
1.  Introduction
The tropopause, as the unique region between the troposphere and the stratosphere, located between 200 
and 50 hPa (12–16 km above sea level) (Hoinka, 1997; Holton et al., 1995), plays an important role in the 
transport of materials from the troposphere to the stratosphere (Dessler et al., 2013; Fu et al., 2006; Randel 
& Jensen, 2013). Satellite observations have indicated trace gas originating from troposphere can be detect-
ed in the tropopause (Kar et al., 2004; Park et al., 2004; Randel et al., 2010). However, the observations of 
the troposphere aerosols by satellites were very sparse in the early days, and only the simulations showed 
that aerosols can be transported to the troposphere through the Tibetan Plateau (TP) (Li et al., 2005). With 
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite was launched 
in 2006 (Winker et al., 2009), the study of the tropopause aerosol layer (TAL) was confirmed and devel-
oped. The existence of a TAL spanning the Middle East to East Asia between 13 and 18  km called the 
Asian tropopause aerosol layer (ATAL) in summer was discovered by the CALIPSO observations (Vernier 
et al., 2011, 2015), which has greatly promoted the studies in this subject.

The dynamics of the TAL formation is a widely concerned issue. Previous studies noted concentration 
of ATAL during the Asian Summer Monsoon (ASM) period is significantly stronger than that during the 
premonsoon period (Frey et al., 2015; Lau et al., 2018; Yuan et al., 2019), and many studies have identified 
strong updrafts and deep convections during the ASM period are important factors in the formation of the 
ATAL (Fadnavis et al., 2013; Neely et al., 2014; Pan et al., 2016; Vogel et al., 2015; Yu et al., 2015). In addition, 
the transport pathway of TAL is also widely discussed. In many studies, the TP is considered as a transport 
pathway due to its strong updrafts (Bian et al., 2020; Fadnavis et al., 2013; Lau et al., 2018; Legras & Buc-
ci, 2020; Tissier & Legras, 2016), Lau et al. (2018) highlighted the Himalayas-Gangetic Plain over the south-
ern TP and the Sichuan Basin over the eastern TP are transport pathways due to the deep convections. As 
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for the origin of the TAL, some studies suggested that India, the TP, southwestern China, and Southeast Asia 
are the sources of the ATAL (Bergman et al., 2012; Fadnavis et al., 2014; Fairlie et al., 2020; Park et al., 2009; 
Vogel et al., 2015; Wen et al., 2021). However, due to most studies on aerosols transport to the tropopause 
focused on the regions around the TP, other possible transport pathways of the TAL are unclear. In addition, 
the contribution of different aerosol sources to the TAL has not been quantified.

Previous studies have found that dust aerosol is a component of the TAL, and some of them showed that 
dust aerosol is the dominant aerosol by mass in the TAL (Bossolasco et al., 2021; Fadnavis et al., 2013; Gu 
et al., 2016; Lau et al., 2018; Ma et al., 2019; Xu et al., 2015; Yuan et al., 2019). Satellite observations have 
revealed dusts can circle around the Northern Hemisphere in the upper troposphere (Chao et al., 2018). 
Combining satellite observations and simulations, it has been observed that dusts originating from Tak-
limakan Desert can be lofted to around 8–10 km above the surface and transported through a full circuit 
around the globe (Uno et al., 2009). These results suggest that the tropopause dust layer is over a global 
scale, therefore, in this study, we focus on the transport pathways and formations of the global tropopause 
dust layer (GTDL).

This study aims to quantify the contributions of the main dust sources to the GTDL and to search for new 
transport pathways. Using the coupled Nonhydrostatic ICosahedral Atmospheric Model (NICAM), we sep-
arated the dusts originating from different sources and obtained the spatial distributions and profiles of 
dust mass concentration for each dust source. Based on the 3D distributions of dust mass concentration, 
we identified new transport pathways besides the TP. In addition, the dust mass concentration proportions 
of different dust sources in vertical layers are calculated, which allows to better understand the variation 
of dust originating from each dust source in the vertical direction and to quantify their contributions to the 
GTDL.

2.  Materials and Methods
2.1.  Satellite Observations and Reanalysis Data

The daily combined Dark Target and Deep Blue aerosol optical depth (AOD) at 550 nm (Remer et al., 2005) 
with a horizontal resolution of 1° × 1°, observed by the Moderate Resolution Imaging Spectroradiometer 
(MODIS) aboard the Terra satellite (MOD08_D3), is used to evaluate the simulated AOD in the summer 
of 2008. The 3-hourly three-dimensional dust mixing ratio with a horizontal resolution of 0.5° × 0.625° 
latitude-longitude and with 72 vertical levels obtained from the Modern-Era Retrospective Analysis for 
Research and Applications, version 2 (MERRA-2) reanalysis (Randles et al., 2017) is used to evaluate the 
simulated dust mixing ratio in the summer of 2008.

2.2.  Experimental Setup

The NICAM coupled online with the Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS) 
(Satoh et al., 2008, 2014; Suzuki et al., 2008; Tomita & Satoh, 2004) is used to detect new transport pathways 
and quantify the contributions of different dust sources to the GTDL. (The detailed model description in 
Text S1 in Supporting Information S1.) The dust emission coefficients and critical values of soil moisture 
around the main global deserts are set depending on 10 regions (Figure S1 in Supporting Information S1) in 
the model, combined with the near-surface wind speed, the vegetation, and leaf area index, to calculate the 
dust emissions (Dai et al., 2018). Using the normal dust emission coefficients (Table S1 in Supporting In-
formation S1), the control experiment was carried out to evaluate the accuracy of the NICAM (Text S2 and 
Figures S2 and S3 in Supporting Information S1). According to the spatial distribution of dust AOD in the 
control experiment (Figure S2d in Supporting Information S1), we selected four main dust sources to ana-
lyze their contributions to the GTDL. By only retaining the dust emission coefficients of regions 2, 4, 6, and 
7, respectively, and setting the dust emission coefficients of other regions to 0, the individual dusts originat-
ing from North Africa (NAF), Middle East (ME), Northwestern East Asia (NWEA), and Indian Peninsula 
(IND) are obtained correspondingly (Figure S4 in Supporting Information S1).
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3.  Results
3.1.  Distributions and Attributions of the GTDL

As shown in Figures 1a and 1b, the existence of an extensive GTDL which is centered on North Africa to 
East Asia and expands globally can be found in both reanalysis data and the simulation, and as indicated by 
the spatial distributions of averaged dust mass concentration during the summer of 2008, dusts originating 
from different sources are found at 100 hPa (Figures 1c–1f). High mass concentrations of dusts originating 
from ME and IND at 100 hPa are found spanning NAF, ME, IND, and East Asia, with the high-value centers 
appear the southwestern slope of the TP (Figures 1c and 1d). The dusts originating from NWEA show a 
complete encirclement of the globe with relatively low mass concentrations (Figure 1e). For the dusts from 
NAF, the mass concentrations at 100 hPa are the smallest among the four dust sources. However, as shown 

Figure 1.  Spatial distributions of the dust mass concentration. Spatial distributions of the average dust mass concentration (μg kg−1) at 100 hPa (a) derived 
from Modern-Era Retrospective Analysis for Research and Applications, version 2 (MERRA-2) and (b) simulated by Nonhydrostatic ICosahedral Atmospheric 
Model (NICAM) during the summer of 2008. (c) The average mass concentration of dusts originating from Middle East (ME) at 100 hPa simulated by NICAM 
during the summer of 2008. (d), (e), and (f) Same as (c), but for mass concentrations of dusts originating from Indian Peninsula (IND), Northwestern East Asia 
(NWEA), and North Africa (NAF), respectively.
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in Figure 1f, two dust mass concentration centers can be found over the southern slope of the TP and the 
Rocky Mountains, which are different from dusts from other sources.

The spatial distributions of dust mass concentrations at 150 hPa are different from those at 100 hPa. In 
addition to a high-value center similar to 100 hPa, the dusts originating from ME at 150 hPa also with a 
high-value center located over Central Africa (Figure S5a in Supporting Information S1). For dusts orig-
inating from IND, the spatial distribution of mass concentrations at 150 hPa is almost identical to that at 
100 hPa (Figure S5b in Supporting Information S1). Dusts originating from NWEA are transported eastward 
with the center of the north TP, and these dusts cross the Pacific Ocean to North America and even cover 
the globe at 150 hPa (Figure S5c in Supporting Information S1). Similar to the spatial distributions of dust 
mass concentrations at 100 hPa, dusts originating from NAF at 150 hPa are also divided into two regions, 
one from North Africa to East Asia and the other coves Central Africa to the Americas, with the Rocky 
Mountains and Central Africa as the centers (Figure S5d in Supporting Information S1).

3.2.  Formation and Transport Pathways of the GTDL

The distributions of dust mass concentration at tropopause closely attribute to the atmospheric circulations, 
the distributions of dust mass concentration at lower layers and the vertical velocities. As indicated in Fig-
ure 61 in Supporting Information S1, under the influence of the Indian monsoon and the equatorial easterly 
winds, dusts originating from ME are transported eastward to the southern slope of the TP and westward to 
Africa at 600 hPa, respectively. The transport of dusts originating from IND is similar to that of dusts origi-
nating from ME. However, compared with ME, the location of IND is easterly and dust mass concentrations 
are lower, the transport of dusts from IND to Africa is weaker than that from ME (Figure S6b on Support-
ing Information S1). Dusts originating from NWEA are mainly transported eastward by the westerly wind 
belt, small amounts of dusts can be transported to the eastern slope of the TP with the northwesterly winds 
(Figure S6c in Supporting Information S1). The spatial distributions of horizontal circulations and dusts 
originating from NAF at 600 hPa are presented in Figure S6d in Supporting Information S1, indicating most 
of the dusts are transported across the Atlantic to the Americas by the equatorial easterly winds, and small 
amounts of dusts are transported to Europe and Asia by the westerly belt and the Indian monsoon, some of 
them can reach the southern slope of the TP (Figure S6d in Supporting Information S1).

The distributions of dust mass concentration in the lower layer indicate that dusts originating from these 
four dust sources can be transported to the regions around the TP with different mass concentrations. Ac-
cording to the longitude-height sections along 30°N (Figures 2a–2d), significant high dust mass concen-
tration regions through the surface to the tropopause are detected over the southwestern slope of the TP, 
implying the southwestern slope of the TP is an important transport pathway for dusts transported from 
sources to the tropopause (the purple rectangles in Figure 2). The dust source of IND is closest to the south-
western slope of the TP and the dusts originating from IND can be transported to the southwestern slope of 
the TP with the most substantial concentrations (Figure S6b in Supporting Information S1 and Figure 2b), 
therefore, the corresponding transport of dusts from surface to the tropopause through this transport path-
way is the largest and the vertical layer that dusts can reach is the highest (Figure 2b). The dusts originating 
from ME are similar to those from IND; however, the distance between ME and the TP is farther than that 
between IND and the TP, the mass concentration of dusts reaching the southwestern slope of the TP is lower 
and the dusts transported from ME to the tropopause through the southwestern slope of the TP is weaker 
(Figure 2a) than those from IND. The transport of the dusts from ME and IND through the southwestern 
slope of the TP to the tropopause corresponds to the high mass concentration centers over the southwestern 
slope of the TP in the spatial distribution of the GTDL at 100 hPa (Figures 1c and 1d).

Due to the obstruction of the TP, small amounts of dusts originating from NWEA can be transported to 
the eastern and southwestern slopes of the TP, and the contribution of dusts originating from NWEA to 
the GTDL through the eastern and southwestern slopes of the TP is relatively small (Figure 2c). Unlike 
dusts originating from other sources, as shown in Figure 2d, dusts originating from NAF are transported to 
the tropopause through two pathways: one is the southwestern slope of the TP and the other is the Rocky 
Mountains (the black rectangles in Figure 2d), which is attributable to dusts transport to these two regions 
at lower layers (Figure S6d in Supporting Information S1) and updrafts in these two regions (Figure S7 in 
Supporting  Information S1 and Figure 2d). The transport of dusts from NAF through the southwestern 
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Figure 2.
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slope of the TP and the Rocky Mountains to the tropopause correspond to the mass concentration centers 
over these two regions in the spatial distribution of the GTDL at 100 hPa (Figure 1f), which indicates the 
Rocky Mountains are also a transport pathway of the GTDL. However, due to the mass concentration of 
dusts transported to the southwestern slope of the TP is small (Figure S6d in Supporting Information S1) 
and the relatively weak updrafts over the Rocky Mountains (Figure S7 in Supporting Information S1), dusts 
transported from NAF to the tropopause is minimal.

Dusts originating from ME transported westward can also be lifted to the tropopause through other trans-
port pathway. The longitude-height section along 10°N (Figure 2e) demonstrates that the dusts transported 
westward from ME to Africa can be lifted to the tropopause by strong updrafts caused by the topography of 
the Ethiopian Plateau (located at 5°–18°N, 30°–50°E, the white rectangles in Figure 2e). As dusts originat-
ing from ME are transported westward and upward with relatively high concentrations, a high dust mass 
concentration center over Central Africa at 150 hPa is formed (Figure S5a in Supporting Information S1 and 
Figure 2e). Dusts originating from IND can also be transported to Africa; however, the mass concentration 
of these dusts is small, so the dusts originating from IND cannot form a high dust concentration center over 
Central Africa at 150 hPa (Figure S5b in Supporting Information S1). Due to the transport of dusts originat-
ing from NAF at lower layer and updrafts over the Ethiopian Plateau and Rocky Mountains, two high mass 
concentration value regions are formed over Central Africa and the Rocky Mountains at 150 hPa (Figure 
S5d in Supporting Information S1 and Figure 2f). According to the sections of the dust mass concentration 
along 10°N (Figures  2e and  2f) and the spatial distributions of the dust mass concentration at 150  hPa 
(Figure S5 in Supporting Information S1), the Ethiopian Plateau is also a transport pathway of the GTDL.

The latitude-height sections along 82.5°E also show that southwestern slope of the TP is a key trans-
port pathway (Figure S8 in Supporting  Information  S1). Furthermore, large amounts of dusts accumu-
late over the northern slope of the TP, but due to the downdrafts over the Taklamakan Desert and the 
relatively weak updrafts over the northern slope of the TP (Figures S7 and S8c in Supporting  Informa-
tion S1), mass concentration of dusts transported through the northern slope of the TP to the tropopause 
is lower than that transported through the southwestern slope of the TP to the tropopause (Figure S8c in 
Supporting Information S1).

3.3.  Contributions of Different Dust Sources to the GTDL

The mass concentration percentages of dusts originating from the four dust sources in different layers are 
presented in Figure 3. Above 150 hPa, the percentage of dusts originating from IND is the largest (the red 
line), followed by those of dusts originating from ME (the orange line) and NWEA (the blue line), and the 
percentage of dusts originating from NAF is the smallest (the black line). The percentages of dust mass 
concentration from different sources in different layers are significantly distinct: the percentage of dusts 
originating from NAF is the largest (40.8%) at 800 hPa, however, the percentage plummets to 0.0% at 75 hPa 
(Figure 3 and Table S2 in Supporting Information S1). In contrast, the percentage of dusts originating from 
IND is 16.9% at 800 hPa, and the percentage surges to the largest (40.3%) at 75 hPa (Figure 3 and Table S2 in 
Supporting Information S1). This large variation is the result of the different distances between the different 
dust sources and the transport pathways. Although the mass concentration of dusts originating from NAF 
is largest at lower layers, the TP and the Rocky Mountains are both far from NAF, so only small amounts of 
dust aerosols can reach these two transport pathways after being transported over long distances, causing 
the percentage to decrease dramatically in the GTDL. However, other aerosol sources are closer to the trans-
port pathways, even though the mass concentrations of dusts originating from these sources are relatively 

Figure 2.  Longitude-height cross sections of the dust mass concentration and vertical circulations. (a) The average mass concentration (shading; μg kg−1) of 
dusts originating from Middle East (ME) and vertical circulations (vectors; m s−1) along 30°N simulated by Nonhydrostatic ICosahedral Atmospheric Model 
(NICAM) during the summer of 2008. (b), (c), and (d) Same as (a), but for mass concentrations of dusts originating from Indian Peninsula (IND), Northwestern 
East Asia (NWEA), and North Africa (NAF), respectively. (e) Same as (a) but for section along 10°N. (f) Same as (e), but for mass concentrations of dusts 
originating from NAF. The vertical velocity is multiplied by 1,000 to make it comparable to the horizontal wind. The rectangles indicate the locations of the 
transport pathways. The southwestern slope of the Tibetan Plateau (TP), the Rocky Mountains, and the Ethiopian Plateau are represented by the purple 
rectangles, the black rectangles, and the white rectangles, respectively. The purple lines in (a)–(d) denote the 100 hPa layer, and the purple lines in (e)–(f) denote 
the 150 hPa layer.
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low at lower layers, the percentages of them are still high in the GTDL, especially for dusts originating from 
IND.

In addition, we also quantify the contributions of different dust sources to the regional tropopause dust 
layers (TDLs) over the Asian, African, and American continents (Figure S9 in Supporting Information S1) 
where the GTDL mainly distributes. All these four dust sources can contribute to the Asian, African, and 
American TDLs. The contribution of dusts originating from IND to the Asian TDL is the largest (Figure 
S10a in Supporting Information S1). For African TDL, the contribution of dusts originating from ME is 
the largest at 150 hPa (Figure S10b in Supporting Information S1 ), which is consistent with the high-value 
center of dusts originating from ME over Central Africa at 150 hPa (Figure S5a in Supporting Informa-
tion S1). At 100 and 75 hPa, the contributions of dusts originating from IND remain the largest. Unlike the 
TDLs over Asian and African continents, the contributions of dusts originating from NAF to American TDL 
at 150 and 100 hPa are more substantial (Figure S10c in Supporting Information S1), and the contribution of 
dusts originating from NWEA to American TDL is the largest (Figure S10c in Supporting Information S1).

4.  Conclusions
Some studies have analyzed regional TAL using satellite observations, in-situ measurements, and reanalysis 
data (Lau et al., 2018; Vernier et al., 2011; Yu et al., 2017). This study takes a completely different approach 
by separating the dust sources in the model and simulating each one separately, and obtains some novel and 
interesting results. By simulating dust aerosols of each dust source separately, two new transport pathways 
besides the TP are detected and the contributions of different dust sources to the GTDL are quantified. Fig-
ure 4 summarizes the conclusions in this study. The TP is indeed a powerful transport pathway, especially 

Figure 3.  Profiles of the dust mass concentration percentage. (a) Mass concentration percentage (%) of dusts originating from different sources at the vertical 
layers. (b) Mass concentration percentage of dusts originating from Middle East (ME) at the vertical layers. (c), (d), and (e) Same as (b), but for percentage of 
dusts originating from Indian Peninsula (IND), Northwestern East Asia (NWEA), and North Africa (NAF), respectively. Error bars in (b)–(e) correspond to the 
uncertainties. The purple line denotes the 150 hPa layer.
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its southwestern slope. In addition, the Ethiopian Plateau and Rocky Mountains also serve as transport 
pathways. Dusts originating from IND can be transported to the GTDL through the southwestern slope of 
the TP, and the contribution of them to the GTDL at 100 hPa is the largest (Figure 4b). The dust originating 
from ME is the second largest contributor to the GTDL at 100 hPa, and its transport pathways include the 
Ethiopian Plateau and the southwestern slope of the TP (Figure 4a). Dusts originating from NWEA trans-
ported to the GTDL mainly through the southwestern slope of the TP, and the northern and eastern slopes 
of the TP are relatively weak transport pathways (Figure 4c). The contribution of dusts originating from 
NAF to GTDL at 100 hPa is the smallest; however, the transport pathways of NAF are the most, including 
the southwestern slope of the TP, the Ethiopian Plateau, and the Rocky Mountains (Figure 4d).

Distributions of dust mass concentrations at lower layers and topography-induced updrafts are the keys to 
the transport of dusts to the tropopause. Large amounts of dusts at lower layers can be transported to the 
southwestern slope of the TP, where the updrafts are the strongest, causing the southwestern slope of the 
TP to become the strongest transport pathway. The northern slope of the TP also accumulates dust aerosols, 
but it is a weak transport pathway due to its relatively weak updrafts. Similarly, the Ethiopian Plateau is 
also a weak transport pathway. For the Rocky Mountains, only dusts originating from NAF with low mass 
concentrations can be transported here, combining with the weak updrafts, the Rocky Mountains is also a 
weak transport pathway.

The contributions of the dust sources to the GTDL are mainly related to the distances between the dust 
sources and the transport pathways. The dust sources in IND are closest to the southwestern slope of the 
TP, which results in dusts originating from IND can reach the southwestern slope of the TP with the larg-
est mass concentrations; therefore, the contribution of IND to the GTDL is the largest, even though mass 
concentration of dusts originating from IND is small at lower layers. In contrast, mass concentration of 
dust aerosols originating from NAF is largest at lower layers, but the contribution of NAF to the GTDL is 
minimal, due to it is far from the transport pathways.

Figure 4.  Schematic illustration of the dust transport to the global tropopause dust layer (GTDL). Transport of dusts originating from (a) Middle East (ME), (b) 
Indian Peninsula (IND), (c) Northwestern East Asia (NWEA), and (d) North Africa (NAF) to the GTDL. The yellow arrows represent the transport pathways, 
the numbers in the upper left corner represent the contributions of the dust sources to the GTDL at 100 hPa. EP represents the Ethiopian Plateau, SWTP 
represents the southwestern slope of the Tibetan Plateau (TP) and RM represents the Rocky Mountains. The green shadings mean the topographic altitude. The 
purple lines denote the 100 and 150 hPa layers.
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Since the satellite observations and reanalysis data cannot separate the contributions of different dust 
sources to the tropopause dust layers, their results mask weak transport pathways. Therefore, in order to 
better understand the GTDL, it is necessary to divide the dust sources for separate simulations. In addition, 
to obtain evidences of the new transport pathways, the ground observations (Che, Gui, et al., 2019; Che, 
Xia, et al., 2019), and airborne experiments over the transport pathways identified in this study need to be 
conducted. Moreover, Lau and Kim (2006) and Lau et al. (2006) reported that, because of the absorption of 
dusts over northern India, the atmosphere over northern India, and southern TP is heated relative to the 
region to the south, causing an anomalous large-scale circulation with rising motion over northern India 
and sinking motion over the northern Indian Ocean. This anomalous circulation can enhance the vertical 
transport of dust through southwestern slope of the TP, implying a positive feedback between dust parti-
cles and their transport pathways. Therefore, the feedback effects of dust particles on the new transport 
pathways, the Rocky Mountains, and the Ethiopian Plateau, will be also worth discussing in future studies.

Data Availability Statement
The MODIS product can be accessed at (https://ladsweb.modaps.eosdis.nasa.gov/search/order/2/MOD08_
D3--61/2008-06-01..2008-08-31/DB/World). The MERRA-2 reanalysis data were obtained from NASA 
(https://goldsmr5.gesdisc.eosdis.nasa.gov/data/MERRA2/M2I3NVAER.5.12.4/2008/). All model simula-
tion output used for this research can be downloaded from https://zenodo.org/record/5482253#.YTcVS_
nA75k. The code of NICAM model used in this study can get from http://nicam.jp/tutorial/.
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