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Abstract
The transport of chemical compounds from surface emissions 

into the stratosphere is very important for stratospheric, and even 
global, climate change. However, the lack of observational data 
makes it difficult to trace these emissions back to specific regions. 
This study uses numerical simulations to investigate the transport 
of surface emissions from high population density regions into 
the stratosphere. In March, April and May, Southeast Asia and 
Australia tracers contribute ~⅓ and ~¼ of total tracers entering 
the stratosphere, respectively. In June, July and August, South-
west Asia contributes ~½ of the total, which is far more than the 
contribution of all other source regions. In September, October 
and November, South America and Southeast Asia each accounts 
for ~¼ of the total tracer budget. In December, January and Feb-
ruary, Australia and Southeast Asia each accounts for ~¼ of all 
tracers entering the stratosphere. A further quantitative estimation 
illustrates that the average proportion of a tracer entering the 
stratosphere compared with its total release is 2.6% for Southeast 
Asia, followed by 1.7% for Australia, 1.4% for Southwest Asia, 
1.0% for Africa, 1.0% for South America, 0.9% for East Asia, 0.7% 
for North America, and 0.3% for Europe.

(Citation: Xie, F., J. Li, W. Tian, D. Hu, J, Zhang, J. Shu, and 
C. Wang, 2016: A quantitative estimation of the transport of sur-
face emissions from different regions into the stratosphere. SOLA, 
12, 65−69, doi:10.2151/sola.2016-015.)

1. Introduction

Air in the troposphere contains potent greenhouse gases and 
active chemical compounds. The transport of tropospheric air 
masses into the stratosphere potentially affects the stratospheric 
climate system (Lacis et al. 1992; Gauss et al. 2003; Forster et al. 
2007; Solomon et al. 2011). Thus, key questions to be resolved 
include: How do tropospheric air masses enter the stratosphere? 
What processes control the transport of tropospheric air into the 
stratosphere? What proportion of surface emissions from high- 
density regions reaches the stratosphere? 

There has been considerable investigation into how tropo-
spheric air masses enter the stratosphere. Key mechanisms for this 
in the tropics include deep convection (Fueglistaler et al. 2004; 
Hosking et al. 2010), Brewer–Dobson (BD) circulation (Holton 
et al. 1995; Austin and Li 2006; Randel et al. 2007), and tropical 
cyclones (Cairo et al. 2008; Zhan and Wang 2012). Synoptic scale 
processes in the mid-latitudes associated with stratosphere and tro-
posphere exchange processes include tropopause folding (Li et al. 

2015a, 2015b; Sprenger et al. 2003; Stohl et al. 2003; Pan et al. 
2010; 2014) and the Asian summer monsoon (Randel et al. 2010; 
Bian et al. 2011, 2012; Bourassa et al. 2012). Extreme events 
such as volcanic explosions also play a role in tropospheric–
stratospheric exchange processes (Textor et al. 2003; Vernier et al. 
2011). Previous studies have shown that tropospheric compounds 
and aerosols can be delivered to the stratosphere during strato-
sphere and troposphere exchange (STE) events (e.g., Rasch et al. 
1997; Flocke et al. 1999), and illustrate the importance of under-
standing key mechanisms for the transport of tropospheric air 
masses into the stratosphere at the tropopause level (e.g., Levine 
et al. 2007; Gettelman et al. 2009). Further, the importance of tro-
pospheric air entering the stratosphere through different channels 
at the tropopause has also been investigated (Škerlak et al. 2014).

Chemical compounds discharged from global different regions 
can be transported into the stratosphere via STE processes. 
However, the transport of surface emissions into the tropospheric 
atmosphere is strong influenced by many factors, e.g., topography 
(Fu et al. 2006; Su et al. 2011), convective overshooting (Sun 
and Huang 2015), and “Tape-recorder” (Liu et al. 2007; Jiang 
et al. 2015). Because topography and thermal characteristics vary 
between different regions, the transport of chemical compounds 
and aerosols horizontally in the troposphere and vertically from 
the troposphere into the stratosphere is also variable (Jiang et al. 
2007; Wang et al. 2014). Obviously, there are many emission 
sources on the Earth’s surface, but it is unclear what quantity of 
emissions from each region enters the stratosphere.

East Asia, Southeast Asia, Southwest Asia, Europe, Africa, 
South America, North America, and Australia represent regions 
with relatively high concentrations of human life (Fig. 1). Accord
ing to the current observations, it is difficult to estimate the quan-
titative contribution of the respective emissions entering strato-
sphere compared with the total emissions entering stratosphere. In 
an attempt to better understand the movement of emissions from 
these sources into the stratosphere, tracers are released simultane-
ously at the same rate from all regions in the Whole Atmosphere 
Community Climate Model version 4 (WACCM4). Shu et al. 
2010 showed that the WACCM model could effectively and cor-
rectly simulate tracer transport in the atmosphere compared with 
observed mass transport. In this study, WACCM4 is used to esti-
mate the movement of surface emissions into the stratosphere, and 
then to investigate the respective contributions of these regions 
to the total emissions that enter the stratosphere. One tracer is 
released per region; i.e., eight tracers in total. Fig. 1 shows tracer 
source regions and discharge sites. These eight regions do not 
include all emission sources on Earth, but basically encompass the 
primary areas with the highest surface emissions.

2. Method, model and experimental design

WACCM4 (Marsh et al. 2013) has 66 vertical levels extending 
from the ground to 4.5 × 10−6 hPa (ca. 160 km geometric altitude), 
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To produce constant emissions quantities in each source region, 
we set the emission quantity to 1/cosθ kg/kg/m2 in each model 
column. The total emission quantity of each region can thus be 
represented as 1/cosθ kg/kg/m2 × (lat × lon × cosθ) = lat × lon 
kg/kg/m2. Thus, the amount of tracer discharged from each source 
is the same. 

To confirm the validity of tracer release in the model, Fig. 2 
shows the spatial distribution of tracer released from the South-
east Asia source region in the MAM experiment, with tracers 
discharged on March 1. This shows emissions patterns at the 
surface (1000 hPa), 200 hPa, and 85 hPa, after tracers have been 
discharged for 2, 5, and 20 days, respectively. The Southeast Asia 
tracer can’t found above 200 hPa only after 2 days have lapsed 
(Figs. 2a, b, c); on the fifth day, it appears at 200 hPa (Figs. 2d, e, f);  
and after 20 days, it is found at 85 hPa (Figs. 2g, h, i). Figure 2 
illustrates that tracer release and transport is consistent with the 
basic physical characteristics of atmospheric mass transport. To 
further ensure the simulated mass transported by WACCM is 
rational, the simulated vertical transport of CO is compared with 
observation. Figure 3 shows the CO variations in the stratosphere 
from 2005 to 2010 from simulation and observation. It is found 
that the simulated vertical transport of CO (Fig. 3b) is in agree-
ment with that of observation (Fig. 3a).

3. Results

To investigate the seasonal contribution of tracers from dif-
ferent source regions to the total entering the stratosphere, Table 
2 shows the proportion of a tracer from its region that enters the 
stratosphere during each 3-month season compared with the total 
quantity of all tracers entering the stratosphere. In MAM, for the 
total tracer enters the stratosphere, Southeast Asia accounts for 
32.2%, Australia accounts for 17.2%, Southwest Asia is 14.0% 
and Africa both is 13.6%, East Asia is 8.0%, North America is 
6.9%, South America is 5.7%, 2.3% for Europe. In JJA, Southwest 
Asia accounts for 47.6%, 16.7% for Southeast Asia and 14.2% for 
East Asia, Africa is 7.0%, Europe is 4.8% and North America each 
is 4.2%, South America and Australia both are 2.7%. In SON, 
Southeast Asia, South America, Australia, Southwest Asia, Africa, 
North America, East Asia and Europe respectively account for 
25.6%, 23.1%, 12.8%, 11.0%, 10.7%, 7.7%, 6.4% and 2.6%. In 
DJF, Southeast Asia is 28.6%, Australia is 24.0%, East Asia and 
South America each accounts for 9.4%, Africa 8.8%, Southwest 
Asia is 8.2%, North America is 7.8% and 3.9% for Europe.

Summary of Table 2, in MAM, the Southeast Asia tracer con-
tributes ~⅓ of total tracers entering the stratosphere and Australia 
contributes ~¼. In JJA, Southwest Asia contributes ~½ of the 
total, which is far more than the contribution of all other source 
regions. It is agree with previous study (Yan and Bian 2015). In 
SON, Southeast Asia and South America each account for ~¼ of 
the total tracer budget. In DJF, Southeast Asia and Australia each 
account for ~¼ of all tracers entering the stratosphere.

To compare the quantities of tracers that enter the stratosphere 
from different surface sources, Table 3 shows the proportion of 
a tracer entering the stratosphere compared with its total release 
from its region during each season. In MAM, 2.8% of the total 
Southeast Asia tracer enters the stratosphere compared with 
1.2%−1.5% for Australia, Southwest Asia, and Africa tracers. 
For East Asia, Europe, South America, and North America, only 
0.2%−0.7% of total tracers reach the stratosphere in the MAM 
experiment. In JJA, 2% of the total Southwest Asia tracer reaches 

with a vertical resolution of 1.1−1.4 km in the tropical tropopause 
layer and the lower stratosphere (< 30 km). The simulations 
presented in this paper were performed at a resolution of 2.5° × 
1.9° (longitude × latitude). Observational SST and sea-ice datasets 
used in the model were obtained from the Meteorological Office, 
Hadley Centre for Climate Prediction and Research (Rayner et al. 
2003). Fixed greenhouse gas (GHG) values used in the model 
radiation scheme are based on emissions scenario A2 of the Inter-
governmental Panel on Climate Change, which uses average GHG 
values for the period 1980−2010. Quasi-biennial oscillation (QBO) 
phase signals with a fixed period of 28 months are included in 
WACCM4 as an external forcing for zonal wind. 

The WACCM4 is run for a five-year spin-up period before the 
tracers are emitted. To investigate tracer transport in the March, 
April and May (MAM), the eight tracers are discharged on March 
1 in the sixth model year and continually discharged for three 
months. It is E1-MAM (E1 is experiment 1, MAM is the emission 
time). Because emissions transport varies between seasons, exper-
iments are also performed for June, July and August (E1-JJA), 
September, October and November (E1-SON), and December, 
January and February (E1-DJF). The tracers are discharged on 
June 1, September 1, and December 1, and then continually dis-
charged for three months. A description of the experimental design 
for all seasons is provided in Table 1. Based on these experiments, 
it is possible to determine how much of the tracer could transport 
into the stratosphere during one season emitting of this tracer. To 
avoid the influence of different QBO phases on model results, 
three other experiments are also performed in which tracers are 
discharged during four months of the seventh (E2), eighth (E3) 
and ninth (E4) model years. The results will be obtained by (E1 + 
E2 + E3 + E4)/4 which represents the averaged situation.

In this study, the emission quantity of each tracer is same. 
This study will quantitatively evaluate the proportion of surface 
emissions from different regions transported into the stratosphere. 
According to these results, if local emissions are measured, it is 
possible to evaluate the delivery of local chemical species to the 
stratosphere. Source region areas in Fig. 1 are calculated accord-
ing to: lat × lon × cosθ, where lat is the latitude range, lon is the 
longitude range and θ is the latitude degree of the model column. 
Each source region has the same latitude and longitude range. 

Fig. 1. Eight regional emission sites used in model simulations, denoted 
AU (Australia), EA (East Asia), SEA (Southeast Asia), SWA (Southwest 
Asia), EP (Europe), AF (Africa), SA (South America), and NA (North 
America).

Table 1. The experimental design in E1, E2, E3 and E4. Same as E1, except that the tracers discharged in seventh, eighth and ninth model years, respectively

E1- MAM E1-JJA E1-SON E1-DJF

Eight tracers synchronously released 
at the same rate

Same as E1-MAM Same as E1-MAM Same as E1-MAM

Tracers discharged on March 1 in the sixth model 
year and continually discharged for three months

Same as E1-MAM, but Tracers 
discharged on June 1

Same as E1-MAM, but Tracers 
discharged on September 1

Same as E1-MAM, but Tracers 
discharged on December 1
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the stratosphere compared with less than 1% of tracers from all 
other source regions. In SON, 2% of total Southeast Asia tracer 
enters the stratosphere compared with 1.0%−1.5% for Australia, 
Southwest Asia, and South America. For East Asia, Europe, 
Africa, and North America, less than 1% of total tracers reach the 
stratosphere in the SON experiment. In DJF, 4.9% of total South-
east Asia tracer and 4.1% of total Australia tracer are transported 
into the stratosphere. The proportions of tracers entering the 
stratosphere from other regions are also high (1.4%−1.6%), except 
for Europe (0.6%).

In Table 3, the rightmost column shows the average percent of 

Fig. 2. The spatial distribution of tracers from Southeast Asia (E1-MAM) at the surface after tracers have been discharged for (a) 2 days, (d) 5 days, and (g) 
20 days, respectively. (b), (e), and (h) are as above but for 200 hPa; (c), (f ), and (i) are as above but for 85 hPa. The contour level is 0.04 kg/kg.

Fig. 3. The (a) MLS and (b) modeled zonal mean CO anomalies aver-
aged over the latitude band 10°N−10°S. The modeled CO anomalies are 
weighted by MLS averaging kernels. The anomalies here are defined as 
detrended CO time series with 6yrs mean removed from the original time 
series. Note that only 6 years of model data are shown since the MLS CO 
observations cover years from 2005 to 2010.

Table 2. The proportion of a tracer from its region that enters the strato-
sphere during each 3-month season compared with the total quantity of all 
tracers entering the stratosphere. The results are obtained by (E1 + E2 + 
E3 + E4)/4.

MAM JJA SON DJF

Australia
East Asia
Southeast Asia
Southwest Asia
Europe
Africa
South America
North America

17.2%
8.0%

32.2%
14.0%
2.3%

13.6%
5.7%
6.9%

2.7%
14.2%
16.7%
47.6%
4.8%
7.0%
2.7%
4.2%

12.8%
6.4%

25.6%
11.0%
2.6%

10.7%
23.1%
7.7%

24.0%
9.4%

28.6%
8.2%
3.9%
8.8%
9.4%
7.8%

*	The stratosphere is defined as lapse rate tropopause to 0.1 hPa in the 
study. Calculation of the tropopause based on the model output’s air tem-
perature.

Table 3. The proportion of a tracer entering the stratosphere compared with 
its total release from its region during each 3-month season. The rightmost 
column shows the average percent of a tracer that enters the stratosphere. 
The lowest line shows the average percent of all tracers entering the strato-
sphere in 3-month season. The results are obtained by (E1 + E2 + E3 + 
E4)/4.

MAM JJA SON DJF Average

Australia
East Asia
Southeast Asia
Southwest Asia
Europe
Africa
South America
North America
Average

1.5%
0.7%
2.8%
1.2%
0.2%
1.2%
0.5%
0.6%
1.1%

0.1%
0.6%
0.7%
2.0%
0.2%
0.3%
0.1%
0.2%
0.5%

1.0%
0.5%
2.0%
0.9%
0.2%
0.9%
1.8%
0.6%
1.0%

4.1%
1.6%
4.9%
1.5%
0.6%
1.5%
1.6%
1.4%
2.1%

1.7%
0.9%
2.6%
1.4%
0.3%
1.0%
1.0%
0.7%
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a tracer that enters the stratosphere. The highest annual proportion 
of total tracer that enters the stratosphere is from Southeast Asia 
(2.6%), followed by Australia (1.7%), Southwest Asia (1.4%), 
Africa (1.0%), South America (1.0%), East Asia (0.9%), North 
America (0.7%), and Europe (0.3%). The bottom values in Table 
3 shows the average percent of all tracers entering the stratosphere 
in 3-month season. The quantity of tracers entering stratosphere is 
highest in DJF (2.1%), followed by MAM (1.1%), SON (1.0%), 
and JJA (0.5%).

The variations of total quantity of tracers with time in the 
stratosphere are shown in Fig. 4. It illustrates that, in spring, the 
tracer from Southeast Asia is the fastest into the stratosphere 
and the tracer from Europe is the slowest (Fig. 4a). Asia summer 
monsoon influences the tracer transport in summer. Figure 4b 
shows that the speed of the tracer from Southwest Asia entering 
stratosphere is very fast. Tracer from South American has the 
slowest speed. In the first two months of autumn, the speed of 
the tracer from South American is much faster than other tracers 
(Fig. 4c). However, in the third month of autumn, the tracer from 
Southeast Asia is the fastest entering stratosphere. In winter, the 
speeds of tracers from Southeast Asia and Australia are very fast 
(Fig. 4d). The speeds of different tracers coming into stratosphere 
are corresponding to the results from Tables 2 and 3.

4. Conclusions and discussions

Because tropospheric masses primarily enter the stratosphere 
over the maritime continent (Sherwood 2000; Sherwood and 
Dessler 2001; Hosking et al. 2012), the contribution of Southeast 
Asia emissions to the total entering the stratosphere is very large 
during all seasons. In JJA, the contributions of Southwest Asia and 
Southeast Asia are much larger than other regions due to the Asian 
summer monsoon. A previous study pointed out that tropospheric 
pollutants transported into the stratosphere by the Asian summer 
monsoon possibly from China (Hofmann et al. 2009). Our result 
suggests that the tropospheric pollutants tend to originate from 
Southwest Asia and Southeast Asia. In SON, it is interesting to 

note that the tracer from South America has the same contribution 
to total stratospheric emissions as that from Southeast Asia. 
BD circulation is strongest in DJF, which leads to the enhanced 
delivery of tracers to the stratosphere in DJF compared with other 
seasons. In DJF (Southern Hemisphere summer), Australia emis-
sions to the stratosphere are comparable with Southeast Asia, and 
may be associated with the Australian summer monsoon (Li et al. 
2012). 

It must be pointed out that chemical loss and the physical 
subsidence of mass are not considered in the simulations. The 
interactive chemistry is disabled in WACCM4. Thus, the results 
may overestimate the quantity of very short-lived or heavy species 
entering the stratosphere.
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