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Abstract

We investigate the contribution of the local and remote atmospheric moisture fluxes to East Asia (EA) precipitation and
its interannual variability during 1979-2012. We use and expand the Brubaker et al. (J Clim 6:1077-1089,1993) method,
which connects the area-mean precipitation to area-mean evaporation and the horizontal moisture flux into the region. Due
to its large landmass and hydrological heterogeneity, EA is divided into five sub-regions: Southeast (SE), Tibetan Plateau
(TP), Central East (CE), Northwest (NW) and Northeast (NE). For each region, we first separate the contributions to pre-
cipitation of local evaporation from those of the horizontal moisture flux by calculating the precipitation recycling ratio: the
fraction of precipitation over a region that originates as evaporation from the same region. Then, we separate the horizontal
moisture flux across the region’s boundaries by direction. We estimate the contributions of the horizontal moisture fluxes
from each direction, as well as the local evaporation, to the mean precipitation and its interannual variability. We find that
the major contributors to the mean precipitation are not necessarily those that contribute most to the precipitation interan-
nual variability. Over SE, the moisture flux via the southern boundary dominates the mean precipitation and its interannual
variability. Over TP, in winter and spring, the moisture flux via the western boundary dominates the mean precipitation;
however, variations in local evaporation dominate the precipitation interannual variability. The western moisture flux is the
dominant contributor to the mean precipitation over CE, NW and NE. However, the southern or northern moisture flux or the
local evaporation dominates the precipitation interannual variability over these regions, depending on the season. Potential
mechanisms associated with interannual variability in the moisture flux are identified for each region. The methods and
results presented in this study can be readily applied to model simulations, to identify simulation biases in precipitation that
relate to the simulated moisture supplies and transport.

Keywords Moisture transport - Precipitation - East Asia - Evaporation

This paper is a contribution to the special issue on East Asian 1 Introduction
Climate under Global Warming: Understanding and Projection,
consisting of papers from the East Asian Climate (EAC)

: ) S East Asia (EA), especially China, spans several regions. This
community and the 13th EAC International Workshop in Beijing,
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finding the sources of moisture for EA precipitation. Wei
et al. (2012) used a back-trajectory method to find that the
moisture sources for Yangtze River Valley precipitation
are mainly from land. Zhang et al. (2016) studied mois-
ture sources for the Tibetan Plateau (TP) with the Water
Accounting Model (WAM). They found that moisture evapo-
rated from inside the region contributes about 18% of the
total precipitation. Zhao et al. (2016a) studied the moisture
sources for ten major river basins over China from 1980
to 2010. They found that precipitation over south and east
China is mainly attributable to oceanic moisture sources,
while the precipitation over northwest China is more attrib-
utable to terrestrial sources. As mentioned by Gimeno et al.
(2012), methods used to estimate sources of precipitation
range from analytic methods (e.g., Brubaker et al. 1993;
Eltahir and Bras 1996; Burde and Zangvil 2001; Savenije
1995) to more sophisticated numerical methods (including
Lagrangian and Eulerian methods) (e.g., Bosilovich and
Schubert 2002; Dirmeyer and Brubaker 1999; Stohl and
James 2004; de Leeuw et al. 2017), to observed physical
tracers (e.g., Gat and Garmi 1970).

The meteorological approach, on the other hand, empha-
sises finding the pathways of moisture transport and their
connections to EA precipitation. This approach is useful to
connect anomalous moisture transport to variations in EA
precipitation. Zhou and Yu (2005) linked the anomalous
moisture transport over the Yangtze River Valley to a south-
westward extension of the western Pacific subtropical high
(WPSH) and a southward shift of the upper tropospheric
EA jet stream. Li and Zhou (2012) found that the summer
moisture transport anomaly over EA couples with different
phases of the El Nifio—Southern Oscillation (ENSO) in a
quasi-4-year cycle, with two distinct patterns linked to an El
Nifio developing episode and an El Nifio-to-La Nifia transi-
tional episode, separately. Feng and Zhou (2012) found that
the interannual variability of summer precipitation over the
TP is dominated by an anomalous circulation over northern
India and the Bay of Bengal.

These two approaches analyse the relationships between
EA precipitation and moisture transport on different tem-
poral scales. Most of the hydrological studies focus on cli-
matological relationships, while most of the meteorological
studies focus on variability. Except for those aforementioned
studies focusing on the interannual scale, other studies have
investigated the role of moisture fluxes for extreme events
(Sun and Wang 2013; Zhao et al. 2016b; Chen and Xu 2015;
Huang and Cui 2015) and for long-term climate change (Li
et al. 2011). The classification of approaches here is based
on the subject under investigation, i.e., either the sinks and
sources of moisture or the influence of atmospheric pro-
cesses. This differs from the conventional classification into
Lagrangian and Eulerian methods. These two classifications
are not completely interchangeable. Both Lagrangian and
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Eulerian methods can be used to examine either the sinks
and sources of moisture or the influence of atmospheric pro-
cesses (e.g., Bosilovich and Schubert 2002; van der Ent et al.
2010; de Leeuw et al. 2017).

Although not explicitly analysing the relationship
between EA precipitation and moisture transport, previous
studies have investigated EA precipitation anomalies and
their connection with variability in atmospheric circulation.
In the winter, variations in EA precipitation are dominated
by the EAWM, which is linked to the Arctic Oscillation
(AO) and the intensity of the Siberian High (Gong and
Ho 2002; Gong et al. 2001; Wu et al. 2010). Gong and Ho
(2002) showed that the decrease in precipitation over mid- to
high-latitude EA is correlated with a stronger Siberian High
in boreal winter. Gong et al. (2001) showed that the AO
plays an important role in Siberian High variability. How-
ever, showing similar connections between the EA winter
precipitation and the AO or Siberian High, Wu and Wang
(2002) argued that the impacts of the AO and Siberian High
on EA winter precipitation are independent, with the AO
dominant northward of 35°N, and the Siberian High influ-
ential occurring primarily southward of 50°N. Wang et al.
(2000) showed that precipitation variability over southern
China in winter is linked to ENSO. During El Nifio in the
eastern Pacific, an anomalous low-level anticyclone in the
western North Pacific weakens the EAWM and increases
precipitation over southern China. In the summer, precipi-
tation interannual variability is also dominated by ENSO
(Huang and Wu 1989; Wang et al. 2003; Xie et al. 2009).
However, without ENSO SST anomalies over the eastern
Pacific in summer, the anomalous low-level anticyclone over
EA is maintained instead by local SST anomalies from both
the western North Pacific and the tropical Indian Ocean.
The location of this anomalous anticyclone determines the
intensity of the EASM and the distribution of the precipita-
tion over EA (Huang and Wu 1989).

The strength of coupling between local evaporation and pre-
cipitation is sensitive to soil moisture (Seneviratne et al. 2010;
Koster et al. 2004). The strongest evaporation-precipitation
coupling tends to occur over the transitional zones between
wet and dry regions (Koster et al. 2004). In wet conditions,
evaporation is not controlled by soil moisture; instead, it is
controlled by the surface energy budget. In dry conditions,
evaporation is strongly controlled by soil moisture, but its
magnitude and variability are too small to impact precipita-
tion. Consistent with these global studies, over EA, Wei et al.
(2012) and Hua et al. (2017) found that in southeast China
(a wet region), local evaporation has a weak impact on pre-
cipitation. Strong impacts of local evaporation, however, are
found over mountainous regions, such as the Himalayas (van
der Ent et al. 2010; Hua et al. 2017). van der Ent et al. (2010)
suggested that this is mainly due to topography that confines
local evaporation within the region. Furthermore, previous
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studies (Seneviratne et al. 2010; Findell et al. 2011; Goessling
and Reick 2011; Guillod et al. 2014; Taylor et al. 2012; Schér
et al. 1999) also show that evaporation-precipitation coupling
on smaller temporal and spatial scales is sensitive to boundary-
layer stability, which is referred to as local coupling or indirect
feedback.

One issue that has been given less attention is whether
the main source of atmospheric water vapour for a region’s
mean precipitation is also the major contributor to the
region’s precipitation variability. Existing studies on this
issue show inconsistent results over EA. Keys et al. (2014)
showed that the variation of precipitation over northern
China is controlled by variability in evaporation from the
same source region. Chen and Xu (2015), on the other
hand, showed that, over the Sichuan Basin, moisture origi-
nating from the TP, Indian Peninsula, Bay of Bengal and
the Arabian Sea makes considerable contributions to heavy
precipitation events; however, these areas are less impor-
tant to the precipitation climatology. To address this issue,
we apply both hydrological and meteorological approaches
in this study to investigate the relationship between mois-
ture transport and regional precipitation on climatological
and interannual scales. First, we quantify the contributions
(locally evaporated moisture and horizontal moisture fluxes
into the region) to the mean regional precipitation over EA.
Secondly, we identify the main contributors of the horizontal
moisture fluxes (by direction) to precipitation interannual
variability.

Section 2 introduces the data and methods used. Sec-
tion 3 examines links between the mean regional precipita-
tion and the mean moisture transport. Section 4 investigates
relationships between the regional EA precipitation and the
moisture influx at interannual scales, and explores the poten-
tial mechanisms associated with these variations. Section 5
discusses the limitations of the method and data. Section 6
summarises our results.

2 Data and methods

2.1 Precipitation recycling ratio and advected
moisture contribution

The precipitation recycling ratio is the fraction of precipita-
tion over a region that originates as evaporation from the
same region. Previous studies have estimated the recycling
ratio in various regions with various methods (Eltahir and
Bras 1996; Brubaker et al. 1993; Trenberth 1999; Savenije
1995; Schir et al. 1999; Burde and Zangvil 2001; van der
Ent et al. 2010; Gimeno et al. 2012). In this study, we use the
two-dimensional precipitation recycling ratio from Brubaker
et al. (1993) (B1993, henceforth):

EA

P A 2Fn M

where p is the precipitation recycling ratio within a region
(unitless); E is the area-mean evaporation in the region
(kg m~2 s71); F™ is the horizontal moisture flux into the
region (kg s~'); and A is the size of the region (m?).

Equation 1 is derived from the mass conservation of
atmospheric water vapour based on three assumptions.
The simplicity of Eq. 1 makes it easy to apply. However,
the three assumptions inevitably introduce limitations and
uncertainty in its application. We will discuss the implica-
tions of these limitations later in Sect. 5. To assist our dis-
cussion, we describe these assumptions here; more informa-
tion can be found in B1993 and Burde and Zangvil (2001).
The vertically integrated mass conservation of atmospheric
water vapour for a unit area is

90 JOF, OF,
Eo (i) vE-p
ot <ax * dy * ’ @)

where Q is the vertically integrated atmospheric water
vapour (kg m~2); F, and F, are the vertically integrated
horizontal moisture fluxes (kg m s); and E and P are the
evaporation and precipitation (kg m~2 s~!), respectively.

The first assumption is that at sufficiently long timescales
(e.g., monthly), the change in storage of atmospheric water
vapour is small compared to the moisture flux, i.e., % =0.
Equation 2 can then be written as

OF, OFN\_,_p
ox  ady ) ’ @)

which shows the hydrological balance between the hori-
zontal moisture flux divergence, evaporation and precipita-
tion. This assumption has been relaxed in later studies, e.g.,
Dominguez et al. (2006).

The second assumption is that the atmosphere is well-
mixed in the direction perpendicular to the atmospheric flow,
such that precipitated water consists of locally evaporated
(i.e., recycled) and advected water in equal proportion to
the ratio of locally evaporated and advected moisture in the
atmosphere within the region:

Py_ Qi P 0 “
P Q0 P 0

where P, is the component of precipitation arising from
advected moisture and P, is the component of precipita-
tion arising from local evaporation (P, + P, = P); Q, is the
component of atmospheric moisture arising from advected
moisture and Q, is the component of atmospheric mois-
ture arising from local evaporation (Q, + Q, = Q). Eq. 4
is widely used and fundamental for studies of the precipi-
tation recycling ratio (Burde and Zangvil 2001). It allows
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mass conservation to be applied to the advected portion of
precipitation,

OF®  OF¢
<E+E> = e ®

where F! and F{ are the vertically integrated horizontal
moisture flux of advected moisture.

The third assumption is that E, P and P, are constant
within the region under study, such that the area-mean
evaporation, area-mean precipitation and its partition into
evaporated and advected components are characteristic of
all points within the region. Applying the third assump-
tion and the Gauss divergence theorem, the area-integrals
of Egs. 3 and 5 over a region with area of A (m?) can be
simplified to

V-F|A=F0m—Fm=(E—P)A7 (6)

v . Fa |A=F;)ut _ Fin - —PaA, (7)

where \V - F |4 is the divergence of horizontal moisture
flux and \/ - F, |, is the divergence of horizontal flux of
advected moisture; F°“ is the horizontal moisture flux out
of the region; and F* is the horizontal flux of advected
moisture out of the region.

As shown in Egs. 6 and 7, F** and F?" are linearly related
to F'". Therefore, the mean horizontal moisture fluxes can be
represented as the arithmetic mean of the influx and outflux:

Fin + Fou _ Fin + (E — P)A

F= , 8
2 2 @®)
_ F"4+F . pA
PRI R i ©)
2 2

By assuming the proportions of advected moisture and evap-
orated moisture in a region change linearly from upstream to
downstream, the mean horizontal moisture fluxes are also in
equal proportion to the ratio of advected and evaporated pre-
cipitation similar to Eq. 4, i.e., % = L Therefore, B1993’s
precipitation recycling ratio (Eq. 1) is gained by applying
Egs. 8 and 9 to % = % Note that, by assuming that the
proportions of advected moisture and evaporated moisture
remain constant within a region, Schér et al. (1999) derived
another form of p. In Schir et al. (1999)’s calculation, the
weight given to the moisture influx in the denominator is
smaller. More discussion about the limitations and valid-
ity of our adaptation of the B1993 method can be found in
Sect. 5.

Considering two extreme cases can help to understand
this framework. In one case, the region under considera-
tion is the entire globe. In this case, there is no horizontal
moisture flux (/ = 0). Therefore, p = 1 and the moisture
for the global mean precipitation comes entirely from the
global mean evaporation. In another case, the region under
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consideration is a single point. In this case, any moisture
evaporated from this point is immediately exported else-
where by the atmospheric circulation. Therefore, the portion
of evaporation that contributes to precipitation at this point
is zero (EA = 0), and p = 0.

The fraction of precipitated moisture that is advected hori-
zontally into the region can also be calculated as 1 — p accord-
ing to Eq. 1,

Pa 2 Fin

A= —=1-

T T W YT (10

where « is the contribution of precipitation arising from
advected moisture to total precipitation within a region. If
we further divide the total moisture influx F™ according to
the direction of the moisture transport,  term can be divided
into,

2F 2F
Ay = —, A = —
EA 4+ 2Fin EA + 2Fin
2F0 2FY (1D

Xy = —, Og = —>

EA 4+ 2Fmn EA 4+ 2Fmn
and a = ay + ap + ay + ag, (12)
where F {;‘, is the horizontal moisture influx through the west-
ern boundary; ay, is the contribution of precipitation aris-
ing from advected moisture through the western boundary.
Similar subscripts are assigned to represent directions of east

(E), north (V) and south (S) in Eq. 11. Incorporating Egs. 11
into 10, we have:

pray+ag+ay+ag=1. (13)
In the following sections, each term in Eq. 13 will be calcu-
lated and discussed.

2.2 Coefficient of multi-determination

The coefficient of multi-determination (R2) is defined as the
square of the coefficient of multiple correlation (R). R is the
correlation between the dependent variable (precipitation P
in our case) and the best explanation that can be computed
linearly from predictive variables (horizontal moisture influxes
F)"r” and local evaporation E in our case, where x refers to the
direction, i.e., W, E, N and S.). A higher value of R? indicates
a better explanation of the dependent variable by the independ-
ent variables, with 1 indicating that variations of the dependant
variable are fully explained by the linear combination of the
independent variables. R* can be computed using:

2 _ Tp-l
R"=¢'R 'c, (14)
T
where the vector ¢ = (rFmP, Pinp, Ppinp, Fginp, rEP> con-
W E N N

sists of correlation coefficients between the monthly hori-
zontal moisture influxes Fi", local evaporation E and the
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monthly regional precipitation P. The matrix R, is the inter-
correlations between F and E:
Tpnpn Tpinpn Fpinpn Ypnpn Tpng
Tpinpin Tpopn Vpnpn Tpinpn Tping
Ry =|TFips Tpipn Fpopn Tpnpn Fping (15)
Trery Trorp TRpE TRERD TRE
Tern  TEFD

Vppi Yppi r
EFY EF{ EE

Further, ¢7 is the transpose of ¢, and R;xl is the inverse of
matrix K.

2.3 Data

The ERA-Interim re-analysis dataset during 1979-2012
(Berrisford et al. 2011; Dee et al. 2011) from the European
Centre for Medium-Range Weather Forecasts is used in this
study. Variables used include precipitation, evaporation,
mean sea-level pressure and vertically integrated moisture
flux. All variables are monthly means and gridded onto a
512 longitude X 256 latitude regular grid with a resolution
of approximately 0.7° X 0.7°. Trenberth et al. (2011) pointed
out that the global hydrological budget is not closed in many
reanalyses due to the analysis increment applied by the data
assimilation scheme. Our choice of ERA-Interim is justi-
fied by the fact that the residual in the global hydrological
budget is the smallest among reanalyses, according to Tren-
berth et al. (2011). ERA-Interim shows the highest fidelity
among reanalyses in terms of reproducing the EA monsoon
precipitation climatology and its interannual variability (Lin
et al. 2014). When comparing the evaporation in reanalyses
to observations over China (Su et al. 2015), ERA-Interim
produced a reasonable estimate in both the spatial pattern
and interannual variations.

We also use the Hadley Centre Sea Ice and Sea Surface
Temperature monthly dataset from 1979 to 2012 onal° x 1°
global grid (Rayner et al. 2003) and the Global Precipitation
Climatology Project v2.3 monthly dataset from 1979 to 2012

on a2.5° x 2.5° global grid (Adler et al. 2003). The atmos-
pheric teleconnection indices (North Atlantic Oscillation,
i.e., NAO and AO) and Nifi03.4 index are downloaded from
the National Oceanic and Atmospheric Administration Cli-
mate Prediction Center (http://www.cpc.noaa.gov/products/
precip/CWlink/MJO/climwx.shtml).

2.4 Dividing the study regions

EA crosses several climatic zones. To study its hydro-
logical cycle, EA is first subjectively divided into smaller
regions that are relatively homogeneous in terms of their
hydrological features. Generally, smaller regions will
be more homogeneous. However, to keep the number of
regions manageable, we identify five regions according
to P — E (precipitation minus evaporation) and orogra-
phy. Previous studies have divided EA into hydrological
regions based on different methods: on the observed pre-
cipitation and its leading patterns analysed by the Empiri-
cal Orthogonal Functions (EOF) (Ma et al. 2015; Zhu
2003); on the standardised precipitation index (SPI) (Li
et al. 2015); and on geographical features, such as basins
and river catchments (Zhao et al. 2016a). However, EOF
analysis of precipitation over-emphasises the eastern
coastal areas where the total precipitation and its varia-
tion are largest; the SPI does not reflect differences in the
actual precipitation amount; and although the hydrological
features over river catchments are homogenous, the areas
of these catchments are too small to apply this method to
the entire EA landmass.

Figure 1 shows the annual mean P — E in ERA-Interim
for 1979-2012. P exceeds E over southern China, the east-
ern part of TP and northeastern China. P and E are com-
parable over northwestern China. The regional boundaries
also follow the orography (Fig. 1). Region 1 covers south-
eastern China; region 2 covers the TP; region 3 covers
central eastern China, including both the northern China
Plain and the Northeast Plain; region 4 covers northwest-
ern China, including the Loess Plateau, the Inner Mongo-
lia Plateau and the deserts of northwestern China; region

Fig.1 (Left) Annual mean
precipitation minus evaporation 50°N 50°N
(P — E), calculated using the F
ERA-Interim re-analysis dur- 40°N - 40°N
ing 1979-2012, units: m/year;
(right) Topography over the EA o 30°N
landmass, units: m. Boxes 1 to S0°N 7
5 in (left) indicate sub-regions | Ag 8w g | R AT
over EA 20°N 20°N

10°N 10°N ' ’

75°E 90°E 105°E 120°E 135°E
o o o o o
75°E 90°E 105°E 120°E 135°E - —
01 01 05 1 15 2 25 3 m/year 0 750 1500 2250 3000 3750 4500 5250 6000 6750 7500
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5 covers northeast China including the Great and Lesser
Khingan and Paektu Mountain ranges.

3 Moisture fluxes contributing to mean
precipitation

3.1 Seasonal cycle of moisture budget over East
Asia

The mean seasonal cycles of the hydrological components
(i.e., P, E and the convergence of the vertically integrated
moisture flux) for each region are shown in Fig. 2. For all
five regions, the seasonal cycles show a single peak in boreal
summer. Over region 1, P exceeds E from March to Sep-
tember, indicating that this is a wet region. The moisture
flux convergence is large over this region. Compared with
region 1, the other regions experience drier winters with
P < 1 mm/day from November to March. There are some
similarities between regions 3 and 5, both of which show
low precipitation except during the EASM season. The
moisture flux convergence shows its maximum over both
regions in July. The impact of the EASM over region 4 is
much smaller compared to the other regions, as the area-
mean horizontal moisture flux convergence is nearly zero all

| | | | | | | | | |
Region 1 L

Region 2

IN
o
| 11| |

Region 3

g
o
I |

o
)
|

—P
— E

— QCov
2.0 ——- P (GPCP)
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o ®
oo
[
T T

IN
o
|
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o
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o o
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\

\

\

\

\
T T 1T

Fig.2 Mean seasonal cycles of precipitation (P), evaporation (E) and
the convergence of the vertically integrated moisture flux (QCov)
using the ERA-Interim re-analysis during 1979-2012 for five regions
defined in Fig. 1. Units: mm/day. The pale envelope indicates the +1c
range of interannual variability about the mean. The GPCP precipita-
tion during 1979-2012 is shown as the blue dashed lines
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year round; E and P balance out each other. However, as we
will show in the following sections, P over region 4 relies
largely on the horizontal atmospheric moisture transport.

3.2 Precipitation recycling ratio over East Asia

The mean annual p for all regions during 1979-2012 is cal-
culated using Eq. 1 and used in Fig. 3 as input to schematic
diagrams that show the regional hydrological cycle. All
components shown in Fig. 3 are standardised by dividing
by the annual mean precipitation then multiplying by 100.
By doing so, the relative importance of different hydrologi-
cal components in the five regions can be compared. Note
that direct comparison between regions is difficult as p is
affected by the size and shape of each region. Nevertheless,
Fig. 3 shows that p is highest over TP (region 2, 20.83%),
followed by region 4 (northwestern, 14.77%) and region 1
(southeastern, 13.63%). The higher p over the TP (region 2)
is consistent with previous studies (van der Ent et al. 2010;
Zhang et al. 2016). In hydrology, a related term to p is also
used—the evaporation recycling ratio, which describes the
proportion of evaporated water that returns as precipitation
in the same region. This ratio can be easily derived using p
and the standardised E from Fig. 3. The evaporation recy-
cling ratio over regions 1 and 2 (23 and 36%) is much higher
than that over regions 3, 4 and 5 (8, 15 and 13%, respec-
tively). It is interesting to see that although p is comparable
between regions 1 and 4, the evaporation recycling ratio over
region 4 is smaller. This indicates that P over region 4 is
small and that a larger fraction of the evaporated water is
exported. From Fig. 3, we can also derive the conversion
ratio of F,, to P by calculating the % The conversion ratio
over regions 1 and 2 (43 and 62%) is higher than regions 3,
4 and 5 (14, 26 and 22% respectively).

The mean seasonal cycle of p (Fig. 4) shows that the max-
imum p does not occur in summer when the EASM prevails
and precipitation is strongest (grey bars). According to Eq. 1,
p is proportional to E but inversely proportional to F;, (blue
bars), which peaks during summer over all five regions due
to the EASM, especially over eastern China (regions 1, 3
and 5). Therefore, over these regions, p is smaller during the
EASM compared to spring and autumn. As shown in Fig. 4,
over region 1, the seasonal variation of F" outweighs that of
E, thus F™ controls p. But in other regions, the seasonal vari-
ation of E is larger than that of F™, so E controls p. These
distinct regimes show the different constraints on the sea-
sonal variation of p between region 1 and other regions. This
is also manifested by the correlation coefficients between
p and E and F™ (r(p, E) and r(p, F")) shown in Figure 4. p
has a significant negative correlation with F™ over region
1, while p is significantly positively correlated with E over
other regions.
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Fig.3 Schematics of the mean
annual water cycle over five
regions. The top-left panel is a
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3.3 Contribution of advected moisture transport

By calculating p, we know that F accounts for between
80 and 92% of the mean precipitation in these regions.
To investigate from which directions the precipitation
receives its moisture supply, we calculate these contribu-
tions from each direction using Eq. 11. The separation of
the boundaries of each region according to direction is
shown in Fig. 5a. The percentage contributions from all
directions including the local evaporation are shown in
Fig. 5b—f, of which the sum must be 1 according to Eq. 13.
Figure 5g—k shows the same contribution but to the actual
monthly mean precipitation for 1979-2012.

The main contributions to the mean precipitation in
each region are also summarised by season and shown
in the upper part of Table 1. The moisture influx via the
southern boundary dominates the mean precipitation over
region 1 throughout the year. In particular, it provides over
60% of the moisture for precipitation in MAM and JJA.
Although the southern moisture influx is a major contribu-
tor over region 2 in JJA and SON, it is not as dominant
in other seasons as over region 1. Instead, the moisture
influx via the western boundary dominates in DJF and
MAM. Over regions 3, 4 and 5, the southern moisture
influx shows a signature of the EASM during JJA, but the

western moisture influx dominates throughout the year.
This result is consistent with previous studies that sug-
gested that the moisture flux from the west is a major con-
tributor for precipitation over EA (van der Ent et al. 2010;
Zhao et al. 2016a; Wei et al. 2012; Sun and Wang 2014;
Drumond et al. 2011).

4 Moisture influx variations contributing
to East Asian precipitation interannual
variability

To investigate the contributions of interannual variability
in moisture influxes from each of five directions (evapora-
tion is also included as the fifth direction) to the interannual
variability of precipitation, we calculate the correlation coef-
ficients between the moisture influx and precipitation using
seasonal mean values during 1979-2012 (Table 1). Com-
paring the mean and interannual variability in Table 1, we
find that the major contributors of moisture influxes to the
mean precipitation are not necessarily the major contribu-
tors to the precipitation interannual variability. Over region
1, the moisture influx via the southern boundary dominates
the precipitation on both temporal scales. Over region 2, in
DJF and MAM, the moisture flux via the western boundary
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Fig.4 Normalised seasonal
cycles of the precipitation
recycling ratio (p), the vertically
integrated moisture influx (F™")
and evaporation (E) calculated
from ERA-Interim re-analysis
during 1979-2012 for the

five regions. Each variable

is normalised by its January
value. Correlation coefficients
between p and F™, r(p, F™), as
well as correlation coefficients
between p and E, r(p, E), are
shown below the key. Correla-
tion coefficients are calculated
using area-mean monthly values
during 1979-2012. Correlation
coefficients that are significant
at the 90% confidence level are
set in boldface
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dominates the mean precipitation, however, the local evap-
oration dominates the precipitation interannual variability.
The western moisture influx is the dominant contributor to
the mean precipitation over regions 3, 4 and 5. However,
the southern or northern moisture flux or the local evapora-
tion dominates the precipitation interannual variability over
these regions depending on the season. With this compari-
son, we learn that the moisture influxes from some directions
are large but stable, while the moisture influxes from other
directions are smaller but become important controlling fac-
tors for the interannual variability. Identifying the potential
mechanisms behind these variations of moisture influxes
can improve our ability to understand and predict the varia-
tions of EA precipitation. Next, we consider these potential
mechanisms for each direction in turn.

4.1 Western boundaries

Moisture influxes via the western boundaries of region 4
in DJF and SON and of region 5 in DJF have significant
positive correlations with precipitation variability. Figure 6a
shows the regression coefficients of the mean sea-level pres-
sure (MSLP) regressed onto the western moisture influx of
region 4 in DJF. Over the northern Atlantic and western
Europe, the MSLP anomaly resembles the negative phase

@ Springer

of NAO, that is, a positive MSLP anomaly at higher lati-
tudes that weakens the Icelandic low and a negative MSLP
anomaly at lower latitudes that weakens the Azores High.
As a result, the low-level westerlies shift to the south, along
with the jet stream and storm track, which changes the flow
of atmospheric moisture to China via the western boundary
of region 4. As shown in Fig. 6b, there are stronger moisture
fluxes across the Mediterranean Sea, the Black Sea and the
Caspian Sea before the flow reaches the western boundary
of region 4. We hypothesise that the increased evaporation
from these seas strengthens the moisture transport to region
4. This relationship can also be illustrated by the significant
negative correlation between the NAO index and the western
influx of region 4 in DJF (Table 2).

Regression coefficients are weaker for MSLP and the
moisture influx with region 4 in SON and region 5 in DJF
on their western boundaries (not shown). This may be due
to the NAO being weaker during SON and region 5 being
further east, away from the NAO centres of action and the
influence of the Atlantic jet stream. The correlation coef-
ficients between the NAO index and these moisture influxes
are not significant, but remain negative.
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the moisture influxes from different directions, as well as from the
local evaporation (p), which is in gray. g—k The mean seasonal cycles

4.2 Northern boundaries

Moisture influxes via the northern boundaries of region 1 in
DJF and of region 5 in DJF and JJA have significant negative
correlations with precipitation variability. Over regions 1
and 5, in DJF, the northern moisture influx is associated with
the EAWM. The advection of cool and dry air southward
is associated with reduced precipitation. Figure 7 shows
regression coefficients of surface pressure (P,) regressed

Evaporation

8 L
-mmEE. 4__—|IIIIII--

- el 0 - L
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- (K) 2 T Regions F
20 r

16 1 F

127 I
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of precipitation in the five regions calculated from the ERA-Interim
re-analysis during 1979-2012, units: mm/month. The precipitation is
separated into colours according to the moisture contributions from
each section of the boundary

onto the moisture influxes across the northern boundaries
of regions 1 and 5 in DJF. For region 1, P, shows a positive
anomaly over the polar region and a negative anomaly over
lower and middle latitudes, which resembles the AO nega-
tive phase. The pattern of the negative AO, especially the
high pressure anomaly over Siberia (40°-60°N, 60°-190°E)
resembles the relationship between the Siberian High and
EA winter precipitation discussed in Gong et al. (2001) and
Gong and Ho (2002). Along the eastern flank of the Siberian
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Table 1 Major contributions to the mean precipitation (upper half)
and its inter-annual variability (lower half) over the five regions

Region 1 2 3 4 5

Climatology

DIJF A% w.S W W.N w

MAM S w.S W W.N W

JJTA S S,E, Ww.S Ww.S Ww.S

SON Y S,W W W.N W
Inter-annual variation

DIJF S.N E, S \'% W*N*

MAM S E} S.E, E.S S*

JJA ES’S* S S E, N

SON S S S WS.E, S

According to the boundary definitions shown in the top-left panel
of Fig. 5, W is the western section, E is the eastern section, N is the
northern section, S is the southern section and E, is the local evap-
oration. For the mean contribution, directions are listed in order of
the percentage of precipitation explained, until the total fraction
explained is greater than 60%. For inter-annual variation contribu-
tion, all directions with the correlation coefficients between the mois-
ture influxes and the precipitation larger than +0.5 are listed. For the
regions where no value of correlation meets this threshold, the thresh-
old is reduced to +0.4. Such cases are denoted by *

Bold text indicates the correlation coefficients are negative

L T
36 24 -12 0 12 24 36 x10°

Fig.6 a Regression coefficients of MSLP regressed onto the mois-
ture influx across the west boundary of region 4 in DJF during 1979—
2012. Units: Pa/(kg/s). Regression coefficients that exceed the 90%
confidence level are stippled. b Regression coefficients of vertically
integrated moisture flux regressed onto the moisture influx across the
west boundary of region 4 in DJF during 1979-2012. Units: (kg/m/s)/

High, the cool and dry air is advected south, which is associ-
ated with reduced precipitation over region 1.

Over region 5, however, the change in P, is of opposite
sign and resembles the positive AO. Since the northern
boundary of region 5 is located at 55°N, there is no need
for a large meridional wind anomaly to bring cool air across
the boundary as is the case for region 1. In fact, it is during
the AO positive phase, when cool air is confined to high
latitudes, that the northern moisture influx has its significant
impact over region 5. These impacts of the opposite patterns
of the AO on the winter precipitation over regions 1 and 5
contradict Gong et al. (2001), but are supported by Wu and
Wang (2002) who found that the impacts of the AO and the
Siberian High on the EA winter precipitation are independ-
ent. The correlation coefficients between the AO index and
the northern moisture influxes of regions 1 and 5 during
DIJF also reflect the aforementioned relationship (Table 2).
The insignificant negative correlation coefficient between
the AO index and the northern moisture influx of region 1
may be because the direct link is weak, thus the variations
of AO and the northern moisture influx are linked via the
Siberian High.

(kg/s). Colours indicate the regression coefficients are significant
at the 90% confidence level: blue indicates that the regression coef-
ficient of zonal moisture flux is significant; green indicates that the
regression coefficient of meridional moisture flux is significant; red
indicates that regression coefficients of both directions are significant

Table 2 Correlation coefficients between the indies (NAO, AO and Nifio 3.4) and the moisture influxes over different region boundaries in cor-

responding seasons that are mentioned Sects. 4.1, 4.2 and 4.3

Western boundary

Northern boundary

r4 DJF 5 DJF r4 SON rl DJF r5 DJF
NAO -0.31 -0.20 -0.07 AO -0.11 0.37

Southern boundary

r1 DJF r3 DJF rl MAM 3 MAM 4 MAM 5 MAM
Nifio 3.4 0.47 0.26 0.68 0.54 0.40 0.14

Values that exceed the 90% confidence level are set in boldface
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Fig.7 Regression coefficients of P, regressed onto the moisture influx across the north boundaries of regions a 1 and b 5 in DJF during 1979-
2012. Regression coefficients that exceed the 90% confidence level are stippled. Units: Pa/(kg/s)

4.3 Southern boundaries

In DJF, the moisture influxes via the southern boundaries of
regions 1 and 3 have significant correlations with precipi-
tation variability. In MAM, the southern moisture influxes
of regions 1, 3, 4 and 5 have significant correlations with
precipitation variability. The regression coefficients of SST
regressed onto the southern moisture influxes over these
regions are shown in Fig. 8. All regressions show a positive
SST anomaly over the central and eastern Pacific, indicating
that ENSO is the dominant mechanism causing variations
in the southern moisture influx over these regions. An anti-
cyclonic anomaly is found over the western North Pacific
(not shown). These findings are consistent with Wang et al.
(2000), who attributed the formation of this anticyclonic
anomaly to both the local SST cooling over the western
North Pacific and the remote SST warming over the central
Pacific, which can be seen in Fig. 8. The positive correlation
coefficients between the Niflo 3.4 index and the southern
moisture influxes of these regions also reflect this relation-
ship (Table 2). The increased moisture is transported to the
EA landmass via the southerly winds along the western flank
of the anticyclonic anomaly.

In JJA, the moisture influxes via the southern boundaries
of regions 1, 2 and 3 have significant positive correlations
with precipitation variability. The regression coefficients
of the vertically integrated moisture fluxes regressed onto
these moisture influxes are shown in Fig. 9a—c. The mois-
ture fluxes show an anticyclonic anomaly over the EA coast
that affects the southern boundary of each region. This anti-
cyclonic anomaly is local and is not obviously linked to the
central tropical Pacific where SST anomalies are weak. This

local feature has been noted in previous studies, which have
linked it to a combination of the local wind-evaporation-SST
feedback over the western North Pacific and the propaga-
tion of a Kelvin wave due to tropical Indian Ocean warming
(Wang et al. 2003; Xie et al. 2009; Wu et al. 2010). The posi-
tive SST anomalies over the Tropical Indian Ocean and the
South China Sea are linked to the southern moisture influxes
to regions 1 and 2 but not to region 3 (Fig. 9d—f). This lack
of association between tropical SST anomalies and higher
latitude circulation variations was also observed in previous
studies (e.g., Xie et al. 2016). Instead, the moisture influx
anomaly over region 3 is associated with local SST variabil-
ity, particularly in the Kuroshio Current extension region.

In SON, the moisture influx variations over the south-
ern boundary of each region are associated with a circum-
global wave pattern in the Northern Hemisphere. The source
regions of the perturbation may vary from one occurrence of
the wave pattern to another (Stephan et al. 2017).

4.4 Evaporation

The role of evaporation in precipitation interannual variabil-
ity varies by region and season. As summarised in Table 1,
evaporation is negatively correlated with precipitation over
region 1 in JJA. It is positively correlated with precipita-
tion over region 2 in DJF and MAM, region 3 in MAM and
region 4 in MAM, JJA and SON.

The impact of evaporation on precipitation reflects the
strength of the land-atmosphere coupling. Previous studies
(Koster et al. 2004; Seneviratne et al. 2010) showed that
stronger land-atmosphere coupling preferentially occurs in
the transition regions between wet and dry soil moisture
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Fig.8 Regression coefficients of SST regressed onto the moisture
influx across the south boundaries of regions 1 (a) and 3 (b) in DJF
during 1979-2012. Regression coefficients of SST regressed onto the

zones. To identify the transition regions over EA, we show
the correlation coefficients of the seasonal mean daily maxi-
mum 2m temperature and the seasonal mean evaporation,
(T s E), calculated from ERA-Interim during 1979-2012
(Figure 10). Seneviratne et al. (2006, 2010) found that, on
monthly-to-annual scales, r(T, . E) is an adequate diag-
nostic to reveal land-atmosphere coupling strength. Over
transitional regions, (T, .., E) is characterised by negative
values, while over wet regions, r(T, . E) is characterised
by positive values. The negative (7, ,,,, E) over transitional
regions is due to a negative feedback: increased surface
temperature leads to a higher vapour pressure deficit and
evaporative demand; under relatively dry conditions, this
decreases soil moisture; which decreases evaporation, which
in turn increases the surface temperature and the sensible
heat flux.

As shown in Fig. 10, significant negative (7, ,,,,, E) val-
ues are located mainly over regions 3 and 4. This demon-
strates that regions 3 and 4 are transitional regions and that
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moisture influx across the south boundaries of regions 1 (c), 3 (d),
4 (e) and 5 (f) in MAM during 1979-2012. Regression coefficients
exceed the 90% confidence level are stippled. Units: K/(kg/s)

the evaporation over these regions has a strong impact on
the precipitation, which is consistent with the correlation
coefficients shown in Table 1. Region 1, however, shows
positive r(T, .., E). This indicates a negative correlation
between evaporation and precipitation, which is consistent
with Table 1. With ample soil moisture due to the EASM
in JJA, evaporation is constrained by the surface energy
budget rather than by soil moisture. During a precipitation
event, increased cloud cover reduces net surface shortwave
radiation and evaporation. This negative correlation between
evaporation and precipitation over southeastern China was
also found in other studies (Wei et al. 2012; Hua et al. 2017).

Over region 2, evaporation dominates precipitation vari-
ability in DJF and MAM. This is in line with previous stud-
ies (van der Ent et al. 2010; Hua et al. 2017) that suggested
that the topography confines the local evaporation within the
region. However, it is interesting to notice the contrasting
(T, a0 E) values between the western and eastern TP in
MAM, JJA and SON. This indicates a dry western TP and a
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Fig. 9 a—c Regression coefficients of the vertically integrated mois-
ture flux regressed onto the moisture influx across the south bound-
aries of regions 1, 2 and 3 during JJA 1979-2012. Units: (kg/m/s)/
(kg/s). Colours indicate that the regression coefficients are significant
at the 90% confidence level: blue indicates that the regression coef-
ficient of zonal moisture flux is significant; green indicates that the

wet eastern TP. One possible explanation for this is the dif-
ference in the orientation of the topography. In the western
TP, the Himalayas lie to the south and are zonally oriented,
allowing them to block moisture transported from the rela-
tively moist Indian subcontinent and the Bay of Bengal. In
the eastern TP, the Himalayas are oriented meridionally,
which allows a stronger moisture transport from the south,
higher precipitation and wetter soils (Curio et al. 2015).
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regression coefficient of meridional moisture flux is significant; red
indicates that regression coefficients of both directions are significant.
d—f Regression coefficients of SST regressed onto the moisture influx
across the south boundaries of regions 1, 2 and 3 during JJA 1979-
2012. Units: K/(kg/s). Regression coefficients that exceed the 90%
confidence level are stippled

5 Discussion

We discuss the limitations of the B1993 method, followed
by a discussion on the uncertainties of the hydrological
variables in ERA-Interim over EA, and the choice of study
regions.
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Fig. 10 Seasonal mean correla-
tion coefficients between the 50°N - 50°N -
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5.1 Limitations in the B1993 method used here

We use the B1993 method to compute p. The B1993
method was originally designed for parallel flow. The
moisture transport over EA does not strictly fit the assump-
tion of parallel flow. However, throughout the year (except
SON) over EA land, the moisture flux is relatively parallel
with weak rotation (figure not shown). The convergence
of the moisture flux is mainly due to the decrease of the
moisture flux along the flow rather than to its rotation.
Therefore, the parallel flow assumption of B1993 is rea-
sonably valid over EA.

Several studies have reported that the B1993 method
underestimates p (Schér et al. 1999; Savenije 1995; Dirmeyer
and Brubaker 1999). However, whether the B1993 method
underestimates p depends on the region under study. Over
the Sahel, Savenije (1995) argue that the B1993 method
underestimates p. Over southeastern North America, how-
ever, the magnitude of p calculated from B1993 is compa-
rable to that calculated from an on-line 3-D water vapour
tracer method (Bosilovich and Schubert 2002).

The B1993 method is comparable to other analytic meth-
ods over other regions that have similar sizes and shapes to
the regions defined here, e.g., the Amazon Basin, the Mis-
sissippi Basin and Europe (Eltahir and Bras 1996; Burde
and Zangyvil 2001). Furthermore, we also applied a numeri-
cal vapour tracing method to compute the p over these five
regions: the Water Accounting Model (van der Ent et al.
2010). The p calculated from the B1993 method is also
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comparable to the p from the Water Accounting Model over
the EA; more details about this comparison will be reported
in a future study.

The B1993 method offers a simple calculation of p (Eq. 1)
as a function of only moisture influx and local evaporation,
p = p(F™ E). It is interesting to note that p and the related
precipitation in a region are determined from F rather than
the net moisture flux that is widely used in precipitation-
related studies, because both the net moisture flux and P
minus E are directly related to the moisture convergence.
In fact, the B1993 method uses the net moisture flux, how-
ever, due to the introduction of the third assumption, the
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Fig. 11 Coefficient of multi-determination calculated from moisture
influxes (dash lines) and from moisture net fluxes (solid lines) for
regions 1-5. Units: %
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net moisture flux becomes a linear function of the moisture
influx (as shown in Eqgs. 6 and 7). This linear relationship
simplifies the B1993 method and makes possible our expan-
sion to the contributions from the moisture fluxes from each
direction.

However, a limitation is inevitably introduced by the
fact that neither P nor E are constant across the study
regions. To investigate this limitation, we use the coef-
ficient of multi-determination R? introduced in Sect. 2.2.
Figure 11 shows the R? calculated from the net moisture
flux Riet and from the moisture influx Rl.zn. Rﬁet is close
to 100% for all five regions throughout the year, indicat-
ing that the net moisture flux across the boundaries can
explain almost all the precipitation interannual variability.
an ranges mainly between 50 and 75%, indicating that
about 50-75% of the precipitation interannual variability
can be explained by the moisture influx across bounda-
ries. There is no doubt that the net moisture flux across
the boundaries has a closer link to precipitation variabil-
ity. However, decomposing the net moisture flux into the
contribution from each direction would be less informa-
tive than our decomposition of the moisture influx. This is
because the net moisture flux across any one boundary is
a combination of the moisture influx across that boundary
and the moisture outflux across that boundary, the latter
of which is related to the moisture influxes on all other
boundaries, including the local evaporation. Any varia-
tion in the net moisture flux across one boundary cannot
be attributed to a change in the moisture transport from
only that direction. This makes links between circulation
anomalies and variability of the net moisture flux from a
particular direction less convincing. Although the mois-
ture influx is not perfect in terms of explaining precipita-
tion variation, the variations of moisture influx across a
particular boundary can be more clearly linked to atmos-
pheric circulation anomalies. This allows the identification
of potential mechanisms to understand those variations.

5.2 Trajectory analysis

Trajectory analysis of the origins of moisture for precipita-
tion is a useful technique to understand regional hydrologi-
cal variability, as shown in previous studies (e.g., Gimeno
et al. 2012; Dirmeyer and Brubaker 1999; de Leeuw
et al. 2017). It is mainly achieved through a Lagrangian
method or through integrating the atmospheric water con-
servation equation backwards in time, either on-line in
an atmospheric model or off-line using data from model
integrations. A key objective of this study is to identify
the connections between moisture fluxes and inter-annual
atmospheric variability. For this purpose, the extension
of B1993 we present is more than suitable. Moreover, the

analytic method we present is much less computationally
demanding than Lagrangian trajectory methods or meth-
ods that integrate the atmospheric water conservation
equation. Our analytic method uses only monthly data,
rather than the daily or sub-daily data required by trajec-
tory methods, which means that our method can be readily
applied to a wider range of models and datasets to inves-
tigate regional hydrological features. To verify the results
shown in this study, we are applying the Water Accounting
Model (van der Ent et al. 2010; van der Ent and Savennije
2011) to identify the sources of moisture for precipitation
in the five sub-regions defined in this study. Comparisons
between these methods will be reported in the near future.

5.3 Uncertainty of ERA-Interim hydrological
variables over EA

Although we chose ERA-Interim for its higher fidelity
in reproducing the hydrological budget and its interan-
nual variability (Trenberth et al. 2011), uncertainty in the
hydrological budget remains over China in ERA-Interim.
For example, over region 3 during spring and autumn, the
P — E over land is slightly negative (Fig. 1), which is at
odds with the physical constraint that P — E over land must
be positive as runoff must be positive. Also, there are large
differences in the mean annual cycle of precipitation over
region 2 (TP) between ERA-Interim and GPCP (Fig. 2).
This overestimate of precipitation over TP in ERA-Interim
has been reported in previous studies (Tong et al. 2013); it
is a common issue for reanalyses (You et al. 2015), espe-
cially in the southeastern TP where summer convection
dominates.

Part of these biases may be linked to the imbalance of the
hydrological budget in the reanalyses. It is partly due to the
model bias, and partly due to the observational uncertainties
introduced via data assimilation schemes (Trenberth et al.
2011). As pointed out by Rodell et al. (2015), the hydro-
logical storage terms and fluxes are observed individually in
remote sensing. Although each observation falls within the
anticipated error bounds, the absence of balance constraints
among these components causes imbalance in the hydrologi-
cal budget as well as in the related surface energy budget
(L’Ecuyer et al. 2015).

5.4 Dividing the study regions

Note that both the size and shape of the region affects the
estimation of contributions to the precipitation, especially
for p. The precipitation recycling ratio tends to be greater
for a larger domain, if the hydrological conditions remain
similar. Besides, as pointed out by van der Ent and Savennije
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(2011), if the domain is a rectangle, p will be smaller in a
region whose major axis is perpendicular to the moisture
flux, relative to a region whose major axis is parallel to the
moisture flux. This study does not aim to compare p among
these five regions, but to separate the contributions to pre-
cipitation from advected and evaporated moisture, inde-
pendently for each region. Using an analytic model with
idealised assumptions may introduce certain inaccuracies,
but the potential links between variability in precipitation,
evaporation and large-scale atmospheric circulation can still
be clearly identified.

6 Summary

In this study, we identified the contributions of local and
remote atmospheric moisture influxes to East Asian pre-
cipitation and its interannual variability. First, we divided
China into five regions —southeast, Tibetan Plateau
(TP), central east, northwest and northeast—according
to hydrological features and topography, then calculated
the regional precipitation recycling ratio of each region
using the method of Brubaker et al. (1993). Based on the
regional precipitation recycling ratio and other hydrologi-
cal variables, we show in Fig. 3 the hydrological cycle for
each region and derived the regional evaporation recycling
ratio and conversion ratio for advected atmospheric mois-
ture. The precipitation recycling is highest over the TP, the
northwest and the southeast.

We expanded the Brubaker et al. (1993) method to
estimate the contributions to precipitation in each region
from the moisture influxes from each direction. Over the
southeast, the moisture influx via the southern boundary
dominates the mean precipitation throughout the year. In
particular, the southern moisture influx provides over 60%
of the moisture for the mean precipitation in MAM and
JJA. Over the TP, the southern moisture influx is also a
major contributor in JJA and SON, however, it is not as
dominant in other seasons as over the southeast. Instead,
the moisture influx via the western boundary dominates
in DJF and MAM. Over the central east, northwest and
northeast, the western moisture influx is the major con-
tributor throughout the year, with the southern moisture
influx controlled by the summer monsoon in JJA.

Further, we investigated the relationship between the
precipitation and the moisture influx (including the local
evaporation) on interannual scales. Results show that the
major moisture sources that contribute to the mean pre-
cipitation are not necessarily the key contributors to the
precipitation interannual variability over the same region.
Over the TP in DJF and MAM, the local evaporation has
the highest correlation with the precipitation interannual
variation. Over the central east, northwest and northeast,
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although the western moisture influx dominates the mean
precipitation, the variations in the southern and northern
moisture influxes and the local evaporation are the major
contributors to the precipitation interannual variation,
depending on the season.

We identified potential mechanisms that may control
the variations in the moisture influxes from each direction.
On the western boundary, in DJF over the northwest, the
variation of the moisture influx is linked to the NAO. On
the northern boundary, in DJF over both the southeast and
northeast, the variations of moisture influxes are linked to
opposite phases of the AO. On the southern boundary, the
variations of moisture influxes of most regions are linked
to ENSO. The variations of local evaporation have a higher
correlation over the northwest and the central east regions,
where the soil moisture is limited and the land-atmosphere
coupling is strong.

The methods and results discussed in this study could be
used to evaluate climate model simulations of the regional
hydrological cycle. Simulation of precipitation is one of the
most essential and most challenging tasks in weather and
climate modelling. The complex links between precipita-
tion and other physical and dynamical processes make it
difficult to identify the causes of precipitation biases in
models. In this study, we tried to break this complex link
into two simple parts. The first is the link between precipita-
tion and moisture influxes (from each direction, including
local evaporation); the second is the link between moisture
influxes and the atmospheric circulation. This breakdown
may be useful to evaluate precipitation in weather and cli-
mate models. The first link reveals the moisture sources for
regional precipitation and its variations. If this link is well
represented in the models, then the second link can reveal
whether the first link is associated with the correct atmos-
pheric circulations and their variations. If the models simu-
late both links but have not simulated the correct precipita-
tion in a region, then the sources of precipitation bias in the
models could be due to incorrect representations of local
physical processes, e.g., errors in the treatment of boundary-
layer and convective processes and cloud microphysics.
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