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Abstract. The tropical western Pacific (TWP) is a preferential area of air uplifting from the surface to the upper
troposphere. A significantly intensified upward motion through the troposphere over the TWP in the boreal
wintertime (November to March of the following year, NDJFM) has been detected using multiple reanalysis
datasets. The upward motion over the TWP is intensified at rates of 8.0± 3.1 % per decade and 3.6± 3.3 %
per decade in NDJFM at 150 hPa from 1958 to 2017, using JRA55 and ERA5 reanalysis datasets, while the
MERRA-2 reanalysis data show a 7.5± 7.1 % per decade intensified upward motion for the period 1980–2017.
Model simulations using the Whole Atmosphere Community Climate Model, version 4 (WACCM4), suggest
that warming global sea surface temperatures (SSTs), particularly SSTs over the eastern maritime continent and
tropical western Pacific, play a dominant role in the intensification of the upward motion by strengthening the
Pacific Walker circulation and enhancing the deep convection over the TWP. Using CO as a tropospheric tracer,
the WACCM4 simulations show that an increase in CO at a rate of 0.4 ppbv (parts per billion by volume) per
decade at the layer 150–70 hPa in the tropics is mainly resulted from the global SST warming and the subsequent
enhanced upward motion over the TWP in the troposphere and strengthened tropical upwelling of Brewer–
Dobson (BD) circulation in the lower stratosphere. This implies that more tropospheric trace gases and aerosols
from both natural maritime sources and outflow from polluted air from South Asia may enter the stratosphere
through the TWP region and affect the stratospheric chemistry and climate.

1 Introduction

The tropical western Pacific (TWP) is a critical region for
tropical and global climate (e.g. Webster et al., 1996; Hu
et al., 2020). It has the largest area of warm sea surface
temperature (exceeding 28 ◦C) which fuels intense and mas-
sive deep convection and is thus the largest source of la-
tent heat and water vapour into the atmosphere (Webster
and Lukas, 1992). The TWP region is also the most im-
portant source of tropospheric air entering the stratosphere
due to the strong upward motion and deep convection over

this region (e.g. Fueglistaler et al., 2004; Pan et al., 2016).
Through the TWP region, tropospheric trace gases, e.g. the
natural maritime bromine-containing substances and outflow
from anthropogenic emissions from South Asia, are lifted to
the upper troposphere and lower stratosphere (UTLS) by the
strong upward motion and the deep convection and, subse-
quently, into the stratosphere by the large-scale upwelling
(e.g. Levine et al., 2007, 2008; Navarro et al., 2015), which
affects the ozone concentration and other chemical processes
in the stratosphere (e.g. Feng et al., 2007; Sinnhuber et al.,
2009). At the same time, the TWP region has the lowest cold-
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point tropopause temperature (CPTT) over the globe and
plays an important role in controlling the water vapour con-
centration in the stratosphere (e.g. Fueglistaler et al., 2009;
Newell and Gould-Steward, 1981; Pan et al., 2016; Randel
and Jensen, 2013). The TWP is an important region for tro-
pospheric trace gases being transported from the troposphere
to the stratosphere, and therefore influences the stratospheric
chemistry (e.g. Fueglistaler et al., 2004; Levine et al., 2007;
Krüger et al., 2008; Pan et al., 2016).

The TWP was thought to be the main pathway of
the troposphere-to-stratosphere transport. The concept of a
stratospheric fountain was proposed by Newell and Gould-
Steward (1981), which suggested that the water-vapour-poor
air in the stratosphere stems mainly from the TWP region.
However, subsequent studies, using the observational and re-
analysis data, showed that there is subsidence at the near-
tropopause level over the maritime continent, which is named
the stratospheric drain (Gettelman et al., 2000; Sherwood,
2000; Fueglistaler et al., 2004). Further studies verified that
the large-scale transport from the tropical tropopause layer
(TTL) to the stratosphere is dominated by the upward branch
of the Brewer–Dobson (BD) circulation (Brewer, 1949; Dob-
son, 1956; Holton et al., 1995), while the local upwelling
may play a minor role (e.g. Levine et al., 2007; Fueglistaler
et al., 2009; Schoeberl et al., 2018).

Though the vertical transport from TTL to the lower strato-
sphere is dominated by the BD circulation, numerous studies
confirmed that the TWP region is an important pathway of
the surface air entering the TTL (Fueglistaler et al., 2004;
Levine et al., 2007; Krüger et al., 2008; Haines and Esler,
2014). Based on a trajectory model, Fueglistaler et al. (2004)
pointed out that approximately 80 % of the trajectories as-
cending into the stratosphere from the TTL are originated
from the TWP region. Bergman et al. (2012) suggested that
the tropospheric air over the TWP enters the stratosphere
mainly in boreal winter, while less air over the TWP could
be transported into the stratosphere during boreal summer.
Other studies also found that the TWP region is an important
source of the tropospheric trace gases in the TTL (e.g. New-
ton et al., 2018; Pan et al., 2016; Wales et al., 2017), and even
the polluted air from East Asia could be transported rapidly
to Southeast Asia by meridional winds and, subsequently, be
elevated to the tropical upper troposphere by the strong up-
ward motion and the deep convection (Ashfold et al., 2015).
Hence, the strength of the upward motion over the TWP re-
gion during boreal winter is a key feature for understanding
the variations in trace gases in the TTL and is therefore im-
portant for stratospheric chemistry and climate.

The strength of the TWP upward motion is closely related
to atmospheric circulation and deep convection. The ascend-
ing branch of the Pacific Walker circulation and the strong
deep convection over the TWP allow rapid transport from
the surface to the upper troposphere (Hosking et al., 2012).
In association with global warming, atmospheric circulation,
deep convection, and the boundary conditions (e.g. sea sur-

face temperature – SST) have been changed. For example,
the Hadley cell has been extended to the subtropics, and the
Walker circulation over the Pacific has been shifted westward
over the past few decades (e.g. Lu et al., 2007; Garfinkel
et al., 2015; Ma and Zhou, 2016). At the same time, SSTs
over most of areas are becoming warmer (Cane et al., 1997;
Deser et al., 2010), which modulates the deep convection
and atmospheric wave activities in the troposphere and then
leads to changes in atmospheric circulations from the tropo-
sphere and the stratosphere (e.g. Garfinkel et al., 2013; Xie
et al., 2012, 2014a; Wang et al., 2015; Hu et al., 2016; Lu
et al., 2020). However, how the strength of the upward mo-
tion in the lower TTL over the TWP region has been changed
over the past few decades remains unclear. In this study, we
investigate the long-term trend of the upward motion over
the TWP using JRA55, ERA5, and MERRA-2 reanalysis
datasets and different WACCM4 simulations, as described in
Sect. 2. The implication of the changes in the upward motion
over the TWP to the transport of trace gases from the surface
to the UTLS will be discussed in Sect. 3.

2 Data and method

2.1 Reanalysis data

To investigate the long-term trend of the upward motion
over the TWP through the troposphere, three most re-
cent reanalysis datasets, including JRA55, from the Japan
Meteorological Agency (JMA), ERA5, from the European
Centre for Medium-Range Weather Forecasting (ECMWF),
and MERRA-2, from the National Aeronautics and Space
Administration/Global Modeling and Assimilation Office
(NASA/GMAO), are used in this study (Table 1). The JRA55
data, covering the period from 1958 to the present, are in-
terpolated to the standard pressure levels and 1.25◦× 1.25◦

horizontal mesh (Harada et al., 2016). The ERA5 reanalysis
is the newest generation product from the ECMWF (Hers-
bach et al., 2020). The ERA5 data are based on the Inte-
grated Forecast System (IFS), Cy41r2, which includes the
improved model physics, core dynamics, and data assimila-
tion. The ERA5 data also extend back to 1958, which coin-
cides with the time that radiosonde observations in the Arc-
tic became more systematic and regular. It should be noted
that the ERA5 data suffer from a bias during 2000–2006 and
are replaced by the ERA5.1 data in this period here. The
MERRA-2 data are also used (Gelaro et al., 2017), which are
produced by NASA/GMAO, using the Goddard Earth Ob-
serving System model (GEOS). Although the horizontal and
vertical resolution of MERRA-2 data are similar to MERRA
data, the MERRA-2 data represent UTLS processes better
(Gelaro et al., 2017). The monthly mean air temperature, hor-
izontal wind fields, and vertical velocity at different pressure
levels are extracted from the three reanalysis datasets. In the
present study, we mainly focus on the upward motion over
TWP region in NDJFM (November–March), which is de-
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fined as 20◦ S–10◦ N, 100◦ E–180◦, due to the strong upward
motion (Fig. 1) and significantly increasing trends of the up-
ward motion (Fig. 2) over there.

Special caution is needed because of the limitations of the
reanalysis data. The reanalysis datasets assimilate observa-
tional data based on the ground- and space-based remote
sensing platforms to provide more realistic data products.
However, previous studies suggested that there are still un-
certainties in the reanalysis data (e.g. Simmons et al., 2014;
Long et al., 2017; Uma et al., 2021). The accuracy of the ver-
tical velocity in reanalysis data sets has been evaluated by the
Reanalysis Intercomparison Project (Fujiwara et al., 2017),
which is initiated by the Stratosphere–troposphere Processes
And their Role in Climate (SPARC). Results of a comparison
between the radar-observed data and the reanalysis data indi-
cate that the updrafts in the UTLS are captured well near the
TWP, even though there are still large biases in the reanalysis
datasets, and the updrafts from the JRA55 data are stronger
than those from the ERA5 and MERRA-2 data (Uma et al.,
2021). Additionally, discontinuities in the reanalysis data due
to different observing systems (for example, transition from
TOVS, TIROS Operational Vertical Sounder, to Advanced
TIROS Operational Vertical Sounder, ATOVS) may still ex-
ist (e.g. Long et al., 2017), which could lead to uncertain-
ties in the long-term trend of a certain meteorological field.
Hitchcock (2019) suggested that the reanalysis uncertainty is
larger in the radiosonde era (after 1958) than in the satellite
era (after 1979), but the radiosonde era is of equivalent value
to the satellite era because of the dynamical uncertainty dom-
inates in the both eras. The data in the radiosonde era (1958–
1978) used in the present study may induce uncertainties in
our results. Therefore, we discuss the trends for the periods
of both 1958–2017 and 1980–2017. In addition, we combine
the three most recent reanalysis datasets (JRA55, ERA5, and
MERRA-2) to obtain relatively robust results.

2.2 Observed CO data

Since CO has a photochemical lifetime in the range of 2–3
months (Xiao et al., 2007), it could be utilized as a tracer
of cross-region transport in the troposphere and the lower
stratosphere (Park et al., 2009). Here, CO is used as a tropo-
spheric tracer to indicate the vertical transport from the near-
surface to the upper troposphere and the lower stratosphere.
The CO data used in the present study are from space-borne
Microwave Limb Sounder (MLS; Livesey et al., 2015) obser-
vation and the Measurements of Pollution in the Troposphere
instrument (MOPITT; Deeter et al., 2019). MLS is carried by
Aura, which has a sun-synchronous orbit at 705 km, with a
16 d repeat cycle. MLS observations are made from 82◦ S
to 82◦ N and cover the period from 2005 to the present.
MLS provides the CO data from the upper troposphere to
the mesosphere. The MLS CO v4 level 1 data used in the
present study are processed using the recommended proce-
dures (Livesey et al., 2015) and interpolated into a 5◦× 5◦

horizontal mesh. MOPITT CO data are also used for com-
parison. The MOPITT instrument is aboard on the Terra
satellite, permitting retrievals of CO vertical profiles using
both thermal-infrared and near-infrared measurements and
has a field of view of 22 km× 22 km. The Terra satellite was
launched in 1999, with a 705 km sun-synchronous orbit. MO-
PITT provides the CO data from the surface to the upper
troposphere during the period of 2000/2003 to the present.
Here, we use the daytime only MOPITT v8 level 3 CO data.
For comparison, we focus on the CO concentrations in MLS
and MOPITT data at a similar level (215 hPa in MLS data
and 200 hPa in MOPITT data, respectively).

2.3 SST and outgoing longwave radiation (OLR) data

SST data are used in this study to investigate the relation-
ship between the upward motion and SSTs. The SST data are
from the Hadley Centre Sea Ice and Sea Surface Temperature
data set (HadISST; 1◦× 1◦ horizontal mesh) during 1958–
2018 (Rayner et al., 2003). OLR is often utilized to reflect the
deep convection in the tropics. The OLR data are extracted
from NOAA Interpolated OLR dataset on a 2.5◦× 2.5◦ hori-
zontal mesh during November 1974–March 2018 (Liebmann
and Smith, 1996).

2.4 Model simulations

A series of model simulations with the Whole Atmosphere
Community Climate Model version 4 (WACCM4) are per-
formed to find out the main impact factors of the trend of
the upward motion over the TWP (Table 2). The WACCM4
is a chemical climate model with a horizontal resolution of
1.9◦× 2.5◦ (Marsh et al., 2013). The WACCM4 has 66 ver-
tical levels from the surface to 145 km, with a vertical res-
olution of approximately 1 km in the UTLS, which is nu-
merously used to investigate the transport of the trace gases
from the troposphere to the stratosphere (e.g. Randel et al.,
2010; Xie et al., 2014b; Minganti et al., 2020). A hind-
cast simulation (Control simulation) is performed with ob-
served greenhouse gases, solar irradiances, and prescribed
SSTs (HadISST dataset is used) during 1955–2018. A single-
factor controlling simulation (Fixsst simulation) is done for
the same period with the same forcings, except that the global
SSTs are fixed to the climatological mean values during
1955–2018 (long-term mean for each calendar month during
1955–2018).

To figure out the impact of the warming SST over the
TWP region on the intensification of the upward motion over
the TWP region, a couple of time slice simulations (R1 and
R2) are also integrated for 33 years. The SSTs over the east-
ern maritime continent and tropical western Pacific (20◦ S–
20◦ N, 120–160◦ E) in the boreal wintertime (November to
March of the following year, NDJFM) in R1 are prescribed as
the climatological mean SSTs during 1998–2017, while the
SSTs over other regions are fixed as the climatological mean
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Table 1. Basic specifications of JRA55, ERA5, and MERRA-2 used in this study.

Name Organization Time period Spatial resolution Temporal resolution Data assimilation

JRA55 JMA 1958–present 55 km; L60 6 h 4D-Var
ERA5 ECMWF 1950–present 31 km; L137 Hourly 4D-Var
MERRA-2 NASA GMAO 1980–present 0.5◦× 0.625◦; L72 3 h 3D-Var

Figure 1. The climatological mean (averaged over 1958–2017) values of 150 hPa w (10−2 m s−1) in January–December (a–l), as derived
from the JRA55 data.

SSTs during 1958–2017. The SSTs in R2 are the same as the
SSTs in R1, except that the SSTs over the region (20◦ S–
20◦ N, 120–160◦ E) in NDJFM are prescribed as the cli-
matological mean SSTs during 1958–1977. Since the SSTs
over the eastern maritime continent and tropical western Pa-
cific (20◦ S–20◦ N, 120–160◦ E) show significantly warming
trends, the SSTs during 1998–2017 are higher than the SSTs
during 1958–1977 (approximately 0.5 K). Hence, the differ-
ence between R1 and R2 reflects the impact of the warmed
SSTs over the eastern maritime continent and tropical west-
ern Pacific (20◦ S–20◦ N, 120–160◦ E) on the atmospheric
circulation. The first 3 years of the numeric simulations are
not used in the present study to provide a spin-up.

2.5 Transformed Eulerian mean (TEM) calculation

To diagnose the changes in the BD circulation, the merid-
ional and vertical velocities of the BD circulation are calcu-
lated by the TEM equations as follows (Andrews and Mcin-
tyre, 1976):

v∗ = v−
1
ρ

(
ρv′θ ′

θz

)
z

(1)

w∗ = w+
1

a cosϕ

(
cosϕ

v′θ ′

θz

)
ϕ

, (2)

where v∗ and w∗ denote the meridional and vertical veloc-
ities of the BD circulation, the overbar represents the zonal
mean, the prime denotes the deviation from the zonal mean,
and θ , a, ϕ, and ρ indicate the potential temperature, the ra-
dius of the Earth, the latitude, and the standard density.

2.6 Linear trends and the significance test

The linear trends are estimated using a simple least squares
regression method. The significances of the correlation co-
efficients, mean differences, and trends are determined via a
two-tailed Student’s t test. The confidence interval of trend is
calculated using the following equation (Shirley et al., 2004):(
b− t1− α2

(n− 2)σ,b+ t1− α2 (n− 2)σ
)
,

where b is the estimated slope, σ denotes the standard error
of the slope, and t1− α2 (n− 2) represents the value of t dis-
tribution with the degree of freedom equal to n− 2. α is the

two-tailed confidence level. σ is calculated as σ = b

√
1
r2
−1

n−2 .
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Figure 2. Trends of vertical velocity and horizontal winds at 150, 500, and 700 hPa in NDJFM (November–March), as derived from JRA55,
ERA5, and MERRA-2 data. The trends of horizontal winds (arrows; 10−1 m s−1 a−1) and vertical velocity (shading; 10−4 m s−1 a−1) at (a)
150 hPa, (d) 500 hPa, and (g) 700 hPa from JRA55 in NDJFM during 1958–2017 are shown. Panels (b), (e), and (h) are the same as panels (a),
(d), and (g) but for the results from ERA5. Panels (c), (f), and (i) are the same as panels (a), (d), and (g), except that the trends are during
1980–2017 and the wind field data are from MERRA-2. The vertical velocity trends over the dotted regions are statistically significant at the
95 % confidence level. The white areas denote missing values. The black rectangles denote the TWP region (20◦ S–10◦ N, 100–180◦ E).

Table 2. Description of simulations with WACCM4.

Experiment Description

Control Transient simulation, with observed greenhouse gases and solar irradi-
ances and prescribed SST forcing using observed SST.

Fixsst Transient simulation, with observed greenhouse gases and solar irra-
diances and prescribed SST forcing using monthly mean climatology
from 1958 to 2017.

R1 Time slice simulation, where SSTs are prescribed as the climatologi-
cal mean of 1998–2017 over the region (20◦ S–20◦ N, 120–160◦ E) in
NDJFM but fixed as the climatological mean for 1958–2017 over other
regions.

R2 Same as R1 but the SSTs over the region (20◦ S–20◦ N, 120–160◦ E)
are prescribed as the climatological mean SSTs during 1958–1977.

3 Results

3.1 Enhanced upward motion over the TWP

According to previous studies, the lapse rate tropopause is
a good proxy for separating the tropospheric and the strato-
spheric dynamic behaviour (vertical motion dominated and
horizontal mixing dominated, respectively) over the TWP
(Pan et al., 2019). Since the lapse rate tropopause over the
TWP in the boreal winter is near 100 hPa (not shown), we
utilize the vertical velocity at 150 hPa to reflect the vertical
transport in the upper troposphere. Figure 1 shows the mean

values of the vertical velocity at 150 hPa for each month av-
eraged over 60 years from 1958 to 2017. The TWP region at
the UTLS level has a strong upward motion due to the fre-
quent intense deep convection and the Pacific Walker circu-
lation. It is noteworthy that there is strong upward motion at
150 hPa in NDJFM over the TWP, while the upward motion
in other months shifts northward, corresponding to the Asia
summer monsoon. This is consistent with previous studies
(Newell and Gould-Steward, 1981; Bergman et al., 2012).
Therefore, we mainly focus on the changes in the upward
motion in NDJFM, which is more important to the transport
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of air over the TWP from the lower troposphere to the TTL
compared to the summer months (as shown in Fig. 1) and,
subsequently, to the lower stratosphere. As seen in Fig. 1a–c
and k–l, the upward motion (w) at 150 hPa is most evident
over the region 20◦ S–10◦ N, 100◦ E–180◦, which is used to
indicate the TWP in the following analysis. The climatolog-
ical mean 150 hPa vertical velocity (w) in NDJFM in ERA5,
during 1958–2017, and MERRA-2, during 1980–2017, are
also given in the Supplement (Fig. S1). Comparing with the
150 hPa w in NDJFM using JRA55, the 150 hPa w in ERA5
and MERRA-2 data shows larger values (maximum larger
than 1.5 cm s−1) over the land areas but smaller values (min-
imum less than −0.4 cm s−1) over the marine area. Notably,
the 150 hPa w shows no subsidence over the maritime con-
tinent, while there is descending motion over the maritime
continent at 100 hPa (Fig. S2), which is referred to the strato-
spheric drain (Gettelman et al., 2000; Sherwood, 2000).

Figure 2 displays the linear trends of w in the upper
(150 hPa), middle (500 hPa), and lower (700 hPa) tropo-
sphere in NDJFM from 1958 to 2017 using JRA55, ERA5,
and MERRA-2 reanalysis datasets. The 150 hPa w increased
significantly over most areas of the TWP during 1958–2017
(Fig. 2). At the same time, the upward motion over the TWP
in the lower and middle troposphere also mainly shows posi-
tive trends (Fig. 2d and g). This indicates that the upward mo-
tion over the TWP is increasing through the troposphere from
1958 to 2017. Such an enhancement of the upward motion
over the TWP is evident in all three reanalysis datasets used
here (JRA55, ERA5, and MERRA-2), although there are also
some differences between the three reanalysis datasets. For
example, the trends of the horizontal winds in the upper
troposphere in MERRA-2 (Fig. 2c) are larger than those in
JRA55 and ERA5 (Fig. 2a and b). There are negative trends
of vertical velocity in JRA55 and ERA5, while there are pos-
itive trends of vertical velocity in MERRA-2 over the north-
ern Pacific. However, these differences are mainly due to the
different time periods which are used to calculate the lin-
ear trends in JRA55 (1958–2017), ERA5 (1958–2017) and
MERRA-2 (1980–2017). Figure S3 gives the trends of w
and horizontal winds in NDJFM during 1980–2017 derived
from JRA55, ERA5, and MERRA-2 data, which shows in-
significant differences between these reanalysis datasets. The
trend patterns of the horizontal winds in JRA55, ERA5, and
MERRA-2 are consistent with each other (Fig. S3). For the
trends of vertical velocity, significantly positive trends over
the TWP region can be noted in the JRA55, ERA5, and
MERRA-2 datasets, although the trends in ERA5 are slightly
weaker than those in JRA55 and MERRA-2 (Figs. 2 and S3).
Comparing to the negative trends of the vertical velocity over
the central Pacific in JRA55 and ERA5, the negative trends
in MERRA-2 extend more northward (Fig. S3).

The time series of the upward motion intensity over the
TWP from different datasets are given in Fig. 3. The intensity
of the upward motion over the TWP used in Fig. 3 is simply
defined as the area-averaged upward mass flux at a specific

level, and the standardized intensity is calculated as the inten-
sity divided by the standard deviation of the intensity at the
corresponding level. The intensity of the upward motion over
the TWP at 150 hPa increased significantly in NDJFM during
last decades, which can be confirmed by all the three reanaly-
sis datasets (Fig. 3). The intensity of the upward motion over
the TWP at 150 hPa increased by 3.0± 1.2× 109 kg s−1 per
decade (8.0± 3.1 % per decade), 1.3± 1.2× 109 kg s−1 per
decade (3.6± 3.3 % per decade), and 3.0± 2.8× 109 kg s−1

per decade (7.5± 7.1 % per decade) in JRA55, ERA5, and
MERRA-2 data, respectively (Table 3). As shown in Fig. 3b
and c, the intensity of the upward motion at 500 and
700 hPa in JRA55 and the intensity of the upward motion at
500 hPa in ERA5 over the TWP also increased significantly
at 95 % confidence level (4.6± 2.6× 109, 2.9± 1.7× 109,
and 2.5± 2.5× 109 kg s−1 per decade, respectively). The in-
creasing trends in the intensity of the upward motion at
700 hPa in ERA5 and at 500 and 700 hPa in MERRA-
2 are significant at the 90 % confidence level at rates of
1.9± 1.6× 109, 5.4± 5.3× 109, and 3.9± 3.8× 109 kg s−1

per decade, respectively. This suggests a comprehensive en-
hancement of the vertical velocity through the whole tro-
posphere, which is evident from the surface to 100 hPa
(Fig. S4). It can also be inferred that the upward motions over
the TWP increased at different rates during the past decades
due to the difference between JRA55, ERA5, and MERRA-
2 data. Hence, caution is suggested when investigating the
trend of the upward motion over the TWP when using the re-
analysis data. While the trace gases in the TTL are modulated
by the upward motion and subsequent vertical transport (e.g.
Garfinkel et al., 2013; Xie et al., 2014b), such a strengthen-
ing of the upward motion over the TWP may lead to more
tropospheric trace gases in the TTL.

The changes in the atmospheric circulation at the UTLS
level in the tropics are closely related to the changes in the
tropical deep convection and SSTs (e.g. Levine et al., 2008;
Garfinkel et al., 2013; Xie et al., 2020). Here, the trends of
the observed OLR provided by NOAA (see Sect. 2) in ND-
JFM during 1974–2017 are shown in Fig. 4a. Though the
time period of the observed OLR data is shorter than the
time period we analysed, the changes in OLR could partly
reflect the changes in the deep convection during 1958–2017.
The OLR shows significantly negative trends over the TWP
which indicates intensified deep convection over the TWP.
The OLR trend pattern is very similar to the trend pattern
of the 150 hPa w (Fig. 2a–c), which indicates that the in-
creasing trends of 150 hPa w are closely related to the inten-
sified deep convection over the TWP. The intensified deep
convection not only leads to the strengthened upward mo-
tion in the UTLS (Highwood and Hoskins, 1998; Ryu and
Lee, 2010) but also results in the decreased temperature near
the tropopause, which plays a dominant role in modulating
the lower stratospheric water vapour concentration (e.g. Hu
et al., 2016; Wang et al., 2016). Corresponding to the en-
hanced deep convection over the TWP, the CPTT derived
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Table 3. The trends of the upward motion over the TWP at 150, 500, and 700 hPa in NDJFM during 1958–2017 from JRA55, ERA5,
MERRA-2, the Control simulation, and the Fixsst simulation and the trends of 150 hPa CO from the Control and Fixsst simulations. Note:
ppbv – parts per billion by volume.

JRA55 ERA5 MERRA-2 Control Fixsst

150 hPa 3.0± 1.2× 109 kg s−1 1.3± 1.2× 109 kg s−1 3.0± 2.8× 109 kg s−1 2.0± 1.2× 109 kg s−1
−4.8± 6.4× 108 kg s−1

upward motion per decade per decade per decade per decade per decade

500 hPa 4.6± 2.6× 109 kg s−1 2.5± 2.5× 109 kg s−1 5.4± 5.3× 109 kg s−1 3.5± 2.4× 109 kg s−1
−1.0± 1.3× 109 kg s−1

upward motion per decade per decade per decade per decade per decade

700 hPa 2.9± 1.7× 109 kg s−1 1.9± 1.6× 109 kg s−1 3.9± 3.8× 109 kg s−1 1.8± 1.4× 109 kg s−1
−6.3± 8.1× 108 kg s−1

upward motion per decade per decade per decade per decade per decade

150 hPa CO – – – 3.4 ppbv per decade 3.2 ppbv per decade

Figure 3. The time series of the standardized intensity of the up-
ward motion over the tropical western Pacific (20◦ S–10◦ N, 100–
180◦ E) at (a) 150 hPa, (b) 500 hPa, and (c) 700 hPa extracted from
JRA55 (red), ERA5 (black), and MERRA-2 (blue) datasets. The
straight lines in each figure indicate the linear trends. The solid lines
denote the linear trends that are significant at the 95 % confidence
level, while the dashed lines denote the linear trends that are signif-
icant at the 90 % confidence level.

from JRA55 data (see Fig. 4b) shows significantly decreasing
trends over the TWP in NDJFM during 1958–2017, which is
consistent with Xie et al. (2014a). However, negative trends
are also found in other regions in low and mid-latitudes, ex-
cept over the central and eastern Pacific. It should be noted
that the CPTT from different reanalysis datasets may show
different trends even for the satellite period (Tegtmeier et al.,
2020). Additionally, the JRA55 data before 1978 may also
lead to uncertainties in the CPTT trends. Caution is needed
when discussing the trends of CPTT from reanalysis datasets.

The changes in the deep convection over the tropical Pa-
cific may be related to the changes in the Pacific Walker cir-
culation. The Pacific Walker circulation shows a significant
intensification over the past decades (e.g. Meng et al., 2012;
L’Heureux et al., 2013; McGregor et al., 2014). The verti-
cal velocity at 500 and 150 hPa shows significantly positive
trends over the TWP in NDJFM during 1958–2017 (Fig. 2).
Meanwhile, the lower tropospheric zonal wind shows east-
erly trends over the tropical Pacific, while the upper tropo-
spheric zonal wind shows westerly trends over the tropical
Pacific, which suggests a strengthened Pacific Walker circu-
lation and is consistent with previous studies (Hu et al., 2016;
Ma and Zhou, 2016).

The strengthened Pacific Walker circulation is closely re-
lated to the changes in the SSTs (e.g. Meng et al., 2012; Ma
and Zhou, 2016). The trends of the SSTs in NDJFM dur-
ing 1958–2017 are shown in Fig. 4c. The SST shows signifi-
cantly warming trends over almost all of the world, except for
the central Pacific in NDJFM during 1958–2017. In addition,
the intensity of the upward motion over the TWP is signifi-
cantly correlated with the SST (Fig. 4d), which suggests that
the SST has important effects on the upward motion over the
TWP. The correlation coefficient in Fig. 4d shows a La-Niña-
like pattern and indicates that the El Niño–Southern Oscilla-
tion (ENSO) events exert important impacts on the upward
motion over the TWP (Levine et al., 2008). The SSTs over
the TWP are mainly positively correlated with the upward
motion intensity over the TWP, with negative correlations
shown over the western maritime continent, while the SSTs
over tropical central, eastern Pacific, and Indian Ocean show
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Figure 4. Trends of (a) observed outgoing longwave radiation (OLR; W m−2 a−1) provided by NOAA during 1974–2017. (b) Cold-point
tropopause temperature (CPTT; 10−1 K a−1) derived from JRA55 data and (c) SST (K a−1) derived from HadISST during 1958–2017
in NDJFM. (d) The correlation coefficients between the intensity of the upward motion at 150 hPa over the TWP and SST in NDJFM
during 1958–2017 are shown with the linear trends removed. The trends and correlation coefficients over the dotted regions are statistically
significant at the 95 % confidence level. The black rectangles denote the TWP region (20◦ S–10◦ N, 100–180◦ E).

negative correlations with the intensity of the upward motion
over the TWP. The SSTs over the Atlantic Ocean are poorly
correlated with the upward motion intensity over the TWP
(not shown). This result suggests that the changes in global
SSTs may be the primary driver of the strengthened Pacific
Walker circulation, which leads to enhanced deep convection
and intensified upward motion over the TWP.

It could be found that there are extreme minima (1982,
1991, and 1997) in Fig. 3, which may be related to the El
Niño events that occurred in these years. To further figure
out the impact of ENSO events on the upward motion over
the TWP, Fig. S5 displays the time series of the standardized
intensity of the upward motion over the TWP at 150, 500,
and 700 hPa in NDJFM in JRA55, ERA5, and MERRA-2,
with the ENSO signal removed using the linear regression
method (Hu et al., 2018; Qie et al., 2021). The extreme min-
ima (1982, 1991, and 1997) become much weaker in Fig. S5
than those in Fig. 3, which indicates that the El Niño events
are responsible for the extreme minima. The upward motions
over the TWP at 150, 500, and 700 hPa in NDJFM in JRA55,
ERA5, and MERRA-2 still show statistically significant in-
creasing trends after removing the ENSO signal in Fig. S5,
which suggests that ENSO events exert limited impacts on
the trends of the upward motion over the TWP in NDJFM
during 1958–2017.

3.2 Simulated trend of the upward motion over the TWP
and its potential mechanism

To verify the impact of SST on the trend of the upward
motion over the TWP, a couple of model simulations with
WACCM4 are employed in the following analysis. Consis-

tent with the results shown using the reanalysis data (Fig. 2a–
c), the simulated 150 hPa w (Control simulation) shows sig-
nificantly increasing trends over the TWP and decreasing
trends over the tropical eastern Pacific in NDJFM during
1958–2017 (Fig. 5a). Additionally, the 150 hPa w simulated
in the Fixsst simulation shows weak trends over the TWP
(Fig. 5b). The difference between the Control and the Fixsst
simulations suggests that the trends of the 150 hPa w over
the TWP region is dominated by the changes in the global
SSTs during 1958–2017. There are also significantly posi-
tive trends of the vertical velocity over the TWP in the lower
(700 hPa) and middle troposphere (500 hPa) in the Control
simulation, while the zonal winds are also enhanced over
the tropical Pacific. The vertical velocity over the TWP in
the Fixsst simulation shows weak negative trends, and the
changes in zonal winds over the tropical Pacific are very
weak. This confirms the dominant role of the changes in
global SSTs on the enhancement of the Walker circulation.

Previous studies found that the changes in the intensity of
the Pacific Walker circulation and the stratospheric residual
circulation are closely related to the changes in tropical SST
(Meng et al., 2012; Tokinaga et al., 2012; Lin et al., 2015). As
suggested by the correlation coefficients between the upward
motion at 150 hPa over the TWP and SSTs in Fig. 4d, warmer
SSTs over the tropical central and eastern Pacific and Indian
Ocean may lead to a weakened upward motion over the TWP
(negative correlation). The warming trends of SSTs over the
eastern maritime continent and tropical western Pacific may
result in an intensification of the upward motion over the
TWP. To verify the impact of the changes in the SSTs over
eastern maritime continent and tropical western Pacific on
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Figure 5. Same as Fig. 2 but for the Control simulation (a, d, and g), Fixsst simulation (b, e, and h), and the difference between the
simulations (c, f, and i). The vertical velocity trends over the dotted regions are statistically significant at the 95 % confidence level. The
black rectangles denote the TWP region (20◦ S–10◦ N, 100–180◦ E).

the trends of the upward motion over the TWP, a couple of
single-factor controlling time slice simulations (R1 and R2)
performed with only SSTs over the eastern maritime conti-
nent and tropical western Pacific (20◦ S–20◦ N, 120–160◦ E)
in NDJFM changed in these two simulations. In R1, the SSTs
over the eastern maritime continent and tropical western Pa-
cific are prescribed as the climatological mean SSTs during
1958–2017, while the SSTs over the eastern maritime con-
tinent and tropical western Pacific in R2 are prescribed as
the climatological mean SSTs during 1958–1977 (more de-
tails are given in the Sect. 2). The differences in the wind
fields between R1 and R2 are shown in Fig. 6. The 150 hPa
w shows significantly positive anomalies over the TWP and
negative anomalies over the tropical eastern Pacific, which
is consistent with the trends of the 150 hPa w in the Control
simulation and the reanalysis datasets (Figs. 2 and 5). The
upward mass flux over the TWP at 150 hPa increased approx-
imately 27 % in the R1, compared with R2, due to the warm-
ing SSTs over the eastern maritime continent and tropical
western Pacific (approximately 0.5 K). The upward motion
in the lower and middle troposphere over the TWP shows
increasing trends due to the enhanced convergence induced
by the warmer SSTs over the TWP. This result is consistent
with Hu et al. (2016), who suggested that the increased zonal
gradient of the SSTs over the tropical Pacific could lead to a
strengthened Pacific Walker circulation and an enhanced up-
ward motion over the TWP. Therefore, the warmer SSTs over
the TWP could contribute largely to the trend of the upward
motion over the TWP in NDJFM during 1958–2017.

The changes in the OLR simulated in WACCM4 associ-
ated with the changes in the global SSTs are shown in Fig. 7.
There is significantly enhanced deep convection, as indicated
by OLR over the TWP due to the strengthened convergence

Figure 6. The difference in vertical velocity (shading; 10−2 m s−1)
and horizontal winds (arrows; m s−1) at (a) 150 hPa, (b) 500 hPa,
and (c) 700 hPa in NDJFM between experiments R1 and R2. The
differences between the vertical velocity over the dotted regions are
statistically significant at the 95 % confidence level. The black rect-
angles denote the TWP region (20◦ S–10◦ N, 100–180◦ E).
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in the Control simulation, while the deep convection shows
weak and even decreasing trends over the TWP in the Fixsst
simulation (Fig. 7a and b). The enhanced deep convection
over the TWP could lead to the enhancing trends of the up-
ward motion. Hence, it can be inferred that the changes in
the global SSTs are responsible for the intensification of the
Pacific Walker circulation and the enhanced deep convection
and a stronger upward motion over the TWP, which could
extend to the upper troposphere.

3.3 Implications for the concentrations of water vapour
and CO in the TTL and lower stratosphere

Previous studies showed that the enhanced deep convec-
tion and upward motion could lead to increased CO in the
UTLS (e.g. Duncan et al., 2007; Livesey et al., 2013). At
the same time, water vapour mixing ratios in the UTLS may
increase due to the enhanced upward motion, which could
bring more wet air from the low altitude to the high altitude
(e.g. Rosenlof, 2003; Lu et al., 2020). However, the water
vapour mixing ratios in the lower stratosphere also depend
on the tropopause temperature (e.g. Highwood and Hoskins,
1998; Garfinkel et al., 2018; Pan et al., 2019). Hence, the re-
lationship between the intensity of upward motion and the
water vapour concentration in the UTLS is complex. Here,
the relationship between the trends of the upward motion
over the TWP and the changes in CO and water vapour in
the UTLS simulated with WACCM4 are analysed.

The trends of CPTT, the 100 hPa stream function, and the
water vapour concentration are shown based on the Con-
trol and the Fixsst simulation, as well as their difference,
in Fig. 7d–i. The changes in the deep convection could lead
to the changes in the atmospheric circulation by releasing
the latent heat. The changes in the tropical deep convection
lead to a Rossby–Kelvin wave response at the UTLS level
and then induce the changes in the air temperature near the
tropopause (e.g. Gill, 1980; Highwood and Hoskins, 1998).
The trends of the 100 hPa stream function show a Rossby
wave response over the TWP and a Kelvin wave response
over the tropical eastern Pacific in the Control simulation
(Fig. 7d), which is caused by the changes in the deep con-
vection over the tropical Pacific. The Rossby–Kelvin wave
response further leads to the decrease in the CPTT over the
TWP and the increase in the CPTT over the tropical eastern
Pacific. Previous studies suggest that the lower stratospheric
water vapour is mainly influenced by the coldest tempera-
ture near the tropopause (e.g. Garfinkel et al., 2018; Zhou et
al., 2021). Since the TWP has the coldest CPTT in the bo-
real winter (e.g. Pan et al., 2016), the significantly decreased
CPTT over the TWP may result in significantly dried lower
stratosphere (Fig. 7g). The intensity of the upward motion
over the TWP shows negative correlations with the concen-
tration of the tropical lower stratospheric water vapour (not
shown). Hence, the enhanced upward motion over the TWP
may correspond to a dried lower stratosphere. The CPTT

shows weak trends over the TWP, and the tropical water
vapour shows insignificant trends at 70 hPa in the Fixsst sim-
ulation. The comparison between the Control simulation and
the Fixsst simulation suggests that the trends of the deep con-
vection, the CPTT, and the lower stratospheric water vapour
concentration in the tropics in NDJFM during 1958–2017 are
dominated by the trends of the global SSTs, while other ex-
ternal forcings may play minor roles.

Generally, the intensified upward motion may lead to more
tropospheric trace gases lifting to the upper troposphere and
entering the lower stratosphere (e.g. Rosenlof, 2003; Lu et
al., 2020). Here we use CO as a tropospheric tracer to de-
tect the possible influences of the enhanced upward motion
over the TWP on the transportation of the tropospheric trace
gases to the upper troposphere and the lower stratosphere.
Due to the data limitations, it is not possible to show the cor-
responding changes in trace gases by observations in ND-
JFM during 1958–2017. Here, the trends of CO at around
200 hPa from MOPITT and MLS observations are shown
in Fig. 8. The CO increased significantly over the TWP
in NDJFM in the upper troposphere from the MOPITT (at
200 hPa during 2000–2017) and MLS data (at 215 hPa dur-
ing 2005–2017). The concentration of MLS CO over the
TWP is approximately 80 ppbv at 215 hPa from MLS obser-
vations and 70 ppbv at 200 hPa from MOPITT observations,
which is consistent with previous study (e.g. Huang et al.,
2016). The MLS CO data show that the area-averaged CO
increased by approximately 2.0± 3.7 ppbv per decade over
the TWP in NDJFM during 2005–2017. The area-averaged
MOPITT CO data show a stronger increase by approxi-
mately 5.0± 3.1 ppbv per decade at 200 hPa from 2000 to
2017 (significant at the 95 % confidence level). It should be
pointed out that the linear trends of CO are calculated based
on the satellite data which only cover 14 or 18 years due
to the data limitations. Hence, the linear trends of CO may
have uncertainties, particularly in the regions with large in-
terannual variations. To partially overcome this shortage, the
trends of MLS CO at 215 hPa during time periods of 2005–
2016, 2006–2016, 2006–2017, and 2007–2016 and the trends
of MOPITT CO at 200 hPa during time periods of 2000–
2016, 2001–2016, 2001–2017, and 2002–2016 are shown in
Fig. S6. It could be found that the CO in the upper tropo-
sphere increased robustly over the TWP from both the MLS
and MOPITT data. Overall, though the observed CO only
covers less than 20 years, the results from the satellite data
suggest a possible impact of the intensified upward motion
over the TWP on the trace gases in the upper troposphere.

To further illustrate the impacts of the enhanced upward
motion on the trace gas in the upper troposphere and lower
stratosphere, the Control and Fixsst simulations are used with
WACCM4. The trends of the CO concentrations from the
Control and Fixsst simulations, as well as their differences,
are shown in Fig. 9. The tropical CO at 150 hPa shows sig-
nificantly increasing trends both in the Control and the Fixsst
simulations at rates of 3.4 and 3.2 ppbv per decade, respec-
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Figure 7. Same as Fig. 5 but for the trends of (a–c) OLR (W m−2 a−1), (d–f) CPTT (shading; 10−1 K a−1) and 100 hPa stream function
(contour; 106 m2 s−1 a−1), and (g–i) 70 hPa water vapour concentration (10−2 ppmv a−1, where ppmv is parts per million by volume). The
trends in panels (a)–(c) and (g)–(i) over the dotted regions are statistically significant at the 95 % confidence level. The CPTT trends in
panels (d)–(f) over the dotted regions are statistically significant at the 95 % confidence level. The black rectangles denote the TWP region
(20◦ S–10◦ N, 100–180◦ E).

Figure 8. The trends of CO derived from the MOPITT and MLS
data. (a) The trends of CO (10−1 ppbv a−1) at 215 hPa, using
MLS data in NDJFM during 2005–2017. (b) The trends of CO
(10−1 ppbv a−1) at 200 hPa, using MOPITT data in NDJFM during
2000–2017. The trends of CO over the dotted region are statistically
significant at the 90 % confidence level.

tively (Fig. 9a and b). This suggests that the surface emis-
sion of the CO exerts the most important effect on the in-
crease in the tropical CO concentration. The differences in
the CO trends at 150 hPa between the Control simulation and
the Fixsst simulation are also displayed in Fig. 9c. Since the
surface emission inventories of the two simulations are the
same, it can be inferred that the trends of the CO concen-

tration in Fig. 9c are mainly caused by the changes in the
atmospheric circulation induced by the changes in the global
SSTs. The difference in the CO concentration at 150 hPa be-
tween the Control simulation and the Fixsst simulation shows
a significantly increasing trend at a rate of 0.2± 0.1 ppbv
per decade over the TWP (significant at the 95 % confi-
dence level). At the same time, decreasing trends over cen-
tral Africa exist, which resemble the trend patterns of the
vertical velocity in the lower TTL and the deep convection
(Figs. 5i and 7c). This indicates that the enhanced deep con-
vection in the TWP lead to the strengthened upward motion
over the TWP, which results in an extra 6 % in the increasing
trend of CO in the upper troposphere over the TWP. It could
also be found that CO also increased in the mid-latitudes of
the Southern Hemisphere (Fig. 9c). According to previous
studies, the CO perturbation from the Indonesian fires at up-
per troposphere could be transported to the tropical Indian
Ocean by easterly winds and then to the subtropics in the
Southern Hemisphere through the southward flow during bo-
real winter. The CO perturbation then spreads rapidly cir-
cling the globe following the subtropical jet (Duncan et al.,
2007). This is consistent with our results, which show in-
tensified northerlies over the subtropical Indian Ocean (15–
25◦ S, 60–100◦ E) at a rate of approximately 0.2 m s−1 per
decade and strengthened westerlies over the subtropical In-
dian Ocean and western Pacific (20–35◦ N, 60–160◦ E) at a
rate of approximately 0.3 m s−1 per decade (Fig. 5c and f).

The trends of the zonal mean CO concentration from
model simulations are displayed in Fig. 10a–c. The zonal
mean CO shows significantly increasing trends at all levels
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Figure 9. The trends of 150 hPa CO concentration
(10−4 ppmv a−1) from the (a) Control simulation, (b) Fixsst
simulation, and (c) difference between the Control simulation and
the Fixsst simulation in NDJFM during 1958–2017. The trends in
panels (a)–(c) over the dotted regions are statistically significant at
the 95 % confidence level. The black rectangles denote the TWP
region (20◦ S–10◦ N, 100–180◦ E).

in the Control simulation and the Fixsst simulation, while the
difference in the zonal mean CO between the Control simula-
tion and the Fixsst simulation shows significantly increasing
trends in the TTL but negative trends in the middle tropo-
sphere in the tropics and the Northern Hemisphere. At the
same time, the difference in CO concentration between the
Control simulation and the Fixsst simulation averaged in the
western Pacific (100–180◦ E) shows significantly increasing
trends in the tropics (20◦ S–10◦ N) from the surface to the
TTL (Fig. 10f). The CO in the layer 150–70 hPa over the
TWP increased by 3.2 and 2.8 ppbv per decade in the Control
and Fixsst simulations in NDJFM during 1958–2017, respec-
tively. And the CO difference between the Control and Fixsst
simulations increased by 0.4± 0.2 ppbv per decade (signifi-
cant at the 95 % confidence level) in the layer 150–70 hPa
over the TWP, which suggests that the intensifying upward
motion over the TWP and the tropical upwelling of Brewer–
Dobson circulation (BDC) could lead to an increasing trend

Figure 10. Latitude pressure cross sections of the trends of (a–c)
the zonal mean CO concentration (10−4 ppmv a−1) and (d–f) CO
concentration (10−4 ppmv a−1) over the TWP (100–180◦ E) in ND-
JFM during 1958–2017 in the Control simulation and Fixsst simula-
tion, as well as their difference. Panels (a) and (d) are the CO trends
in the Control simulation. Panels (b) and (e) are the results in the
Fixsst simulation. Panels (c) and (f) are the results derived from the
difference between the Control and Fixsst simulations. The trends
over the dotted regions are statistically significant at the 95 % con-
fidence level.

in CO by an extra 14 %. This indicates that the increased
zonal mean CO in the TTL (Fig. 10c) is mainly transported
through the western Pacific bands and highlights the impor-
tance of the upward motion over the TWP in elevating trace
gases from the surface to the upper troposphere.

To understand the CO trends in the Control and Fixsst sim-
ulations and their differences, the trends of vertical veloc-
ity averaged over the globe and the TWP band are given in
Fig. 11. The zonal mean w shows weak and even decreasing
trends in the tropics, while the w over the TWP intensified in
the Control simulation in NDJFM during 1958–2017. This is
consistent with Fig. 5. While the SSTs fixed to climatological
values, the zonal mean w shows weak trends and the w over
the TWP shows significantly negative trends. The changes
in the global SSTs therefore lead to the increase in the w
over the TWP region, as indicated in the differences between
the two simulations in Fig. 11f. In summary, the CO shows
increasing trends (3.5 ppbv per decade) at 150 hPa over the
TWP in NDJFM, during 1958–2017, induced by the changes
in the surface emissions and the upward motion. The trends
of CO at 150 hPa over the TWP in NDJFM during 1958–
2017 in the Fixsst simulation mainly include the impact in-
duced by the increased surface emissions, since the upward
motion over the TWP in the Fixsst simulation shows weak
trends. The difference between the Control and Fixsst simu-
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lations indicates that the enhanced tropospheric upward mo-
tion over the TWP forced by the changes in the global SSTs
leads to some extra increase in CO concentrations in the up-
per troposphere. It should be mentioned that the increasing
trends in CO in the lower troposphere in Fig. 10f may be
mainly caused by the changes in the horizontal winds. Girach
and Nair (2014) suggested that enhanced deep convection
and the subsequent intensified upward motion may lead to
a decreased CO concentration in the lower troposphere and
an increased CO concentration in the upper troposphere. The
trends of horizontal winds at 925 hPa are shown in Fig. S8c.
There are northerly trends over east Asia and northeasterly
trends near the south of Asia (Fig. S8c), which suggests that
more CO-rich air from east Asia and south Asia could be
transported to the TWP in the Control simulation compared
to the Fixsst simulation. Since the CO concentration in the
lower troposphere over the northern Pacific is higher than
that over southern Pacific, the northerly trends over the west-
ern and central Pacific may also contribute to the increased
CO in the lower troposphere over the TWP in Fig. 10f.

As discussed in the introduction, the tropospheric trace
gases enter the stratosphere mainly through the large-scale
tropical upwelling associated with the BD circulation. The
trends of the BDC in different model simulations and their
differences are displayed in Fig. 12. The tropical upwelling
of BDC (w∗) calculated using the TEM formula increased
significantly in the lower stratosphere over the past few
decades, as seen in the JRA55 data and the Control simu-
lation (Fig. 12a and b). We found that the 70 hPa upward
mass flux in NDJFM in the tropics (15◦ S–15◦ N) increased
by 2.8± 1.9 % per decade (significant at the 95 % confidence
level) in the JRA55 data from 1958 to 2017 (Fig. 12a) and
4.6± 4.3 % per decade (significant at the 95 % confidence
level) in the MERRA-2 data from 1980 to 2017 (Fig. S7b).
From the ERA5 data, the 70 hPa upward mass flux in ND-
JFM increased in the Northern Hemisphere (0–15◦ N) at a
rate of 5.0± 2.8 % per decade (significant at the 95 % con-
fidence level) but decreased significantly in the Southern
Hemisphere (0–15◦ S) during 1958–2017 (Fig. S7a). On av-
erage, the trend of the 70 hPa upward mass flux in NDJFM in
the tropics (15◦ S–15◦ N) is not significant in ERA5. In fact,
many previous studies have investigated the trends of BDC.
For example, Abalos et al. (2015) investigated the trends of
BDC derived from JRA55, MERRA, and ERA-Interim data
during 1979–2012 and suggested that the BDC in JRA55
and MERRA significantly strengthened throughout the layer
at 100–10 hPa with a rate of 2 %–5 % per decade, while
the BDC in ERA-Interim shows weakening trends. Diallo
et al. (2021) compared the trends of the BDC in the ERA5
and ERA-Interim during 1979–2018 and pointed out that the
BDC in the ERA-Interim shows weakening trend and the
BDC in the ERA5 strengthened at a rate of 1.5 % per decade,
which is more consistent with other studies. In the present
study, we only focus on the trend of the BDC in the win-
tertime (NDJFM) in the tropics (15◦ S–15◦ N) during 1958–

2017, which may lead to some differences between our result
and those in the previous studies. Overall, the trends of the
tropical upwelling of BDC derived from JRA55, MERRA-2
data, and the Control simulation are similar to those in previ-
ous studies using both reanalysis datasets and model results
(e.g. Butchart et al., 2010; Abalos et al., 2015; Fu et al., 2019;
Rao et al., 2019; Diallo et al., 2021). However, the tropical
upwelling of the BDC decreased in ERA5 data in the tropics
(15◦ S–15◦ N), which are different from the results in JRA55
and MERRA-2.

In the Fixsst simulation, the trend of w∗ is much weaker
and not significant in most areas. The changes in the global
SSTs, therefore, play an important role in the intensification
of the shallow branch of the BDC, as shown by the differ-
ences between the two simulations in Fig. 12d. In summary,
the tropical upwelling of the BDC is likely strengthened as
shown in JRA55 and MERRA-2 reanalyses, as well as model
simulations, although there are some uncertainties since the
ERA5 data show a negative trend. This may impact on the
transport of the tropospheric trace gases from the TTL to
a higher altitude. The increased concentration of CO in the
UTLS in Figs. 9c and 10f may be due to a combined ef-
fect of the strengthened tropical upwelling of the BD cir-
culation and the enhanced upward motion over the TWP.
The enhancement of upward motion over the TWP, which
transported more tropospheric trace gases to the upper tropo-
sphere, works together with the strengthened BD circulation
under global warming and may lead to an increase in tropo-
spheric trace gases over the TWP in the lower stratosphere.

4 Summary and discussion

The recent trends of the upward motion from the lower to
the upper troposphere in boreal winter over the TWP is in-
vestigated for the first time, based on the JRA55, ERA5,
and MERRA-2 datasets and four WACCM4 simulations (Ta-
ble 2). The upward motion at 150 hPa over the TWP in
NDJFM increased by 8± 3.1 % per decade and 3.6± 3.3 %
per decade in NDJFM from 1958 to 2017 in JRA55 and
ERA5 reanalysis datasets, respectively (Table 3). Despite the
possible discontinuities between the radiosonde era (after
1958) and the satellite era (after 1979), the upward motion at
150 hPa over the TWP in NDJFM increased by 7.5± 7.1 %
per decade during 1980–2017 in MERRA-2 data. Such in-
tensification of the upward motion over the TWP also exist
in the middle and lower troposphere in NDJFM in JRA55,
ERA5, and MERRA-2, which can be confirmed by the
WACCM4 model simulations. Comparing the results be-
tween the Control and Fixsst simulations with WACCM4, it
is found that the trend of the upward motion over the TWP
is closely related to the changes in global SSTs, especially
the SST warming over the eastern maritime continent and
tropical western Pacific (see the results from experiments
R1 and R2 in Fig. 7). Warmer SSTs over the eastern mar-
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Figure 11. Same as Fig. 10 but for the trends of tropospheric w (10−4 m s−1 a−1) and v (10−1 m s−1 a−1). The shadings denote the trends
of the w (10−4 m s−1 a−1). The trends over the dotted regions are statistically significant at the 90 % confidence level.

itime continent and tropical western Pacific (approximately
0.5 K) lead to a strengthened Pacific Walker circulation, en-
hanced deep convection and approximately 27 % intensified
upward motion at 150 hPa over the TWP as shown by the re-
sults from the experiments R1 and R2. The enhanced deep
convection over the TWP could lead to a dryer lower strato-
sphere over the TWP, as the strong upward motion and the
Rossby–Kelvin wave responses induce a colder tropopause
over the TWP. It should be pointed out that the results in the
present study are mainly based on the reanalyses data, and
some uncertainties may exist. The availability of more high-
resolution observations in the future may enhance the quality
of the reanalysis data.

Results from the Control simulation indicate that the CO
concentrations increased significantly from the surface to the
stratosphere over the TWP. The CO at 150 hPa increased at
a rate of approximately 3.4 ppbv per decade, with increased
surface emissions and the enhanced upward motion over the
TWP. Specifically, an enhancement of tropospheric upward
motion and subsequent upward transport of trace gases over
the TWP lead to an extra 6 % increasing trend in CO concen-
trations in the upper troposphere.

Furthermore, the upward mass fluxes at 70 hPa in the
tropics (15◦ S–15◦ N) show strengthening trends at rates of
2.8± 1.9 % per decade and 4.6± 4.3 % per decade in JRA55
data (during 1958–2017) and MERRA-2 data (during 1980–

2017) in NDJFM, respectively, which is consistent with pre-
vious studies (e.g. Butchart et al., 2010; Fu et al., 2019; Rao
et al., 2019). However, such an enhancement in the tropical
upward mass flux at 70 hPa has large uncertainties since the
ERA5 data show a negative and insignificant trend (Fig. S7a).
The results from the Control and Fixsst simulations indicate
that the elevated CO in the upper troposphere is further up-
lifted to the lower stratosphere by the intensified tropical up-
welling of the BD circulation, which is mainly due to global
SST warming, and leads to an increase in CO in the lower
stratosphere. An extra 14 % increasing trend of CO at the
layer of 150–70 hPa over the TWP is derived from the Con-
trol and Fixsst simulations.

Tropospheric trace gases and aerosols have important im-
pacts on the stratospheric processes if they enter the strato-
sphere. For example, ozone-depleting substances, CH4 and
N2O, could influence the stratospheric ozone significantly
(e.g. Shindell et al., 2013; Wang et al., 2014), which also
modifies the temperature in the stratosphere significantly
through their strong radiative effects. Water vapour in the
lower stratosphere, in particular, has a significant warming
effect on the surface climate (Solomon et al., 2010). There-
fore, changes in trace gases in the UTLS have important im-
pacts on both tropospheric and stratospheric climate. Our re-
sults suggest that the upward motion over the TWP and the
vertical component of the BDC at the lower stratosphere level
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Figure 12. Trends of the BDC (vectors; the units in the horizon-
tal and vertical components are 10−2 and 10−5 m s−1 a−1, respec-
tively) calculated using the TEM formula from (a) JRA55, (b) the
Control simulation, (c) the Fixsst simulation, and (d) the differ-
ence between the Control simulation and the Fixsst simulation in
NDJFM during 1958–2017. The shadings are the trends of the w∗

(10−5 m s−1 a−1). The trends of the vertical velocity over the dot-
ted regions are statistically significant at the 90 % confidence level.

have been intensified. These results suggest that the emis-
sion from the maritime continent and surrounding areas may
play a more important role in the stratospheric processes and
the global climate. In addition, more very short-lived sub-
stances emitted from the tropical ocean could be elevated to
the TTL by the enhanced convection and then transported
into the stratosphere by the large-scale uplifts and exert im-
portant effects on the stratospheric chemistry. However, the
quantitative impacts of the intensified upward motion over
the TWP on tropospheric and stratospheric trace gases and
aerosols and their climate feedbacks await further investiga-
tion with the use of more observations and model simula-
tions.
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