 0.3240.12 kg m™ (10.2+3.3 %), respectively. During the summer, the TIO becomes

420  the dominant source region because of the development of the Asian summer monsoon, which supplies 4.64+0.94 kg m™

421  (28.5%3.6 %) of the water vapour over the STP. During the winter, Africa is the dominant source region of the water

422  vapour over the NTP, supplying 0.52+0.12 kg m2 (19.0+2.8 %) of the water vapour. In addition, approximately 16.5+3.2 %

423  of the winter water vapour originates from the northern Atlantic Ocean, which is an important oceanic source region.

424  During the summer, the TP supplies 2.81+4.7 kg m? (25.8+2.4 %) of the water vapour over the NTP and becomes the

425  most important source region. The overall relative contribution of each source region to the precipitation is similar to the

426  contribution to the water vapour over the TP.

427 The TIO is the dominant moisture source of both the water vapour and precipitation over the STP in the summer.

428 Meanwhile, the TP heat source is primarily associated with the release of latent heat of precipitation during the summer.

429  Thus, we further investigated the relationship between the TP summer heating and the moisture transport from the TIO and

430  found that water vapour transport from the TIO to the STP and the TIO-contributed precipitation over the STP

431  significantly decrease (increase) in years with anomalously weak (strong) summer TP heating. However, the surface

432  evaporation over the TIO generally exhibits no evident changes between strong and weak heating years. These results

433 imply that anomalies in the TP summer heat source are related to changes in moisture transport from the T1O rather than to

434 its surface evaporation. After dividing the TIO-supplied moisture transport flux into dynamic and thermodynamic

435  components, we found that anomalies in the TP summer heating are primarily related to the dynamic component of
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moisture transport from the TIO. This dynamic component further controls the variation in the TIO-contributed

precipitation over the STP.
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Fig. 5 (a) Time series of the normalized average summer precipitation of the CMA stations; the black, blue, green, and red

curves represent the CMA station observations, GPCP, TRMM, and CAMS5.1, respectively. (b) Time series of the vertically

integrated apparent heat source (VQ,, black), vertically integrated apparent moisture sink (VQ,, dark-green), vertically

integrated radiative heating (VQg, orange), surface sensible heat (S, red), latent heat of precipitation (LP, blue), and latent

heat of evaporation (LE, pink) during the summer over the TP for 1982-2014, all with units of W m™. The correlation

coefficient is ryg, vo, = 0.99 between V@, and VQ,, and the correlation coefficient is ryg, ;p = 0.97 between V@,

and LP. (c) Time series of the normalized VQ, during the summer over the TP, which is derived from the CAMS.1

simulation between 1982 and 2014. (d) Time series of the averaged summer anomalies of the CMA observed precipitation

and the convergence of the T1O-contributed moisture flux caused by dynamic (Do) and thermodynamic (Tr;) processes

over the STP for the period of 1982-2013, all with units of mm d. The values in brackets are correlation coefficients

between the observed precipitation and corresponding variables
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Fig. 6 (a) Monthly averaged evaporative contributions (units: kg m) of the global source regions to the tropospheric total
water vapour amount over the STP. (b) Same as (a) but for the percentage contributions (units: %) to the water vapour over
the STP. (c) Monthly averaged evaporative contributions (units: kg m?) of the global source regions to the tropospheric
total water vapour amount over the NTP. (d) Same as (c) but for the percentage contributions (units: %) to the water
vapour over the NTP. Fig. 6e-h are same as Fig. 6a—d, respectively, but for the absolute contributions (units: mm d™') and
percentage contributions (units: %) to the precipitation over the STP and NTP. Only percentage contributions of source
regions to the water vapour or precipitation greater than 5 % are shown individually, with stacked column colours
corresponding to the source region colours in Fig. 1. The remaining oceanic/terrestrial source regions are merged into one

region, Rest Ocean/Rest_Land
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Fig. 7 (top) Composite summer mean precipitation anomalies supplied from the TIO (unit: mm d') in the (a) five weak TP

summer heating years and (b) five strong TP summer heating years. (bottom) Composite June—August mean advective

tendency anomalies of water vapour that originated from the TIO (unit: mg m™ s') in the (c) five weak TP summer heating

years and (d) five strong TP summer heating years. The yellow pluses indicate regions where the differences between the

weak and strong composites are statistically significant at a 95 % confidence level according to a ¢ test. The green circles

indicate regions where the differences between the weak and strong composites satisfy the FDR criterion with agpg =

0.20. The dark-green contours indicate an orographic height of 2000 m
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summer mean TIO-supplied meridional moisture flux components (units: m s™') in the (c, g, and k) five weak TP summer
heating years and (d, h, and 1) five strong TP summer heating years across a pressure-latitude cross section (85°-102.5° E
average). The yellow pluses indicate regions where the differences between the weak and strong composites are

statistically significant at a 95 % confidence level according to a ¢ test. The black areas are areas with unavailable data
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