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Abstract The Hybrid Single-Particle Lagrangian Integrated Trajectory platform is employed in this study
to simulate trajectories of air parcels in the rainy season in North China during last six decades (1951-2010),
with the purpose of investigating moisture sources, their variation, and the eventual relationship with
precipitation in North China. Climatological trajectories indicate that moisture in North China originates,
respectively, from Eurasia (14.4%), eastern China (10.2%), the Bay of Bengal-South China Sea (33.8%), the
Indian Ocean (10.7%), and the Pacific (30.9%). The spatiotemporal analysis of moisture trajectory based on
extended empirical orthogonal function indicates that a decrease of precipitation in North China is caused
mainly by a decrease of water vapor sources from the south, the Indian Ocean, the Bay of Bengal, and the
South China Sea, which overwhelms an increase of water vapor sources from the North, mainly Eurasia,
eastern China, and northern western North Pacific Ocean. In particular, the significant decrease of
precipitation in the late 1970s (by 11.6%) is mainly caused by a 10.6% decrease of moisture from all sources.
The Bay of Bengal, the South China Sea, and the Indian Ocean are dominant moisture source areas affecting
the decadal-scale variation of precipitation in North China.

1. Introduction

Climate in North China manifests a strong monsoonal characteristic, with a significant portion of annual total
rainfall in summer. The rainy season is generally in July and August when the monsoon front comes from the
south and remains quasi-stationary in the region. Rainfall in North China experienced a significant variation
during the last decades, with a severe reduction since the 1960s, especially around the 1970s, and an accom-
panying dry climate in North China [Zhai et al., 2005; Ding et al., 2008, 2009; Zhu et al., 2010].

Abundant water vapor supply is a necessary condition for summer precipitation in North China. Water vapor
transport and balance, as well as their association with precipitation in North and East China, have been docu-
mented in a number of studies [Zhai and Eskridge, 1997; Chen et al., 1988; Samel et al., 1999; Wei et al., 2005].
They are generally very useful in understanding how the western Pacific subtropical high- and middle-latitude
circulations play their main roles in modulating the water vapor transport and East Asian climate in summer at
both interannual and interdecadal time scales. Accompanying the important weakening of the East Asian sum-
mer monsoon during the late 1970s [Wang, 2001, 2002], significant changes occurred in the related atmo-
spheric circulation and precipitation pattern in eastern China [Gong and Ho, 2002; Wang and Zhou, 2005;
Han and Wang, 2007]. Some authors pointed out that the increased summer rainfall in the Yangtze River valley
in southeast China and the concurrent decrease of rainfall in North China after late 1970s were partly attribu-
table to changes in the regional water vapor transport [Wei et al., 2005; Ma and Gao, 2006].

These studies, important in revealing the relationship between the rainfall and the regional water vapor
balance, were however limited by their Eulerian approach that is unable to assess the moisture origins from
remote source regions. Moisture fluxes across the regional boundaries cannot provide relevant information
on the geographical sources of moisture due to the fast transition of wind fields [Sodemann et al., 2008].

Advanced methods have recently been developed to determine the moisture origin or sink by backward or
forward trajectories of air parcels residing over the target region with Lagrangian models. Several models
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such as Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) [Draxler and Hess, 1998; Draxler and
Rolph, 2011] or FLEXible PARTicle [Stohl et al, 2005b] allow the calculation of back trajectories. The
Lagrangian methodology has been successfully applied in studies on sources of moisture in many regions
of the world: the Mackenzie River basin, North America [Brimelow and Reuter, 2005], southern Sweden
[Gustafsson et al., 20101, northeast Spain [Izquierdo et al., 2012], the Sahel [Nieto et al., 2006; Salih et al.,
2015], the South American monsoon area [Drumond et al., 2008], the lberian Peninsula [Gimeno et al.,
2010], and the Mediterranean Basin [Nieto et al., 2010; Drumond et al., 2011; Gomez-Hernandez et al., 2013],
even the whole continental [Gimeno et al., 2012]. Jiang et al. [2011, 2013] and Yang et al. [2014], based on
HYSPLIT, carried out an analysis of water vapor sources and transport to explain abnormal precipitations in
East China. Li et al. [2016] detected the origins of moisture over southeast China based on HYSPLIT. Huang
and Cui [2015], with a calculation of Lagrangian trajectories, investigated the moisture sources for strong rain-
fall events in the Sichuan Basin, China during summers of 2009-2013. Bracken et al. [2015], with HYSPLIT,
documented the moisture sources for extreme rainfalls in the western U.S.

Those studies using a Lagrangian approach mainly focus on mean climate state or individual extreme events,
few of them on interdecadal variability of water vapor sources and eventual relations with precipitation. It is
thus a useful attempt that we devote our study to moisture variation originating from source areas and its
connection with the precipitation pattern in North China during the last decades. In fact, understanding
the persistent dry climate conditions in North China after late 1970s is our main motivation to conduct the
present study employing a Lagrangian analysis.

A main challenge in using Lagrangian trajectories to deal with air parcels carrying water vapor is that water
vapor is not a neutral gas in the atmosphere and it can strongly vary when transported. To remediate, Stoh/
and James [2004, 2005a] developed a method which incorporates the time derivative of humidity along the tra-
jectories. It is a useful tool to assess origins of water vapor that falls during extreme precipitation events [Stoh/
etal., 2008]. Inspired by this concept, Sun and Wang [2014, 2015] analyzed major atmospheric moisture sources
affecting West China and East China for a relatively short period of 10 years (2000-2009). Although such a meth-
odology is useful and precise for individual precipitation events or short period, it is somehow computationally
inefficient for long-term climate variation, beyond decadal time scales. Alternatively, we propose in this study to
use simply the specific humidity as a weighting factor in calculating the density of trajectories. We believe that
the variation of parcels (carrying moisture) originating from sources has certain relations with precipitation.

The article is organized as follows: the data and analyzing methods used in the study are described in
section 2. Section 3 presents the variation of precipitation in North China, and section 4 contains a simple
analysis of local moisture budget within the Eulerian framework in comparison to the Lagrangian method.
Section 5, the main content of this article, contains the Lagrangian analysis results, together with some
discussions. Conclusions are presented in section 6.

2. Data and Methods

2.1. Lagrangian Trajectory Calculation

The National Oceanic and Atmospheric Administration (NOAA) Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model [Draxler and Hess, 1998] allows a user to simultaneously release parcels from all
points within a user-specified matrix at a given time and height. These starting points do not necessarily have
to be located on the data grid points, as HYSPLIT uses a bilinear interpolation to calculate meteorological vari-
ables at times and locations between the standard times and grid points available in the gridded data sets
[Brimelow and Reuter, 2005]. The rainy season in North China is considered in this paper as from 19 July to 14
August, following Liu and Ding [2008]. The target area is defined as the box over North China (35°N-43°N,
110°E-120°E; the black rectangle box in Figure 1). The HYSPLIT model was run to calculate 264 h (11 days) back-
ward air trajectories. The modeling period is from 00:00 UTC of 19 July to 00:00 UTC of 14 August for each year
from 1951 to 2010 with an integration time step of 6 h. The target region is divided into 1°x 1° grid points as
starting parcels. Parcels are released at four levels including 500 m, 1500 m, 3000 m, and 5000 m or approxi-
mately 925 hPa, 850 hPa, 700 hPa, and 500 hPa. These levels are associated to main moisture transport paths
for North China. All parcels were integrated backward in time, until 11 days. Outputs were recorded every
6 h with variables indicating the position (latitude, longitude, and altitude) and meteorological parameters
(temperature, specific humidity, and geopotential height) [Brimelow and Reuter, 2005; Gustafsson et al., 2010].
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Figure 1. (a) The time series of regional average precipitation in North China during the rainy season (red line; left axis;
unit: mm); the red dotted line is the average precipitation for the period of 1951-1980 and 1981-2010, superimposed
with the leading principal component for the period of 1951-2010 (blue line; right axis with arbitrary unit). (b) The
changes of summer precipitation (mm; from 19 July to 14 August) in East China (east of 110°E) from the period of 1951-1980
to 1981-2010; the black box denotes the study area in North China. (c) The leading EOF pattern of precipitation in East China
(explained variance: 15.9%).

2.2. Data

Data used in this paper are from NOAA-National Centers for Environmental Prediction (NCEP)/National Center
for Atmospheric Research (NCAR) reanalysis [Kalnay et al., 1996]. Global pressure-level data were reprocessed
into the HYSPLIT compatible format in the Air Resources Laboratory (ARL), NOAA, U.S. They are available from
1948 at 6 hourly temporal resolution and 2.5° (latitude/longitude grid) spatial resolution with 17 levels in the
vertical. Data have been downloaded from the ARL's archives (http://ready.arl.noaa.gov/gbl_reanalysis.php).
For daily rainfall, we use a data set provided and validated by the National Climate Center (NCC), China
Meteorological Administration (http://ncc.cma.gov.cn), with 753 stations from 1951 to 2010 [Lu et al., 2014].
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After a quality control, we removed those stations whose observation sites were changed or record lengths are
not sufficient, we finally keep 11 stations in North China.

3. Variability of Precipitation in North China

Previous studies indicated that precipitation in North China in the past decades had a strong interdecadal
variability. There were two main regime shifts occurring in mid-1960s and 1980, respectively. The latter
was believed to cause the long-lasting drought in the 1980s [Zhou et al., 2008; Ding et al., 2008, 2009]. In this
study, we will first check these behaviors with the daily rainfall data set from NCC. The time series of regional
accumulated precipitation in North China is calculated for the rainy season as from 19 July to 14 Augustand in
our target area.

Figure 1a (red line) shows the time series of precipitation in North China; a notable interdecadal variation of
precipitation can be found: a wet period from the 1950s to the mid-1970s, a dry period from the early 1980s
to the early 1990s, and a relatively wet period appearing again from the mid-1990s onward. A notable wet-
to-dry transition can be identified in the end of 1970s. Compared with 1951-1980, the regional average
precipitation in North China decreases 11.6% in 1981-2010. So we plot the geographical changes of summer
precipitation in East China from the period of 1951-1980 (first 30 years) to 1981-2010 (last 30 years) in Figure 1b.
We can observe that precipitation significantly decreases in the north and increases in the south, presenting a
dipole structure. Furthermore, we also performed an empirical orthogonal function (EOF) analysis on the
precipitation in East China. Figure 1c displays the leading EOF pattern, with explained variance at 16%.
Thereis also a visible dipole structure with the positive phase in the north and the negative phase in the south.
The correlation coefficient between the series of leading principal component (Figure 1a, blue line) and the
precipitation is 0.75, with a confidence level exceeding 99%. It is clear that the first EOF represents well the
variation of precipitation in North China. We can also conclude that the rainfall variation in our target area is
not a local phenomenon but coherent with rainfall variability at the regional scale of whole East China.

4, Moisture Flux and Budget Within the Eulerian Framework

We note that there is an abundant scientific literature investigating moisture budget in East and North China
with an Eulerian approach. For the purpose of comparison with the Lagrangian method, moisture fluxes and
budget within the Eulerian framework in North China are calculated with the NOAA-NCEP/NCAR reanalysis
data. Just like the target region for Lagrangian backtracking trajectories, we select the same rectangular zone,
representing North China (35°N-43°N, 110°E-120°E; Figure 1). Figure 2a shows the mean state (1951-2010) of
the vertically integrated water vapor transport from ground to 300 hPa during the rainy season. The moisture
mainly comes from the Eurasian continental westerlies and the monsoon wind from the south and south-
west. So we assess the vertically integrated water vapor fluxes at the four boundaries separately
(Figures 2b and 2c). The south and west boundaries show water vapor inflow into North China, with mean
values of 102.9x 10%kg s~ from the south (60%) and 68.5 x 10°kg s~ from the west (40%). The north and
east boundaries show water vapor outflow. The net budget of water vapor transport (hereinafter referred
to as local moisture budget; Figure 2b) shows a decreasing trend from 1951 to 2010. This decreasing moisture
budget is caused by both decrease of water inflow at the south and west boundaries and increase of outflow
at the east and north boundaries (Figure 2c).

Because of the notable interdecadal variation of precipitation, we calculate the changes of vertically inte-
grated water vapor fluxes and divergences from the 30 years before 1980 to the 30 years after 1980. As shown
in Figure 3, there is a significant transition in North China. Water vapor fluxes decrease at the south and west
and increase at the east and north. The moisture divergence increases after 1980 in North China (Figure 3b),
which indicates that the net water inflow decreases.

Although the Eulerian method can characterize the variation of moisture transport in a local area, it cannot
describe climate characteristics at distant source areas. For example, Figure 2a shows the vertically integrated
water vapor transport, but it is very hard to precisely determine the water vapor sources; the moisture in the
west boundary may come from the Eurasian continental westerlies but also from the monsoon wind from the
south and west. Zhou et al. [2008] argued that an imaginary line over the South China Sea (20°N, 110°E-120°E;
Figures 2a and 2c), closer to the tropics, can be used as a proxy to characterize moisture sources for North
China. But it is unprecise and cannot determine the moisture “whereabouts,” as the moisture that goes
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Figure 2. (a) The vertically integrated water vapor transport (vector; unit: kg/(ms)) from ground to 300 hPa in the rainy
season (19 July to 14 August) from 1951 to 2010. The black box denotes the study area in North China, and the blue line
denotes the water vapor path from the South China Sea (SCS). Water vapor flux through the area boundaries of North
China. (b) The net water vapor transport flux of all boundaries (unit: 10° kg 5_1). (c) Water vapor transport fluxes through
the four boundaries (east, west, south, and north) and an imaginary line in the South China Sea (SCS) as indicated in
Figure 2a (unit: 10° kg 5_1).

JIANG ET AL.

MOISTURE SOURCE VARIATION 5



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025795

(a) (b)

55N / = 55N =3
- . T % Ha
s50N - - -~ ~ - s SV G g EFEE P 50N :
7
T / - B
45N ] J 45N | '
s 4
40N 40N 3
2
35N 35N 1
(7% .
30N 1 30N e
-3
-4
25N | 25N |-
1.
20N 20N L
-8
15N S N A o — TH AN Sy 6N
95E 100E 105E 110E 115E 120E 125E 130E 135E 140E 95E 100E 105E 110E 115E 120E 125E 130E 135E 140E

—
200

Figure 3. (a) Change of the vertically integrated water vapor transport (vector; unit: kg/(m s)) from 1951-1980 to 1981-2010.
The black box denotes the study area in North China. (b) Changes of vertically integrated moisture divergence (shading; unit:
107> kg/(m? s)) from 1951-1980 to 1981-2010.

through the South China Sea boundary does not all reach North China. A Lagrangian analysis is thus
necessary to determine moisture sources affecting rainfalls in North China.

5. Results and Discussions Based on the Lagrangian Analysis

5.1. Mean State of Moisture Sources

Back trajectories of air parcels were calculated until 11 days prior to their arriving into the domain. Outputs
(including positions and relevant meteorological parameters) are binned into boxes of 2°x 2° in latitude-
longitude for further diagnostics. The spatial evolution of air parcels location can approximately serve as
the transport pathways. For a particular backward day, it is possible to account the total number of air parcels
(or density of trajectories, if normalized by the size of boxes) reaching the target area, 4 times a day, and
during the whole rainy season from 17 July to 14 August, each year. In our study, we focus on water vapor
availability and transport, it is necessary to introduce the concept of moisture-weighted air parcels, the local
specific humidity being a weighting factor. As the moisture in the atmosphere is mainly under 500 hPa, air
parcels in the target area are having their starting elevation at four levels (925 hPa, 850 hPa, 700 hPa, and
500 hPa). These levels are associated to main moisture transport paths for North China.

Moisture source regions at climatological state are displayed in Figure 4, which shows, on a 2°x 2° grid, the
total number of air parcels (4 times per day, during the season from 19 July to 14 August, each year), weighted
by specific humidity (units: g/kg) for day 1 (Figure 4a), day 6 (Figure 4b), and day 11 (Figure 4c) prior to
reaching North China. Results are averaged for the whole period. The mean height of air parcels is also cal-
culated and shown in Figure 4 (shading). We can see that on day 1 prior to arriving (Figure 4a), air parcels
mainly reside in North China and its surrounding areas, with an elongated form from southeast to north-
west. Shading indicates the parcels’ height located between 400 and 900 hPa, with a NW (high altitude)-
SE (low altitude) orientation. It can be clearly observed (Figures 4b and 4c) that three dominating moisture
transport pathways exist, in association to midlatitude circulations, the western Pacific subtropical high, and
the Indian summer monsoon, respectively. This structure is consistent with our expectation, since summer
monsoon precipitation in North China is generally related to the monsoonal front between cold air masses
from the north and warm air masses from the south. On day 6 and day 11 (Figures 4b and 4c), the altitude
of parcels from oceans is significantly lower than that from lands. Parcels are relatively rare from western
Europe, the North Atlantic, and the Tibetan Plateau. Their altitude is generally between 400 hPa and
650 hPa. On day 11(Figure 4c), parcels pushed outward along three dominating pathways, which could
be traced to the North Atlantic, western Europe, and a vast area from the western Indian Ocean to the
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Figure 4. Number of particles weighted by specific humidity (units: g/kg) arriving in the domain of North China (the black rectangular zone) for (a) day 1, (b) day 6,
and (c) day 11, respectively, prior to their arriving. The total number shown here corresponds to long-term annual means (1951 to 2010), calculated 4 times a day in
the rainy season between 19 July and 14 August. The calculation was performed with the relevant water vapor (in g/kg) as a factor of multiplication. Geopotential heights
(shading; unit: hPa) of parcels are also plotted.

middle Pacific. Main moisture sources on day 11 can be summarized as (1) Eurasia (EA), (2) eastern China
(EQ), (3) the Bay of Bengal and South China Sea (BSC), (4) the Indian Ocean (IO), and (5) the Pacific
Ocean (PO).

5.2. Temporal and Spatial Variations of Moisture Sources

The dynamic transition of trajectories for air masses (carrying moisture) to reach North China from day 11
can be assessed with an extended EOF analysis of the consecutive trajectory patterns. We will focus on
the leading mode (explained variance: 29.2%), which is highly correlated with the decadal shift in
the 1970s.

Figure 5 shows the spatial pattern of the leading mode, displaying day 1 (Figure 5a), day 6 (Figure 5b), and
day 11 (Figure 5¢) (arbitrary units), respectively. The spatial pattern generally shows a dipole structure, with
opposite signs between the south and the north for all days. Such an opposition reveals the relative
importance of water vapor sources from either the north or the south. As can be seen in Figure 53, the spatial
pattern of day 1 mainly appears as a “southwest to northeast” dipole. The positive area is located in the
Yangtze-Huaihe River basins and in south China, whereas the negative area is located in regions from
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Figure 5. Leading mode of an extended EOF analysis performed on the total number of moisture-weighted parcels reaching the target region in North China. The
transition of trajectories for days 1 to 11 prior to their arriving can be revealed through such an analysis. Days (a) 1, (b) 6, and (c) 11 are shown, respectively. The boxes
in Figure 5c are the divisions for further investigations of water vapor sources affecting North China in summer.

North China to Baikal Lake. Figure 5b shows that the day 6 spatial pattern becomes a “south to north” dipole
pattern, with positive and negative centers both pushing outward. The positive centers included parts of the
India Ocean, the Bay of Bengal, the South China Sea, and the northwestern Pacific Ocean. Negative regions
comprise an area from North China to central Siberia, the Sea of Japan, and the area east to it. Figure 5¢ shows
that the 11th day spatial pattern is also a “south to north” dipole with a further extension for both positive and
negative areas. The positive area is located over the India Ocean, the Bay of Bengal-South China Sea area, and
south of 30°N in the Pacific Ocean. The negative area is located over a vast region of Eurasia, eastern China,
and north of 30°N in the Pacific Ocean.

JIANG ET AL. MOISTURE SOURCE VARIATION 8



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025795
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Figure 6. (a) Leading principal component of moisture source areas fromthe ~ and Gao [2006] also pointed out that,
Lagrangian back trajectory calculation (blue curve), superimposed with local  in the 1950s and 1960s, water vapor
moistureh buc.jget obtained fror_n the Eulgri?n Falcylation (purple curve; the in North China mainly comes from
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moisture time series (leading PC or local moisture budget) and the To c?nﬁrm ‘the robustness of results
precipitation. obtained with an extended EOF ana-

lysis for the 11day sequences, we
also performed individual-day EOF analyses. They generally show consistent results for both the spatial struc-
ture and temporal evolution. Correlation coefficients between the corresponding time series vary between
0.87 and 0.99. Since Figure 6 shows a clear separation of two regimes before and after 1980, we can further-
more verify our results by making the difference between the two periods. Results also largely confirm our
conclusion from the extended EOF analysis.

pci local moisture budget =====- Precipitation

the south and southwest, and after

It is worth mentioning that there is consistency between the Eularian and Lagrangian approaches. Figure 5a
shows the spatial pattern on day 1, which generally displays a dipole structure, with opposite signs between
the south and the north. The north and east (south) boundaries are basically located in negative (positive)
areas indicating an increasing (a decreasing) tendency. This is consistent with the variation of water vapor
fluxes at the three boundaries in North China in section 3 (Figure 2c¢).

5.3. Relationship Between Precipitation in North China and Moisture Transport

Let us now compare the results of regional moisture budget and sources of moisture transport with the regio-
nal precipitation in North China during the rainy season. Figure 6a displays the leading principal component
from the extended EOF analysis applied to back trajectories, the local moisture budget, and the regional pre-
cipitation in North China. To facilitate the intercomparison, the three time series are all normalized by their
own standard deviation. Our results provide a plausible explanation for the rainfall variation in North China
during the last decades. It is clear that both the leading PC and the local moisture budget have a good cor-
relation with the regional precipitation. Their correlation coefficient reaches 0.58 and 0.48, respectively. They
are statistically significant at the 99.9% confidence level. Figure 6b presents the same time series but after
filtering out variations shorter than 9years. Both PC1 and local moisture budget show a reduction in the
mid-1960s and the mid-1970s. There is a significant decreasing trend in the studied period, consistent with
the regional precipitation trend. The two correlation coefficients become 0.80 and 0.60, statistically signifi-
cant at the 99.9% confidence level. Both Eulerian and Lagrangian approaches provide very useful diagnostics
for regional precipitation variation in North China, especially at interdecadal time scale.
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Table 1. Precipitation, Climatological Mean (1951-2010; Unit: %) of Each Source, and the Sum Contribution for Moisture-
Weighted Parcels (Number of Parcels)®

Source EA EC WNP 10 WP BSC SUM Precipitation
Mean 19.5 (46.0) 86 (5.7) 9.0(7.5) 12.1 (8.5) 19.4 (13.7) 31.4(18.6) 100 (100) 100

P1 7.9(18.8) 33(2.00 35(27) 8.7 (6.0) 11.8 (84) 20.1 (12.1) 55.3 (50.0) 55.8

P2 116 (27.2) 53(3.7) 55(4.8) 3.4 (2.5) 7.6 (5.3) 11.3 (6.5) 44.7 (50.0) 44.2

P2 —P1 3.7 (84) 20(1.7) 20(.1) —-53(-35 —42(-3.1) -88(-56) —10.6 (0) —-11.6

#P1 and P2 stand for the values before and after 1980. P2 — P1 denotes the difference.

In summary, the precipitation variation in North China is closely related to a “seesaw” structure for moisture
source areas, during the last 60 years at interdecadal time scale. An important transition took place around
the late 1970s. Prior to the transition, water vapor sources from the south were more abundant than those
from the north. This favors precipitation increase in North China. But after 1980, the water vapor from south-
ern sources decreased, which corresponds to precipitation decrease in North China.

5.4. Assessment of Moisture Sources

To make a quantitative assessment for moisture sources affecting rainfall in North China, we use the
distribution of air parcels at day 11 prior to their arriving in North China and define five key regions: (1)
Eurasia (EA), (2) eastern China (EC), (3) the Bay of Bengal and South China Sea (BSC), (4) the Indian
Ocean (I0), and (5) the Pacific Ocean (PO). Since there is an opposite change between the north and south
of 30°N in the Pacific Ocean as shown in section 5.2, we further divided the Pacific Ocean into two parts:
northwest Pacific (WNP) and western Pacific (WP) (Figure 5c). The contribution of each area is evaluated as
the proportion of air parcels (at day 11 priori to their arriving), residing in the region compared to the total
number of air parcels. We should note that the calculation can be applied not only for the number of air
parcels but also for a weighted amount by considering the relevant specific humidity (in g/kg) into
account. This ensures a best assessment of both number of simple parcels and moisture transport from
long-distance source.

BSC is the most important moisture source for North China with a climatological mean contribution (Table 1)
of 31.4% during 1951-2010, followed by EA (19.5%), WP (19.4%), 10 (12.1%), WNP (9.0%), and EC (8.6%). The
Pacific accounts for a total of 28.4%. In terms of simple parcels, the contribution from EA increases to 46.0%,
but that from BSC decreases to 18.6%, other regions remaining at a similar level. It is clear that moisture-
weighted parcels show a certain advantage over the simple number of parcels if our main interest is on
the water vapor transport (it is so, indeed). However, we should point out that in terms of temporal variation
(in particular, at decadal scale), the two measures show very close results. Figure 7 shows the temporal evolu-
tion of regional contributions from 1951 to 2010, blue curves for moisture-weighed parcels and purple curves
for simple parcels. We can observe that air parcels originated from EA, EC, and WNP show a growing ten-
dency, but those from IO and BSC show a clear decline. Before the mid-1960s, moisture hardly originated
from EA. But there is an obvious rising tendency from the mid-1960s to 1980s. The moisture contribution
from EC shows a persistent increase for nearly six decades, which is associated with increasing evaporation
under the background of global warming. For WNP, before the mid-1960s, few water vapor parcels originated
from it, but they increased significantly since the late 1960s. There was a decrease in mid-1980s.
Contributions for simple parcels change similarly in both EC and WNP. Moisture from 10 shows a significant
downtrend. It was abundant before the mid-1970s and reached the upmost level in 1963, then decreased
rapidly from the early 1960s to the 1980s, and remains steady from the 1980s to the 21st century. The situa-
tion over BSC is very similar to that over IO: water vapor transport diminished steeply and presented a signif-
icant interdecadal variation. The water vapor transport over IO and BSC is found to be decreasing rapidly from
the mid-1960s to the 1980s, which is closely related to the decadal-scale reduction of precipitation over North
China in the same period. A decline also occurs for water vapor sources from WP, but the downtrend was not
marked. The change of contribution for number of parcels is similar to moisture-weighted parcels in 10, WP,
and BSC.

To investigate further the decadal variation of precipitation in North China, we calculate the mean contribu-
tions of source areas before and after 1980 for moisture-weighed parcels and simple number of parcels.
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Figure 7. Evolution of moisture contribution (%) from (a) Eurasia (EA), (b) eastern China (EC), (c) northwest Pacific (WNP), (d) Indian Ocean (10), (e) West Pacific (WP),
and (f) the Bay of Bengal and South China Sea (BSC) during 1951-2010; the blue curves denote the moisture-weighed parcels and purple curves the simple parcels.

Differences between the two periods P1 (1951-1980) and P2 (1981-2010) are also shown in Table 1. The last
column of the table (precipitation) indicates that all the precipitation during 1951-2010 fell in the period of
climatological mean (1951-2010), P1 and P2.

BSC, WP, and 10 are the three most important sources for North China in terms of moisture-weighted
parcels (number of parcels) before 1980, which account for 40.6% (26.5%). But after 1980, they account
for 22.3% (14.3%) only. Especially, contributions from BSC and |0 decreased by 8.8% (5.6%) and 5.3%
(3.5%), respectively (Table 1). On the contrary, contributions from EA, EC, and WNP increased. The contribution
from EA increased significantly by 3.7% (8.4%), and the Pacific (WP and WNP) showed little changes. Transport
of total moisture from the sources reduced by 10.6% after 1980 (1981-2010), compared to that before 1980
(1951-1980), which is an important factor contributing to the decrease of precipitation estimated at 11.6%.
In terms of number of simple air parcels, of course, there is no change from year to year, since it remains
constant by definition.

In summary, moisture sources for our target area in North China are fundamentally divided into north and
south branches. For the last six decades, moisture contributions from EC, EA, and WNP showed a rising ten-
dency, while that from 10 and BSC had a downward trend (downward trend over WP is not significant). In
terms of water vapor budget, increased water vapor contribution from the north (smaller specific humidity)
is not able to offset the decreased water vapor contribution from the south, thereby decreasing the overall
water vapor budget. 10 and BSC are the key source areas with a significant decrease around 1980, affecting
the decadal-scale reduction of precipitation in North China.
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6. Conclusion and Discussion

In this paper, we used HYSPLIT, an objective Lagrangian model, to detect long-distance moisture sources
affecting the precipitation in North China during last six decades (1951-2010). The applied method allowed
not only the assessment of moisture sources for North China but also the quantification of moisture transport
originating from these sources. North China experienced an important variability in summer precipitation
during the last 60 years. The rainfall variability is revealed to be strongly correlated to changes in moisture
source areas. Main findings are summarized as follows:

1. The moisture source regions for North China cover vast areas comprising Eurasia, the West Pacific, the
Indian Ocean, and the South China Sea. We identified five important moisture source regions affecting
North China: Eurasia (19.5%), eastern China (8.6%), the Bay of Bengal-South China Sea (31.4%), the
Indian Ocean (12.1%), and the Pacific (28.4%). The Bay of Bengal, the South China Sea, and the Indian
Ocean are the dominant moisture source areas affecting the precipitation in North China. The pathways
for moisture to come from different sources are controlled by the dominant airflows associated with
midlatitude circulations, the western Pacific subtropical high, and the Indian summer monsoon. Some
of the moisture parcel trajectories present complicated transport structures from distant source areas.

2. The spatiotemporal analysis based on extended EOF indicates that the spatial distribution of parcels tra-
jectories is primarily characterized by a south-north oriented dipole. The corresponding time coefficient
shows a significant transition in the late 1970s. Prior to the transition, more water vapor sources originated
from the Indian Ocean, the Bay of Bengal, the South China Sea, and south of 30°N in the Pacific Ocean,
while fewer sources from Eurasia, eastern China, and north of 30°N in the Pacific Ocean. This favors more
precipitation in North China. But after 1980, the water vapor from southern sources decreased, which cor-
responds to precipitation decrease in North China.

3. A quantitative assessment of moisture sources indicates that there is a reduction of 10.6% in 1981-2010,
compared to 1951-1980, while precipitation in North China decreases by 11.6%. During the last six
decades, air parcels with smaller moisture originated from Eurasia, eastern China, and the North Pacific
Ocean showed a rising tendency, while those from the Indian Ocean, the South China Sea, and the tropical
Pacific showed a decreasing trend. The concurrent increase of air parcels from the north (with less humidity)
and decrease of air parcels from the south (with more humidity) are the main drivers for the reduction of
rainfall in North China. The Bay of Bengal, the South China Sea, and the Indian Ocean are the dominant
moisture source areas affecting the precipitation in North China.

Accompanying this interdecadal variability of the moisture sources in North China around the late 1970s,
large-scale circulation features in the East Asian monsoon region also experienced important variations
[Hu, 1997; Goswami, 2006; Wang, 2001, 2002; Ding et al., 2008, 2009]. In particular, we can note a change from
anomalously strong summer monsoon flow to anomalously weak monsoon flow since the late 1970s [Wang,
2001] and a change from warming to cooling in the high troposphere in East Asia [Xin et al., 2008]. It is also
striking that the anomalously strong low-pressure trough was replaced by an anomalously strong high pres-
sure in middle and high latitudes in Asia [Ding et al., 2009]. Since the late 1970s, the weakening of the atmo-
spheric heating over the Tibetan Plateau in combination with positive sea surface temperature anomalies
and atmospheric heating in the tropical Pacific and Indian Oceans leads to a significant reduction of the
land-sea thermal contrast and the tropospheric meridional and zonal temperature gradients over East Asia
[Chen and Wu, 2000; Qian et al., 2003], which is partly responsible for the weakening of the Asian summer
monsoon. These changes in large-scale circulation and thermodynamics lead to significant weakening of
northward moisture transport from remote sources. It is clear that the variability of moisture transport over
North China is not an isolated regional phenomenon but the consequence of significant changes in the
Asian or East Asian climate system. Song et al. [2014] indicated that the heavy air pollution over China with
a strong aerosol loading might cause a surface cooling, a weakened land-sea thermal contrast, and positive
sea level pressure anomalies over North China, which is unfavorable for water vapor sources from the south.

It is worth mentioning that the analysis method reported here is suitable not only for North China but also for
other domains. We are planning to investigate other areas of the rainfall dipole variability [Ding et al., 2008],
mainly the increasing pole in South China. We also need to point out that all conclusions from the Lagrangian
method are from a single realization with air parcels in the target area having their starting elevation at four
particular levels (925, 850, 700, and 500 hPa). Although we could not precisely consider the whole-column
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water vapor over North China, our calculation did provide relevant information on the origin of low-level
atmospheric water vapor, which is the most relevant for rainfall. We also need to note that mixing between
the air parcels and the surrounding air does occur when they are transported. Furthermore, moisture can be
removed by precipitation or augmented by evapotranspiration from surface. These are important points for
the Lagrangian approach of water vapor transport. Compared to methods already reported in literature, our
methodology employing water vapor content as a weighting factor along the trajectories does provide a
simple remediation for this issue.
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