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Abstract Based on station observations and reanalysis data sets, the atmospheric moisture budget and its
critical role in regulating the variability of summer precipitation over the Tibetan Plateau (TP) are
investigated. Results indicate that the yearly variability of summer precipitation over the southern TP (STP) is
mainly controlled by remote moisture transport. Local surface evaporation presents an infinitesimal
interannual fluctuation, but it cannot be ignored since it is a large component of total precipitation amount in
every summer. Although the incoming moisture transport at the western boundary of STP is much weaker
than that at the southern boundary, it primarily influences the temporal variation of STP summer
precipitation. Further analysis shows that the summer North Atlantic Oscillation (NAO) also possesses a
significant impact on the variation of STP summer precipitation. A strong NAO apparently weakens the
moisture transport at the western boundary, inducing less precipitation over the STP. When the NAO is
strong, wave-activity flux obviously diverges eastward from the subtropical high over northwestern Europe.
Then such flux converges toward the western TP, which weakens the baroclinic vertical structure of
atmospheric circulation over the TP. The NAO also influences the meridional position of the Asian jet stream
and modulates the specific humidity and moisture transport at the western boundary of STP. In addition, the
dynamic processes of the atmosphere are more important than the thermodynamic processes in regulating
the variability of TP summer precipitation.

1. Introduction

The Tibetan Plateau (TP), located in the subtropical central and eastern Eurasian continent, is the highest pla-
teau in the world with complex topography. Much effort has been devoted to identifying the significant
effects of the TP on weather and climate [e.g., Ye and Gao, 1979; Tao and Ding, 1981; Yanai and Wu, 2006;
Zhao et al., 2007; Wang et al., 2014]. Furthermore, the TP serves as a “world water tower” [Xu et al., 2008]
and a source region of many large rivers such as the Yangtze, Yellow River, Indus, and Ganges.
Precipitation is the most important element in the hydrological cycle over the TP, and its variability directly
regulates the streamflow and runoff of the major Asian rivers [Zhang et al., 2013]. In addition, latent heating
released from the precipitation influences local atmospheric heat source over the TP, which drives large-scale
circulation and further anomalies of weather and climate [G. Wu et al., 2016].

Dry and rainy seasons over the TP are very distinct, and rainfall mainly occurs in summer (June-July-August),
accounting for more than 55% of the annual total amount [Feng and Zhou, 2012]. In summer, the TP behaves
as a strong atmospheric heat source, the primary cause for occurrence of local precipitation [Wu et al., 2012].
Sucking and pumping effects induced by the thermal forcing drive moist monsoon flow to converge toward
the TP, leading to heavy rainfall over the southeastern TP [Wang et al., 2015]. In contrast to the dramatic sur-
face and troposphere warming, the atmospheric heat source over the TP in the last several decades exhibits a
significant decreasing trend [Duan and Wu, 2008; Yang et al., 2010]. Liu et al. [2012] pointed out that summer
precipitation over the TP also showed a decreasing trend under the background of weakening change in the
TP thermal forcing. In addition, Duan et al. [2011] indicated that the suppressed air pumping effect driven by
persistent weakening heating over the TP gave rise to reduced summer precipitation along the southern and
eastern slopes of the plateau; however, the precipitation over the TP platform presented no weakening
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signals. The above studies have demonstrated that although thermal forcing is the primary cause for the
occurrence of local summer precipitation over the TP, it may not be the dominant factor regulating precipita-
tion variability. Indeed, rainfall and thermal forcing over the TP interact strongly [G. Wu et al., 2016], and it is
difficult to clarify their cause-and-effect relationship. Consequently, a better understanding of the variation of
summer precipitation over the TP is imperative.

The precipitation over the TP, which is situated in the Asian monsoon region, is influenced greatly by changes
in large-scale monsoon circulation. Many studies have also emphasized the importance of Eurasian snow
cover [Xu and Lu, 1992], sea surface temperature (SST) in the Atlantic Ocean and the Indian Oceans [Gao
et al., 2013; Hu and Duan, 2015], and atmospheric internal variability [e.g., Liu and Yin, 2001; Zhu et al.,
2011; Liu and Duan, 2012] for regulating the spatial and temporal patterns of TP summer precipitation.

In the context of atmospheric moisture budget, factors contributing to precipitation variability can be sim-
plified and categorized into two types: local surface evaporation and remote moisture transport. In summer,
surface evaporation over the TP is strong, and its contribution to total precipitation may be larger than
remote moisture transport [Ye and Gao, 1979; Curio et al., 2015]. The moisture transport associated with
summer precipitation over the TP has been discussed by several studies [e.g., Shi and Shi, 2008; Zhuo
et al., 2012; Feng and Zhou, 2012; Gao et al., 2014; Curio et al., 2015], while the impact from local evaporation
is relatively less [Curio et al., 2015; Joswiak et al., 2013; Kurita and Yamada, 2008]. Most of these studies have
focused on the climate mean state, and few applications have been made to understand precipitation
variability. Meanwhile, the relative importance of two factors in affecting the temporal variability of TP sum-
mer precipitation has received little attention. Thus, the current study aims at the following two points: (1)
analyze atmospheric moisture balance and examine the contributions of local surface evaporation and
remote moisture transport to the variability of TP summer precipitation and (2) investigate the associated
physical process of the precipitation variability.

In the following, section 2 briefly describes the data and methods used. The temporal-spatial patterns of
TP summer precipitation and the associated moisture budget, together with the impact of the North
Atlantic Oscillation (NAO), are analyzed in section 3. Discussions and a summary are given in sections 4
and 5, respectively.

2. Data and Methods
2.1. Data

The following data sets are employed in this study:

1. Owing to the potential inaccuracy of reanalysis data in the TP area [Wang and Zeng, 2012; Bao and Zhang,
2013], multiple reanalysis data sets are applied here to ensure the robustness of our results.
Meteorological variables, such as wind velocity, specific humidity, surface pressure, surface evaporation,
and precipitation, are used to analyze the atmospheric moisture budget and are adopted from three
familiar data sets for the common period of 1980 to 2010: the ERA-Interim reanalysis produced by the
European Centre for Medium-Range Weather Forecasts [Dee et al., 2011], the Japanese 25-year
Reanalysis Project (JRA-25) conducted by the Japan Meteorological Agency and the Central Research
Institute of Electric Power Industry [Onogi et al., 2007], and the National Centers for Environmental
Prediction–Department of Energy (NCEP-DOE) Atmospheric Model Intercomparison Project reanalysis
data [Kanamitsu et al., 2002]. Details of these reanalysis data sets are given in Table 1. Due to different
horizontal resolution, the three reanalysis data sets are regridded on a 1.0° × 1.0° mesh by using bilinear
interpolation. Then arithmetic average is calculated for the combination of associated variable in different
data sets; we call it ensemble result hereafter.

Table 1. Details of the Reanalysis Data Set

Data Set ERA-Interim JRA-25 NCEP-DOE

Time period 1980–2010 (6 h) 1980–2010 (6 h) 1980–2010 (6 h)
Resolution 0.75° × 0.75° 1.25° × 1.25° 2.5° × 2.5°
Vertical levels 1000–1 hPa (37 levels) 1000–0.4 hPa (23 levels) 1000–10 hPa (17 levels)
Top level 1 hPa 100 hPa for specific humidity and 0.4 hPa for wind 10 hPa
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2. Daily accumulative precipitation
from 104 stations over the TP region
for the period of 1980–2010 is pro-
vided by the China Meteorological
Administration (CMA). For the quality
control, the precipitation records
have been corrected by the method
recommended by Ye et al. [2004].
Moreover, for all selected stations,
the missing precipitation accounts
for less than 0.5% of the total records.
Station sites are shown in Figure 1,
and their elevations are mostly
higher than 2000m.

3. In order to substantiate the precipita-
tion results over the TP, Tropical
Rainfall Measuring Mission (TRMM)

3B42 satellite rainfall data [Huffman et al., 2007] from 1998 to 2010 are also applied here, with a daily
temporal resolution and 0.25° × 0.25° horizontal resolution.

4. The monthly NAO index and the Niño3.4 index are downloaded from the Climate Prediction Center of
NOAA (http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/).

As the interannual variability of the summer precipitation or moisture transport over the TP is focused in this
study, all the analyses associated with temporal variation are based on the linear detrended data since the
section 3.2.

2.2. Method

Previous studies have indicated that regional precipitation is a roughly balance between local evaporation
and remote moisture transport on a seasonal mean time scale [Brubaker et al., 1993; Li et al., 2013]. The for-
mula for moisture budget is expressed as follows:

P � E ¼�1
g
∇�∫

ps

pt
q V
!
dp (1)

where P is the precipitation, E is the evaporation, q is the specific humidity, V
!

is the horizontal wind, and

∇�∫
ps

pt
q V
!
dp is the divergence field of moisture flux, which represents the net moisture transport into and

out of an atmospheric column. Pressure of the top layer pt is equal to 100 hPa. The overbar denotes
summer mean component calculated by using the average of 6-hourly values of each reanalysis data
set. The details of this equation can refer to Brubaker et al. [1993].

To investigate the respective impacts of dynamic and thermodynamic processes on the variation of total
moisture transport, anomalies due to wind velocity and specific humidity are separated [Seager et al.,

2010]. Wind velocity and specific humidity in each summer can be expressed as V
!¼ V

!
c þ→

V0 and

q= qc+ q0, respectively, where V
!

c and qc are the 31 year (1980–2010) climatology of summer wind

velocity and specific humidity and
→
V0 and q0 are the respective deviations from the 31 year climatology

of each summer. The moisture transport term in equation (1) can thus be expressed as
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Figure 1. Terrain height of the Tibetan Plateau (TP) and its surrounding
areas (unit: 103m). The triangles denote the locations of meteorological
stations, and the black dashed line represents the height of 2000m.
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� �
are the major contributors to the interannual variability of moisture transport.

In climate studies, empirical orthogonal function (EOF) analysis is often used to explore dominant spatial modes
(i.e., patterns) of variability and how they change with time (time series of principal components (PCs)). Here the
spatial variation and its time series features of the TP’s precipitation will be investigated through EOF and PCs.
Wave activity flux is an important physical variable for the diagnosing of large-scale wave transport. Following
the procedure of Takaya and Nakamura [2001], the wave-activity flux is calculated to clarify the remote impacts
of the NAOonmoisture transport or summer precipitation over the TP. In addition, themethodology used in this
study also includes correlation analysis, regression analysis, and composite analysis.

3. Results
3.1. Spatiotemporal Patterns of Summer Precipitation over the TP

There are relatively fewmeteorological stations over the TP comparedwith the surrounding plain areas in China
[Duan et al., 2014], and most of them are located in the central and eastern areas (Figure 1). Figures 2a and 2b
show the spatial distribution of climatological summer mean precipitation over the TP based on the station and
TRMM observations. Station data are transformed into grid data through the iterative improvement objective
analysis before drawing the spatial plot (Figure 2a). It is noted that the observed precipitation gradually reduces
from southeast to northwest, and precipitation is most intense over the southeastern TP with a maximum
amount of ~8mmd�1. These results match with the previously reported spatial patterns [e.g., Feng and Zhou,
2012; Maussion et al., 2014], which are mainly induced by a thermally driven near-surface cyclonic circulation
over the TP, as described in section 1. In addition, the ensemble result based on the three reanalysis data sets
employed to diagnose the moisture budget balance is also given in Figure 2. The ensemble data represents
the spatial pattern of precipitation very well, but the intensity is stronger than in the station observations or

Figure 2. (a) Spatial patterns of summer (JJA; 1980–2010) mean precipitation over the TP based on station observational
data (OBS; unit: mmd�1). (b) Same as in Figure 2a but based on the TRMM data from 1998 to 2010 (TRMM; unit:
mmd�1). (c) Same as in Figure 2a but based on the ensemble of ERA-Interim, JRA-25, and NCEP-DOE reanalysis data sets
(ensemble; unit: mmd�1). (d) Normalized time series of stations’ average (104 stations shown in Figure 2a) summer pre-
cipitation; the black, blue, and red solid curves represent the station observations, TRMM, and ensemble, respectively, and
the dashed lines represent the associated long-time linear trends. The error bars in Figure 2d indicate the standard
deviation spread among reanalysis data set. The black lines denote the topographic height of 2000m in Figures 2a–2c.
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the TRMM data. Using the bilinear interpolation method, the TRMM data and ensemble reanalysis data sets are
interpolated onto the 104 stations shown in Figure 1. Yearly variations in the 104 stations’ average summer pre-
cipitation from three different data sources are presented in Figure 2d. The black and red curves for the period of
1980–2010 show good consistency with a high correlation coefficient (R=0.81). Root-mean-square error (RMSE)
of the ensemble results compared with the station observations is 2.25mmd�1, which again suggests that the
reanalysis data set overestimates summer precipitation over the TP. Furthermore, in disagreement with a pre-
vious study [Liu et al., 2012], both time series exhibit nondeceasing trend in precipitation from 1980 to 2010
(Figure 2d). Thus, it can be seen that with an obvious decreasing trend in heat source of TP [Duan and Wu,
2008; Yang et al., 2010], summer precipitation certainly has not undergone a consequent reduction, while even
a little increased in the reanalysis data sets (Figure 2d). Considering the higher credibility of the station observa-
tions, summer precipitation over the TP largely shows a clear signature of interannual variability.

In Figure 2d, yearly variation of summer precipitation based on the TRMM data is also shown. Although the
time period is not as long as the reanalysis or station observations, results indicate a consistent interannual
variability among the three curves from 1998 to 2010. Summer precipitation based on TRMM data shows a
high correlation (R= 0.89) with the station observations, and its RMSE of the intensity compared with the
station observations is just 0.17mmd�1. Furthermore, the correlation coefficient between the two time series
of TRMM and ensemble results can reach up to 0.90. So to some extent, it is illustrated that the ensemble
precipitation from multiple reanalysis data sets is reasonable over the TP.

The spatial variation features are further investigated through EOF analysis. Figures 3a and 3b show the first EOF
mode (EOF1) and the corresponding PC1 of summer precipitation based on station observations. The EOF1 indi-
cates that the principal spatial mode shows opposite characteristics in the south and north of the TP, which
explained 26.0% of the variance. At the same time, PC1 is highly correlated with the 104 stations’ average pre-
cipitation (correlation coefficient R=0.87). Thus, stations’ average value reasonably reflects the regional-scale
features of summer precipitation variability over the TP. Similar results are obtained from the ensemble EOF1
and PC1 based on the multiple reanalysis data sets (Figures 3c and 3d), although the opposite south and north
characteristics over the TP are not significant, as shown in Figure 3a. To avoid the impacts of noisy climatic

Figure 3. (a) Spatial patterns of the first EOF of summer precipitation over the TP based on the station observational data for 1980–2010 (26.0% explained variance).
(b) Time series of normalized PC1 corresponding to the spatial patterns of Figure 3a (bar; values are shown on the left axis) and 104 stations’ average precipitation
(black curve; unit: mmd�1; values are shown on the right axis). R = 0.87 represents the correlation coefficient between the two curves. (c and d) The corresponding
results based on the ensemble reanalysis data set. The gray contours are based on the original reanalysis data set, and the 104 dots are interpolated from the data set
in Figure 3c. The black lines denote the topographic height of 2000m in Figures 3a and 3c.
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signals on the results, which involve station-averaged or areal-averagedmethods, we will focus on the precipita-
tion variability over the southern TP (STP hereafter; 26–34°N, 80–105°E; 65 meteorological stations) in the follow-
ing sections. The selection of such area is for two reasons. First, the maximum intensity of summer precipitation
is located over the STP, which essentially represents the precipitation variability of the whole TP. Second, the
spatial variations of STP’s precipitation from observations and reanalysis data sets are more consistent.

3.2. Moisture Budget for Summer Precipitation over the TP

According to the above analyses, summer precipitation over the TP presents significant interannual variabil-
ity, which will be discussed in the rest of this paper. According to equation (1), precipitation is composed of
local surface evaporation as well as remote moisture flux convergence. Generally, there are no observational
evaporation data at the regular meteorological stations. Considering the potential uncertainty in reanalysis
data, a previous study derived evaporation as the residual of the balance between station-observational pre-
cipitation and the moisture transport from reanalysis data [Li et al., 2013]. However, Figure 2 has shown that
observational precipitation is apparently less than the result of reanalysis data sets, which underestimates the
evaporation through the previous residual method [Li et al., 2013]. In particular, over the STP (along the
Himalayas), where the moisture flux convergence is very strong (shown in Figure 4e), evaporation calculated

Figure 4. Spatial patterns of summer (a) precipitation, (b) evaporation, and (c) moisture convergence based on the ensem-
ble reanalysis data sets for 1980–2010 (unit: mmd�1). (d–f) The corresponding variances with the linear trend excluded
(unit: mm2 d�2). The bold black lines denote the topographic height of 2000m.
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from that residual may be negative and
that is unrealistic. Thus, corresponding
variables from the average results of
the three reanalysis data sets are directly
used to diagnose moisture budget. In
this way, the aforementioned problem
is resolved, as well as ensuring data
consistency. Moreover, a high correla-
tion coefficient (R= 0.81) exists between
the time series of ensemble summer pre-
cipitation and observations (Figure 2d),
which is up to 0.88 with the correspond-
ing detrended data sets (figure not
shown). Meanwhile, the precipitation is
also basically balanced with evaporation
and moisture convergence in each rea-
nalysis data, which will be explained in
the following Figure 5a. Given all that, it
is reasonable to calculate the atmo-
spheric moisture budget over the TP
using the three reanalysis data sets.

The 31 year (1980–2010) climatology of
summer precipitation, evaporation, and
moisture flux convergence over the TP
based on the reanalysis data sets are
shown in Figure 4. Climatologically, both
summer moisture flux convergence and
precipitation are characterized by a
spatial gradient along the southeast-
northwest direction, while surface
evaporation presents a distribution of
unapparent gradient with an intensity
of 4–6mmd�1 over the whole STP
region. Such spatial features in precipita-
tion are also reflected in the field of its
variance (Figure 4b). The variance in
moisture transport displays a similar
intensity and distribution pattern to pre-
cipitation (Figure 4f), which clearly
explains the variance in precipitation
over the TP. In contrast, Figure 4d indi-

cates weak variance of evaporation (<0.1mm2d�2). Quantitative analysis is further conducted with the cor-
responding values averaged from 65 stations over the STP in each summer. Then 31 year averaged results
show that climatological summer moisture flux convergence is 4.16mmd�1, while surface evaporation is
2.79mmd�1, and their sum roughly balances with precipitation (7.17mmd�1; Figure 5a). On average, moist-
ure flux convergence accounts for about 58% of total precipitation, and evaporation has a proportion of 39%.
This result suggests that surface evaporation makes a nonignorable contribution to the total precipitation in
each summer mean over the STP. However, the evaporation shows weak interannual variability, while the
variability in themoisture flux convergence or precipitation is remarkable. In addition, the 31 year climatology
is removed to further facilitate the variability comparison (Figure 5b). Ensemble results calculated from the
three reanalysis data sets indicate that the average anomaly of moisture transport is 0.53mmd�1, which
approximately matches with the magnitude of precipitation (0.47mmd�1). Additionally, the interannual
variability of summer moisture transport over the STP is closely correlated with precipitation (R=0.97).

Figure 5. (a) Time series of 65 stations’ average summer precipitation (P),
evaporation (E), moisture convergence (MC), and the sum of E and MC (E
+MC) over the southern TP interpolated from the ensemble reanalysis
data set for 1980–2010. (b) The same variables as in Figure 5a but for the
anomalies. (c) Same as in Figure 5b, except that the precipitation (P) is
from station observational data. Units of all variables are mmd�1. Linear
trends have been excluded in Figures 5b and 5c. The values in brackets
are the correlation coefficients between the corresponding variables and
precipitation series in Figures 5b and 5c, respectively. The error bars
indicate the standard deviation spread among reanalysis data set for
seasonal mean precipitation, evaporation, and moisture convergence in
Figure 5a and the corresponding anomalies in Figures 5b and 5c.
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However, the average anomaly of
surface evaporation is just 0.07mmd�1.
Although the evaporation also has a
relatively evident interannual correlation
with precipitation (R=�0.47); the mag-
nitude of its anomaly is so small that it
cannot modulate the strong variability
in precipitation. In contrast, both the
31 year average magnitude of the anom-
aly and high correlation suggest that the
interannual variation in summer precipi-
tation is determined by moisture
transport.

Based on the three reanalysis data
sets, the diagnosis of moisture budget
indicates that interannual variability of
summer precipitation over the STP is
controlled by remotemoisture transport,
while surface evaporation with weak
variability regulates precipitation varia-
tion infinitesimally. However, it cannot
be ignored that surface evaporation is a
large component of total precipitation
amount in every summer. Besides, the
interannual variations in station observa-
tional precipitation and ensemble moist-
ure flux convergence are also compared;
their correlation coefficient reaches up
to 0.91 (Figure 5c). Therefore, the impor-
tant role of moisture transport in the pre-
cipitation variability is further supported
by the station observations.

To better understand the interannual
variability of precipitation over the STP,

moisture transport is further examined. It is known that moisture supply to the TP in summer is mainly from
the Arabian Sea, Bay of Bengal, South China Sea, and midlatitude westerlies [Simmonds et al., 1999] and can
be classified into two channels: the southern andwestern boundaries (Figure 6a). Some previous studies have
emphasized the significant impacts of moisture transport at the southern boundary on TP precipitation [e.g.,
Xu et al., 2002; Xu et al., 2008; Feng and Wei, 2008], while others have shown the importance of moisture trans-
port at the western boundary [Yang et al., 1992; Feng and Zhou, 2012]. The ensemble 31 year climatology of
moisture transport over and around the TP derived from the three reanalysis data sets is shown in Figure 6a.
The four boundaries of the STP area (26–34°N, 80–105°E) are used to analyze the characteristics of moisture
transport. Two incoming channels of water vapor exist at the southern (1991.47 kgm�1 s�1) and western
(160.13 kgm�1 s�1) boundaries, and both the eastern (381.97 kgm�1 s�1) and northern (267.77 kgm�1 s�1)
boundaries are export channels. It is evident that the intensity of incomingmoisture transport at the southern
boundary is much stronger than that at the western boundary, while the outgoing water vapor is larger at the
eastern boundary. Table 2 summarizes the correlation coefficients between observational precipitation and
ensemble moisture transport at each boundary over the STP. The results demonstrate that interannual varia-
bility of precipitation is closely correlated with moisture transport at the western and southern boundaries.
Although the intensity of incoming moisture transport at the western boundary is weaker, the correlation
coefficients of each reanalysis data set and the ensemble data set indicate that its influence on precipitation
variation is stronger. Whereas, moisture inflow at the southern boundary is the largest, but it serves a second-
ary role in regulating the precipitation variation. A possible reason for such a difference is that most of the

Figure 6. (a) Climatology of vertical integrated summer moisture transport
based on the ensemble reanalysis data set for 1980–2010. The red bold
vectors and associated values represent the direction and intensity of
moisture flux transport at each boundary. (b) Regression patterns of vertical
integrated moisture transport against 65 observational stations’ average
summer precipitation over the southern TP. The red vectors indicate the
statistical significance at the 95% confidence level. The units are
kgm�1 s�1, and the linear trends of the variables in Figure 6b have been
excluded. The bold black lines denote the topographic height of 2000m.
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moisture from the southern boundary is directly converted into precipitation during the elevating process
over the high and steep southern slope of the TP (Figure 1), and relatively less moisture arrives at the pla-
teau’s platform. To further confirm the above analysis, Figure 6b shows the regression patterns of moisture
transport against the 65 stations’ average summer precipitation over the STP. Similarly, the interannual varia-
bility of precipitation is mainly influenced by moisture transport from the western and southern boundaries,
whereas eastward moisture transport is the dominant pattern over the STP region.

3.3. Relationship Between NAO and the Interannual Variability of Summer Precipitation over the TP

Our analyses in section 3.2 identified moisture transport at the western boundary as the dominant factor
affecting the interannual variability of summer precipitation over the STP. A large part of moisture transport
at the western boundary is associated with the midlatitude westerlies (Figure 6a), which may be traced back
to the upstream region of North Atlantic Ocean (figure not shown). Figure 7a shows the regression fields of
sea level pressure (SLP) and 500 hPa wind against the observational summer precipitation over the STP.
Corresponding to the positive phase of STP summer precipitation, there are obvious anomalies of a low

Table 2. Correlation Coefficients Between Observational Average Summer Precipitation in 65 Stations and Moisture
Transport at Each Boundary Over the Southern TPa

Data Set East West South North Total

ERA-Interim 0.21 0.40 0.36 �0.18 0.79
JRA-25 0.20 0.38 0.25 �0.16 0.66
NCEP-DOE 0.04 0.57 0.31 �0.15 0.65
Ensemble 0.16 0.46 0.36 �0.18 0.83

aThe linear trends of the variables were excluded before the correlation coefficients were calculated. Total = west
+ south� east� north. Correlation coefficients exceeding the 95% (99%) significant level are in bold (bold and
underlined).

Figure 7. Regression patterns of sea level pressure (shading; units: 102 Pa) and the 500 hPawind field (vectors; units: m s�1)
against (a) 65 observational stations’ average summer precipitation over the southern TP and (b) ensemble summer
moisture transport at the western boundary of the southern TP, respectively. The dotted regions are significant at the 95%
confidence level for sea level pressure, and only significant areas of 500 hPa wind vectors are plotted. The linear trends of all
variables have been excluded. The bold gray lines denote the topographic height of 2000m.
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SLP and 500 hPa cyclonic circulation. In addition, similar regression fields but against moisture transport at
the western boundary of STP are shown in Figure 7b, where the patterns coincide well with Figure 7a. The
positive phase of moisture transport corresponds to a deep low cyclonic anomaly over northwestern
Europe; meanwhile, surface low pressure and cyclonic circulation appear over the STP (beneficial conditions
for the enhancement of local precipitation). Figure 7 also shows that when summer precipitation or the wes-
tern boundary moisture transport over the STP is intensified, uniform high SLP anomalies appear in the north
of the above-mentioned low-pressure center. Such north-south opposite SLP structure is similar to the sum-
mer NAOmode [Folland et al., 2009]. The NAO is characterized by a quasi-cyclic mass alternation between the
subpolar low and subtropical high over and around the North Atlantic Ocean region [Chen and Hellström,
1999]. The summer NAO has a smaller spatial extent than the winter NAO, and is located farther north, with
its southern node over northwestern Europe [Folland et al., 2009]. In this study, the anomalies of both the
northwestern European low pressure and the subpolar high shown in Figure 7 are exactly consistent with
the negative phase of the summer NAO. Thus, the NAO has possible impacts on the variability of downstream
moisture transport at the western boundary of the STP and, consequently, summer precipitation.

Several previous studies have indicated that the NAO not only influences the climate over the North Atlantic
Ocean and its adjacent areas [Hurrell, 1995; Chen and Hellström, 1999] but also has a remote impact on
weather and climate over East Asia [e.g., Liu and Yin, 2001; Fu and Zeng, 2005; Yang and Zhang, 2008; Gu
et al., 2009]. In Figure 8a, the detrended summer NAO displays obviously interannual variability, which has
negative spatial correlations with summer precipitation over the STP (Figure 8b). As the strongest NAO signal
appears in winter, most aforementioned studies have focused on the impacts of the winter NAO. Figure 8c
shows the correlation coefficients between the NAO indexes (averaged every 3months from December to
August) and observational summer precipitation and moisture transport at the western boundary of the

Figure 8. (a) Normalized index of the summer North Atlantic Oscillation (NAO) during 1980–2010. (b) Spatial patterns of the
correlation coefficients between the summer NAO index and station observational summer precipitation. The dots repre-
sent the stations’ position over the TP, and the red dotted regions are significant at the 95% confidence level. (c) Correlation
coefficients between the NAO indexes (averaged every 3months from December to August) and 65 observational stations’
average summer precipitation (red bars) and ensemble moisture transport at the western boundary (blue bars) over the
southern TP; 95% and 99% indicate the confidence levels of the coefficients. (d) Regression patterns of ensemble moisture
transport against the summer NAO index. The red vectors indicate the statistical significance at the 95% confidence level
(units: kgm�1 s�1). The linear trends of all variables have been excluded. The bold black lines denote the topographic
height of 2000m in Figures 8b and 8d.
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STP region. It is noted that the NAO
from winter to summer always
maintains a negative correlation with
summer precipitation. Moreover, the
correlation becomes increasingly sig-
nificant with seasonal evolution; the
interannual variability of precipitation
over the STP is strongly correlated with
the simultaneous summer NAO
(R=�0.53, exceeding the 99% confi-
dence level). Similar features appear in
the correlation between moisture trans-
port at the western boundary and the
NAO, and the highest coefficient is in
the simultaneous summer season
(R=�0.41, exceeding the 95% confi-
dence level). At the same time, the role
of the NAO is further supported by the
regression field of vertical integrated
moisture transport against the summer
NAO index (Figure 8d). Patterns ofmoist-
ure transport corresponding to the
strong NAO event are exactly opposite
to the result in Figure 6b. A stronger
summer NAO weakens moisture trans-
port at the western boundary over the
STP region, which induces less precipita-
tion; furthermore, it can also reduce
moisture transport at the southern
boundary (Figure 8d) but not
significantly (R=�0.18).

Now the question arises: how does the summer NAO affect moisture transport around the downstream TP
area and, furthermore, the local precipitation? These associated questions have not yet been clarified [Liu
and Yin, 2001; Liu and Duan, 2012]. In general, the NAO is tied to East Asian climate variability through the
stationary Rossby waves that are trapped on the Asian jet waveguide [Watanabe, 2004]. The regression field
of 200 hPa stream function against the summer NAO index is shown in Figure 9a. When the NAO phase is
positive, an evident wave train is transported along the westerly jet from northwestern Europe to the TP area.
Furthermore, there is significant divergence of the wave-activity flux at the positive anomaly center of stream
function (corresponding to the deep subtropical high of the summer NAO), which indicates that it is a wave-
source area. The wave-activity flux diverges eastward from the source area, then some of the flux converges
over northern Africa, and the residue keeps travelling and finally converges over the western TP area. With
the impact of such large-scale wave activity, a positive stream function anomaly appears over the northwes-
tern TP area and a negative stream function anomaly appears over the central and southern TP. According to
thermal adaptation theory [Hoskins, 1991], the TP thermal forcing drives a cyclonic circulation near the sur-
face and a strong anticyclonic circulation higher up in summer, which is a typical baroclinic vertical structure.
As shown in Figure 9a, the negative stream function anomaly over the TP associated with a strong NAO repre-
sents the weakening of TP’s baroclinic vertical structure and pumping effect. Figure 9b gives the regression
field of 500 hPa wind field against the summer NAO index. Anomalies in the circulation pattern also indicate
that a similar large-scale wave train is transported from northwestern Europe to the TP. An anticyclonic circu-
lation anomaly appears around the TP area, and evident easterlies exist over the STP that suppress moisture
transport at the western boundary. With the addition of TP’s weakened baroclinic vertical structure and
pumping effect, upward motion over the STP is also significantly decreased (figure not shown), which
together suggest that a strong summer NAO reduces precipitation over the STP.

Figure 9. (a) Regression patterns of the 200 hPa stream function (contours;
the pink lines represent zero, the blue solid lines are positive, the red
dashed lines are negative, and the interval is 4 × 105m2 s�1) and wave-
activity flux (vectors; unit: m2 s�2) against the summer NAO index. The
shading indicates the divergence of wave-activity flux (unit: 10�7m s�2).
(b) Same as in Figure 9a but for the 500 hPa wind field (unit: m s�1). The
linear trends of all variables have been excluded, and only the significant
areas of vectors are presented. The bold gray lines denote the topographic
height of 2000m.
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Furthermore, as the Asian jet is a bridge between the NAO and the East Asian climate, the NAO anomaly cer-
tainly influences the summer westerly jet. To establish a relationship with moisture transport, in Figure 10, the
composite results of the average (75–85°E) zonal wind and moisture transport between the strong and weak
NAO years are shown. Climatologically, the center of the summer westerly jet is located around 40°N
(Figure 10a). However, the jet center moves northward in the strong NAO years, which weakens the westerly
intensity over the STP and reduces moisture transport at the western boundary (Figure 10b). Consequently, it
suppresses summer precipitation over the STP.

3.4. Dynamic and Thermodynamic Control of Summer Precipitation Variability over the TP

The aforesaid results have identified the importance of moisture transport in regulating the interannual
variability of summer precipitation over the TP. Furthermore, a strong NAO can weaken the baroclinic
vertical structure of circulation field over the TP and simultaneously reduce specific humidity at the
western boundary. From the right-hand side of equation (1), the seasonal mean moisture transport is
determined by wind velocity and specific humidity. These two variables are associated with the dynamic
and thermodynamic structures of the atmosphere, respectively [Li et al., 2013]. Both the components
influence precipitation variation, but their relative importance varies at different scales and regions
[e.g., Skific et al., 2009; Kawase et al., 2010; Li et al., 2013].

Another question arises: is the interannual variability of precipitation (or moisture transport) over the TP
controlled by a dynamic or thermodynamic process? Such question is illustrated by separating the anomalies

due to wind velocity and specific humidity [Seager et al., 2010]. From equation (2), both� 1
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are major contributors to the interannual variability of moisture transport and

represent the dynamic and thermodynamic processes, respectively. Figure 11 shows the temporal variation
of these two components over the STP and the corresponding deviation of precipitation. The deviation of the
dynamic process (0.47mmd�1) is more than 3 times larger than that of the thermodynamic process
(0.13mmd�1). Moreover, the correlation between precipitation and the dynamic component of moisture
transport reaches 0.86 (0.08 for the thermodynamic component), indicating that the large majority of
precipitation variance (or moisture transport variance) is explained by the dynamic component, i.e., the
atmospheric circulation (wind) structures.

Figure 10. Pressure-latitude cross section of (a) climatological summer zonal wind (contours; the bold solid line is zero,
the solid lines are positive, the dashed lines are negative, and the interval is 5m s�1) averaged from 75° to 85°E during
1980–2010 and the difference (shading) between strong summer NAO years (1983, 1990, 1992, 1994, 1996, and 2002)
and weak summer NAO years (1980, 1987, 1993, 1998, 2007, 2008, 2009, and 2010). (b) The difference in specific humidity
(unit: g kg�1) between strong and weak summer NAO years. The linear trends of all variables have been excluded, and the
dotted regions are significant at the 95% confidence level for the difference fields.
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4. Discussion
4.1. Relationship with ENSO

The El Niño–Southern Oscillation
(ENSO) has been suggested to influ-
ence weather and climate over the
Asian region [Wang et al., 2000].
Marshall et al. [2001] indicated that
the NAO had a climate significance
that rivals ENSO. Therefore, does
ENSO affect the interannual variability
of summer precipitation over the TP?
Figure 12 shows the correlation
coefficients between the leading and
synchronized Niño3.4 SST and summer
precipitation or the associated moist-
ure transport over the STP. It is identi-

fied that there is no significant linkage between summer precipitation and ENSO indices. The highest
value of the synchronized correlation is only �0.27, indicating that ENSO may reduce summer precipitation
over the STP but not significantly. Further analysis reveals that ENSO has no significant influence on moisture
transport at the western boundary (the synchronized correlation coefficient is 0.07; Figure 12b), although this

channel’s moisture transport is the
main factor regulating the interannual
variability of summer precipitation
over the STP (Table 2). On the other
hand, the synchronized correlation
coefficient between ENSO and moist-
ure transport at the southern boundary
is �0.29 (lower than the 90% confi-
dence level), which demonstrates that
ENSO slightly reduces precipitation
over the STP through weakening
moisture transport at the southern
boundary. As a result, the NAO has a
dominant impact on the interannual
variability of TP summer precipitation
but not ENSO.

4.2. Analysis of the Uncertainty

The sources of the uncertainty of afore-
said results mainly depend on the
accuracy of the data set itself over the
TP. In China, especially in the eastern
region, the long-term raw station data
are usually inhomogeneous for various
reasons, such as station relocations,
replacement of instruments, and the
varying environment due to urbaniza-
tion [Wang and Zeng, 2012; Yang
et al., 2013]. In contrast, these factors
have relatively weak influence on
the station observations over the
economically underdeveloped TP area.
Moreover, initial quality control and

Figure 12. (a) Correlation coefficients between Niño3.4 SST (averaged
every 3months from December to August) and 65 observational stations’
average summer precipitation. (b) Same as in Figure 12a but for the
ensemble moisture transport at the western boundary over the southern
TP. (c) Same as in Figure 12a but for the ensemblemoisture transport at the
southern boundary. The dashed lines represent the 95% confidence level
of the coefficients.

Figure 11. Time series of the anomalies of station observational precipitation
(P) and moisture transport caused by dynamic (D) and thermodynamic (T)
components over the southern TP. Units of all variables are mmd�1, and
linear trends have been excluded; the values in brackets are the correlation
coefficients between precipitation and the corresponding variables. The error
bars indicate the standard deviation spread among reanalysis data set for
anomalies of moisture transport caused by D and T components.
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homogenized inspection were implemented on the raw station data before they are used here. In the TP,
CMA regular meteorological observations were widely used to evaluate the modeling results or reanalysis
data [e.g., Wang and Zeng, 2012; Bao and Zhang, 2013; Duan et al., 2013] and force the land model [Yang
et al., 2010, 2011].

Station observations are one of the reliable bases for diagnoses, but still there exist several defects that
are not negligible, such as rare sites scattered unevenly over the TP [Zhu et al., 2012; Duan et al.,
2014]. Consequently, reanalysis products or model outputs are much more popular. Given the differences
of the model’s physical parameterizations, initial conditions, and data assimilation, reanalysis data could
contain uncertainties. As mentioned in data introduction of this study, basically, all the existing reanalysis
products have been examined on different variables over the TP. Wang and Zeng [2012] pointed out that
no reanalysis product is superior to others in all variables, and they suggested that various reanalysis pro-
ducts should be combined for the study of weather and climate over the TP. Bao and Zhang [2013]
showed that newer-generation reanalysis data usually perform better over the TP, such as ERA-Interim
and NCEP-DOE. In order to minimize the inaccuracies, we intentionally apply multiple combined and
well-behaved reanalysis products in this study. Although the errors of climatological average are consid-
erable in some variables (such as stronger rainfall over the TP shown in Figure 2), both Zhu et al. [2012]
and Feng and Zhou [2012] emphasized that most of the reanalysis data are applicative in the research on
interannual time scale. From our diagnoses, every reanalysis data have a significant interannual
relationship with the station observations in precipitation, and even their combined result shows a high-
est correlation coefficient.

Moreover, another surface evaporation data set over the TP is used here to verify the results of moisture bud-
get. This data set is generated from the updated Simple Biosphere version 2 (SiB2) land surface model forced
by carefully selected station observations and satellite data. It has been recognized to be an excellent data
that can be used to investigate the water balance over the TP [Yang et al., 2011]. More details can be easily
found in the corresponding references [Yang et al., 2009, 2010]. Because of the limited length, the data during
the period of 1980–2006 are checked. Climatologically, the SiB2 evaporation is accounted for about 57% of
the total summer precipitation over the STP (57 meteorological stations). It is indicated that the contribution
of local evaporation to total precipitation is even larger than the remote moisture transport, which agree with
the previous results [Ye and Gao, 1979; Curio et al., 2015]. But as to the interannual variability, the 27 year aver-
aged anomaly of summer precipitation is 0.39mmd�1, which matches with the magnitude of moisture flux
convergence (0.38mmd�1), and their interannual correlation coefficient reaches 0.98 (figure not shown).
Whereas, the interannual variability of evaporation from SiB2 data set is still much weak, and its averaged
anomaly is just 0.09mmd�1. Therefore, the analyses of SiB2 data set further confirm the reliable results based
on the three reanalysis data sets. Namely, the interannual variability of summer precipitation over the STP is
basically regulated by the moisture transport, while the local evaporation with a weak variability
contributes infinitesimally.

5. Summary

Based on the reanalysis data sets (ERA-Interim, JRA-25, and NCEP-DOE) and station observations, this study
investigated the atmospheric moisture budget and its impact on the regulation of interannual variability of
summer precipitation over the TP. The main results are summarized as follows:

1. With the obvious decreasing trend in the heat source of TP, summer precipitation over the TP certainly has
not undergone a consequent reduction. It largely shows a significant signature of interannual variability.
EOF analysis implies that the principal spatial mode of summer precipitation appears with opposite
characteristics over the south and north of the TP.

2. Diagnosis of the atmospheric moisture budget reveals that the interannual variability of summer precipi-
tation over the STP is basically controlled by moisture transport, while the local surface evaporation with
weak year-to-year fluctuations contributes infinitesimally. However, it cannot be ignored that evaporation
makes large contribution to the total precipitation amount.

3. Although the intensity of incoming moisture transport at the western boundary is weaker than that at the
southern boundary over the STP region, the interannual variability of STP summer precipitation is
primarily regulated by the moisture from the western boundary.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025515

WANG ET AL. TP MOISTURE BUDGET AND PRECIPITATION 627



4. Summer NAO has a significant impact on the interannual variability of TP’s summer precipitation. A stron-
ger NAO weakens moisture transport at the western boundary over the STP region, inducing less precipi-
tation. Meanwhile, the intensified summer NAO also reducesmoisture transport at the southern boundary
but not significantly.

5. Under the positive phase of NAO, the wave-activity flux diverges eastward from the subtropical high over
northwestern Europe, and then converges toward the western TP area, which weakens the baroclinic ver-
tical structure of the circulation field over the TP. Furthermore, the NAO influences the meridional position
of the Asian jet and then regulates specific humidity and moisture transport at the western boundary of
STP.

6. The moisture transport is further divided into dynamic and thermodynamic components to investigate
the relative contribution of atmospheric circulation and specific humidity to the variability in regional pre-
cipitation. The large majority of moisture transport (summer precipitation) variance over the TP can be
explained by the dynamic process.

It should be pointed out that spatial resolution of the used reanalysis data set is not enough to represent the
underlying complex topography of the TP and its surrounding high mountain regions in much detail.
Therefore, higher-resolution data are necessary to advance the further in-depth analysis of moisture budget
over the TP. As mentioned by Maussion et al. [2014] and Curio et al. [2015], dynamical downscaling
approaches with regional climate model (30 km or 10 km) can be useful in the following work. Also, based
on the higher-resolution data, a more complex polygon along the boundary of the TP will be more accurate
for the complemented diagnosis of moisture budget. In this study, we focused on the summer time, but there
are strong seasonal differences in both intensity and spatial distribution of the precipitation. The annual cycle
of precipitation over the TP is characterized by a summer precipitation regime in the southeast and a winter
precipitation regime in the west [Maussion et al., 2014]. Additional work will be required to investigate the
winter moisture budget in the western TP.

Although there are high correlation coefficients between reanalysis precipitation and observations in the
interannual time scale, it is a fact that all reanalysis data sets overestimate the intensity of climate mean pre-
cipitation in summer over the TP. This confirms the previous results based on reanalysis data set [Feng and
Zhou, 2012; Wang and Zeng, 2012] and regional modeling study [Wang et al., 2015], while Maussion et al.
[2014] has demonstrated the positive effect of higher resolution in complex terrain on simulated precipita-
tion. Besides, reasonable physical parameterizations are also responsible for better results [S. Wu et al.,
2016]. Therefore, how to improve precipitation simulation over the TP is an urgent task in the future dynami-
cal downscaling work.
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