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[1] Characteristics of stratosphere-troposphere exchange (STE) during the Meiyu season
in the Yangtze-Huaihe valley, China, is investigated using the European Centre for
Medium-Range Weather Forecasts interim reanalysis data, National Centers for
Environmental Prediction/National Center for Atmospheric Research reanalysis data,
Meiyu records from the National Climate Center of China, the data from a trajectory
model, and a general circulation model (GCM). Results show increases in potential
vorticity and decreases in specific humidity in the upper troposphere and lower stratosphere
(UTLS) before Meiyu onset, suggesting a strong downward transport of air masses around
the tropopause that can be attributed to frequent tropopause folds over the Meiyu area. The
minimum tropopause height occurs 3 days before Meiyu onset and then rises until about
6 days afterward. The downward cross-tropopause mass transport (CTMF) is evidenced
before Meiyu onset, which is mainly caused by the sharp meridional gradients in the
tropopause pressure over the Meiyu area. After Meiyu onset, the upward cross-tropopause
transport intensifies due to enhanced convections. The analysis also suggests the strongest
upward transport in the UTLS occurs northeast of the Meiyu region, within the core of the
upper tropospheric westerly jet. Results from a trajectory model indicate that the lower
stratospheric air intrudes into the troposphere before Meiyu onset. The significant upward
movements of the middle tropospheric air are notable after Meiyu onset. As convections
are weak and the upper level westerly jet is located far to the Meiyu area in poor Meiyu
years, the upward CTMF over the Meiyu region is weaker during the Meiyu season
compared with that in rich Meiyu years.
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1. Introduction

[2] The rate at which air masses are exchanged across the
tropopause is one of the key open questions regarding the
global budget of various chemical species. Studies in recent
years have found convincing evidence that the monsoon has
significant impact on stratosphere troposphere exchange
(STE) [e.g., Zachariasse et al., 2000; Fu et al., 2006; Randel
et al., 2010]. Gettleman et al. [2004] pointed out that the

Asian monsoon circulation may contribute 75% of the total
net upward water vapor flux in the tropics at tropopause
level from July to September. Park et al. [2004] found from
chemical transport model simulations that the air from the
monsoon region can be transported into the tropics by the
monsoon circulation and be taken into the stratosphere by
the upward Brewer-Dobson circulation.
[3] During the Asian summer monsoon season, from the

middle to lower reaches of the Yangtze River in China to
southwestern Japan, a precipitation zone occurs and lasts
for several weeks with major rainband advancing poleward
from south (premonsoon, May) to central (June) to north
(July) China [Liang and Wang, 1998]. This phenomenon,
which occurs concurrently with the onset of the summer
southwest monsoon over the South China Sea, is called
Meiyu in China and Baiu in Japan [Zhou et al., 2004]. A
great many studies have been carried out to understand
Meiyu as a weather phenomenon on the mesoscale and
synoptic scale [e.g., Krishnan and Sugi, 2001; Ninomiya
and Shibagaki, 2007; Wakazuki et al., 2006; Ninomiya,
2000, 2001; Ninomiya and Murakami, 1987; Tao and Chen,
1987; Ding, 1991; Ninomiya and Akiyama, 1992; Kawatani
and Takahashi, 2003; Yoshikane et al., 2001; Moteki et al.,
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2006; Chen et al., 2003]. Distinct features of Meiyu are
found to be strong moisture flux, flux convergence and
heavy rainfall over the Meiyu region while the associated
Meiyu front is quasi-stationary and can generate long cloud
and rainbands. Within this rainband, mesoscale disturbances
develop accompanied by the intense convection [e.g.,
Ninomiya and Shibagaki, 2007]. Sampe and Xie [2010]
pointed that there is a remarkable correspondence
between the warm advection and upward motion along the
Meiyu-Baiu rainband.
[4] Since Meiyu is characterized with strong flux conver-

gence and frequent occurrences of mesoscale convective
systems, one may expect that Meiyu should have a potential
impact on the STE over the Meiyu region. Yasunari and
Miwa [2006] have found that even convective activities over
the Tibetan Plateau were closely associated with the
mesoscale cloud systems in the Meiyu frontal zone.
However, the characteristic and properties of the STE in
the Meiyu season over the Meiyu region have not been well
understood yet. Although previous studies have shown the
importance of the Monsoon circulation in modulating STE,
those studies mainly focused on the STE over the Tibetan
Plateau or in tropics [e.g., Randel et al., 2010; Gettleman
et al., 2004]. The STE properties over the Meiyu region
during the Meiyu season have been rarely addressed in the
previous literature.
[5] In this study, the bulk properties of stratosphere-

troposphere exchange over the Yangtze-Huaihe valley,
China, in the Meiyu season are analyzed using European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim) data and historical
Meiyu records provided by the National Climate Center of
China. Section 2 briefly describes the data and analysis
methods. The modulations of Meiyu on water vapor and
potential vorticity in the upper troposphere and lower
stratosphere (UTLS) are discussed in section 3. The
variations of the cross-tropopause mass flux around the
Meiyu season are presented in section 4. Section 5 shows
results of the trajectory analysis. Section 6 gives summaries
and conclusions.

2. Data and Method

[6] Data used in this study are 6-hourly ERA-Interim
reanalysis data, 6-hourly National Centers for Environmental
Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis data, and annual Meiyu records
from the National Climate Center of China. Both data sets
span the time period from 1989 to 2008 for a total of 20 years.
Annual Meiyu records from National Climate Center of
China includes the day Meiyu onsets the day Meiyu stops,
the precipitation during the Meiyu season and other records.
The Meiyu onset date is determined from the precipitation
data at the five selected stations which are sparsely
distributed within the Meiyu area together with the position
of the subtropical ridge. For a given day, if the daily
precipitation at more than 2 stations among these 5 selected
stations greater than 0.1mm and the total precipitation of
the 5 stations is greater than 10mm, this day is referred as a
rain day in the Meiyu area. And then, if rain days during a
period from the first rain day to subsequent 10 days are great
than 5 days and the position of the subtropical ridge is located
at the latitude band from 20�N to 25�N, the first rain day is
determined as the Meiyu onset date. The Meiyu region is
confined to 28�N–34�N,110�E–122�E (Figure 1) according
to the definition in Hu et al. [2008]. A composite analysis
is performed with respect to days before and after Meiyu
onset. During the 20 yr study period, 2000 and 2002 are
excluded for the composite analysis as there was no Meiyu
occurred in these 2 years. The composite fields for the nth
day before (or after) Meiyu onset are calculated by averaging
over 18 years of the nth day data. All together 30 days of
composites are made with 15 days of composites before
Meiyu onset and 15 days of composites after Meiyu onset.
The percentage difference (Φ�d� 100) of a field Φ is defined
as follow except otherwise stated,

Φ�d ¼ Φ�a � Φ�bð Þ=Φ�c (1)

whereΦ�a andΦ�b are the mean Φ averaged over 15 days after
Meiyu onset and 15 days before Meiyu onset, respectively.

Figure 1. The geographical map of China. The rectangle indicates the Meiyu region.
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Φ�c is the mean of Φ�a and Φ�b . The absolute differences are
defined as 15-day mean fields after Meiyu onset minus
corresponding 15-day mean fields before Meiyu onset. As the
thermal tropopause has discontinuities in the extratropics, the
dynamical tropopause, which is determined by the potential
vorticity (PV) of 3.0 pvu (PV units, 1 pvu=10-6m2 s-1Kkg-1),
is used in cross‐tropopause mass flux calculations.
[7] A long-term climate model simulation from 1981 to

2010 was also performed to compare the climate feature
of the CTMF during the Meiyu season diagnosed from
reanalysis data and the model simulation. The model used
is the Whole Atmosphere Community Climate Model,
version 3 (WACCM3) which has 66 vertical levels from
the ground to 4.5� 10-6 hPa and the model’s vertical
resolution is 1.1–1.4 km in the UTLS [Garcia et al., 2007].
The simulation presented in this paper has been performed
at 1.9� � 2.5� resolution with the interactive chemistry
switched off. The sea surface temperature (SST) and sea
ice fields used in the simulation are monthly mean, time
varying observations provided by the Meteorological Office,
Hadley Centre for Climate Prediction and Research [Rayner
et al., 2006].

3. Variations of UTLS PV and Water Vapor

[8] The variations of PV and water vapor in the UTLS
region during the Meiyu season are examined first. Figures 2a

and 2b show time-height cross sections of composited the po-
tential vorticity (PV) and specific humidity in the UTLS,
averaged over the Meiyu area from 15days before Meiyu
onset to 15 days after Meiyu onset. It is apparent that PV
reaches their peak values on the third day before Meiyu onset
and then drops sharply when Meiyu is onset. In contrast,
specific humidity shows an opposite variation with time, i.e.,
it increases significantly after Meiyu onset. Note that the
significant variations of PV and specific humidity before
Meiyu onset can be clearly seen from 150 to 100 hPa. As PV
increases with height, specific humidity decreases with height,
the lower PV but higher water vapor found in the UTLS after
Meiyu onset suggests upward transport of air masses in the
UTLS over the Meiyu region. Meanwhile, evident increases
in PV and a decrease in specific humidity before Meiyu onset
imply strong downward transport of air masses in the UTLS.
Figures 2c and 2d show the percentage differences in PV
and specific humidity fields at 150 hPa before and after Meiyu
onset. Hereafter, the differences of these fields before and after
Meiyu onset will be referred as anomalies of corresponding
fields wherever appropriate. Corresponding to Figures 2a
and 2b, a belt of low PV, together with high specific humidity
around the Meiyu region is evident in Figures 2c and 2d,
although the maximum of specific humidity anomalies and
the minimum of PV anomalies are not collocated exactly.
The region of minimum PV anomalies is located northeast
of the Meiyu region (115�–134�E, 32�–36�N) while the

Figure 2. Time-height cross sections of (a) PV and (b) specific humidity averaged over the Meiyu region
from 15 days before to 15 days after Meiyu onset. The percentage differences (see text for the definition)
in (c) PV and (d) specific humidity at 150 hPa. The absolute differences in (e) PV and (f) specific humidity
at 150 hPa are also given for comparison. The rectangle indicates the Meiyu region.
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region of maximum specific humidity anomalies is located
within the Meiyu region. Figures 2e and 2f show the absolute
differences in PV and specific humidity during the Meiyu
season. It is apparent that the spatial distributions of the
percentage differences and the absolute differences in specific
humidity and PV have overall similar features at 150 hPa.
[9] To understand this mismatch of the locations of the

minimum PV and maximum water vapor in the UTLS
during the Meiyu season, Figure 3a shows climatologies of
the transient eddy activity during the Meiyu season
measured by the standard deviation of high-frequency
meridional wind at 200 hPa, calculated from a high-pass
filter with a cutoff period of 8 days. The climatology of
200 hPa zonal winds is also shown in Figure 3a. It is
apparent that the minima of PV anomalies are collocated

with the core of the upper tropospheric westerly jet where
the transient eddy activity is the strongest (Figure 3a).
Previous studies [e.g., Danielsen and Mohnen, 1977;
Shapiro, 1980] have found that within the core of westerly
jet tropopause fold events are most likely to happen.
Tropopause fold can cause significant cross tropopause
mass exchange as has been evidenced in many previous
studies [e.g., Appenzeller and Davies, 1992; Ancellet et al.,
1991, 1994; Vaughan et al., 1994; Zhang et al., 2010].
Holton et al. [1995] proposed that air can be irreversibly
transported as adiabatic eddy motions which lead to large
latitudinal displacements of the tropopause followed by
irreversible mixing on small scales in the UTLS region.
On the other hand, Sampe and Xie [2010] stated that the
midtropospheric westerlies can advect warm air from the
eastern flank of the Tibetan Plateau along the jet axis,
inducing ascending motion that triggers convection to form
the Meiyu-Baiu rainband. Therefore, the upward transport
of air from the troposphere into the stratosphere in the Meiyu
region is closely related to the upper tropospheric westerly
jet and transient eddy activities, and the region with
strongest upward transport is located northeast of the Meiyu
region. Figures 3b and 3c further show high-pass filtered
150 hPa specific humidity and PV fields during the Meiyu
season (averaged over 15 days before to 15 days after Meiyu
onset). It is evident that during the Meiyu season the center
of the maximum water vapor anomalies at 150 hPa is located
in the west of the Meiyu region, while the center of the
maximum PV anomalies at 150 hPa is located to the
northeast of the Meiyu region. The result here suggests that
the anomaly center of specific humidity is collocated with
the region with highest water vapor in the Meiyu area while
anomaly center of PV is collocated with the region with the
strongest upward transport.
[10] Figures 4a and 4c shows the time variations of the

tropopause height and temperature averaged over the Meiyu
area, respectively. It is evident that the tropopause descends
between the ninth and third days before Meiyu onset. Then it
soars until about the third day after Meiyu onset. The first
maximum of the tropopause height occurs from 1 day after
Meiyu onset and then reach the second maximum 14 days
after Meiyu onset. The difference in tropopause height
between its maximum and minimum can reach 1.2 km
during the Meiyu season. The tropopause becomes stable
from the third day to tenth day after Meiyu onset with little
fluctuations in its height. As expected, the tropopause
temperature drops from the third day before Meiyu onset
to the second day after Meiyu onset, and the maximum
temperature appears at the third day before Meiyu onset
and the minimum temperature is found at the second day
after Meiyu onset (Figure 4c). The time variations of
tropopause height and temperature are in close accordance
with the time variations of PV and water vapor fields during
the Meiyu season as shown in Figures 2a and 2b. As will be
shown later, the rise of tropopause after Meiyu onset reflects
the enhanced convective activities and strong ascending
motion of tropospheric air. Consequently, PV at 150 hPa
decrease and the specific humidity increases after Meiyu
onset as is evident in Figures 2a and 2b. Zhu et al. [2007]
demonstrated convincing evidence that the ascending motion
is significantly enhanced in the lower troposphere after
Meiyu onset. An interesting feature in Figures 4a and 4c is

Figure 3. Climatology of root-mean-square (RMS) of
high-pass-filtered (a) 200 hPa meridional wind (contour
interval of 1 m s-1), (b) 150 hPa specific humidity, and (c)
150 hPa PV during the Meiyu season (15 days before to
15 days after Meiyu onset). In Figure 3a, 200 hPa zonal
wind speeds are also over plotted (filled contours). The rect-
angle indicates the Meiyu region.

LUO ET AL.: STRATOSPHERE-TROPOSPHERE EXCHANGE

4



the significant decrease in tropopause height and the
corresponded increase in the tropopause temperature before
Meiyu onset, which can be attributed to frequent tropopause
fold events over the Meiyu area (see section 4). It is well
known that mesoscale tropopause folds events have an
important contribution to downward transport of the
stratospheric air into the troposphere [e.g., Danielsen, 1968;
Shapiro, 1980; Appenzeller and Davies, 1992; Ancellet
et al., 1991, 1994; Vaughan et al., 1994; Eisele et al.,
1999; Kentarchos et al., 1998, 1999; Zhang et al., 2010].
More tropopause fold events imply stronger downward
transport of air from the stratosphere and higher PV in the
upper troposphere. This speculation can be supported by
Figure 2a, which indicates that PV reaches their peak values
on the third day before Meiyu onset.
[11] Figures 4b and 4d further show latitude-longitude

distributions of percentage changes in the tropopause height
and temperature before and after Meiyu onset. Note that the
minimum of tropopause height anomalies and the maximum
of tropopause temperature anomalies are located at northeast
of the Meiyu area (115�–130�E, 30�–36�N), consistent with
distributions of anomalies in PV in the UTLS (Figure 2c). The
result here confirms that the strongest upward transport is lo-
cated in northeast of the Meiyu area rather than within it.
[12] It is known that radiation and baroclinic (and other)

waves as well as convection can significantly affect the
structure of the tropopause. We have mentioned above that
tropopause variations over the Meiyu area during the Meiyu

season are mainly due to convection. Figure 5 illustrates the
time variation of the tropopause height over the Meiyu area
in June (Meiyu mostly onsets in this month in each year)
averaged over the 18 year data and the time-height cross
section of tropopause and vertical velocity 15 days before
to 15 days after Meiyu onset. Figure 5a shows that the
variation of the climate mean tropopause in June is rather
flat. This result implies that radiation forcing cannot generate
significant tropopause variations shown in Figure 4.
Figure 5b shows that the vertical velocity increases about
3 days before Meiyu onset, the tropopause lifts accordingly.
The upward motions are strong from about 1 day before
Meiyu onset to 8 days after Meiyu onset (see the shaded
region in Figure 5b), i.e., vertical motions are significantly
enhanced after Meiyu onset and hence a lifted tropopause.
[13] Figure 6 shows the latitude-height and longitude-

height cross sections of anomalies of PV and specific
humidity fields averaged over the longitude band 110�–122�E
and the latitude band 28�–34�N, respectively. Large PV
anomalies are clearly seen at 100–300 hPa while there
are no significant PV anomalies within the Meiyu region
in the lower troposphere (Figures 6a and 6b). This is
understandable since the PV anomalies are mainly induced by
the downward transport of high PV air from the stratosphere.
In contrast, the water vapor anomalies can be seen in both
the upper and lower troposphere (Figures 6c and 6d). The
center of maximum water vapor anomalies is almost
collocated with the Meiyu region with a seemingly

Figure 4. Time variations of (a) the tropopause height and (c) tropopause temperature from 15 days
before to 15 days after Meiyu onset, averaged over the Meiyu region. The percentage differences in
15 day mean (b) tropopause height and (d) tropopause temperature before and after Meiyu onset. The
rectangle indicates the Meiyu region.
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southward shift of the maximum abnormal center in the
upper troposphere. The minimum PV anomalies are found
in the east of the Meiyu region that is possibly linked with
the onset of Baiu in Japan. However, the longitude-height
distributions of specific humidity differences have their
maximum values in the west of the Meiyu area (Figure 6d).
Again, a possible reason for different locations of maximum
water vapor anomalies and minimum PV anomalies is that
the water vapor anomalies have their largest source within
the Meiyu region while the PV anomalies are originated from
the lower stratosphere through STE processes. Also note
that the minimum center of percentage differences in PV is
located in the Meiyu area (Figure 6a) while minimum center
of the absolute changes in PV is located north of the Meiyu
area (Figure 6e). Compared to the percentage differences
in specific humidity, the absolute differences in specific
humidity show no significant variations within the Meiyu
area due to large background values of water vapor in the
lower troposphere (Figures 6 g and 6 h).

4. Variations of Cross-Tropopause Mass Flux

[14] The analysis in section 3 suggests significant downward
and upward transport of air masses in the UTLS region
before and after Meiyu onset, respectively. In this section

we attempt to provide more details of STE processes
associated with Meiyu and diagnose quantitatively the STE
flux before and after Meiyu onset.
[15] Figure 7a illustrates the time variations of the cross-

tropopause mass flux (CTMF) from 15 days before Meiyu
onset to 15 days after Meiyu onset. The CTMF is calculated
using the method proposed by Wei [1987]. The CTMF
estimated from Wei’ method consists of three components:
the one accounts for the horizontal transport arising from
the pressure gradient along the tropopause, the second one
is associated with the vertical transport due to vertical
motions at tropopause level, and the last one accounts for
the exchange of mass resulting from the temporal fluctuation
of tropopause pressure. In Figure 7a, the time variations of
the CTMF associated with vertical and horizontal transports
are overplotted with the total CTMF for comparison
(the CTMF due to tropopause variations is rather small and
is omitted for clarity). It is evident that the total CTMF is
always negative from 15 days before to 15 days after Meiyu
onset, suggesting a net downward transport of air mass
from stratosphere to troposphere. However, the downward
transport has an overall weakening trend from 15 days
before Meiyu onset to 15 days after Meiyu onset, implying
the upward cross tropopause transport is gradually increasing
during the Meiyu season. Meanwhile, the time variations of
the CTMF are in close accordance with the time variations
of PV and water vapor fields as well as tropopause height
during the Meiyu season. A large downward CTMF also
exists around the third day before Meiyu onset. Previous
studies indicated that air can transport from the surface into
the stratosphere during the Asian monsoon season due to
intensified convective activities [e.g., Randel et al., 2010].
Figure 7a demonstrates that the CTMF due to vertical
motions is upward and becomes stronger after Meiyu onset.
Although the total CTMF is still marginally negative, those
negative values become smaller and smaller implying that
the downward transport is weakening gradually. Meanwhile,
the time variations of mass fluxes caused by horizontal
transport is much close to that of the total CTMF (Figure 7a),
implying the mass exchange associated with the pressure
gradient along the tropopause makes the largest contribution
to the total CTMF over the Meiyu region. As will be shown
later in this section, due to the development of the baroclinic
instability in the westerly jet and frequent the upper level
frontogenesis before Meiyu onset, tropopause fold events
are more likely to happen in the Meiyu region. More
tropopause folds will cause more downward transport of
air into the troposphere in the trough of the tropopause fold
[e.g., Cooper et al., 2001; Roelofs et al., 2003]. On the other
hand, tropopause folds are always accompanied with large
pressure gradients along the tropopause which results in
strong cross tropopause mass exchange.
[16] The above analysis reveals that the net CTMF is

weakly downward within the Meiyu area although the
CTMF associated with the vertical motions are upward and
increases significantly after Meiyu onset. To cross-check
the climate feature of the CTMF during the Meiyu season,
a 30 year climate model (WACCM3) simulation from 1981
to 2010 is performed and the CTMF variations in June
estimated from the model output are shown in Figure 7b. It
is apparent that the modeled climate mean total CTMF in
June is slightly positive and exhibits no significant trend of

Figure 5. (a) Daily variations of the tropopause height
over the Meiyu area in June averaged over the 18 years of
data. (b) The time-height cross section of composited
tropopause and vertical velocity. The thick black line denotes
the tropopause, and the vertical black line indicates the day of
Meiyu onset. The contour interval is 0.02 Pa s-1. The region
with vertical velocity less than -0.06 Pa s-1 is shaded.
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increases in the CTMF in June. Particularly interesting is
that the modeled total CTMF is exactly in phase with
the CTMF associated with vertical motions while the
composited total CTMF is in phase with the CTMF associated
with the tropopause pressure gradient. This result manifests
that the large downward cross tropopause transport associated
with frequent mesoscale tropopause events just before the
Meiyu season cannot be properly solved by the climate
model. It should also be pointed out that the data from the
climate model cannot make day-to-day comparisons with the
reanalysis data while the composited CTMF variations in
Figure 7a are based on daily analysis. Consequently, Figure 7b
shows no evident increases in the modeled total CTMF
in June. Figures 7c and 7d further show the horizontal
distributions of CTMF averaged over 15 days before and
after Meiyu onset, respectively. Note that a belt of strong
downward CTMF covers the Meiyu region before Meiyu
onset, in accordance with the distributions of anomalies of
PV and water vapor shown in Figures 2c and 2d. After Meiyu
onset, the belt of strong downward CTMF shifts northward out
of the Meiyu region.
[17] More details of cross tropopause transport can be seen

in Figures 8a and 8b in which latitude-height cross sections

of the 15 day mean PV field and wind vectors (averaged over
the longitude band 110�–122�E) before and after Meiyu
onset are displayed. It is clear that the tropopause pressure
meridional gradient over the Meiyu region is the larger
before Meiyu onset while the largest meridional gradient in
tropopause pressure is to the north of the Meiyu region after
Meiyu onset. The sharp meridional gradient of tropopause
pressure enhances the exchanges of air masses in both
directions along the tropopause surface. Figure 8a suggests
that the total CTMF during the Meiyu season is mainly
caused by the horizontal exchange of mass along the
tropopause. Figures 8a and 8b also indicate that the air flows
from the stratosphere to the troposphere before Meiyu onset
over the latitude band 31�–37�N where meridional gradient
of the tropopause pressure is sharp (Figure 8a), implying an
isentropic transport from the stratosphere to the troposphere.
After Meiyu onset, the strong ascending motion can be seen
in the Meiyu region, the center of the largest meridional
gradients of the tropopause pressure displaces northward to
about 37�N and the air flows from the stratosphere to the
troposphere between 36�–38�N (Figure 8b). This is in
accordance with Figure 7c, which also indicates that the center
of the maximum CTMF displaces northward after Meiyu

Figure 6. (a and c) Latitude-height (averaged over the longitude band 110�–122�E) and (b and d)
longitude-height (averaged over the latitude band 28�–34�N) cross sections of percentage differences in
PV (Figures 6a and 6b) and specific humidity (Figures 6c and 6d). The corresponding absolute differences
in (e and f) PV and (g and h) specific humidity are also given for comparison. The two lines in each panel
outline the boundaries of the Meiyu area.
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onset. Note that the potential temperature contours and the
tropopause surface are nearly perpendicular in the UTLS
around the area with the largest gradient of the tropopause
pressure and the isentropic surfaces intersect the tropopause,
implying that the exchange of air along the isentropic surface
between the troposphere and stratosphere is more likely to
occur. The total CTMF is nearly upward from the troposphere
to stratosphere after Meiyu onset, which is the result of strong
ascendingmotions together with enhanced isentropic transport
across the tropopause (Figure 8b). Figures 8c and 8d show
longitude-height cross sections of the 15day mean PV field
and wind vectors averaged over the longitude band 28�–34�N
before and after Meiyu onset, respectively. The tropopause
between 120�–130�E is lower than that over surrounding
regions before Meiyu onset, and the contours of PV show
sinking trends in the upper troposphere over the Meiyu
region and the area to the east of the Meiyu region. The
tropopause is nearly flat after Meiyu onset due to strong
convective motions over the Meiyu area.
[18] To understand the large CTMF on the third day before

Meiyu onset, analogous to Figure 8, Figure 9 shows latitude-
height and longitude-height cross sections of PV and wind
vectors on the third day before and the third day after Meiyu
onset. It is apparent that the center of largest meridional
gradient of the tropopause pressure is located within the
Meiyu region on the third day before Meiyu onset and
tropopause fold-like structure can be seen in the zonal
distributions of tropopause (Figures 9a and 9c). The tropopause
over theMeiyu region ismuch lower than that over surrounding
regions on the third day before Meiyu onset (Figure 9c),
while the tropopause is lifted due to strong convective

motions on the third day after Meiyu onset (Figure 9d). As
mentioned earlier, the tropopause deformation can cause
irreversible transport of air cross the tropopause. On the other
hand, the sinking of the tropopause before Meiyu onset can
cause an upward CTMF while the rising of the tropopause
after Meiyu onset will give rise to a downward CTMF,
although the CTMF associated with tropopause movements
is rather small. The strong meridional gradient of the
tropopause pressure together with prominent tropopause
folds give rise to a large downward CTMF on the third day
before Meiyu onset. After Meiyu onset, the tropopause
within the Meiyu region is lifted and becomes flat both in
meridional and zonal directions and the center of largest
meridional gradients of the tropopause pressure displaces
northward to about 37�N. In accordance with Figure 8, the
ascending motion in the Meiyu region on the third day after
Meiyu onset is much stronger than that on the third day
before Meiyu onset.

5. Trajectory Analysis of STE

[19] The composite analysis above provides the bulk
properties of the STE during the Meiyu season. In order to
further verify the aforementioned conclusions, the trajectory
data from the HYSPLIT (Hybrid Single-Particle Lagrangian
Integrated Trajectory) model are analyzed. The HYSPLIT
model assumes a three-dimensional particle distribution
[Draxler and Hess, 1997] and air parcels are transported
by the three-dimensional winds from NCEP/NCAR global
reanalysis data. It should be pointed out that the wind
fields from NCEP/NCAR and ERA-Interim two data sets

Figure 7. (a) Composited time variations of the cross-tropopausemass fluxes (CTMF; units of 10-3 kgm-2 s-1)
estimated from ERA-Interim data from 15 days before Meiyu onset to 15 days after Meiyu onset, averaged
over the Meiyu region. (b) Climate mean time variations of the modeled CTMF in June, averaged over
the Meiyu region. The black, red, and blue lines represent the total CTMF, the CTMF associated with
horizontal transport, and the CTMF associated with vertical transport, respectively. The horizontal
distributions of the 15 day mean total CTMF estimated from ERA-Interim data (c) before and (d) after
Meiyu onset. The rectangle indicates the Meiyu region.
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have a good accordance within the study area (not shown).
Given that analysis based on individual trajectories may
have uncertainties, we used an ensemble approach to do
the analysis. The ensemble approach starts multiple trajecto-
ries from a selected starting location. Each trajectory in the
approach is calculated by offsetting the meteorological data
by a fixed grid factor. The approach results in 27 trajectories
for all possible offsets in three directions [Draxler et al.,
2012]. We chose four different heights to analyze the
trajectories of air parcels during the Meiyu season, including
trajectories at 8, 10, 12, and 15 km. Figure 10 shows the
time-height distributions of the backward and forward
trajectories at the four heights from 1989 to 1997. Also
demonstrated in Figure 10 are the time variations of dynamical
tropopause heights averaged over the Meiyu region during the
trajectory running periods. For consistency, the tropopause
heights derived from the NCEP reanalysis data are plotted
here. The day of Meiyu onset in each year is chosen as the
reference time and the departure point is at 30�N, 115�E.
The trajectories are then calculated 10 days before (backward)
and after (forward) Meiyu onset. The backward trajectories of
the air parcel at 12 km (Figure 10e) and 15 km (Figure 10 g)
show that the air is transported from the upper levels to the
troposphere from 3 to 5 days before Meiyu onset, and then it
is transported toward the stratosphere 1 day before Meiyu
onset. Note that the tropopause heights within the Meiyu

region during the running time of the trajectories fluctuate at
round 12 km with a maximum of no more than 14 km
(Figures 10i and 10j). Figure 10 clearly suggests that the air
of stratospheric origin intrudes into the troposphere before
Meiyu onset. Figures 10a and 10c indicate that air parcels in
the middle troposphere have no contacts with the air in upper
levels and air parcels in the upper troposphere showed a
relatively weaker downward trend before Meiyu onset. The
forward trajectories at 8 km (Figure 10b) show evident upward
movement of air parcels after Meiyu onset. The upward
movements of air parcels at 10 km (Figure 10d) and near the
tropopause (Figure 10f) are less significant than those at the
lower levels, but a slow and long-lasting movement can be
observed. The upward movement of the air parcels at 15 km
can still be noted (Figure 10 h), but no upward movements
are found from the trajectories at 18 km (not shown).
[20] It has been recognized that the circulations associated

with Meiyu have significant interannual variations [e. g.,
Krishnan and Sugi, 2001; Qian et al., 2009; Si et al.,
2009]. Figure 10 indicates that the trajectories during the
Meiyu season vary year by year. To provide more details
of transport of air masses between the stratosphere and the
troposphere before and after Meiyu over the Yangtze-Huaihe
Valley, we first divide Meiyu years into two categories based
on the intensity of precipitation during the Meiyu season in
each year, i.e., rich Meiyu years and poor Meiyu years.

Figure 8. (a and b) Latitude-height (averaged over the longitude band 110�–122�E) and (c and d)
longitude-height (averaged over the latitude band 28�–34�N) cross sections of the mean PV fields 15 days
(left) before and (right) after Meiyu onset. The thick black line denotes the tropopause. The thin black
lines are potential temperature contours (K). The arrows indicate wind vectors (unit of zonal and
meridional wind is m s-1; unit of vertical wind is Pa s-1). The PV fields are represented by color contours.
The two vertical lines in each panel outline the boundaries of the Meiyu area.
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According to the precipitation records from the National
Climate Center of China, the average intensity of precipitation
during Meiyu seasons between 1971 and 2000 is 63mm d-1.
The year 1999 is selected as a typical rich Meiyu year as it
has a precipitation of 211mm d-1 during the Meiyu season,
while the year 2005 is selected as a typical poor Meiyu year
since it has a small precipitation 48mm d-1 during the Meiyu
season. Figure 11 compares the forward trajectories in 2005
and 1999 initiated at different locations around the Meiyu
area. It is apparent that the forward trajectories in 1999 (rich
Meiyu year) initiated at 10 km show significant upward
movements and can get into the lower stratosphere
(Figure 11b), while the forward trajectories in 2005 (poor
Meiyu year) initiated at 10 km show no significant upward
movements and the air parcels initiated at 10 km reach a height
of no more than 14 km which is below the tropopause (Fig-
ure 11a). The forward trajectories initiated at 12 km in 1999
also show significant upward movements after Meiyu onset.
The trajectories initiated at the south of the Meiyu region can
reach a height of about 16 km, well into the stratosphere
(Figure 11d). The upward movement of the forward
trajectories initiated at 12 km in 2005 is less significant and
they even show downward movements between the second
day and fourth day after Meiyu onset (Figure 11c). Above
15 km, differences in trajectories between 2005 and 1999 are
still significant (not shown). As expected, the net CTMF in
the Meiyu region was weaker in year 1999 than that in year
2005 and water vapor around 150 hPa in 1999 was more

abundant than that in year 2005 (not shown). It is evident from
Figure 11 that the trajectories initiated at the south of the
Meiyu region show a relatively strong upward transport in
the rich Meiyu year, while trajectories initiated at the north
of the Meiyu area show a relatively weak upward transport.
This is mainly due to that South AsiaMonsoon brings upmore
and stronger convective activities to the south of the Meiyu
region. In contrast, trajectories in year 2005 had no such a
feature. Particularly noticeable is that in 2005 the trajectories
initiated at the north of the Meiyu area can even reach a
higher altitude than the trajectories initiated at the south of
the Meiyu area.
[21] The above analysis is based on the mean value of 27

ensemble trajectories. To further verify the results shown in
Figures 10 and 11, the ensemble trajectory analysis of
each trace is performed for the case of 1999 Meiyu season.
With the same departure point and the reference time as in
Figure 10, Figure 12 shows the cluster of backward and
forward trajectories initiated at four heights 5 days before
and after Meiyu onset. Note that in the middle troposphere
(8 km, Figure 12a), the backward trajectories all have the
same horizontal pathway approaching from the west of the
Meiyu region. In the vertical, some of those trajectories
come from an altitude of about 10 km while the majority
of them come from lower levels below 8 km. The forward
trajectories at 8 km show consistent upward movements with
some of them reaching to a height of 13.5 km (Figure 12b).
Also note that after Meiyu onset, air at 8 km within the

Figure 9. Same as Figure 8, except for latitude-height cross sections of PV (pvu) fields on the third day
(a) before and (b) after Meiyu onset (averaged over the longitude band 110�–122�E) and longitude-height
cross sections of PV fields averaged over the latitude band 28�–34�N on the third day (c) before and
(d) after Meiyu onset.
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Meiyu region move both toward the west of the Meiyu
region and East Asia Monsoon region.
[22] In the upper troposphere (10 km, Figure 12c),

backward trajectories also all come from the west of the
Meiyu region and most of them show downward movements
3 days before Meiyu onset. The forward trajectories show
persistent upward movements until 4 days after Meiyu onset,
reaching a height of 14.5 km implying that the air parcels are
transported into the UTLS within the Meiyu region after
Meiyu onset (Figure 12d). The horizontal pathway of
forward trajectories at 10 km is similar as that at 8 km, but
more trajectories move toward northwest of the Meiyu region.
[23] The backward trajectories initiated at around the

tropopause (12 km, Figure 12e) show that air parcels also
come from the west of the Meiyu region and move
downward 3 days beforeMeiyu onset. The forward trajectories

show upward movements after Meiyu onset and some
trajectories can reach a height of more than 15 km (Figure 12f).
As the tropopause height is about 12 km within the Meiyu
region, the result confirms that the air in the Meiyu region
is transported into the stratosphere after Meiyu onset. The
majority of forward trajectories push toward northwest of
the Meiyu region and some others approach toward northeast
of the Meiyu region.
[24] The backward trajectories initiated at the lower

stratosphere (15 km, Figure 12 g) show significant downward
movement 3 days before Meiyu onset suggesting the promi-
nent intrusion of the stratospheric air into the troposphere,
while forward trajectories show significant upwardmovements
of air parcels after Meiyu onset reaching a level of around
17 km (Figure 12 h). It is also worth to note that the forward
trajectories at 15 km all have the same horizontal path way to

Figure 10. The time-height variations of (Figures 10a, 10c, 10e, and 10g) backward and (Figures 10b,
10d, 10f, and 10h) forward trajectories at (a and b) 8 km, (c and d) 10 km, (e and f) 12 km, and (g and
h) 15 km in years from 1989 to 1997. The day of Meiyu onset was chosen as the reference time, and
the trajectories are 10 days before and after it. The departure point is at 30�N, 115�E. The dashed lines
indicate 8, 10, 12, and 15 km, respectively. The time variations of dynamical tropopause heights averaged
over the Meiyu region during the (i) backward and (j) forward trajectory running periods are also shown
for reference. Different colors correspond to trajectories and tropopause heights in different years. The
thick black line in each panel indicates the 9 year averaged trajectories (Figures 10a–10h) and tropopause
heights (Figures 10i and 10j). Each trajectory is derived from the mean of 27 ensemble trajectories.
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the west of the Meiyu region, in contrast with the trajectories
initiated at 8, 10, and 12 km.
[25] Figure 13 further illustrates the zonal winds at

200 hPa averaged over the Meiyu season (from 15 days
before to 15 days after Meiyu onset) in 2005 and 1999. It
is clear that the upper level westerly jet in 2005 was weaker
than in 1999. In 2005, westerly wind speed was less than
30m s-1, while it exceeds 30m s-1 in east of 130�E and west
of 100�E over the Meiyu region (Figure 13a). In 1999, the
axis of the upper level westerly jet was located north of the
Meiyu region (35�–45�N; Figure 13b) and consistent with
the result from the composite analysis presented in Figure 3.
In the poor Meiyu year 2005, the axis of the upper level
westerly jet was located far from the Meiyu area (Figure 13a).
When westerly jet is weak in poor Meiyu years, the transient
eddies and upward motions are weak, implying weak upward
transport cross the tropopause, and this result can also be
supported by the fact that there is less water vapor at
150 hPa over the Meiyu region in the poor Meiyu year than
in the rich Meiyu year (not shown).

6. Conclusions

[26] Using the 6-hourly ERA-Interim reanalysis products,
NCEP/NCAR reanalysis data, Meiyu data from the National
Climate Center of China, a GCM and a trajectory model,

characteristics of stratosphere-troposphere exchange during
the Meiyu season are examined in this study. The increases
of PV and the decreases in specific humidity in the UTLS
region before Meiyu onset suggest strong downward
transport of air masses around the tropopause. It is found
that the maximum center of specific humidity anomalies
associated with Meiyu is not collocated with the minimum
center of PV anomalies. The region with maximum specific
humidity is located in the Meiyu region, while the minimum
PV is located northeast of the Meiyu region. The result
indicates that the strongest upward transport in the UTLS
region caused by the Meiyu occurs at northeast of the Meiyu
region, just within the core of the upper tropospheric
westerly jet, where the transient eddy activity is also the
strongest. The water vapor anomalies within the Meiyu
region are the largest mainly because the specific humidity
in the lower and upper troposphere within the Meiyu region
is higher than that of surrounding region during the Meiyu
season. The time variations of height and temperature of
tropopause over the Meiyu region reflect enhanced
convective activities and strong ascending motion of
tropospheric air after Meiyu onset. An interesting feature is
a sharp drop of tropopause height and a peak value
downward CTMF on the third day before Meiyu onset, then
the tropopause lifts accompanied by stronger upward
motions. The sinking of the tropopause and enhancement
of the downward cross tropopause transport are thought to
be associated with the frequent tropopause fold events
before Meiyu onset as well as the strong horizontal
exchange of air mass along the tropopause resulting from
intensified meridional gradient in the tropopause pressure.
[27] The net transport within the Meiyu region is from the

stratosphere to the troposphere during the Meiyu season.
The exchange along the tropopause, resulting from the sharp
pressure gradient makes the largest contribution to the total
CTMF. The location of the largest meridional gradient in
the tropopause pressure moves northward out of the Meiyu
region and the ascending motion over the Meiyu region
becomes stronger after Meiyu onset. Consequently, the
center of the strongest downward transport from the
stratosphere to the troposphere displaces northward after
Meiyu onset.
[28] The result from a trajectory model shows that the

stratospheric air from levels above 15 km intrudes into the
troposphere before Meiyu onset. The downward movement
of air parcel is more evident in the lower stratosphere than
that near the tropopause and in the upper troposphere.
Significant upward movements of air parcels in the middle
troposphere are notable after Meiyu onset. The upward
movement of air parcels near the tropopause is relatively
slow but long-lasting. As convective activities are weaker
and the upper level westerly jet is located far from the Meiyu
area in poor Meiyu years, the upward CTMF over the Meiyu
region is accordingly weaker during the Meiyu season. The
trajectory analysis also reveals that the middle and upper
tropospheric air which can be transported into the upper
level within the Meiyu region have different horizontal
pathways while the air intrudes into the troposphere within
the Meiyu region before Meiyu onset follows the same
pathway. The upward transport of air parcels at the south
of the Meiyu region is relatively stronger than that at the
north of the Meiyu area in the rich Meiyu year.

Figure 11. The forward trajectories at (a and b) 10 km and
(c and d) 12 km in 2005 (Figures 11a and 11c) and 1999
(Figures 11b and 11d). The trajectories are initiated at three
different locations, i.e., at the center of the Meiyu area
(31�N, 116�E; black line), at the south of the Meiyu area
(28�N, 116�E; green line), and at the north of the Meiyu
area (34�N, 116�E; red line). The dashed line in each panel
represents the time variation of dynamical tropopause
heights averaged over the Meiyu region during the trajectory
running periods. Each trajectory is derived from the mean of
27 ensemble trajectories.
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Figure 12. The ensemble backward trajectories on (a) 8 km , (c) 10 km, (e) 12 km, and (g) 15 km and
forward trajectories on (b) 8 km, (d) 10 km, (f) 12 km, and (h) 15 km in 1999. The top part of the each
panel shows the time evolution of trajectories in the horizontal, and the bottom part of the each panel
shows the vertical variation of trajectories with time. The day of the Meiyu onset is chosen as the
beginning time, and the trajectories are 5 days before and after it. The departure point is at 30�N, 115�E.
The rectangle in each panel indicates the Meiyu region.
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