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Abstract. The Tibetan Plateau (TP) plays a key role in the water cycle of high Asia and its downstream regions.
The respective influence of the Indian and East Asian summer monsoon on TP precipitation and regional water
resources, together with the detection of moisture transport pathways and source regions are the subject of recent
research. In this study, we present a 12-year high-resolution climatology of the atmospheric water transport
(AWT) over and towards the TP using a new data set, the High Asia Refined analysis (HAR), which better
represents the complex topography of the TP and surrounding high mountain ranges than coarse-resolution data
sets. We focus on spatiotemporal patterns, vertical distribution and transport through the TP boundaries. The
results show that the mid-latitude westerlies have a higher share in summertime AWT over the TP than assumed
so far. Water vapour (WV) transport constitutes the main part, whereby transport of water as cloud particles
(CP) also plays a role in winter in the Karakoram and western Himalayan regions. High mountain valleys in the
Himalayas facilitate AWT from the south, whereas the high mountain regions inhibit AWT to a large extent and
limit the influence of the Indian summer monsoon. No transport from the East Asian monsoon to the TP could
be detected. Our results show that 36.8 4 6.3 % of the atmospheric moisture needed for precipitation comes from

outside the TP, while the remaining 63.2 % is provided by local moisture recycling.

1 Introduction

The Tibetan Plateau (TP) is often referred to as the “world
water tower” (Xu et al., 2008), as it is the source of many
large Asian rivers such as the Indus, Ganges, Brahmaputra,
Yellow River, Yangtze and Mekong. The TP is one of the
most active centres in the word water cycle and constitutes
an essential source of moisture for the downstream regions
in East Asia (Immerzeel et al., 2010). The transport of mois-
ture to the TP is crucial for a sustainable water supply in the
downstream regions like the Yellow and Yangtze river valleys
(Zhang et al., 2013). Moisture transport in and to the TP is
influenced by mesoscale features (Sugimoto et al., 2008), but
it is also driven by large-scale atmospheric circulation, most
notably the monsoon systems (Webster et al., 1998) and the
mid-latitude westerlies (Schiemann et al., 2009). The unique
topography of the TP, with its large extent and an average
altitude of more than 4000 m makes it of particular interest

because of its interaction with large-scale circulation. The
surrounding high mountain ranges, Himalaya, Karakoram,
Pamir, Tien Shan and Kunlun Shan, act as a barrier for the
atmospheric moisture transport.

During the last few decades the TP experienced climate
changes of warmer and wetter conditions (Yang et al., 2011,
2014), which have a direct impact on the hydrological cy-
cle. Precipitable water (PW) shows increasing trends in the
eastern and western TP and decreasing trends in the central
TP for the relatively short period of 2000-2010 (Lu et al.,
2014). The poleward shift of the East Asian westerly jet in
the period 1979-2011 and the assumed intensification of the
monsoon system under climate change conditions (while Yao
etal., 2012, described a recent weakening of the Indian sum-
mer monsoon) are supposed to cause large areas of the TP
to become wetter (Gao et al., 2014). Lake expansion in the
central TP has intensified during the last few decades, due
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to global warming and its effects on the hydrological cycle
of the TP (e.g. glacier retreat, permafrost degradation; Liu
et al., 2010). The additional water vapour (WV), necessary
for lake expansion, is assumed to come from outside the TP
and therefore it is important for better understanding the WV
sources and transport processes (Yang et al., 2014).

Many studies on atmospheric water transport (AWT) in
and to the TP focus on the question of how the Indian and
East Asian summer monsoon systems affect precipitation on
the Tibetan Plateau, and how changes of the monsoonal cir-
culation impact local and regional water resources (Gao et
al., 2014; Immerzeel et al., 2013; Simmonds et al., 1999).
Yao et al. (2012) and Bolch et al. (2012) list the Indian mon-
soon, the mid-latitude westerlies and the East Asian monsoon
as drivers of climate variability in the TP. In previous stud-
ies, the influence of the westerlies and the monsoon system
was examined on the basis of the precipitation timing and
S0 is supposed to be limited to winter (westerlies) or sum-
mer (Indian and East Asian summer monsoon) (e.g. Hren
et al., 2009; Tian et al., 2007; Yang et al., 2014). The ori-
gin of the atmospheric moisture over the TP plays a key role
in recent research (e.g. Chen et al., 2012; Feng and Zhou,
2012). Their are three sources of moisture entering the TP:
the Asian monsoon systems, the mid-latitude westerlies, and
local moisture recycling. The general assumption is that the
main WV source for summer precipitation in the TP is the In-
dian summer monsoon. Pathways for the moisture originat-
ing in the Arabian Sea, the Bay of Bengal and the westerlies
are high mountain valleys in the southern and western border
of the TP, e.g. the Brahmaputra Channel in the easternmost
part of the Himalayas and the meridionally orientated valley
in the central and western parts.

One method to identify the sources of moisture is to anal-
yse the isotopic composition of precipitation, e.g. observed
and modelled stable oxygen isotope ratios (580) and hy-
drogen isotope values (8D) (Araguds-Aragués et al., 1998;
Tian et al., 2007; Yao et al., 2013) and the isotopic compo-
sition of the water in rivers and smaller water streams (Hren
et al., 2009) and of climate proxies such as ice and sediment
cores (Kang etal., 2007; Glinther etal., 2011; Anetal., 2012;
Guenther et al., 2013; Joswiak et al., 2013). The latter ones
can be used to analyse the moisture transport/conditions on
the plateau and its source regions in the past. An et al. (2012)
analysed a sediment core from Lake Qinghai in the north-east
of the TP that reaches back 32 ka. They focused on the inter-
play of the westerlies and the Asian monsoon and showed
that there is an anti-phase relationship with periods of dom-
inant westerlies and periods with dominant Asian monsoon.
Higher monsoon activity during the current warming period
is found by studying variations in the monsoon intensity in
the TP during the last 1000 years using data from sediment
and ice cores (Gunther et al., 2011). A shift in the isotope
signals implies that the contribution of westerly moisture to
the ice-core accumulation was relatively greater before the
1940s (Joswiak et al., 2013).
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For the present-day conditions, various studies produce
different results. Both the southern Indian Ocean (Indian
summer monsoon) (Yao et al., 2013) and the Pacific Ocean
(East Asian Monsoon) (Araguas-Araguas et al., 1998) are
identified as the dominant moisture sources for summer pre-
cipitation in the TP. The analysis of stable isotopes of precip-
itation samples in western China show that the southern TP
receives monsoon moisture in summer and westerly mois-
ture in winter, while the moisture in western TP is deliv-
ered by the south-west monsoon (Tian et al., 2007). Hren
et al. (2009), who sampled 191 stream waters across the TP
and the Himalaya, found that the moisture entering the south-
eastern TP through the Brahmaputra Channel originates in
the Bay of Bengal. This monsoonal moisture is mixed with
central Asian air masses the farther west and north in the
TP the sampling site is located. The role of local mois-
ture recycling as an additionally moisture source is also em-
phasized in many studies (e.g. Joswiak et al., 2013; Kurita
and Yamada, 2008; Trenberth, 1999). Araguas-Aragués et
al. (1998) found that it is dominant in winter and spring.

Another method to investigate the moisture transport in the
TP is gridded atmospheric data sets, for example global re-
analysis data, regional atmospheric models and remote sens-
ing data. Chen et al. (2012) used backward and forward tra-
jectories to identify the sources and sinks of moisture for the
TP in summer. Their results show that for periods longer than
4 days backwards, the main moisture source is the Arabian
Sea, while for shorter periods, the Bay of Bengal, the Arabian
Sea and the north-western part of the TP contribute moisture
in the same order of magnitude. The results from the forward
tracking underline the relevance of the TP moisture for the
precipitation in East Asia. Feng and Zhou (2012) found that
the main WV transport for summer precipitation takes place
through the southern border of the TP and originates in the
Bay of Bengal and the Indian Ocean. They also point out that
the southern branch of the mid-latitude westerlies transports
moisture to the TP too, but its share is distinctly lower. Lu et
al. (2014) analysed the atmospheric conditions and pathways
of moisture to the TP for a wet and dry monsoon season and
showed that differences in the atmospheric circulation have
a direct impact on the moisture transport and on the PW over
the TP. Meridionally orientated high mountain valleys in the
Himalayas can channel water vapour and precipitation to the
TP (Bookhagen and Burbank, 2010).

Previous studies relied on global reanalysis data sets to
quantify the transport to the TP. Recently, a new high-
resolution data set, the High Asia Refined analysis (HAR;
Maussion et al., 2014), was made available. With a high spa-
tial (30 and 10 km) and temporal (3 and 1 h) resolution, the
data set allows us to analyse the AWT above the Tibetan
Plateau differentiated in space and time. By using this new
data set with a distinctly higher horizontal resolution than
the global data sets, the question arises of whether or not the
more realistic representation of the topography of the TP and
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the surrounding high mountain ranges leads to an improve-
ment in atmospheric moisture representation.
The objectives of the current study are threefold:

i. describe the characteristics of AWT over and to the TP
as resolved by the HAR data set during the last decade,
with focus on spatial patterns, seasonal evolution and
vertical distribution,

ii. examine the barrier effect of the topography on AWT
and detect the major transport channels to the plateau,

iii. and quantify the importance of increasing model spatial
resolution on these transport channels.

Here we present a 12-year climatology of atmospheric water
transport (AWT) over the TP and adjacent mountain ranges
based on the HAR. We focus on the period 2001-2012 (re-
ferred to the “last decade” for convenience). First, we will
look at the mean annual cycle of AWT (water vapour and
cloud particles) to detect the mean patterns and transport
channels. The vertical distribution of the transport is then
analysed using selected model levels. We also compute ver-
tical cross sections along the border of the TP to quantify
the atmospheric water input and verify the importance of the
detected transport channels. In the final step, we provide an
estimation of the budget of AWT and its share of the precip-
itation falling on the TP.

2 Data and methods

2.1 The HAR data set

We use meteorological fields provided by the High Asia Re-
fined analysis (HAR). The HAR is the result of the dynam-
ical downscaling of the global gridded data set, the Opera-
tional Model Global Tropospheric Analyses (final analyses,
FNL; data set ds083.2). These final analyses are available
every 6h and have a spatial resolution of 1°. The model
used for this purpose is the advanced research version of the
Weather and Research Forecasting model (WRF-ARW, Ska-
marock and Klemp, 2008) version 3.3.1. The HAR provides
products at a spatial resolution of 30 km and temporal reso-
lution of 3 h for the first domain, covering most parts of cen-
tral Asia (HAR30). A second nested domain (HAR10) covers
high Asia and the TP with a spatial resolution of 10 km and
temporal resolution of 1 h (Fig. 1). The data set is available
online at http://www.klima.tu-berlin.de/HAR and described
in detail by Maussion et al. (2011, 2014). The HAR pro-
vides meteorological fields at the surface and on 28 terrain-
following vertical sigma levels. The data set covers a period
of more than 12 years from October 2000 to December 2012
and is updated continuously. HAR products are available for
different time aggregation levels: hourly (original temporal
model resolution), daily, monthly and yearly.

The HAR precipitation data were compared to rain gauge
observation and precipitation estimates from the Tropi-
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cal Rainfall Measuring Mission (TRMM) by Maussion et
al. (2011, 2014). The accuracy of the precipitation data is
described more in detail in Sect. 4.2.

2.2 Moisture transport

Atmospheric water transport happens through WV transport
and as cloud particle (CP) transport. In this study, we are
interested in cloud particle transport but do not further dis-
tinguish between liquid (water droplets) and solid (ice) cloud
particles which are both resolved by the model microphysics.
WYV and CP fluxes are calculated for each of the 28 origi-
nal sigma levels, which are terrain following, based on the
original temporal model resolution of 1h (HAR10) and 3h
(HAR30) using the formula

0 = vhpqAz, 1)

where Q is the water vapour flux (kgm~1s~1) or cloud par-
ticle flux, vy denotes the horizontal wind vector (ms=1), p
is the dry air density (kgm~2) and ¢ is the specific humid-
ity (kgkg~1). Az is the thickness of each sigma level (m),
this value is not constant but increases with increasing height
above ground. Since the WRF model just provides mixing
ratios (r) for the three atmospheric water components (water
vapour, liquid water and ice), we first calculated the specific
humidity for each component using the relationship

o
ENTERSY

q )
Additionally, we integrated the fluxes over the whole at-
mospheric column to obtain the vertically integrated atmo-
spheric water transport fluxes. The vertical integration is per-
formed along the metric z coordinate along the model sigma
levels from surface to top using the rectangle method.

I=Ztop

0= / vhpq Az ©)

I=2Zsfc

We calculated these fluxes for the original model levels and
did not interpolate them to pressure levels to avoid informa-
tion loss due to the interpolation. For the analyses, 10 and 5
grid points from the HAR30 and HAR10 domain boundaries,
respectively, are removed to avoid lateral boundary effects.
To analyse the AWT towards the TP, we compute vertical
cross sections along transects following the border of the TP.
To be able to calculate a moisture budget, we defined a region
which we henceforth call “the inner TP”, with 14 transects
attempting to follow the highest elevations in the mountain
ranges and to cut across the high mountain valleys which we
assume to be pathways for atmospheric moisture. A map with
the transects is shown in Fig. 1. The u and v components of
AWT are then rotated to the transect coordinate system to
compute the normal fluxes towards the cross section.

Earth Syst. Dynam., 6, 109-124, 2015
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Figure 1. Maps of the Weather and Research Forecasting (WRF) model domains HAR30 (south-central Asia domain, 30 km resolution)
and HAR10 (high Asia domain, 10 km resolution). The transects surrounding the Tibetan Plateau (numbered 1-14) are drawn in white. The
region within the defined boundaries is called “inner TP” throughout the manuscript. Geographical locations are indicated (modified after

Maussion et al., 2014).

2.3 ERA-Interim

To examine if our data set is able to reproduce the gen-
eral characteristics of the WV flux, we compare the WV
fluxes derived from HAR30 with ERA-Interim Reanalysis
data (Dee et al., 2011). The ERA-Interim WV fluxes are
available online as an integral over the atmospheric col-
umn for the eastward («) and northward (v) components as
monthly means. ERA-Interim has a horizontal resolution of
0.75°. To calculate the differences between the HAR30 and
ERA-Interim WYV fluxes, we transformed HAR30 data to the
ERA-Interim grid by averaging the HAR30 grid points be-
low each ERA-Interim grid point. The u and v components
of the HAR fluxes were rotated to Earth coordinates first.

3 Results

3.1 Comparison of HAR30 and ERA-Interim water
vapour fluxes

The general patterns and the magnitude of the WV trans-
port amounts of HAR30 and ERA-Interim are in agreement
(Fig. 2). Figure 2c shows the differences between HAR30
and ERA-Interim for July when the largest differences were
found. The main differences between the two data sets are
visible south of the eastern and central Tibetan Plateau
along the southern slopes of the Himalayas. The WV trans-
port through the Brahmaputra Channel towards the Tibetan
Plateau is higher for ERA-Interim than for HAR30. This is
probably due to differences in the representation of the orog-
raphy, caused by different horizontal resolutions. HAR30
produces more transport westward along the Himalayas (up-
stream Ganges River), which is caused by more WV block-
age. When the WV flux hits the Himalayas from the south
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it is mostly redirected to the west and follows the southern
slopes of the Himalayas. Additionally there are differences
in the Arabian Sea and the Bay of Bengal. Over the Arabian
Sea, more water vapour is transported further to the south
in the HAR30 data set. The transport direction in the ERA-
Interim data set is more from the south-west to north-east.
Therefore, the transport amount over the southern part of the
Indian peninsula is also higher for HAR30. Because of that
southward shift, the transport amount over the southern part
of the Bay of Bengal is higher for HAR30 than for ERA-
Interim and thus has a stronger northward component in the
eastern part of the bay. So the South Asian Monsoon circu-
lation has a modified shape in the HAR, possibly due to the
influence of the southern branch of the mid-latitude west-
erlies which is more pronounced in HAR30. In winter, the
differences are in general less pronounced (not shown).

3.2 Climatology of the atmospheric water transport
(AWT)

Figure 3 displays the December—February (DJF) (left) and
June—-August (JJA) (right) decadal average of the vertically
integrated atmospheric water transport (AWT) derived from
HAR30. In winter (DJF), the AWT from west to east is dom-
inant over the TP and most parts of high Asia. In the tropi-
cal ocean region, there is transport from east to west with the
trade winds. The TP and the regions north of the plateau show
small transport amounts, below 40 kg m— s=1. For compari-
son, AWT reaches up to 450 kgm~—1s~1 over the South Chi-
nese Sea off the coast of Vietnam. In summer (JJA), the pat-
tern in the southern part of the domain is completely differ-
ent from winter due to the circulation change related to the
Indian summer monsoon (ISM). The largest amount of atmo-
spheric water is now transported from west to east over the
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Figure 2. Decadal average of the vertically integrated water vapour flux (kg m—1s~1) in July for HAR30 (a), ERA-Interim (b) and their
difference (c). The grid points without HAR30 data are masked out. Colour shading denotes strength of water vapour flux, arrows (plotted
every second grid point) indicate transport direction (length of arrows is proportional to flux strength up to 600 kgm~1s~1 for (a) and (b)
and up to 200 kg m~1 s~ for (c) and is constant afterwards for more readability).
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Figure 3. Decadal average of the vertically integrated water vapour flux (kgm~1 s~1) in DJF (left) and JJA (right) for HAR30. Colour shad-
ing denotes strength of water vapour flux, arrows (plotted every sixth grid point) indicate transport direction (length of arrows is proportional
to flux strength up to 200 kg m~1s~1 and is constant afterwards for more readability).

Arabian Sea and the Bay of Bengal. Over the Bay of Ben-
gal the flow gets a larger southerly component, and atmo-
spheric water is directly transported to the southern slopes of
the Himalayas. Over the TP the transport amount is still low
in comparison.

3.2.1 Annual cycle of HAR10 water vapour (WV)
transport

The annual cycle of vertically integrated WV transport
(monthly decadal average) is provided in Fig. 4, and the
WV transport spatially averaged for the inner TP is shown
in Fig. 5. In winter, the westerlies are dominant in the
whole domain, and therefore the available WV is trans-
ported eastward. The highest amounts of WV transport
(50-200kgm~1s~1) occur south of the Himalayas. Over
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the TP, the WV transport amount is distinctly lower (10—
50kgm~1s~1). The WV transport towards the TP can only
take place through some high mountain valleys at the south-
western border of the TP (western Himalayas, Karakoram,
Pamir) and in the south-east of the TP where the Brahmapu-
tra Channel is located. Additionally, the atmosphere over the
TP is cold in winter and cannot hold large amounts of WV.
The transport of WV over the TP further to the east is facili-
tated by lower elevated west—east orientated regions like the
Yarlung Tsangpo (Brahmaputra) River course in the south.
Therefore, the highest transport amounts are visible in the
south-eastern and central southern TP.

From May to July the amount of transported WYV in these
regions increases and the region with higher transport ex-
tends to the central TP. This intensification of the transport is
also visible in Fig. 5a and takes place before the actual mon-
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Figure 4. Decadal average of the vertically integrated water vapour flux (kgm—2s~1) in every month for HAR10. Colour shading denotes
strength of water vapour flux, arrows (plotted every eighth grid point) indicate transport direction (length of arrows is proportional to flux
strength up to 200 kg m—1 s—1 and is constant afterwards for more readability).
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Figure 5. Box plots of the decadal average of the vertically integrated water vapour flux (a) and cloud particle flux (b) on the inner TP for
HAR10 (kg m~1 s~1). The boxes represent the range from the 25th to the 75th percentile. The boxes are divided by the median value (black)
and the mean value (red). The whiskers represent the 10th and the 90th percentile, respectively. Note the different scales of the y axes.

soon season. Already by May, the WV flux south-east of the
Himalayas obtains a more southerly component and the WV
is no longer transported along the southern slopes, instead
hitting the mountain ranges from the south. This results in
an increase of the AWT amount north of the Himalayas. Due
to the further evolution of the Indian summer monsoon, the
transport intensifies over summer. However, large amounts
of AWT from the Bay of Bengal northward to the Himalayas
are blocked by the orographic barrier and redirected west-
ward. This leads to high amounts of WV transport along the
southern slopes of the Himalayas following the Ganges River

Earth Syst. Dynam., 6, 109-124, 2015

course to the west. WV transport to the TP is possible where
meridionally orientated valleys along this course exist.

The WV transport through the south-western border of the
TP also increases over summer. This WV is not transported
towards the TP by the monsoonal flow, but is rather provided
by the southern branch of the mid-latitude westerlies. This is
clearly visible in the transport patterns of the HAR30 domain
(Fig. 3). Another hint for the contribution of the westerlies
to the WV transport over the TP is the dominant transport
direction in the southern TP from west to east. This eastward
transport starts further west than the monsoonal flow reaches
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along the southern slopes. So the WV from the Bay of Bengal
cannot be the major source of the moisture transported in the
westernmost regions of the TP.

In summer, the WV transport over the Qaidam Basin from
north-west southward is nearly as high as in the monsoonal
affected south-east of the TP. Figure 6, representing the
decadal monthly average of HAR10 precipitation, shows a
precipitation minimum in this region in summer, although
large amounts of WV are transported to this region. Convec-
tion might be hindered by subsidence or high wind speeds
(wind shear effect).

In September, we find the highest WV transport amounts
over the TP. This intensification of the water vapour transport
occurs because the precipitation in September (Fig. 6) is low
compared to the summer months. The surface is wet due to
the high precipitation rates in July and August and the tem-
peratures are still relatively high, leading to high evaporation
from the land surface. The evaporated moisture can be trans-
ported away from the source region and will not be rained out
over the TP. Another reason for higher transport amounts is
the wind speed recovery after the withdraw of the monsoon,
which is visible in the 500 hPa wind field (Maussion et al.,
2014), and facilitates higher evaporation rates and therefore
higher transport amounts. In October there is only transport
to the TP in the eastern and central parts of the Himalayas,
because the monsoon circulation weakens and the fluxes do
not reach as far westward into the Ganges valley as before.
The flux from the westerlies reaches far more to the east
along the southern slopes of the Himalayas (TP). In Novem-
ber, this pattern becomes more intense, there is no westward
flux south of the Himalayas visible, the monsoon circulation
collapses and wintertime conditions are established.

3.2.2 HARZ1O0 cloud particle (CP) transport

The median value of HAR10 WV transport for the inner
TP is between 20 and 40kgm~1s~! over the whole year,
while it is between 0.2 and 0.6 kgm~1s~1 for the CP trans-
port (Fig. 5). Differences in the annual cycle of the two
components are clearly visible: the WV transport has its
peak in summer and the CP transport in winter. To exam-
ine the relevance of CP transport for AWT, we looked at the
transport patterns and amounts and calculated the contribu-
tion of the CP flux to AWT as a monthly decadal average
in January and in July (Fig. 7). It shows that in winter in
the Karakoram/Pamir/western Himalayas region, the CP flux
can account for up to 25% of the entire AWT. This pattern
matches with the wintertime precipitation pattern in this re-
gion (Fig. 6). From April on (not shown), we find relatively
high transport amounts (up to 2-3kgm~s~1) in the south-
east of the domain, but in summer the CP transport amount
decreases in these two regions to very small values. Just over
the central eastern parts of the plateau the amount increases
to around 8% of AWT. The percentage of CP in AWT is
higher at higher elevations where the WV transport is lower
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because of lower temperatures. The relatively high percent-
age values over the Tarim Basin are related to the low AWT
in general in this region

3.3 Vertical structure of the atmospheric water transport

We display the decadal average of AWT for selected ver-
tical levels in Fig. 8. We selected the levels 1 (~25m
above ground in Tibet), 5 (~450m above ground in Tibet),
8 (~ 1200 m above ground in Tibet), 10 (~2200m above
ground in Tibet), 12 (~ 3200 m above ground in Tibet) and
15 (~5500m above ground in Tibet) because these levels
show the most interesting features of the WV transport. The
WV transport near the ground (level 1) is generally low in the
TP and just a little bit higher south of the Himalayas, prob-
ably because of the lower surface wind speeds and of the
stronger mixing in the boundary layer. The transport amount
increases strongly up to level 12, where the largest transport
occurs, due to higher wind speeds, higher moisture availabil-
ity or both. Above this level, the WV transport starts to de-
crease and above level 17 (not shown) the transport amount
is close to zero.

The general atmospheric circulation at different levels is
visible in the transport patterns, but we have to consider that
AWT is a complex mixture of wind and moisture availability.
At the lower levels (1 and 5) we see the cyclonic circulation
around the Tibetan heat low, with its centre in the central
TP. At level 8, this structure shifts to the central northern TP.
Level 12 and 15 (and levels in between) show an anticyclonic
circulation around a centre in the southern TP, directly north
of the Himalayas. This is the high-tropospheric Tibetan anti-
cyclone that forms during May or early June (Flohn, 1968).
In level 15 and 16, a second anticyclonic circulation is vis-
ible in the south-east of the domain, directly south of the
Himalayas. Above these levels the anticyclonic circulation
slowly weakens and a division into a northern part with trans-
port from west to east, where the westerlies are dominant,
and a southern part with transport from east to west is visi-
ble. Level 10, which lays between the cyclonic (level 1 and 5)
and anticyclonic (level 12 and 15) circulation features, could
be called the equilibrium level.

At level 5, monsoonal air and moisture is transported rel-
atively far to the western (north-western) parts of the TP. Air
from the south which originates in the tropical oceans (In-
dian summer monsoon) is included in the cyclonic circula-
tion over the TP, but the WV does not seem to originate from
the East Asian monsoon. In the higher levels (10-15), this cy-
clonic circulation is replaced by the westerlies and therefore
extra-tropical air masses are transported to this region. There-
fore, we find air masses and consequently moisture from dif-
ferent sources at one place. These results should be consid-
ered for the analysis of stable oxygen isotopes in precipita-
tion samples, lake water, sediment and ice cores. Precipita-
tion originating in the boundary layer will result in a mon-
soonal signal in the isotopes while precipitation originating
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Figure 6. Decadal average of precipitation (mm month—1) in January (01), May (05), June (06), July (07), August (08), and September (09)
for HAR10. The arrows show the 10 m wind field (every ninth grid point plotted).
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Figure 7. Decadal average of the contribution (%) of cloud particle flux to atmospheric water transport in January (01, (a)) and July (07, (b))

for HAR10.

from deep convection could have an isotope signature dedi-
cated to the westerlies.

In the dry Tarim Basin north of the TP, we can see an an-
ticyclonic circulation above the boundary layer at level 10
and transport of WV from north-east to south-west follow-
ing the northern boundary of the TP. Therefore, the air at this
level tends to descend. This means that just below this level
clouds in the boundary layer are possible. These clouds can
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only provide small amounts of precipitation due to their low
vertical extent. Above this level, the transport of WV is ad-
mittedly higher and in the opposing direction, but does not
result in precipitation. Deep convection is inhibited by the
subsidence tendency at the lower level.

In the south-western parts of the domain, in the border re-
gion between India and Pakistan, we can see the same fea-
ture, but there it leads to higher differences in the precip-
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Figure 8. Decadal average of the water vapour flux (kgm~1s~1) for single selected model levels (1 (~25m above ground in Tibet), 5
(~ 450 m above ground in Tibet), 8 (~ 1200 m above ground in Tibet), 10 (~ 2200 m above ground in Tibet), 12 (~ 3200 m above ground in
Tibet) and 15 (~ 5500 m above ground in Tibet)) in July for HAR10. Colour shading denotes strength of water vapour flux, arrows (plotted
every eighth grid point) indicate transport direction (length of arrows is proportional to flux strength up to 20kgm=21s~1 and is constant
afterwards for more readability).
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is represented in grey.
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itation patterns and affects a region with a higher popula-
tion density. We see an anticyclonic circulation of the WV
transport in the levels 10 and 12 (and in between). The trans-
ported amount is nearly as high as the WV transport asso-
ciated with the ISM along the southern slopes of the Hi-
malayas. However, if we look at the precipitation patterns,
we see that there is a precipitation minimum in this region
(Fig. 6). The development of deep convection is suppressed
by subsidence. In the lower levels, the heat low over Pak-
istan (Bollasina and Nigam, 2010) is visible in the transport
patterns (Fig. 8) and in the 10m wind field (Fig. 6). Saeed
et al. (2010) point out that the heat low over Pakistan con-
nects the mid-latitude wave train with the Indian summer
monsoon. In the surrounding region where we do not see
this anticyclonic movement in the levels above the bound-
ary layer, the large amounts of transported WV result in high
amounts of precipitation. These results can provide an indi-
cation of the processes, which lead to the risk of droughts and
floods (e.g. in July 2010) in Pakistan, as already analysed by
Galarneau et al. (2012)

3.4 Transport towards the Tibetan Plateau through its
borders

We calculated the WV input towards the TP through its bor-
ders (Fig. 9 and Table 1). For the southern boundary cross
sections (CS 2-6) the highest transport amounts occur in
summer (Fig. 9a) in the lower layers and decreases with in-
creasing height. The largest fluxes occur in the regions where
the elevation is lower compared to the direct surroundings, in
the large meridionally orientated valleys (eastern Himalayas,
in the region of the Brahmaputra channel). There, the areas
of lower elevation are wider and the AWT from the Indian
Ocean hits the mountain ranges directly from the south.

The AWT from the TP to the south is negligible in summer
(Fig. 9a). It occurs mainly in CS 2 and a little in CS 3. This
kind of recirculation may reflect northward transport. It takes
place in the lower levels above a layer with high northward
transport amounts. In winter (Fig. 9b), AWT is lower but the
input of atmospheric moisture is still dominant.

The AWT through the western boundary (CS 1) (Fig. 9a
and b, and Table 1) is higher in winter than in summer, as
it is for CS 2 in the westernmost region of the Himalayas.
These regions are dominated by atmospheric water input by
extra-tropical air masses, transported to this region by the
westerlies. In sum, the AWT in CS 2 is still almost as high as
the AWT in CS 6. CS 6 contains the Brahmaputra Channel,
which is often referred to as one of the main input channels
for atmospheric moisture (Tian et al., 2001).

Table 1 shows the monthly decadal average of AWT in-
put to the TP through the individual cross sections converted
to a theoretical equivalent precipitation amount on the inner
TP. We picked CS 1 and CS 6 for a closer comparison be-
cause CS 6 includes the Brahmaputra Channel and CS 1 is
the western boundary, and they are of the same length. From
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November to April the transport through the western bound-
ary (CS 1) is distinctly greater than that through CS 6. From
May to October CS 6 shows higher transport amounts, but
the differences are less than for the wintertime. In July the
input of CS 1 is 90.47 % that of CS 6. This means that the
input through the western boundary is around 90 % of the
transport through the Brahmaputra Channel region. This is
the month where the differences are smallest. We can see
that for almost every month, CS 2-3 exhibits the largest in-
put amounts. AWT through this cross section is controlled
not only by the ISM but also by the southern branch of the
mid-latitude westerlies.

The cross section for the eastern boundary (CS 7) shows
that the TP is a source of atmospheric water for the down-
stream regions east of the TP for all months (Table 1 and
Fig. 9c and d). In January, there is only eastward transport
through the eastern boundary (Fig. 9d). In the other months
(not shown except for July, Fig. 9c), we find additionally
transport towards the TP in the lower layers near the sur-
face. The transport towards the TP through eastern cross sec-
tion has its peak in July (Fig. 9¢) in the northern parts of
the boundary where the elevation is distinctly lower than in
the southern parts. Above this region, there is still eastward
AWT away from the TP. However, if we look at the total of
the AWT amount through the eastern boundary, we see that
the transport from the plateau towards the east is also domi-
nant in summer.

The transport through the northern boundary (CS 14-8) to-
wards the TP (input) is lower than from the west and south in
January and July (Fig. 9d and c, Table 1), although the circu-
lation is directed to the boundary of the TP especially in sum-
mer. There, we find a strong gradient in altitude and fewer
passages through which the atmospheric water could enter
the TP than in the Himalayas. For the westernmost northern
cross sections (14-12) the transport from the TP to the north
is dominant. The reason for this is the north-eastward trans-
port in the western TP, which also explains the lower trans-
port amounts towards the TP. The AWT within the north-
ern branch of the westerlies north of the TP is blocked by
the high-altitude TP. AWT then follows the northern border
of the TP to the east, where the elevation is lower in some
regions (CS 9-11), e.g. at the border to the Qaidam Basin
(CS 9). There, the input of atmospheric water to the TP is
dominant for all months and the maximum input takes place
in spring. AWT from the north to the Qaidam Basin is also
visible in Fig. 4 for all months. This transport takes place
in the lower layers of the atmosphere. The transport from
the plateau northwards has its peak at the easternmost north-
ern CS (CS 8) in July, August and September, when the TP
can provide large amounts of atmospheric water, as shown in
Sect. 3.2.1 in Fig. 4.
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Table 1. Decadal average of the atmospheric water flux converted to a theoretical precipitation amount (mm month—1) through vertical cross
sections (1, 2-3, 4-5, 6, 7, 8, 9, 10-11, 12-14) and standard deviations (SD) for HAR10 (positive values denote transport towards the TP and
negative values denote transport away from the TP). Decadal average of the precipitation (mm month~1) and its standard deviation (SD) on
the inner TP and of the contribution (%) of the atmospheric water flux to the precipitation for HAR10.

CSs 1 2-3 4-5 6 7 8 9 10-11 12-14 1-14

Month West SW 1-2 South1-2  Brahmaputra East North-east Qaidam NW5-4 NW3-1 Sum Inner TP Ratio
precipitation

01 12.8 41.2 -5.0 5.9 —-34.0 -2.1 3.7 7.2 —-17.7 12.1 22.9 52.6 %

02 15.8 47.4 —4.7 54 —-315 —2.6 3.8 7.5 211 20.0 335 59.7%

03 19.8 354 —6.0 7.6 —37.8 -2.9 8.1 111 —239 115 33.9 33.9%

04 17.8 334 —-4.7 9.1 —36.2 -33 9.5 10.6 —22.8 13.4 2.7 31.4%

05 171 215 9.1 21.3 —44.3 —-5.6 8.5 10.4 -19.1 18.9 55.3 34.2%

06 12.2 26.4 18.6 22.2 —42.4 —6.4 9.1 7.7 —145 32.9 72.3 455%

07 14.9 344 24.3 16.5 —-194 —12.2 4.2 5.3 —225 45.4 98.0 46.4%

08 11.7 337 225 16.1 —22.9 -12.7 6.2 6.8 —22.6 38.8 91.8 42.2%

09 12.3 44.0 20.3 19.0 —55.1 —11.3 24 51 —-219 14.8 57.6 25.7%

10 154 21.3 9.6 18.4 —56.3 -5.0 3.6 6.2 —-17.3 —4.1 236 —175%

11 16.9 244 -59 49 —355 —-25 5.8 9.4 —20.5 -3.0 119 -252%

12 15.0 36.5 —6.6 33 —34.2 -2.1 4.9 8.9 —20.5 53 15.8 33.7%

Sum 181.6 399.6 71.7 1498 —4498 —68.8 70.1 96.2 —244.2 206.0 559.2 (36.8+

(mmyr—1) 6.3)%

SD 59.4 47.6 155 221 441 8.4 12.7 12.8 245 42.6 77.1

(mmyr~1

SD 32.7% 11.9% 21.6% 14.8% 9.8% 12.3% 18.1% 13.3% 10.0% 20.7% 13.8%

(%)

Table 2. The same as Table 1 but for HAR30.

Cs 1 2-3 4-5 6 7 8 9 10-11 12-14 1-14

Month West SW 1-2 South1-2  Brahmaputra East North-east Qaidam NW5-4 NW3-1 Sum Inner TP Ratio
precipitation

01 13.6 43.1 —-7.9 6.4 —35.9 —2.6 3.9 7.6 —19.9 8.3 24.3 34.0%

02 16.7 49.8 —7.4 6.1 —33.7 -3.2 4.1 8.1 —238 16.8 35.7 47.0%

03 215 36.9 -9.1 9.3 —41.1 -34 8.6 12.1 275 7.3 36.7 19.9%

04 19.6 35.2 -8.3 111 —39.5 -3.7 10.1 11.3 —26.6 9.2 46.0 20.0%

05 19.0 214 75 23.3 —47.3 -5.9 9.2 10.9 —22.3 15.9 60.0 26.5%

06 134 25.1 20.1 23.2 —47.1 —6.5 10.1 7.5 -16.1 29.8 76.2 39.1%

07 16.2 32.2 27.6 14.1 —24.0 —12.6 4.9 3.9 —24.0 48.3 98.8 38.8%

08 12.2 321 255 14.0 —27.3 —13.4 7.0 5.2 —23.7 31.6 91.8 345%

09 134 43.2 22.8 19.3 —60.7 —-12.1 2.9 45 —24.2 9.1 58.4 155%

10 17.1 20.2 8.6 19.7 —59.2 —-58 4.0 6.8 —20.3 -89 251 —-356%

11 18.4 245 —9.6 5.0 —-37.1 -31 6.1 10.2 —23.6 -9.1 129 -711%

12 16.0 38.2 -10.1 33 —35.9 2.7 52 9.5 —23.0 0.4 16.7 32.7%

Sum 197.2 401.9 59.7 1549 —488.6 —75.0 76.1 97.4 —274.9 148.7 582.5 (25.5+

(mmyr—1) 7.4)%

SD 254 53.2 18.3 235 212.7 9.4 13.8 135 27.8 47.4 81.0

(mmyr~1

SD 12.9% 13.2% 30.6 % 152% 435% 12.5% 18.1% 13.9% 10.1% 31.9% 13.9%

(%)

3.5 Budget tios between them. To make the comparison with the pre-

Since we analysed AWT transport in and to the TP and
quantified the input and output, the question arises of which
amount of precipitation falling on the inner TP results from
external moisture supply and which amount is provided by
the TP itself from local sources and moisture recycling.
Table 1 displays the monthly decadal average of AWT
through the individual cross sections and the sum for all cross
sections, the precipitation falling on the inner TP and the ra-

www.earth-syst-dynam.net/6/109/2015/

cipitation easier, we converted the net atmospheric water in-
put to a theoretical precipitation equivalent (mm month—1).
We obtain an annual mean AWT input of 206.0 mmyr—1 for
HAR10. For the mean annual precipitation falling on the in-
ner TP, a value of 559.2mmyr—1 results. The ratio of net
input of atmospheric water to the precipitation falling on the
inner TP reveals that, on average, AWT through the borders
accounts for 36.8 % of the precipitation during the year. Ac-
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cording to this, the remaining 63.2% of atmospheric wa-
ter needed for precipitation must be provided by the TP it-
self. This moisture supply probably takes place via moisture
recycling from local sources, e.g. evaporation from numer-
ous large lakes, soil moisture, the active layer of permafrost,
snow melt and glacier run-off. The ratio is highest in winter
when the TP cannot provide moisture for precipitation by it-
self, followed by summer, where the largest net input occurs.
In October and November the ratio is negative, which means
that the TP provides more moisture than it receives from ex-
ternal sources. These are the 2 months where the output of
moisture from the TP is larger than the input; this is possi-
ble because the moisture imported to the TP in summer is
available for export in autumn. On a monthly basis, there is
certainly a time lag between the moisture entrance and the
precipitation, making the analysis of the monthly ratios diffi-
cult. The standard deviations for HAR10 (HAR30) in Table 1
(2) show that the atmospheric water input varies more be-
tween the years than the precipitation falling on the TP. This
implies that the evaporation from local sources stabilises the
precipitation falling on the inner TP.

4 Discussion

4.1 General discussion of results

The main WV input to the TP takes place through the south-
ern and western boundaries, confirming the results of Feng
and Zhou (2012), even if their western boundary is further
east. The WV entering the TP through the eastern part of
the southern boundary originates from the monsoonal air
masses, while the WV entering the TP through the western
boundary originates in the mid-latitude westerlies. The rel-
atively high input through the western boundary shows that
the westerlies are not fully blocked by the TP and not all
moisture transported with them is redirected north or south.
The magnitude of this WV input is similar to that of the in-
put through the Brahmaputra channel. This agrees with the
findings of Molg et al. (2013), who found that the wester-
lies play a role for precipitation and glacier mass balance in
summer also, and they challenged the assumption that the
westerlies contribute moisture only in winter or just in the
northernmost parts of the TP in summer (Hren et al., 2009;
Tian et al., 2007). Our results show that there is direct at-
mospheric water transport through the western boundary by
the mid-latitude westerlies in summer, which shoes that the
westerlies are not fully blocked by the TP. The westerlies also
contribute moisture to the TP through valleys in the western
parts of the southern boundary by the southern branch of the
westerlies. This implies that moisture entering the TP from
the south-west can be transported there either by the wester-
lies or the monsoon, depending on the how far these systems
extend eastward or westward along the southern slopes of
the Himalayas, respectively. The examination of this struc-
ture will be the subject of a subsequent study. The main WV
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output from the TP takes place through the eastern border, as
also found by Feng and Zhou (2012). The TP is a source of
moisture for the downstream regions in the east throughout
the year like the Yangtze River valley in China, agreeing the
results from Chen et al. (2012) and Luo and Yanai (1983),
that the TP contributes precipitation to its downstream areas
in summer. Thus we can confirm the importance of the find-
ings from Bin et al. (2013), Xu et al. (2011) and Chen et
al. (2012), who called the TP a transfer or re-channel plat-
form of moisture for the downstream regions in East Asia.

In our study, we could not find any contribution of the East
Asian Summer Monsoon to the WV transport towards the TP,
although it has thus far been assumed to have an influence
on the TP (Yao et al., 2012; Bolch et al., 2012). The WV
transported from east to the TP in the lower levels in summer
(CS 7, Fig. 9c¢), also detected by Luo and Yanai (1983) and
Feng and Zhou (2012), is not transported to this region by
the East Asian Monsoon flow but by the eastern branch of
the Indian summer monsoon flow. This is clear if we look at
the transport patterns for HAR30 (Fig. 3). It is interesting that
the HAR WV flux has a stronger westward component east
of the TP than ERA-Interim (Fig. 2c¢) and still does not show
any transport from east to west in the climate mean state.
Since we focus on the mean climatology during our period of
investigation, we cannot exclude the contribution of moisture
from the East Asian summer monsoon (EASM) to the TP for
single years or events, but at the same time we expect it to be
visible in the mean if it is significant. Our hypothesis is that
the transient weather systems could bring moisture from the
east to the TP; however they are not visible in the means. It
will be the goal of a future study to examine such weather
systems in detail.

Prior studies focused on the WV transport and did not con-
sider the CP flux. The assumption so far was that the CP
transport is so small compared to the WV flux, that it does
not have a significant influence on the atmospheric mois-
ture transport. Our results show that the contribution of the
CP flux to the entire AWT is not negligible in winter in the
Pamir and Karakoram ranges (the western and south-western
border of the TP), where it contributes up to 25% of the
entire AWT. The fact that the CP transport plays a role in
the Karakoram and western Himalayas, the regions which
are controlled mainly by the westerlies, lets us conclude that
in this region moisture advection presumably plays a strong
role. The horizontal motion is dominant in advective pro-
cesses towards convection where the vertical motion is domi-
nant. This leads to the fact that clouds developed in advective
processes, for example frontal processes, can be transported
further away from their origin than convective clouds.

The moisture supply from external sources provides
around 36.8 % of the atmospheric water needed to produce
the mean annual precipitation on the inner TP while the re-
maining part originates from the TP itself by local moisture
recycling. These results highlights the importance of local
moisture recycling as already emphasized by Kurita and Ya-
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mada (2008), Joswiak et al. (2013) and Chen et al. (2012).
For the northern Tibetan Plateau, Yang et al. (2006) de-
tected that 32.06 % of the precipitation is formed by water
vapour from ocean air mass and 46.86 % is formed by wa-
ter vapour evaporated from local sources. They found that at
least 21.8 % of the precipitation is formed by water vapour
evaporated on the way and then transported by the monsoon
circulation. Yang et al. (2007) also showed that for two flat
observation sites in the central eastern part of the TP, the
evaporation is 73 and 58 % of the precipitation amount. This
is in a good agreement with our results that 63.3% is pro-
vided by local moisture recycling. This moisture is provided
by evaporation from numerous large lakes, soil moisture, the
active layer of permafrost, snow melt and glacier run-off. The
question arises over what will happen with the atmospheric
water, which is transported to the TP. Does it remain in the
TP or is it lost as run-off. Could this moisture input be an
explanation for the observed lake level rises?

The comparison of the net atmospheric water input to the
TP through the cross sections, the precipitation falling on the
inner TP and the ratio between them for HAR10 (Table 1)
and HAR30 (Table 2) show that the different horizontal res-
olutions result in differences between the two data sets. On
an annual basis, the different horizontal resolutions result in
an AWT input difference of 57.3mmyr—! and a precipitation
difference on the inner TP of 23.3mmyr—1, where HAR30
has the lower AWT input but the higher precipitation amount.
This leads to a difference of 11.3 percentage points in the ra-
tio of AWT to precipitation between the HAR10 (36.8 %)
and HAR30 (25.5%) data sets. Nevertheless, HAR30 has,
for almost every cross section and month, higher transport
amounts for both input and output. Due to the fact that the
output values are also higher, the annual net input for HAR30
is lower than for HAR10. On an annual basis HAR30 shows
just three-fourths of the HAR10 AWT input. A possible ex-
planation for lower transport amounts for individual cross
sections in HAR10 could be that the higher horizontal resolu-
tion is overridden by higher orographic barriers due to better
representation of the topography. Shi et al. (2008) showed
that a higher horizontal resolution and more realistic repre-
sentation of the topography is important for the development
of disturbances leading to precipitation events in the down-
stream regions of the TP like the Yangtze River valley. Our
study shows that for a quantification of AWT and the spa-
tiotemporal detection of its major pathways and sources it is
important to examine the complex topography of high Asia
with high spatial resolution.

4.2 Sources of uncertainty

The uncertainty of the results depends on the accuracy of the
data itself, the position of the cross sections used to calculate
the budget and the vertical resolution of the data set.
Maussion et al. (2014) compared HAR precipitation with
rain-gauge observations and the TRMM precipitation prod-
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ucts 3B42 (daily), 3B43 (monthly) and 2B31 (higher res-
olution). They found an improvement when increasing the
horizontal resolution from 30 to 10km in comparison to
the gauges. A slight positive bias could be detected against
the same stations (0.17 mmday—! for HAR10 and monthly
precipitation values, their Fig. 3), comparable to that of
TRMM 3B43 (0.26 mmday—1). Converted to annual values
(62mmyr—1) and compared to the value of HAR precipi-
tation averaged over the inner TP (559 mmyr—1), this bias
remains significant. In a simple first-order approach, by as-
suming this bias to be constant over the region (and assum-
ing no rain gauge undercatch), this would increase the part of
moisture needed for precipitation coming from the outer TP
from 36.8 to 41.4 %.

To determine if the position of the cross sections has an
influence on our results, we replicated our budget analy-
ses with the cross sections moved around 60 km towards
the centre of the TP for the HAR10 data set. This results
in new budget values for net atmospheric water input of
202.6 mmyr—1 (206.0 mmyr—1 with the old cross sections),
and 506.3 mmyr—1 (559.2 mmyr~1) precipitation falling on
the inner TP. This result in a change of the percentage from
36.8 % (found for the original position of the cross sections)
to 40 %. This is caused mainly by a change of the precipi-
tation amount of —52.9 mmyr—1, while the atmospheric wa-
ter input is nearly the same (—3.4mmyr—1). This change is
smaller than the standard deviation (6.3 %) of this ratio.

We analysed if the vertical resolution could have an in-
fluence on precipitation and moisture transport by creating a
new series of simulations for the entire year of 2010, whereby
we increased the number of vertical levels from 28 to 36 (all
other settings kept unchanged). Precipitation patterns in the
HAR10 domain remain very similar. Large absolute differ-
ences are found in the monsoonal affected regions south of
the TP and the Himalayas. The largest relative differences
occur in regions with very low precipitation rates, in the arid
regions (e.g. Tarim Basin) north of the TP. The amounts and
patterns of the vertically integrated atmospheric water trans-
port match well with one another, relative differences are
around +5% in the TP and only slightly higher in small
regions south and north of the TP. The computation of the
water budget for the year 2010 for 36 (28) vertical levels re-
sults in a net input of atmospheric water of 191.9 mmyr—1!
(195.2mmyr—1), with 623.3mmyr—! (621.8 mmyr—1) pre-
cipitation falling on the inner TP and an annual proportion
of 30.8 % (31.4 %) for 2010. This shows that the results ob-
tained with 28 vertical levels are reliable.

There is no other possible way to estimate the uncertainty
of the computed fluxes than the rough comparison of ERA-
Interim provided in Sect. 3.1. Certainly, the choice of the
model set-up and the reinitialization strategy also influence
our results. Put together, these uncertainties are not negligi-
ble but there is no indication that our core conclusions are
significantly affected.
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Due to the temporal averaging of the model results to
monthly means, we ascertain the mean climatology, but lose
the ability to analyse the data process based. The processes
regarding the interplay of atmospheric water transport and
precipitation will be the subject of a subsequent study at a
higher temporal resolution (e.g. daily).

5 Conclusions

The TP experiences high precipitation variability leading to
dry spells and droughts, as well as to severe snow- and rain-
fall events and subsequent floods. However, there are strong
differences between regions and seasons which are not yet
well understood on present-day climate conditions, making
statements for past and future climates highly speculative.
Therefore, in another study, we will analyse if there are sig-
nificant differences in the AWT patterns in wet and dry years
to find out whether the extremes are influenced by changes
in atmospheric circulations or just in a change of the trans-
ported amount of atmospheric water. These results could then
be compared with the results of Lu et al. (2014), who anal-
ysed the differences in the atmospheric circulation for wet
and dry monsoon seasons of nearly the same period (2000—
2010) using coarser-resolution data sets. Large-scale telecon-
nections, such as the influence of the North Atlantic Oscil-
lation (NAO) mode during wet and dry periods, have been
analysed for longer periods by, e.g. Liu and Yin (2001) and
Bothe et al. (2009, 2011). An examination of the AWT pat-
terns in the HAR during periods with positive or negative
NAO index could be used to potentially reconfirm their find-
ings using higher-resolution data. Interesting regional fea-
tures, such as the large amount of atmospheric water over
the dry Qaidam Basin, which does not result in precipitation,
need to be studied in detail by analysing the reasons for pre-
cipitation suppression. Dust particles originating in the arid
regions could play a role in precipitation suppression (Han et
al., 2009).

Our first water budget estimate reveals that local moisture
recycling is an important factor and provides more moisture
than the input from external sources (on average 60 % versus
40 %). Moisture recycling has to be studied more in detail in
the future to gain a better understanding of the water cycle in
the TP. It would be interesting to analyse if and how the atmo-
spheric water stored in snow in winter contributes to the at-
mospheric water transport and precipitation of the following
warm season. Due to this storage term, the westerlies could
play an even greater role in the hydrological cycle of some
regions of the TP in summer. It is difficult to clearly differ-
entiate between moisture provided by the large-scale circula-
tions (mid-latitude westerlies and monsoon systems) or local
moisture recycling because, for example, monsoonal mois-
ture could reach the north-eastern parts of the TP via multi-
ple moisture recycling as mentioned by Yang et al. (2006).
Also, the mixing of water vapour sources as seen in the ex-
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amination of the vertical structure of the transport shows that
the general question of where the moisture comes from of-
ten cannot be answered by naming only one source. This can
make the identification of moisture sources using isotope sig-
nals difficult. Therefore, the part of the atmospheric column
where the precipitation actually forms has to be identified
in addition to the development of a more in-depth analysis
of the atmospheric water transport fluxes on individual lev-
els. Additionally the other components of the water balance,
e.g. evaporation and run-off, should be considered in further
studies.
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