
 

Water Vapor Transport Related to the Interdecadal Shift of Summer Precipitation
over Northern East Asia in the Late 1990s

Po HU1,2, Minghao WANG3, Liu YANG1, Xiaojuan WANG5, and Guolin FENG2,4*

1 College of Atmospheric Sciences, Lanzhou University, Lanzhou 730000
2 Laboratory for Climate Studies, National Climate Center, China Meteorological Administration, Beijing 100081

3 Changwang School of Honors, Nanjing University of Information Science &Technology, Nanjing 211004
4 College of Physical Science and Technology, Yangzhou University, Yangzhou 225002

5 College of Physics and Electronic Engineering, Changshu Institute of Technology, Changshu 215500

(Received February 28, 2018; in final form June 24, 2018)

ABSTRACT

In this study, an interdecadal shift of summer precipitation over northern East Asia (NEA) was identified, demon-
strating  that  summer  precipitation  decreased  abruptly  after  1998/99.  The  synchronous  shift  in  summer  moisture
budget and water vapor transport over NEA was further investigated by using the NCEP/NCAR reanalysis data. The
results indicate that water vapor transported northward into NEA from three low-latitude paths was limited because
most water vapor was transported eastward. Water vapor transported from the westerly path in mid–high (WMH) lat-
itudes exhibited significant correlations with summer precipitation in NEA and experienced a significant adjustment
in the late 1990s. Regarding the spatial distributions of water vapor transport, less input was found through the west-
ern  boundary  while  more  output  occurred  through  the  eastern  boundary  of  NEA,  and  zonal  water  vapor  transport
fluxes mainly concentrated at the low to middle levels, which led to the summer precipitation shift in NEA around the
late  1990s.  Furthermore,  it  is  also  confirmed that  the  wind anomalies  (rather  than  the  moisture  disturbance)  as  the
dominant internal dynamic factor and Pacific Decadal Oscillation/Atlantic Multidecadal Oscillation (PDO/AMO) as
possible external force played important roles in influencing the water vapor transport and causing the summer pre-
cipitation shift over NEA in the late 1990s.
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1.    Introduction

Summer rainfall in East Asia (EA) exhibits clear inter-
decadal  variability  (Ding,  1992; Li  et  al.,  2004; Zhou et
al., 2009) and experienced shifts in the late 1970s and in
the  early  and  late  1990s  (Huang  and  Yan,  1999; Huang
R. H. et  al.,  2013; Gao et  al.,  2014).  Summer rainfall  in
North China decreased after 1977, whereas summer pre-
cipitation in the Yangtze–Huaihe River basin changed to
a wet  spell  (Wu and Chen,  1998).  In the late 1990s,  the
summer  precipitation  anomaly  in  eastern  China  presen-
ted  a  “+  –  +”  tripole  meridional  pattern  from  south  to
north  during  1993–98 and  exhibited  a  “+  –”  dipole  pat-

tern  during  1999–2009  (Gong  et  al.,  2016). Zhu  et  al.
(2011, 2015) also found that the summer precipitation in
the  Yellow  and  Huaihe  River  basins  increased  signific-
antly, while the precipitation in the Yangtze River basin
decreased significantly after 1998/99. The studies on the
interdecadal  shifts  of  summer rainfall  in  EA are import-
ant and demanding both scientifically and operationally.

The interdecadal variation of summer precipitation is a
result  of  the  interaction  among  the  atmospheric  and
oceanic  systems  (Jiang  et  al.,  2009; Huang  W.  et  al.,
2013). For example, Zhu and Wang (2001) reported that
the East Asian summer monsoon (EASM) has variations
on  multiple  timescales  such  as  interannual  and  inter-
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decadal. Han et al. (2015) pointed out that the Northeast
Asian  summer  monsoon (NEASM) index has  weakened
since 1999, which is one of the reasons for the declining
interdecadal  summer  precipitation  in  Northeast  China.
Furthermore,  the  interdecadal  changes  associated  with
the  Pacific  Ocean  has  also  been  studied  (Wang,  1995)
and  the  principle  component  of  sea  surface  temperature
(SST) over the central and northern Pacific Ocean shows
obvious  interdecadal  variation,  causing  the  responses/
variability  of  the  atmospheric  circulation  (Li  and  Li,
2000). Besides, Han et al. (2017) also proved that the at-
mospheric  circulation  that  influences  precipitation  in
northeastern  China  (NEC)  develops  into  the  Siberian
high and an  anomalous  cyclone  over  NEC after  the  late
1990s, which are strongly correlated with the spring eastern
ENSO. Due to the combined influence of oceanic and at-
mospheric anomalies, atmospheric water vapor as one of
the  influential  processes  in  the  hydrologic  cycle  causes
multiple timescale variations of precipitation in EA.

The  northern  East  Asia  (NEA)  is  located  within  the
middle and high latitudes of EA and the summer precipit-
ation in this region is affected by both western- and low-
latitude water vapor transport of the Asian monsoon sys-
tem (Zhou and Yu, 2005; Chen and Lu, 2014a, b; Gong
et  al.,  2015).  According  to  recent  studies,  the  summer
precipitation  over  NEA  also  exhibits  obvious  inter-
decadal  characteristics  around  the  late  1990s,  which  is
even  more  significant  that  the  internal  dynamical  cause
changes  over  southern  EA  (Huang  R.  H.  et  al.,  2013).
There  have  been  many  studies  regarding  water  vapor
transport over EA, those conclusions are of great help for
understanding the interannual and interdecadal water va-
por  transmission  and  summer  precipitation  changes  in
NEA. For example, water vapor in eastern China mainly
originates from the South China Sea and Bay of Bengal
(Simmonds  et  al.,  1999; Wang,  2001).  For  sections  of
Northeast  and  North  China,  midlatitude  westerly  vapor
transport plays a dominant role in influencing the precip-
itation  in  northeastern  China,  while  the  westerly  and
western  Pacific  water  vapor  transport  has  important  in-
fluences  on  heavy  rains  in  northern  China  (Ding  et  al.,
2008, 2009; Zhu et al., 2011; Sun and Wang, 2015). Wa-
ter vapor transport in North and Northeast China has also
experienced  significant  interdecadal  changes,  leading  to
corresponding variability  of  regional  precipitation (Feng
et al., 2008; He et al., 2012). Meanwhile, under the back-
ground  of  global  warming,  observational  data  and  nu-
merical  simulation  results  indicate  that  global  warming
has  accelerated  the  water  cycle  rate  (Held  and  Soden,
2000; Ding and Chan, 2005; Solomon et al., 2010).

The SST anomalies in the Pacific and Atlantic Oceans

have important impacts on the summer monsoon climate
in  East  Asia.  Since  the  1990s,  Pacific  Decadal  Oscilla-
tion  (PDO)  shifted  from  positive  to  negative  phases,
which affected the circulation over  Lake Baikal  through
air–sea  interaction,  and  then  affected  the  interdecadal
variation of the summer circulation over Northeast China
(Zhu  et  al.,  2011; Hu  et  al.,  2014; Han  et  al.,  2015).
Wang et al. (2000) pointed out that the cyclonic/anticyc-
lonic anomalies in Northwest Pacific from winter to sum-
mer can transmit El Niño signals from winter to summer.
Through  numerical  simulations, Lu  et  al.  (2006) found
that the decadal oscillations of the North Atlantic Ocean
could cause the feedback between the oceans and atmo-
sphere  outside  the  North  Atlantic  Ocean  to  affect  the
EASM, and they proposed a non-local  influential  mech-
anism. Xu  et  al.  (2013) discovered  that  the  North  At-
lantic SST tripole could influence the precipitation anom-
alies  in  East  and Central  Northeast  Asia  through the  in-
teraction  of  so-called  “atmospheric  bridge”  and  “ocean
bridge.”  However,  due  to  inconsistent  warming  trends
among  regions,  the  influences  of  climate  change  on  the
water vapor cycle exhibit regional differences and uncer-
tainties, leading to changes in the distribution of the pre-
cipitation and related drought and wet events. Compared
with summer precipitation variations on other timescales
in  EA,  the  interdecadal  variability  of  summer  precipita-
tion  in  NEA is  more  pronounced.  It  is  necessary  to  fur-
ther confirm the interdecadal shifts of summer precipita-
tion  in  NEA  and  discuss  its  probable  relationships  with
water vapor transport.

Based on the above literature review, regarding the in-
terdecadal  shifts  of  summer precipitation in NEA, many
aspects of the association between water vapor transport
and  interdecadal  precipitation  shifts  in  NEA remain  un-
known. For example, what is the main source of the wa-
ter vapor that  crucially influences the summer precipita-
tion shift  in NEA? How does the vertical distribution of
water vapor transport cause changes in the regional mois-
ture budget? From which boundary does the transported
water  vapor  flux  have  the  closest  correlation  with  the
summer precipitation shift  in  the  late  1990s? To answer
these  questions,  we  analyze  the  summer  precipitation
shift  in NEA that occurred in the late 1990s,  the corres-
ponding  water  vapor  transport  anomalies  in  horizontal,
vertical, and temporal dimensions, the moisture transport
across each regional boundary, and their association with
the wind and moisture disturbance fields.

2.    Data and methods

In this study, the area studied is the northern East Asia
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(NEA; 35°–55°N, 90°–145°E), and the datasets used are
described as follows. (1) The Global Precipitation Clima-
tology  Project  (GPCP)  monthly  precipitation  observa-
tion dataset  (https://www.esrl.noaa.gov/psd/data/gridded/
data.gpcp.html)  was  used  for  validation,  among  which
we only focus on the summer precipitation from 1983 to
2011.  (2)  The  NCEP/NCAR  monthly  and  four-times
daily reanalysis data (https://www.esrl.noaa.gov/psd/data/
gridded/data.ncep.reanalysis.pressure.html)  were  used  to
estimate  the  water  vapor  transport  fluxes  (Kalnay  et  al.,
1996). The variables used include surface pressure, zon-
al  and meridional  winds,  and specific  humidity.  (3)  The
PDO index and AMO (Atlantic Multidecadal Oscillation)
index used are from the NOAA Climate Prediction Cen-
ter  (CPC) (https://www.esrl.noaa.gov/psd/data/climatein-
dices/list/).

Based  on  Eqs.  (1)  and  (2)  in  the  following,  fluxes  of
water vapor transport can be calculated as

Qu =
1
g

w ps

pt
qudp, (1)

Qv =
1
g

w ps

pt
qvdp, (2)

where Qu and Qv are the vertically integrated meridional
and zonal water vapor fluxes; q denotes the specific hu-
midity; g represents  the  gravitational  acceleration; v is
the  meridional  wind, u is  zonal  wind,  and pt and ps are
the pressure at 300 and 1000 hPa (Trenberth, 1991).

The  water  vapor  amount  across  boundaries  of  a  cer-
tain  area  as  the  input  or  output  for  a  certain  period  is
defined as the budget of water vapor. The area is usually
rectangular, and the water vapor budget is determined by
calculating  the  moisture  flux  across  each  boundary  and
then calculating the moisture balance of the entire region.
The water vapor flux across each boundary is calculated
as follows:

QW =
w φ2

φ1
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QS =
w λ2
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λ1
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where QW, QE, QS, and QN represent the western, eastern,
southern and northern boundary input (or output) of wa-
ter vapor, respectively; and φ1 and φ2 (λ1 and λ2) are the
latitudes  (longitudes)  of  the  southern,  northern,  eastern,
and western boundaries, respectively.

Based  on  Eqs.  (7)–(10),  the  anomaly  of  water  vapor
flux is calculated as (Li et al., 2011):
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In Eqs.  (7)–(10),  overbar represents the time average,
and prime represents the anomaly.  and  in-
dicate the wind and moisture disturbance fields, respect-
ively, while  indicates the anomalous disturbance
field related to both wind and moisture anomalies.

3.    Interdecadal shift of precipitation in NEA

Figure 1 shows the cross-section of summer precipita-
tion  anomaly  percentage  averaged  from  90°  to  145°E
during  1983–2011.  Summer  precipitation  anomalies  in
the  region north  of  35°N exhibited  obvious  interdecadal

 
Fig. 1.   Cross-section of the anomaly percentage (%) of summer precipitation averaged from 90° to 145°E during 1983–2017. Shadings indicate
positives values.
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variation  characteristics  around  the  late  1990s,  accom-
panied by a rapid decrease in summer precipitation after
1999  (Gong  et  al.,  2015).  The  interdecadal  variation  in
the low-latitude area (south of 35°N) is not so significant
as that in the high-latitude region.

Figure 2 shows the annual anomaly series of summer
precipitation averaged over NEA. The original precipita-
tion  time  series  and  7-yr  smoothed  precipitation  time
series  both  exhibit  an  obvious  interdecadal  variation
around  the  late  1990s.  This  interdecadal  variation  of
summer precipitation is consistent with that found in pre-
vious  studies,  indicating  that  NEA  received  sufficient
precipitation from the early 1980s through the late 1990s,
and  then  precipitation  decreased  sharply  (Si  and  Ding,
2013; Hu  et  al.,  2014; Sun  and  Wang,  2015; Xu  et  al.,
2015).  The  precipitation  shift  presented  in Fig.  2b was
obvious  in  1998–99,  and  similar  conclusion  was  ob-
tained  in Gong  et  al.  (2015) using  empirical  orthogonal
function analysis. Figure 1 also shows that the precipita-
tion in NEA and southern East Asia increased obviously
after  2011.  In  order  to  accurately  indicate  the  precipita-
tion  decrease  after  the  1990s,  we  analyze  the  precipita-
tion  data  up  to  2011  and  show  the  precipitation  anom-
alies  during  1983–98  and  1999–2011,  respectively.  The

average  values  for  the  two  periods  1983–98  and  1999–
2011 exhibit distinct differences in Fig. 3. During 1983–
98,  except  for  part  of  eastern  NEA  and  middle–
southern  NEA,  more  precipitation  dominated  most  part
of NEA. Compared with that in the prior period, precipit-
ation  during  1999–2011  exhibited  an  opposite  anomaly
distribution,  with  less  precipitation  over  most  of  NEA.
Therefore, the summer precipitation in NEA has an obvi-
ous interdecadal shift around 1998/99.

4.    The water vapor transport

Summer water vapor transport has been previously in-
vestigated  (Simmonds  et  al.,  1999),  and  this  investiga-
tion  revealed  a  close  relationship  of  water  vapor  trans-
port and summer precipitation in EA. In Fig. 4, water va-
por  can  be  transported  to  EA  through  four  main  paths:
the  southwesterly  flow  from  the  Bay  of  Bengal,  the
cross-equatorial  flow  through  the  South  China  Sea,  the
southeasterly summer monsoon flow over western North
Pacific,  and  the  westerlies  in  midlatitudes.  Therefore,
cross-section  lines  corresponding  to  each  water  vapor
transport  path are  set  as:  the Bay of  Bengal  path (BOB;
20°N,  90°–97.5°E);  the  South  China  Sea  path  (SCS;

 
Fig. 2.   Annual summer precipitation anomaly (mm) averaged over NEA (35°–55°N, 90°–145°E) from 1983 to 2011: (a) original time series and
(b) the 10-yr filtered time series. In (a), the dashed line indicates the 7-yr smoothed average, and the two horizontal straight green lines indicate
the averaged values for the period 1983–98 and 1999–2011, respectively.

 
Fig. 3.   The composite summer precipitation anomaly percentage (%) over NEA for the periods (a) 1983–98 and (b) 1999–2011. Shadings indic-
ate the 95% confidence level.
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20°N,  110°–117.5°E);  the  western  North  Pacific  path
(WNP;  15°–22.5°N,  140°E);  and  the  westerly  mid–high
latitude path (WMH; 35°–55°N, 90°E), which is also the
western boundary of NEA (Fig. 4). To calculate the total
water vapor transported from the low-latitude region via
paths BOB, SCS, and WNP, the cross-section line, which
is also the southern boundary of NEA, is set as the south-
ern meridional path (SM; 35°N, 90°–145°E).

Xu  et  al.  (2015)  revealed  that  water  vapor  transport
has  a  distinct  influence  on  summer  precipitation  anom-
alies. In order to discuss the connection between the wa-

ter vapor flux and the summer precipitation shift in NEA,
anomalies  of  water  vapor  flux  via  five  paths  defined
above were  calculated by using Eqs.  (1)–(6).  These  cal-
culations can be applied to understand the contribution of
water vapor transport along each path to the summer pre-
cipitation shift in NEA around the late 1990s. The annual
variations in water vapor flux for each path are shown in
Fig. 5. The water vapor fluxes through paths BOB, SCS,
WNP, and SM are all dominated by interannual variabil-
ity rather than the interdecadal change (Figs. 5a–d). The
WMH water vapor flux exhibits a significant (as determ-

 
Fig.  4.   The  vertically  integrated  climatological  summer  moisture  flux  field  (shading  denotes  magnitude;  kg  m–1 s–1)  averaged  from 1991  to
2010. The rectangle represents the NEA region, the three straight thick lines represent the boundaries of water vapor transport path in the low-lat-
itude region, and the abbreviations in red denote the names of each water vapor transport path.

 
Fig. 5.   Annual variations of water vapor flux (kg m–1 s–1) through the (a) BOB, (b) SCS, (c) WNP, (d) SM, and (e) WMH path, indicated by the
lines with symbols in the upper half of each panel. The lines without symbols in the lower part show the corresponding Student’s t-test results.
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ined  with  Student’s t-test)  and  abrupt  change  in  1999
(Fig.  5e).  Accordingly,  the  water  vapor  flux  transported
through the  WMH may have contributed to  the  summer
precipitation shift around the late 1990s.

Table 1 lists the mean value and standard deviation of
water vapor fluxes transported via each path and the cor-
relation  coefficients  with  summer  precipitation  in  NEA.
The average water  vapor  flux via  the  BOB path  has  the
largest  value,  followed  in  order  by  the  fluxes  via  SCS,
WNP, WMH, and SM. The standard deviation in the wa-
ter vapor flux transported via WNP has the largest value,
followed  in  order  by  the  standard  deviations  associated
with SCS, BOB, SM, and WMH. The water vapor fluxes
transported via the three low-latitude paths of BOB, SCS,
and WNP are much greater than via the WMH path, and
the flux via the SM path is less than that transported via

WMH.  This  difference  implies  that  moisture  inputs  to
NEA  from  the  BOB,  SCS,  and  WNP  paths  are  limited
because  most  water  vapor  was  transported  eastward  in-
stead of being advanced northward to NEA via the south-
ern  boundary  (Fig.  4).  The  correlation  coefficient  (CC)
between the SM water vapor flux and the NEA summer
precipitation  reaches  0.48,  passing  the  95%  confidence
level.  However,  CCs  of  the  NEA  summer  precipitation
with  water  vapor  fluxes  via  the  other  four  paths  are  all
not  significant,  indicating  that  summer  precipitation  an-
omalies  in  NEA  were  mainly  caused  by  water  vapor
transported via the WMH path.

The  distributions  of  CCs  between  water  vapor  flux
along  each  path  and  the  NEA  summer  precipitation  are
presented in Fig. 6. The significant correlations with the
water vapor flux via BOB was mainly limited to parts of
western  and  eastern  NEA  (Fig.  6a).  A  similar  distribu-
tion  of  significant  correlation  with  water  vapor  flux  via
SCS is observed in Fig. 6b. Significantly positive correl-
ations  for  water  vapor  flux  via  WNP  and  SM  are  both
mainly distributed in parts of eastern NEA (Figs. 6c, d).
Moreover,  significantly  positive  correlations  for  water
vapor  flux  via  WMH  dominate  most  of  NEA  (Fig.  6e),
implying  that  water  vapor  transported  via  this  path
played  the  most  important  role  in  influencing  the  sum-
mer precipitation in NEA.

 
Fig. 6.   Correlation coefficients (CCs) of NEA summer precipitation and water vapor transport flux from 1983 to 2011 via paths of: (a) BOB, (b)
SCS, (c) WNP, (d) SM, (e) WMH. Shadings indicate the 90% confidence level.

 

Table  1.   The  mean  and  standard  deviation  of  water  vapor  flux  via
each path, and the respective correlation coefficient with summer pre-
cipitation in NEA

Moisture path Mean value
(kg m–1 s–1)

Standard
deviation

Correlation
coefficient

BOB 165.6 16.7 0.24
SCS 139.9 28.4 0.11
WNP 99.1 35.1 –0.12
SM 33.16 8.7 0.04
WMH 45.3 4.5 0.48*
Note: * indicates the 95% confidence level.
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The  average  moisture  budget  via  each  boundary  of
NEA  associated  with  the  summer  precipitation  shift
around the late 1990s is presented in Fig. 7. The summer
water  vapor  flowing  into  NEA  mainly  comes  from  the
northern,  western,  and southern boundaries,  and the wa-
ter  vapor  primarily  flows  out  of  NEA  via  the  eastern
boundary. Before and after the summer precipitation shift
occurred around 1998/99, the water vapor flux transpor-
ted into NEA via the southern boundary increased within
(14.57–18.53)  ×  107 kg  s–1,  and  it  is  increased  within
(0.58–1.77) × 107 kg s–1 via the northern boundary, with
associated  changes  in  the  moisture  budget  of  (3.78  and
1.19) × 107 kg s–1, respectively. The flux transported into
NEA  via  the  western  boundary  decreased  within
(11.17–9.11)  ×  107 kg  s–1,  with  the  moisture  budget
change of –2.06 × 107 kg s–1,  whereas the flux transpor-
ted out of NEA via the eastern boundary increased within
(21.18–27.43) × 107 kg s–1,  with an the moisture budget
change of –6.52 × 107 kg s–1. Consequently, the net mois-
ture  budget  in  NEA decreased  within  (5.14–1.81)  ×  107

kg s–1. The CC of the summer precipitation in NEA with
the  relevant  net  moisture  budget  is  0.76,  implying  that
less  input  and  more  output  of  moisture  via  the  four
boundaries directly cause the decrease of summer precip-
itation  in  NEA.  The  CCs  between  summer  precipitation

in NEA and the water vapor transport fluxes via the four
boundaries  are  respectively  –0.29,  0.59,  0.06,  and  0.23,
of  which  only  the  correlation  for  the  western  boundary
passes  the  95%  confidence  level.  Accordingly,  the  re-
duced  net  moisture  budget  may  directly  lead  to  the  de-
crease  in  summer  precipitation  in  NEA  after  1999,  and
the  less  moisture  input  from the  western  boundary  con-
tributed the most to this shift. Although the input through
the  southern  boundary  was  much  greater  than  that  from
the west, most of the water vapor transport was eastward
(Fig.  6)  and had limited  contribution  to  the  interdecadal
shift of summer precipitation in NEA.

In Fig.  8,  the  zonal  water  vapor  flux  gradually  in-
creased from west to east. Compared with the zonal wa-
ter  vapor  flux  for  1999–2011,  the  flux  for  1983–98  ex-
hibits  that  higher  values  dominate  the  region  west  of
128°E and lower values control the region east of 128°E
(Fig. 8a).  In Fig.  9a,  negative differences in zonal water
vapor  are  located  in  the  region  (35°–50°N,  90°–128°E),
implying  that  water  vapor  transported  from west  to  east
in  the  middle  and western NEA decreased and caused a
lesser moisture input via the western boundary. The pos-
itive  differences  distributed  in  the  region  (35°–55°N,
130°–135°E)  indicate  that  water  transport  from  west  to
east  in  the  eastern  NEA increased,  leading  to  more  out-

 
Fig. 7.   Average summer water vapor flux (kg s–1) through each NEA boundary and the moisture budget (kg s–1) over NEA associated with the
summer  precipitation  shift  during  (a)  1983–98  and  (b)  1999–2011.  The  values  in  the  rectangle  represents  the  net  moisture  budget.  Negative
fluxes at the northern boundary refer to the water vapor input.

 
Fig. 8.   The (a) zonal and (b) meridional water vapor fluxes (kg m–1 s–1) averaged over 35°–55°N, 90°–145°E. The black and green lines indic-
ate the averages during 1983–98 and 1999–2011, respectively.
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put  via  the  eastern  boundary.  As  shown  in Fig.  8b,  the
meridional  water  vapor  fluxes  for  the  two  periods  were
very  similar,  especially  in  the  low-latitude  region.
However,  the  zonal  water  vapor  flux  in  this  region  was
much greater  and gradually  decreased from east  to  west
(Fig. 8a). The northward water vapor flux over 40°–55°N
for  1983–98  was  less  than  that  for  1999–2011,  indicat-
ing that a negative difference in water vapor flux domin-
ated most of the region (40°–50°N, 120°–130°E), as shown
in Fig.  9b.  The  moisture  input  for  the  second  period
through  the  northern  boundary  was  much  greater  than
that in the first period, implying that the northern bound-
ary water vapor transport is not the key factor triggering

the  reduction  in  summer  precipitation  in  NEA  after
1998/99.  Therefore,  variations  in  the  zonal  water  vapor
transport  played  a  more  crucial  role  than  meridional
transport  in  causing  the  summer  precipitation  shift  in
NEA in the late 1990s.

To further understand water vapor transport variation,
vertical  distributions  of  the  water  vapor  flux  difference
via each lateral NEA boundary before and after the late-
1990s shift are presented in Fig. 10. The anomalous wa-
ter  vapor  output  during  the  second  period  was  mainly
concentrated  along  the  whole  eastern  boundary  from
1000 to 500 hPa (Fig. 10a). The anomalous input of wa-
ter  vapor  via  the  western  boundary  was  mainly  located

 
Fig. 10.   Vertical cross-sections of water vapor transport flux differences (kg m–1 s–1) via the (a) eastern, (b) western, (c) southern, and (d) north-
ern boundaries calculated as the value for 1999–2011 minus that for 1983–98.

 
Fig.  9.   Spatial  distributions  of  the  difference  of  (a)  zonal  and  (b)  meridional  water  vapor  fluxes  (kg  m–1 s–1)  calculated  as  the  value  for
1999–2011 minus that for 1983–98. Shadings indicate the 95% confidence level.
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over  35°–40°,  40°–45°,  and  50°–55°N  (Fig.  10b),  with
high-value  centers  distributed  at  levels  1000–900  and
700–600 hPa, respectively. A scattered distribution of an-
omalous  water  vapor  input  through  the  southern  bound-
ary was located west  of 125°E, whereas anomalous out-
puts  were concentrated in  the region east  of  130°E over
1000–500  hPa  (Fig.  10c).  In Fig.  10d,  anomalous  water
vapor  inputs  via  the  northern  boundary  were  primarily
located  in  the  region  110°–140°E over  900–700 hPa.  In
Fig.  11,  the  difference  of  the  meridional  average  in  wa-
ter  vapor  fluxes  exhibited  vertical  inputs  in  the  region
west  of  120°E  and  outputs  in  the  region  east  of  130°E.
These  changes  were  mainly  concentrated  at  low  levels
from 1000 to 700 hPa, accompanied by some unique ver-
tical differences at each NEA boundary.

Based  on  the  above  analysis,  it  is  inferred  that  the
westerly  water  vapor  transport  is  one  of  the  key  factors
that  influence  the  shift  in  summer  precipitation  over
NEA in  the  late  1990s. Figure  12 shows  the  anomalous
water  vapor  transport  and  its  divergence.  The  water  va-
por from the Pacific Ocean, in addition to other locations

in  NEA,  formed  a  cyclonic  anomaly  of  water  vapor
transport  and  moisture  convergence,  which  correspon-
ded  to  enhanced  precipitation  in  NEA,  during  1983–98
(Fig. 12a). During 1999–2011, the water vapor transport
exhibited an opposite  trend and was accompanied by an
abnormal anticyclonic water vapor circulation and mois-
ture  divergence  over  NEA  (Fig.  12b),  thereby  reducing
precipitation  in  NEA.  The  anomalous  anticyclone  ap-
pearing to the south of Lake Baikal (Fig. 12b) is import-
ant  for  the  decreased  water  vapor  and  thus  precipitation
over  NEA after  the  late  1990s.  Branching  from this  an-
omalous  anticyclone,  the  easterly  anomalies  indicate
weakened westerlies (Zhu et  al.,  2011, 2015; Han et  al.,
2015, 2017).

5.    Impacts of wind and moisture disturbances

The variations in water vapor transport around the late
1990s,  in  addition  to  the  moisture  budget,  played a  cru-
cial  role  in  influencing  the  NEA  summer  precipitation
shift.  Understanding  the  possible  connection  between
NEA summer precipitation and the water vapor transport,
especially  recognizing  factors  affecting  the  moisture
budget, will improve our knowledge of drought and flood
changes in NEA. Water vapor transport means the mois-
ture  transported  from  the  source  to  convergence/diver-
gence region, so its variation has close connections with
the  combined  effect  of  the  wind  and  humidity  fields.
Huang  et  al.  (1998) revealed  that  the  wind  disturbance
field  played  an  important  role  in  influencing  the  water
vapor  transport  anomalies  over  EA.  It  was  also  found
that the low-level wind has a determining role in impact-
ing the anomalies of water vapor transport over EA.

Q′wind

In order to study the respective effects on the shift  of
water  vapor  transport  of  the  relevant  humidity  field  and
the  wind  field  at  850-hPa  level  during  1983–98  and
1999–2011, anomalies of the water vapor fluxes were re-
spectively  decomposed  into  the  wind  component 

 
Fig. 11.   Vertical cross-section of differences in meridional average of
water  vapor transport  flux (kg m–1  s–1)  calculated as the value for
1999–2011 minus that for 1983–98.

 
Fig.  12.   Anomalies  of  the  divergence  (shaded)  and  relevant  vertically  integrated  water  vapor  transport  flux  (vector;  kg  m–1 s–1)  during  (a)
1983–98 and (b) 1999–2011. Shadings indicate the 90% confidence level.
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and  moisture  component  according  to  Eqs.  (8)
and  (9).  The  spatial  distributions  of  these  two  variables
during  the  two  periods  are  shown  in Fig.  13.  Before
1999,  the  spatial  distribution  and  magnitude  of 
(Fig.  12a)  both have similar  features  as  those of  the  an-
omaly  distribution  of  the  water  vapor  transport  (Fig.
13a).  The  wind  disturbance  transported  water  vapor
through  the  four  paths,  converged  in  NEA,  and  cause  a
cyclonic anomaly. Compared with , the role played
by  was  found  to  be  negligible  (Fig.  13c).  The
magnitude of ,  in addition to its divergence, was
significantly  less  than  over  the  target  region.  Dur-
ing  1999–2011,  the  contrasting  contribution  of  to
the  overall  anomaly  of  water  vapor  transport  was  obvi-
ously  more  than  the  contribution  caused  by 
(Figs. 13b, d), which is similar to the prior period. There-
fore,  changes  in  water  vapor  transport  between  the  two
periods were mainly contributed by the field of wind dis-
turbance  rather  than  the  field  of  moisture  disturbance,
resulting  in  the  shift  of  summer  precipitation  anomaly
over NEA in the late 1990s.

Regarding the physical mechanism of the water vapor
transport leading to the precipitation shift after 1999, the
anomalous anticyclone over NEA presented in this study
played an important role. Han et al. (2017) also revealed
a  zonal  tripole  pattern  in  the  middle  to  high latitudes  of
the North Asia–Pacific region and an anomalous anticyc-

lone  over  Japan  was  mainly  responsible  for  Northeast
China  summer  precipitation  anomaly,  which  is  consist-
ent with the reason for the water vapor transport and pre-
cipitation  anomalies  over  NEA  revealed  in  the  current
paper. Zhu et al. (2015) also illustrated that the East Asian
westerly  jet  stream  (EAWJS)  shifted  poleward  after  the
late  1990s  compared to  the  period 1980–99,  which may
have induced weakened and poleward shifted jet-related
secondary  meridional–vertical  circulation,  with  anomal-
ous descending motion to  its  north,  causing the anticyc-
lonic  anomalies  in  NEA.  Accordingly,  the  anticyclonic
anomalies  in  NEA  may  have  caused  the  water  vapor
transported via the western boundary to significantly de-
crease and played a crucial role in reducing precipitation
in NEA.

In  addition  to  the  aforementioned  causes  for  adjust-
ment  of  the  water  vapor  transport  over  NEA,  linkage
may also exist between the some remote factors (e.g., Pa-
cific  Decadal  Oscillation/Atlantic  Multidecadal  Oscilla-
tion,  PDO/AMO)  and  the  anticyclonic  anomalies  over
NEA.  According  to  some  previous  studies  (e.g., Zhu  et
al., 2011; Sun and Wang, 2012), the former (PDO) link-
age  is  relatively  direct  due  to  the  close  locations,  while
the later (AMO) relationship is mainly through a telecon-
nection  wave  train  pattern  from  North  Atlantic  to  East
Asia.  In Fig.  14,  the  obvious  interdecadal  changes  of
PDO  and  AMO  around  the  late  1990s  were  both  ob-

 
Fig. 13.   Mean water vapor (kg m–1 s–1) transported by (a, b) the wind disturbance field and (c, d) moisture disturbance field at 850 hPa during
(a, c) 1983 –98 and (b, d) 1999–2011. Shadings indicate the 95% confidence level.
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served, well consistent with the water vapor transport and
summer  precipitation  adjustment  in  NEA.  This  further
reflects that PDO/AMO may act as the remote factors in
triggering the late 1990s change. According to the simu-
lations conducted by Zhu et al. (2015), the negative PDO
mode is most likely the prime driver of observed changes
in  the  upper  circulation  since  the  late  1990s,  especially
for  the  weakened  and  poleward  shifted  EAWJS,  which
could be a bridge to link the negative PDO mode to the
local circulation over East China, thus result in more pre-
cipitation  in  middle  East  Asia  but  less  precipitation  in
Northeast  China. Zhu  et  al.  (2015) also  simulated  the
teleconnection  wave  train  pattern  forced  by  the  positive
AMO mode from North Atlantic to East Asia through the
Eurasian continent.  The anticyclonic anomalies  were re-
produced but with much weaker and insignificant values,
reflecting that  only very weak changes were induced by
the positive AMO.

6.    Conclusions and discussion

In this study, the summer precipitation shift over NEA
that occurred around the late 1990s and relevant changes
in  water  vapor  transport  over  East  Asia  and  North  Pa-
cific  were  investigated.  The  water  vapor  transport  flux
via  different  paths  and  its  association  with  the  summer
precipitation shift in NEA were examined. The horizontal
and vertical distributions, temporal variation of water va-
por  transport,  net  moisture  budget  in  NEA,  the  crucial
boundary  of  the  water  vapor  transport  fluxes,  and  the
contribution  caused  by  the  wind  disturbance  as  well  as
moisture  disturbance  were  also  elaborated.  Preliminary
conclusions are as follows.

(1) The anomalies in summer precipitation in NEA ex-
hibited  an  obvious  interdecadal  shift  in  the  late  1990s,
which was accompanied by a rapid summer precipitation
decrease  after  1999,  consistent  with  the  adjustment  of
summer precipitation in EA revealed by previous studies

(Huang  R.  H.  et  al.,  2013; Gong et  al.,  2016).  Moisture
input in EA was primarily transported through the paths
of  BOB,  SCS,  WNP,  and  WMH,  in  which  water  vapor
transported  via  the  three  low-latitude  paths,  i.e.,  BOB,
SCS,  and  WNP,  were  much  greater  than  that  via  the
WMH  path.  However,  the  moisture  input  to  NEA  con-
tributed  by  the  three  low-latitude  paths  was  much  lim-
ited because most water vapor was transported eastward
instead of being advanced northward to NEA. Water va-
por  from  the  WMH  path  exhibited  a  significant  shift
around  the  late  1990s  and  had  a  significant  correlation
with  summer  precipitation  in  NEA,  implying  that  water
vapor transported via the WMH path played the most im-
portant role in triggering the late 1990s summer precipit-
ation shift in NEA.

(2) The water vapor transport in the zonal direction in-
creased from west to east, whereas the water vapor trans-
port  in the meridional  direction decreased from south to
north.  During  1999–2011,  in  the  middle  and  western
NEA, zonal water vapor transport decreased, causing less
input to the water vapor via the western boundary, while
the  water  vapor  transport  increased  in  the  eastern  NEA,
leading  to  more  output  through  the  eastern  boundary.
Moreover, the moisture inputs during 1999–2011 via the
northern  and  southern  boundary  were  both  greater  than
during  1983–98.  The  vertical  water  vapor  transport  also
reflected  less  input  through  the  western  boundary  and
more  output  through  the  eastern  boundary,  with  zonal
water vapor transport fluxes concentrated at low–middle
levels. Compared to the variations of the meridional wa-
ter  vapor,  the  zonal  water  vapor  transport  contributed
more in  causing the late  1990s shift  of  the summer pre-
cipitation in NEA. It is found that the anomalies of water
vapor transport and summer precipitation over NEA were
primarily influenced by the wind disturbance rather than
the moisture disturbance.

Compared  with  previous  studies  (Lu,  2005; Wang  et
al., 2010; Li et al., 2012), this paper confirmed the sum-

 
Fig. 14.   Annual variations of summer (a) PDO and (b) AMO indices. The red curves indicate the 5-yr moving average.
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mer  precipitation  shift  over  NEA  in  the  late  1990s  and
revealed  the  relevant  water  vapor  transport  anomalies
that are responsible for this interdecadal shift. As remote
factors, the PDO/AMO played important roles in trigger-
ing  the  late  1990s  changes  in  water  vapor  transport  and
summer precipitation in NEA. In addition to the anomal-
ous water vapor transport  and PDO/AMO, soil  moisture
anomalies  from  previous  winter  to  summer  and  snow
cover  anomalies  over  the  Euro–Asia  region  (Wu  et  al.,
2005; Zuo  and  Zhang,  2007)  may  also  have  influenced
the  interdecadal  changes  of  summer  precipitation  in
NEA.  Accordingly,  studies  remain  to  be  performed;  for
example,  exploring  the  factors  that  influence  water  va-
por  transport  via  westerlies  between  North  Atlantic  and
East  Asian  monsoon  regions.  Finding  solutions  to  these
water  vapor  and  precipitation  related  problems  will  re-
quire further investigations in the future.
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