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ABSTRACT
Previous studies found a seesaw pattern of summer precipitation between northeast Asia and east Siberia
on an interannual time scale, which is associated with an eastward-propagating atmospheric wave train over
Eurasia and corresponding water vapor transport circulations. Using a general circulation model with an
embedded water-tagging module, the main water vapor sources of the two regions, as well as the relative
contributions of each source region to the total precipitation for both the climatological mean and interdecadal variation, are further compared in this study. The model simulation results show that local evaporation, the Pacific Ocean, and East Asia are the dominant moisture sources for northeast Asian precipitation.
In contrast, for east Siberia, moisture mainly originates from the Pacific Ocean, northeast Asia, west Siberia,
and local evaporation. This suggests that the local evaporation and Pacific Ocean are both crucial to the
moisture supply of the two regions, implying the important roles of the land processes and adjacent oceanic
sources. In addition, northeast Asia appears to be the major moisture source for east Siberia, whereas east
Siberia has weak impacts on the moisture input for northeast Asia. Further analysis finds that the model
simulation can capture interdecadal changes in summer precipitation over the two regions around the late
1990s. This interdecadal change is mainly manifested in the moisture supplies from the Pacific Ocean, North
Atlantic Ocean, and east Siberia, which suggests a link with the circulation anomalies under the combined
impacts of the Pacific decadal oscillation and the Atlantic multidecadal oscillation.

1. Introduction
Eastern Eurasia stretches across the mid- to high latitudes, mainly covering northeast Asia and the eastern
part of Siberia. The annual total precipitation amount in
this location ranges from less than 200 mm in southeastern Mongolia to more than 800 mm over the western
coast of the Okhotsk Sea, including arid, semiarid,
semihumid, and humid climate zones. Corresponding to
Corresponding author: Wen Chen, cw@post.iap.ac.cn

the various climate zones, a wide range of ecosystems
exist within this region, such as deserts, grasslands,
farmlands, and forests. In particular, the transition areas
of different climate zones are very sensitive to climate
change. Among all the climate variables, precipitation
change is one of the most important factors that can
exert significant impacts on the agricultural yields, ecological balance, and economic growth (Chuai et al. 2013;
Munkhtsetseg et al. 2007; Park et al. 2010). The precipitation variation here is very complex under the
control of atmospheric circulations from the low and
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mid–high latitudes. Hence, much work has been devoted
to investigating the physical mechanisms of precipitation
change from the perspective of extreme events (Khon et al.
2007; Wang and He 2015; Wang et al. 2017), long-term
trends (Endo et al. 2006; Fujinami et al. 2016; Zhu et al.
2012), and interannual (Ding and Wang 2005; Hiyama
et al. 2016; Lee et al. 2005; Zhao et al. 2019) and interdecadal variations (Chen et al. 2009, 2013; Han et al. 2015;
Ho et al. 2003).
In addition to the abovementioned studies, other research has been carried out to investigate the hydrological characteristics of this region to obtain a better
understanding of the precipitation variation features,
with a main focus on the water vapor budget and
moisture origins (Numaguti 1999; Sun et al. 2007;
Yatagai and Yasunari 1998; Ye et al. 2014). Thus far, it
has been within the research hotpot of global climate
change to understand the mechanisms behind water
vapor that evaporates from oceanic sources along with
its atmospheric transport and their connection with the
hydrological cycle (Gimeno 2014; IPCC 2013; Trenberth
et al. 2003; Yu and Weller 2007). The potential water
vapor sources inferred by previous studies can be classified into two categories: the low-latitude and mid–
high-latitude regions. The low-latitude sources consist of
the East Asian summer monsoon regions and oceans
southeast of the Asian continent, including the South
China Sea, East China Sea, and subtropical Pacific (Sun
et al. 2007; Zhou and Yu 2005). Sun et al. (2007) suggested that the northward moisture transport dominated
the summer precipitation change over Northeast China,
which originated from the subtropical monsoon area,
the South China Sea monsoon area and the South Asian
monsoon area. The mid–high-latitude sources are considered to be the North Atlantic Ocean, central Asia,
and the western part of Siberia (Numaguti 1999; Sato
et al. 2007; Yatagai and Yasunari 1998; Zhang et al.
2013). Based on the analysis of vertically integrated
water vapor transport, Yatagai and Yasunari (1998)
demonstrated that western Siberia is one of the main
water vapor sources for Mongolia and northern China.
Numaguti (1999) showed that the north Indian Ocean,
northwest Pacific Ocean, and North Atlantic Ocean are
the main moisture sources for the Eurasian continent.
Clearly, discrepancies exist among various studies on water
vapor sources, which may be due to differences in research
periods, employed datasets, and adopted methods.
Thus far, a number of methods have been employed in
moisture source investigations, such as studies on the
composition of water isotopes (Sato et al. 2007) and
methods based on the Lagrangian (Sun et al. 2010) and
Eulerian frameworks (Fukutomi et al. 2003). The water
isotope analysis mainly applies the isotope ratios in
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precipitation and water vapor to trace water vapor origins, with a limitation related to the lack of observed
isotope data. For the Lagrangian method, the specific
trajectories of the targeted moisture parcels are traced
backward to quantitatively describe the transport process, which can provide a direct relationship between the
source and receptor. However, the method is disadvantageous in association with the upper limitation of
how far into the past the parcels can be traced due to
inevitable interpolation errors that grow over time
(Bowman et al. 2013). The conventional Eulerian
method identifies moisture sources from the vertically
integrated moisture input across regional boundaries,
failing to provide the source–receptor relationship. For
an improvement, several studies adopted atmospheric
moisture tracking model to obtain the information
about distribution of the moisture origin under the
Eulerian frame (Bosilovich and Chern 2006; Bosilovich
and Schubert 2002; Sodemann et al. 2009; Van der Ent
and Savenije 2013; Zhang et al. 2019). Recently, Salih
et al. (2016) utilized a technique known as water tagging
to investigate the moisture source of Sahelian Sudan.
This method traces the water vapor from the evaporation in the source region to its precipitation formation
within the target region and is not limited by the tracing
time of water vapor parcels. Following Salih et al.
(2016), the water-tagging method is employed in this
study to trace the moisture sources for the target
region. The summer precipitation between northeast
Asia and east Siberia presents a dominant seesaw pattern revealed by the empirical orthogonal function
analysis (EOF), which is associated with the eastwardpropagating atmospheric Rossby wave train over the
Eurasian continent (Iwao and Takahashi 2006, 2008).
Then, Piao et al. (2018) compared the climatological
water vapor budget and water vapor transport circulations
related to the anomalous precipitation over the two regions based on the vertically integrated water vapor flux.
Using the water-tagging method, it is attempted in this
study to further identify their water vapor sources,
particularly by examining the relative contributions of
each source; the connections of water vapor sources
with the interdecadal variations in the seesaw pattern
of summer precipitation are also discussed.

2. Data and methods
The Community Atmospheric Model, version 3
(CAM3) (Collins et al. 2006), developed at the National
Center for Atmospheric Research (NCAR) is applied in
this study. For the dynamical core of CAM3, three options are available: spectral, finite volume, and semiLagrangian. Because our aim is to trace water vapor
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transport, the finite-volume core (CAM-FV) is selected
to gain the optimal mass and energy balance. The dynamical core and physical parameterization are completely separated in CAM-FV, and they are coupled in a
time-split approximation (Collins et al. 2006; Lin 2004;
Williamson 2002). The Community Land Model is used
as the surface scheme in CAM3 (Dickinson et al. 2006).
The prognostic parameterization used as the cloud water scheme was developed by Rasch and Kristjánsson
(1998) and has since been updated by Zhang et al.
(2003). The shallow and deep convective cloud fraction
is represented by functions of convective updraft mass
flux, as described in Xu and Krueger (1991).
In addition, a moisture-tagging module is included in
CAM3, which has already been used to investigate the
water vapor origins of the precipitation falling over
South and East Asia (Pausata et al. 2011), the Antarctic
(Noone and Simmonds 2002), and the Sahelian Sudan
(Salih et al. 2016). In corporation of additional tracers
for each source region, this module tags water vapor
from the source region and tracks the vapor through the
CAM3 hydrologic cycle until its fall as precipitation
(Delaygue et al. 2000; Joussaume and Sadourny 1986;
Koster et al. 1986; Werner et al. 2001). The model output
provides the amount of the water vapor from each
source region that turns into precipitation at each grid
for each month, regardless of issues related to the residence time of the water vapor in the air (Numaguti 1999;
Trenberth 1998). With this information, the main
moisture sources for the target region can be distinguished. This tracking process is mainly accomplished
by using the same model physics to both the tagged
tracer water and the model’s standard water prognostic
variables. For more details of this method, they can be
found in Joussaume and Sadourny (1986) and Koster
et al. (1986). We carried out the model simulations
following the protocol of the Atmospheric Model
Intercomparison Project (AMIP1) (Gates et al. 1999)
and used the prescribed sea surface temperature (SST)
data from the Hadley Centre (Rayner et al. 2003) as
boundary conditions. CAM3 has already been used for
various climate studies and has proven to have a good
ability to trace moisture transport and identify potential
sources (Pausata et al. 2011; Salih et al. 2016).
The model simulation is a one-way run from 1979 to
2017 with a horizontal resolution of 2.88 3 2.88. The
model output has 26 levels in the vertical direction, with
the top set at 3.5 hPa. Based on previous studies (Sato
et al. 2007), 10 potential moisture sources are selected to
account for the summer precipitation falling within
northeast Asia and east Siberia. These 10 regions are
located in northeast Asia, the northern Atlantic Ocean,
west Siberia, east Siberia, central Asia, southwestern
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FIG. 1. The 10 selected moisture sources for northeast Asia and
east Siberia and their geographical boundaries. NEA, northeast Asia;
NA, the northern Atlantic Ocean; WS, west Siberia; ES, east Siberia;
CA, central Asia; SWA, southwestern Asia; EA, East Asia; NIO,
northern Indian Ocean; PO, Pacific Ocean; MS, the Mediterranean
Sea. These abbreviations are also applied to Figs. 4–6 and Figs. 9–11.

Asia, East Asia, the northern Indian Ocean, the Pacific
Ocean, and the Mediterranean Sea (Fig. 1 and Table 1).
Northeast Asia and east Siberia are chosen to show the
importance of the local evaporation on the summer
precipitation within the two regions (Fukutomi et al.
2003; Piao et al. 2018). East Asia, the northern Indian
Ocean, and the Pacific Ocean account for the precipitation related to the prevailing southerlies over East
Asia (Sun et al. 2007; Zhou and Yu 2005). Central Asia,
west Siberia, and southwestern Asia represent the contributions from the mid–high latitudes (Sato et al. 2007;
Yatagai and Yasunari 1998). The North Atlantic Ocean
and Mediterranean Sea are considered to be remote
oceanic sources (Numaguti 1999). The contribution
from the rest of the globe is calculated as the residual
between the summer precipitation of the target region
and the sum of the precipitation that originates from the
10 moisture sources. Notably, our selection of potential
moisture sources is similar to that in Sato et al. (2007).
The model output is then evaluated from the performance of precipitation, evaporation and accompanied
atmospheric circulations. The monthly observational
precipitation data are extracted from the Global
Precipitation Climatology Project (GPCP), version 2.3,
with a horizontal resolution of 2.58 3 2.58, and span from
1979 to the present (Adler et al. 2003). The monthly
atmospheric fields are provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF)
Interim Reanalysis (ERA-Interim) (Dee et al. 2011),
with a horizontal resolution of 2.58 3 2.58 (latitude–
longitude), spanning from 1979 to 2017. The monthly
evaporation data for the ocean are obtained from
the Woods Hole Oceanographic Institution (WHOI)
objectively analyzed air–sea heat fluxes (OAFlux) dataset
(Yu and Weller 2007), spanning from 1958 to the present
on a 18 3 18 grid, and the data for land are taken from the
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TABLE 1. The 10 selected moisture sources and the corresponding geographical information.
Moisture sources

Latitude

Longitude

Northeast Asia
Northern Atlantic Ocean
West Siberia
East Siberia
Central Asia
Southwestern Asia
East Asia
Northern Indian Ocean
Pacific Ocean
Mediterranean Sea

408–508N
308–708N
408–708N
508–708N
208–408N
208–408N
208–408N
08–208N
08–208N/208–508N
308–408N

908–1208E
608W–08E
08–908E
908–1508E
308–758E
758–1058E
1058–1208E
458–1058E
1058–2408E/1208–2408E
08–308E

Noah model in the Global Land Data Assimilation
System (GLDAS) (Rodell et al. 2004), which is available
from 1979 to the present at a 18 spatial resolution.
Following Trenberth (1991), the vertically integrated
water vapor flux Q can be expressed as
1
Q52
g

ð 200
qV dp,

(1)

psurf

where g, q, and psurf indicate the acceleration of gravity,
specific humidity, and surface pressure, respectively; V
is the horizontal wind vector. Besides, the anomaly of
the water vapor flux can be calculated as
Q0 5 Q 2 Q
ð
1 200
52
(V 1 V0 )(q 1 q0 ) dp
g psurf
ð
1 200
1
(V 1 V0 )(q 1 q0 ) dp
g psurf
ð
ð
1 200
1 200 0
52
Vq0 dp 2
V q dp
g psurf
g psurf
ð
1 200 0 0
2
(V q 2 V0 q0 ) dp,
g psurf

(2)

where the overbar and prime are representative of the
time average and anomaly, respectively. On the right
side, the first term stands for the disturbance moisture
transported by the mean wind Q0moisture , with the second
for the mean moisture transported by the disturbance
wind Q0wind , and the third on behalf of the disturbance
moisture transported by the disturbance wind.

3. Results
a. Model evaluation
As a starting point, the performance of the model is
evaluated against the observations and reanalysis in
regard to the precipitation, evaporation, and atmospheric

circulations. The model can generally reproduce the climatological distribution of the summer precipitation and
evaporation over northeast Asia and east Siberia (Fig. 2),
with larger amounts in the south (east) than in the north
(west) in east Siberia (northeast Asia) for both of the two
fields. In the precipitation field, excessive amounts spread
over northeast Asia and east Siberia in the model results
compared to the results derived from GPCP (Figs. 2a,d).
Based on the differences between CAM3 and GPCP
(figure not shown), the model tends to overestimate the
precipitation over most parts of east Siberia with an amplitude ranging from 0 to 10 mm month21 and from 10 to
40 mm month21 along the eastern edge of this area. For
northeast Asia, the model overestimation is more significant and ranges from 0 to 10 mm month21 in the northwest and from 40 to 50 mm month21 in the southeast. In
accompaniment, a positive evaporative bias occupies
both northeast Asia and east Siberia (Figs. 2b,e), most of
which ranges from 0 to 90 mm month21 except for those
larger than 120 mm month21 in the southeast of northeast
Asia (figure not shown). It should be noted that large
discrepancies exist over eastern China (Figs. 2b,e),
indicating the model’s limited performance on the
evaporation over this area. Consistent with the overestimation of precipitation amount, the atmospheric circulations are also characterized by a stronger intensity in
the model output compared to those in the ERAInterim (Fig. 3). The model produces a strengthened
westerly at mid–high latitudes in both high and low
levels (Figs. 3b,d), with the strengthening more apparent
in the low level (Fig. 3d). In accompany, the prevailing
southerly over East Asia is also enhanced in the
low level (Fig. 3d). Though these discrepancies, the
model can capture the main controlling atmospheric
systems, such as the westerly jet and East Asian summer
monsoon.
To further test the reliability of the model simulations,
annual cycles of precipitation over northeast Asia and
east Siberia are further compared between the model
output and observation. The GPCP precipitation
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FIG. 2. Spatial distribution of the climatological summer (June–August mean) precipitation (mm month21) from (a) GPCP and
(d) CAM3, and evaporation from (b) GLDAS, (c) OAFLUX, and (e) CAM3 (mm month21) during 1979–2017. The upper and lower
black boxes represent the defined areas for east Siberia and northeast Asia, respectively.

amount over northeast Asia is relatively low (less than
20 mm month21) in spring but increases sharply after
May and reaches its maximum in July and August (more
than 60 mm month21). After August, the precipitation

amount shows a significant decrease, and the minimum
occurs in winter (Fig. 4a). Compared to the GPCP results, the model simulates a larger precipitation amount
throughout a year, especially in the first half of the year,

FIG. 3. Spatial distribution of climatological horizontal winds (m s21) in summer at (a) 200 and (c) 850 hPa obtained
from ERA-Interim during 1979–2017. (b),(d) As in (a) and (c), but for the results derived from CAM3.
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FIG. 4. Annual cycle of the area mean precipitation (mm month21) based on GPCP (solid black line), CAM3
(dotted blue line), and the sum of the precipitation that originates from the 10 moisture sources (dotted red line)
over (a) northeast Asia and (b) east Siberia, and the contributions from the 10 selected moisture source regions to
the precipitation over (c) northeast Asia and (d) east Siberia.

which is consistent with the results obtained from Fig. 2.
After June, the time series of the GPCP and model simulations varies in phase with each other (Fig. 4a). Although
the precipitation amount is overestimated in Fig. 2, the
model accurately reproduces the precipitation maximum
for July and the annual cycle. The annual precipitation
cycle over east Siberia resembles that over northeast Asia,
but with more precipitation for most of the year (Fig. 4b).
The CAM3 output underestimates the precipitation
amount over east Siberia from July to September but
overestimates it during other months, with the GPCP precipitation maximum observed in July (Fig. 4b). In general,
the model simulations agree well with the observations for
the annual cycle over northeast Asia and east Siberia.
We further examine the annual cycle of the precipitation that originates from each source region for the
two regions (Figs. 4c,d). Over northeast Asia, the precipitation from East Asia has the most similar annual
cycle to that of the observed and simulated precipitation, with the peak shown in July. The water vapor from
the Pacific Ocean and local evaporation both play an
important role in the total summer precipitation, while
the former delays the precipitation maxima until August
and the latter overestimates the precipitation in the early

summer. Before May, the water vapor contribution from
west Siberia is comparable to that of the local evaporation
but decreases rapidly due to the weakening of the midlatitude westerly (Fig. 4c). For the situation over east
Siberia, the water vapor from the Pacific Ocean, northeast
Asia, local evaporation, and west Siberia exhibits a similar
annual cycle to that of the total summer precipitation
(Fig. 4d). The former three show the precipitation maximum in July, but the last one advances the maximum to
June, which may be induced by the weakening of the
westerly (Fig. 4d). Notably, the annual cycle of the precipitation sum from the 10 selected sources is nearly
identical to that of the simulated summer precipitation
over the two target regions (Figs. 4a,b). The above results
collectively confirm the reliability of employing the CAM3
model simulations to investigate the moisture origins over
east Siberia and northeast Asia.

b. The main moisture source for northeast Asia and
east Siberia
In this section, we quantify the relative contributions
of 10 selected source regions for the summer precipitation over east Siberia and northeast Asia. The Pacific
Ocean, local evaporation, and East Asia are the three
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FIG. 5. (a) The contributions from each moisture source to the precipitation over northeast Asia for June (red bar), July (light blue bar),
August (dark blue bar), and summer mean (black bar) (%). (b) As in (a), but for east Siberia. The geographical boundaries of the 10
selected moisture sources, with the contributions (%) attached below the name of the corresponding moisture sources over (c) northeast
Asia and (d) east Siberia.

dominant moisture sources for the summer precipitation
over northeast Asia, with contributions of approximately
22.3%, 21.6%, and 17.9%, respectively (Figs. 5a,c). This
result is consistent with previous findings regarding the
large impacts of the land processes (Fujinami et al. 2016;
Fukutomi et al. 2003) and the East Asian summer monsoon (Drumond et al. 2011; Sun et al. 2007; Zhou and Yu
2005) on the northeast Asian moisture supply. In addition, the moisture from southwestern Asia, west
Siberia, and the northern Indian Ocean accounts for
approximately 11.8%, 8.5%, and 7.1% of the total
summer precipitation.
Then, do notable discrepancies exist among the three
summer months (i.e., June, July, and August)? To answer this question, the contributions of the 10 moisture
sources for June, July, and August were also calculated
(Fig. 5a). In June, the largest amount of moisture comes
from local evaporation, with a contribution of approximately 21.0%, followed by 19.5% from the Pacific
Ocean. The moisture supplied by East Asia, southwestern Asia, and west Siberia contributes 15.8%,
12.3%, and 11.9%, respectively. In July, the results are
similar to those in June for the local evaporation
(21.7%) and Pacific Ocean (20.6%) contributions. The
contribution from East Asia shows a significant increase
from 15.8% to 18.5%, while the contribution from west

Siberia decreased from 11.9% to 7.1%. This finding is
associated with the southerly intensification over East
Asia and the weakening of the midlatitude westerly (not
shown). In August, the contribution from the Pacific
Ocean reaches its maximum of 26.7%. The moisture
from local evaporation and East Asia contributes 22.1%
and 19.4%, respectively. The above results generally
indicate that the summer precipitation over northeast
Asia mainly relies on the combined impacts of the
moisture supplied from local evaporation, the Pacific
Ocean, and East Asia.
In terms of east Siberia, the moisture from the Pacific
Ocean, northeast Asia, west Siberia, and local evaporation play key roles in the total summer precipitation,
with contributions of approximately 33.2%, 17.8%,
15.4%, and 11.5%, respectively (Figs. 5b,d). Note that
most previous studies regard local evaporation as the
main moisture source for east Siberian precipitation
(Fujinami et al. 2016; Serreze and Etringer 2003). This
may be because these studies are mainly based on the
vertically integrated water vapor flux. It is reasonable
that the Pacific Ocean plays an important role in the
moisture supply because the moisture provided by the
local evaporation is limited (Numaguti 1999). For each
month during summer, the contribution from northeast
Asia is relatively stable with no obvious variations
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FIG. 6. Spatial distribution of the climatological summer precipitation (mm month21) that originates from (a) northeast Asia, (b) North
Atlantic Ocean, (c) west Siberia, (d) east Siberia, (e) central Asia, (f) southwestern Asia, (g) East Asia, (h) northern Indian Ocean,
(i) Pacific Ocean, and (j) Mediterranean Sea.

(Fig. 5b). The moisture that originates from west Siberia
shows a gradual decrease from June (19.1%) to August
(12.4%), which may be due to weakening of the westerly
jet (not shown). Simultaneously, the local evaporation
contribution is also reduced from 12.6% in June to 9.8%
in August, under the potential impact from the regional
temperature decrease. In contrast, the contribution
from the Pacific Ocean increased from 29% in June to
38.1% in August. In conclusion, moisture from the
Pacific Ocean has a leading role in the summer precipitation over east Siberia, with a relatively small contribution from northeast Asia, west Siberia, and local
evaporation.
Figure 6 further shows the spatial distribution of the
summer precipitation that originates from each source
region. The moisture from the Pacific Ocean mainly
contributes to the summer precipitation over the
southeastern part of northeast Asia and east Siberia,
ranging from 5 to 40 mm month21 (Fig. 6i). The moisture from west Siberia gradually decreases from 20–30 to
5–10 mm month21 in the west–east direction over east
Siberia, with a north–south gradient from 10–20 to
5–10 mm month21 over northeast Asia (Fig. 6c). The local
evaporation supplies 5–30 mm month21 precipitation
over the two target regions (Figs. 6a,d), with the maximum located over the center position. The moisture that
evaporated over northeast Asia presents a northward
extension to east Siberia, with a contribution of approximately 5–20 mm month21 (Fig. 6a). In contrast, the surface evaporation contribution over east Siberia seems
to be mainly limited in its own area, with a stretch
eastward to the Russian Far East (Fig. 6d). The moisture
from East Asia is mainly distributed in the eastern part
of northeast Asia, with a south-to-north gradient from

30 to 5 mm month21 (Fig. 6g). The above evidence indicates that the contribution from moisture sources
largely varies for different parts of northeast Asia and
east Siberia.

c. Interdecadal variation in the summer precipitation
mode around the late 1990s
Driven by the observed SST from the Hadley Centre,
the model has difficulties in reproducing the observed
precipitation variation over northeast Asia or east
Siberia. Previous studies pointed out that the dipole
pattern between the two target regions experiences an
interdecadal variation around the late 1990s (Iwao and
Takahashi 2006), accompanied with the interdecadal
decrease in summer precipitation over Northeast China
during the late 1990s. The SST anomalies are regarded
as one important influencing factor, including the Pacific
decadal oscillation (PDO) (Xu et al. 2015; Zhu et al.
2011), and SST warming over the North Atlantic Ocean
(Piao et al. 2017). Considering this, we mainly discussed
the response of the dipole precipitation pattern between
the two regions and the related moisture supply to the
decadal variability of SST.
First, we evaluate the model performance in capturing
the dipole pattern between the two target regions.
Figure 7 shows the first EOF mode of summer precipitation over eastern Eurasia along with the corresponding principal component (PC) time series obtained from
the GPCP data and CAM3 output. In the GPCP, the first
EOF mode (Fig. 7a) shows an oscillation in the precipitation anomalies between northeast Asia and east
Siberia, which is consistent with the results of previous
studies (Iwao and Takahashi 2006). The corresponding
PC time series (Fig. 7b) experiences a significant
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FIG. 7. Spatial pattern of the correlation coefficients between the summer precipitation and the PC time series
corresponding to the first EOF of summer precipitation over east Eurasia (908–1508E, 408–708N) obtained from
(a) GPCP and (c) CAM3 during 1979–2017. The corresponding PC time series of the first EOF mode of summer
precipitation and its interdecadal component calculated by a 9 year smoothing (red line) obtained from (b) GPCP
and (d) CAM3. Dotted areas in (a) and (c) denote the correlation coefficients that are significant above the 95%
confidence level based on the two-tailed Student’s t test.

interdecadal shift with excessive (deficient) summer
precipitation over northeast Asia (east Siberia) before
(after) the late 1990s, as shown in the study by Iwao and
Takahashi (2006). The dipole pattern can be well reproduced by the CAM3 model output, with positive
anomalies centered over Mongolia, Northeast China,
and Sakhalin, together with anomalies that have the
opposite signs over east Siberia centered on the eastern
part of Russia (Fig. 7c). The anomaly centers related to
the first EOF mode shift eastward in the model simulations compared to the GPCP results (Figs. 7a,c).
However, the model can reproduce the interdecadal
variation in the dipole pattern around the late 1990s
(Fig. 7d), although the amplitude is slightly weaker than
that in the GPCP (Fig. 7b). In general, the CAM3 output

could reproduce the spatial structure of the dipole precipitation anomaly pattern over east Eurasia as well as
the interdecadal change in precipitation around the late
1990s. In the following, two periods before and after the
late 1990s (i.e., 1979–96 and 1997–2017) are further selected to investigate the interdecadal change.
The summer precipitation differences between the
periods of 1997–2017 and 1979–96 show positive
anomalies over east Siberia and negative signals over
northeast Asia for the GPCP data (Fig. 8a). Similar
signals can be obtained in the CAM3 results, with discrepancies in the locations of the significant centers. In
particular, negative centers are observed over the eastern part of northeast Asia, and positive centers appear
in the northern and eastern parts of east Siberia for the

Unauthenticated | Downloaded 01/09/23 07:07 AM UTC

3892

JOURNAL OF CLIMATE

FIG. 8. Differences in the summer precipitation between 1997–
2017 and 1979–96 based on (a) GPCP and (b) CAM3 (mm
month21). Stippled regions represent the differences that are significantly different from zero at the 95% confidence level based on
the two-tailed Student’s t test.

GPCP data. For CAM3, negative (positive) centers are
located over the northern and southeastern parts of
northeast Asia (eastern part of east Siberia) (Fig. 8b).
Noting that, opposite signals are identified over the
northwestern Pacific and small patches over the western part of east Siberia between GPCP and CAM3
results, with positive anomalies for the former but
negative for the latter. Though there are relatively
weak positive signals over east Siberia for the CAM3

VOLUME 33

output, the difference of the summer precipitation
between post- and pre-1997 is significant at the 90%
confidence level based on Student’s t test, with the
amount of 75.4 (73.0) mm month21 for the former
(latter) period. These biases may result from the coarse
resolution and internal variability of the model, as
mentioned in previous studies (Orth and Seneviratne
2017; Salih et al. 2016; Sato and Nakamura 2019). Can
the interdecadal change in the dipole precipitation
anomaly mode be manifested by the contribution of
any selected moisture source? To answer this question,
we calculated differences in summer precipitation between the periods of 1997–2017 and 1979–96 supplied
by the 10 moisture sources (Fig. 9). Among all the
moisture sources, the moisture that originates from
east Siberia (Fig. 9d) and the Pacific Ocean (Fig. 9i)
exhibits the most similar pattern to that of the total
summer precipitation (Fig. 8b), which is characterized
by positive anomalies over the eastern part of east
Siberia and anomalies with opposing signals over
northeast Asia. Apart from this, the summer precipitation supplied by northeast Asia mainly has negative
anomalies over its northern part, accompanied by
positive anomalies over the eastern part of east Siberia,
which are statistically insignificant (Fig. 9a). The
moisture from the northern Atlantic Ocean and west
Siberia shows positive signals mainly over east Siberia
(Figs. 9b,c). The moisture provided by southwestern
Asia, East Asia, and the northern Indian Ocean present
similar spatial patterns, but the signals are relatively
weak (Figs. 9f–h). In addition, the moisture from
central Asia and the Mediterranean Sea has weak contributions (Figs. 9e,j).
The first EOF mode and corresponding PC time series
of the summer precipitation supplied by the 10 moisture

FIG. 9. Differences in the summer precipitation between 1997–2017 and 1979–96 that originate from (a) northeast Asia, (b) North
Atlantic Ocean, (c) west Siberia, (d) east Siberia, (e) central Asia, (f) southwestern Asia, (g) East Asia, (h) northern Indian Ocean,
(i) Pacific Ocean, and (j) Mediterranean Sea (mm month21). Stippled regions in (a)–(j) represent the differences that are significantly
different from zero at the 95% confidence level based on the two-tailed Student’s t test.
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FIG. 10. The spatial pattern of the correlation coefficients between the summer precipitation and the PC time series of the first EOF of
the summer precipitation over east Eurasia that originates from (a) northeast Asia, (b) North Atlantic Ocean, (c) west Siberia, (d) east
Siberia, (e) central Asia, (f) southwestern Asia, (g) East Asia, (h) northern Indian Ocean, (i) Pacific Ocean, and (j) Mediterranean Sea.
Dotted areas in (a)–(j) denote the correlation coefficients that are significant above the 95% confidence level based on the two-tailed
Student’s t test.

sources are further presented in Figs. 10 and 11, respectively. Compared to the dipole pattern shown for
the total summer precipitation (Fig. 7c), similar patterns
can be recognized in the first EOF mode for northeast
Asia (Fig. 10a), west Siberia (Fig. 10c), east Siberia
(Fig. 10d), southwestern Asia (Fig. 10f), and the Pacific
Ocean (Fig. 10i), with positive anomalies over northeast
Asia and negative signals over east Siberia. In addition,
negative signals are limited within east Siberia in the
North Atlantic Ocean (Fig. 10b) and central Asia
(Fig. 10e); the spatial pattern shows significant signals
over northern China for the northern Indian Ocean
(Fig. 10h) and a larger area including northeast Asia and

east Siberia for the Mediterranean Sea (Fig. 10j). On the
other hand, the interdecadal variation in the dipole
pattern around the late 1990s can be well simulated in
the cases for northeast Asia (Fig. 11a), the North
Atlantic Ocean (Fig. 11b), east Siberia (Fig. 11d),
southwestern Asia (Fig. 11f), and the Pacific Ocean
(Fig. 11i). Based on the calculations, significant relationships exist between the PC time series of the first
EOF mode for the total summer precipitation and the
summer precipitation that originates from the North
Atlantic Ocean, east Siberia, and the Pacific Ocean on
the interdecadal time scale, with correlation coefficients
of 0.83, 0.89, and 0.9, respectively. Note that the first

FIG. 11. The PC time series (gray bar) of the first EOF mode of summer precipitation over east Eurasia that is supplied by (a) northeast
Asia, (b) North Atlantic Ocean, (c) west Siberia, (d) east Siberia, (e) central Asia, (f) southwestern Asia, (g) East Asia, (h) northern Indian
Ocean, (i) Pacific Ocean, and (j) Mediterranean Sea. The red lines in the figures represent the corresponding interdecadal components of
the PC time series.
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EOF mode for the North Atlantic Ocean features significant signals that are limited within east Siberia
(Fig. 10b), implying that the moisture from this source
region mainly contributes to the dipole mode variation
through its impact on the summer precipitation over east
Siberia. In the combination of the spatial distribution
and corresponding PC time series of the first EOF mode,
the moisture from east Siberia and the Pacific Ocean
seems to mainly contribute to the interdecadal variation
in the dipole mode in the summer precipitation between
the two target regions, with the moisture from the North
Atlantic exerting impacts mainly on the summer precipitation over east Siberia.
Accompanied with the interdecadal variation of the
summer precipitation pattern and water supply over the
two target regions in the late 1990s, significant differences are identified in the water vapor transport circulations between the periods of 1997–2017 and 1979–96
(Fig. 12). Anticyclonic and cyclonic circulations appear
over northeast Asia and east Siberia for both the reanalysis result and model output (Figs. 12a,b), with the
cyclonic (anticyclonic) center shifted eastward (weaken)
for the latter one (Fig. 12b). Significant divergence
(convergence) covers northeast Asia (east Siberia) in
the reanalysis result, which corresponds well to the
negative (positive) rainfall anomalies. The model output
shows similar results except for the weak convergence
over the western part of northeast Asia and the middle
part of east Siberia (Fig. 12b), which is generally consistent with the rainfall anomalies shown in the model
output (Fig. 8b). The terms Q0wind and Q0moisture are representative of the role of the disturbance in the wind and
moisture field on the water vapor transport anomaly,
respectively. The sum of the two terms generally captures the main features of the changes in the water vapor
transport (figure not shown). The differences of Q0wind
between the periods of 1997–2017 and 1979–96 are quite
similar to those in the total water vapor transport in the
perspective of both reanalysis results and model output
(Figs. 12c,d), in sharp contrast to the weak and even
opposite signals for Q0moisture (Figs. 12e,f). Hence, the
disturbance wind field plays a dominant role in the water
vapor transport changes after the late 1990s.
Considering the geopotential height field, differences
are significant and present positive values over western
Europe, northeast Asia, and the northwestern Pacific
between the periods of 1997–2017 and 1979–96 for the
reanalysis data (Fig. 13a). The positive centers over the
three regions can still be recognized in the model simulations, although the latter two shifts westward compared to the reanalysis results (Fig. 13b). Some studies
attributed these circulation anomalies to the shift of the
PDO from a warm phase to a cold phase in the late 1990s
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(e.g., Dai 2013; Deser et al. 2004; Peterson and Schwing
2003). For instance, Zhu et al. (2011) obtained the similar circulation pattern in the numerical experiments
when the all-Pacific SST differences between post- and
pre-1999 are prescribed. As the dominant oceanic signal
over the Atlantic Ocean, the Atlantic multidecadal oscillation (AMO) (e.g., Enfield et al. 2001; Kerr 2000;
Kushnir 1994; Schlesinger and Ramankutty 1994) is also
considered to contribute to this interdecadal climate
change (Li et al. 2017; Qian et al. 2014; Sutton and Dong
2012). And the AMO is pointed out as an influencing
factor for the phase shift of the PDO around the late
1990s (McGregor et al. 2014; Li et al. 2016). Following
this, the joint influence of the AMO and PDO is further
investigated and considered to play an important role on
the circulation anomalies in the late 1990s as mentioned
above (Zhang et al. 2018). Since the observed SST data
are the only forcing for the model simulation, it is reasonable to speculate that the geopotential height
anomalies shown in Fig. 13b are under the combined
effects of the PDO and AMO.
From the perspective of rain-producing atmospheric
systems, the anomalous anticyclone and cyclone located
over northeast Asia and east Siberia are favorable for
precipitation variations after the late 1990s. From the
other perspective concerning moisture transport, the
anomalous anticyclone over the northwestern Pacific is
favorable for moisture transport from the Pacific Ocean
to east Siberia, accounting for the close relationship of
the moisture that originates from the Pacific Ocean to
the interdecadal variation in the summer precipitation
mode; the anticyclones over western Europe and
northeast Asia may impact the contribution of the
moisture supplied by the North Atlantic Ocean via the
strengthened westerly jet (Numaguti 1999) observed
over the Eurasian continent (Fig. 13b). For the moisture
from east Siberia, the interpretation of its contribution is
complicated due to the involvement of the feedback
between the surface evaporation and the summer precipitation within this area.

4. Conclusions and discussion
In this study, we quantified the contributions from
different moisture sources for summer precipitation
over northeast Asia and east Siberia and further discussed the relationships between summer precipitation
and moisture sources on the interdecadal time scale. A
general circulation model CAM3 with a water-tagging
module forced by the observed SST is employed to trace
the water vapor from the evaporation over the source
region to its falling as precipitation over the target region.
The model generally captures the spatial distribution and
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FIG. 12. Differences in the vertically integrated water vapor flux (vectors; kg m21 s21) and its divergence
(shadings; 1025 kg m22 s21) in summer between 1997–2017 and 1979–96 based on (a) ERA-Interim and (b) CAM3.
(c),(d) As in (a) and (b), but for the mean moisture field transported by the disturbance wind Q0wind . (e),(f) As in
(a) and (b), but for the disturbance moisture field transported by the mean wind Q0moisture . Stippled regions represent
differences in the water vapor flux divergence that are significantly different from zero at the 95% confidence level
based on the two-tailed Student’s t test.

annual cycle of precipitation, following the main controlling atmospheric systems over the regions of interest.
Based on the model results, the Pacific Ocean, local
evaporation, and East Asia are dominant moisture

sources for northeast Asia, accounting for 22.3%,
21.6%, and 17.9% of the total moisture supply, respectively. This finding supports the importance of surface
water recycling and the East Asian summer monsoon on
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FIG. 13. Differences in the 850-hPa horizontal wind (vectors;
m s21) and geopotential height (shadings; m) in summer between
1997–2017 and 1979–96 based on (a) ERA-Interim and (b) CAM3.
Stippled regions represent differences in the geopotential height
that are significantly different from zero at the 95% confidence
level based on the two-tailed Student’s t test.

the moisture input within this region. The moisture from
southwestern Asia, west Siberia, and the northern
Indian Ocean exert relatively small impacts, with contributions of approximately11.8%, 8.5%, and 7.1%, respectively. For east Siberia, the moisture from the
Pacific Ocean, northeast Asia, west Siberia, and the local
evaporation play the dominant roles, contributing
33.2%, 17.8%, 15.4%, and 11.5% to the total summer
precipitation, respectively. The significant role of these
regions provides evidence of the major influence of the
surface land process, the adjacent continent, and oceanic
sources on the moisture supply within east Siberia. No
obvious seasonality exists in the contribution from each
moisture source over the two target regions because
there is no apparent difference in the relative importance of the main moisture sources among June, July,
and August.
An interdecadal shift appears in the dipole pattern of
summer precipitation between northeast Asia and east
Siberia around the late 1990s in the model output, as
shown in the observations. Differences in the summer
precipitation between the two periods after and before
1997 display above-normal anomalies concentrated over
east Siberia and below-normal anomalies over northeast
Asia. This interdecadal shift is manifested in the moisture supplied by east Siberia and the Pacific Ocean, with
similar spatial patterns and significant anomalies. In
addition, the first EOF mode of the moisture supplied by
the two regions also presents a similar dipole pattern,
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with the corresponding PC time series experiencing an
interdecadal change around the late 1990s. A close relationship exists between the PC time series of the first
EOF for the total summer precipitation and the moisture from east Siberia (Pacific Ocean) on the decadal
time scale, with a correlation as high as 0.89 (0.9). The
model results also showed that the interdecadal variation in the total summer precipitation over east Siberia
can be partly attributed to moisture changes from the
North Atlantic Ocean. Our preliminary analysis suggested that their close relationships may result from the
anomalous anticyclones over the northwestern Pacific,
northeast Asia, and the western Pacific influenced by a
combination of PDO and AMO. It is worth noting that
the model simulation is forced by the observed SST,
which suggests that the decadal variation of SST
should not sufficiently account for the atmospheric
circulation anomalies after the late 1990s. In addition
to SST, the coupled land–atmosphere system plays a
nonnegligible role in the climate change over the
midlatitude Eurasian continent based on general circulation model experiments (Orth and Seneviratne
2017; Sato and Nakamura 2019). Hence, the internal
dynamical processes of the model involving the land–
atmospheric interaction might be another influencing
factor.
The identification of dominant moisture sources is of
great importance for our better understanding of the
regional hydrological cycle and can exert profound impacts on future climate predictions. Considering the
sensitivity of the hydrological cycle in the research area
to climate change, there are still some issues to be
solved: what is the response of the hydrological situation
to future climate change, especially under the impact of
global warming? And to what extent can it affect precipitation changes in the future? These issues are directly related to the sustainable development of the two
regions and can provide scientific support for our preparations for future climate change.
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