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Abstract The vertical distribution of aerosols in the upper troposphere (UT) and lower stratosphere is
critical for aerosol‐cloud interactions. Balloon‐borne measurements in Golmud, over the northern Tibetan
Plateau revealed enhanced particle backscatter and number concentrations in the UT and up to 0.5 km above the
tropopause on 27 March 2021. The aerosol surface area distribution near the tropopause (12.47 ± 1 km)
exhibited bimodal peaks at ∼0.2 and ∼2.21 μm, differing from the typical unimodal Asian tropopause aerosol
layer. Backward trajectory calculations demonstrate that a dust storm over Middle East and northeastern Africa
around 24 March transported dust from the lower troposphere to the UT, strongly influencing the observed
aerosol profile in Golmud. These results highlight the long‐range transport of dust aerosols to the UTLS and
their role in modifying vertical aerosol distribution in remote regions.

Plain Language Summary The size distribution of particles in the upper troposphere and lower
stratosphere is important for better understanding how aerosols affect climate and cloud formation. Here,
balloon‐borne instruments (the Compact Optical Backscatter Aerosol Detector and the portable optical particle
spectrometer) were used to measure the vertical distribution of particles over Golmud, on the northern Tibetan
Plateau. On 27 March 2021, we measured an unusual layer of aerosol in the upper troposphere and lower
stratosphere. The aerosols near the tropopause showed a two‐peak size pattern, differing from the Asian
tropopause aerosol layer with single peak. Based on backward trajectories and satellite measurements, the
bimodal distribution was linked to a dust storm in Middle East and northeastern Africa a few days earlier. Our
measurements demonstrate that the vertical transport of dust aerosols from the lower troposphere to the
tropopause region through long‐range transport.

1. Introduction
Aerosols in the upper troposphere and the lower stratosphere (UTLS, ±5 km around the tropopause) exhibit
significantly longer atmospheric lifetimes compared to those in the lower troposphere (Deshler, 2008; Hamil
et al., 1997; Hirsch & Koren, 2021). Once transported into the UTLS, aerosols can undergo long‐range transport
driven by large‐scale dynamical circulation, influencing Earth's radiation balance and contributing to the direct
radiative effect, thereby exerting a notable impact on the climate system (Kok et al., 2017). Dust aerosols is one of
the dominant aerosol types in the UTLS (Zhu et al., 2021). These dust aerosols are mainly generated from deserts,
including the Sahara, Thar, Taklamakan, and Gobi deserts (Chen et al., 2023). Among these, the Indian Peninsula
is the largest source of dust aerosol near the tropopause, followed by the Middle East, together accounting for
more than half of the dust observed near the tropopause (Zhu et al., 2021). Dust particles originating from the
Taklamakan and Gobi deserts show size‐dependent atmospheric transport behaviors: coarse particles typically
settle near the surface, while fine particles can ascend to the middle and upper troposphere and be transported over
long distances by the prevailing westerly jet (Huang et al., 2008; Xu et al., 2018). Dust aerosols are primary ice
nuclei particles involved in cirrus cloud formation (Pan et al., 2019). Dust particles transported into the middle‐
upper troposphere can act as ice nuclei, contributing to ice cloud formation and thereby indirectly in modulating
radiation and precipitation patterns (Creamean et al., 2013). Observational evidence from a high altitude station in
Switzerland demonstrated that ice nuclei concentrations increased by one or two orders of magnitude during
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Saharan dust events of varying intensities (Brunner et al., 2021). Additionally, dust‐veiled cloud layers can be
uplifted to altitudes of approximately 8–10 km in the upper troposphere and transported globally (Uno
et al., 2009). Furthermore, dust aerosols contribute to atmospheric heating through direct radiative absorption in
the middle troposphere (Huang et al., 2009, 2014). Therefore, accurately quantifying the vertical size distribution
of dust aerosols is essential for assessing their climatic effects.

Measurements data on the vertical distribution of dust aerosols in the upper troposphere remain limited. Satellite
missions such as CALIPSO (Cloud Aerosol LiDAR and Infrared Pathfinder Satellite Observations) have provide
valuable insights into the vertical structure of aerosols. While the CALIOP (Cloud Aerosol LiDAR with
Orthogonal Polarization) offered dust layers with high vertical resolution, its narrow swath width restricted global
spatial coverage. Furthermore, the CALIOP mission ended in August 2023. Furthermore, CALIOP exhibited
limited sensitivity to thin aerosols plumes, such as the volcanic plume from the Hunga Tonga eruption, which was
observed at ∼24 km over Lijiang, China, using in‐situ balloon‐borne measurements (Bian et al., 2023). The
ground‐based LiDAR networks and aircraft platform are indispensable for aerosol monitoring (De Mazière
et al., 2018). Lidar‐based measurements of stratospheric aerosols have been conducted for nearly five decades,
beginning in 1976 (Trickl et al., 2024). The NASA Atmospheric Tomography Mission (ATom) using airborne
instruments collected aerosol data from 0.2 to 12 km altitudes over the Pacific and Atlantic oceans from 2016 to
2018 (Froyd et al., 2022). The upper‐air aircraft campaign was conducted in South Asia to investigate the Asian
Tropopause Aerosol Layer (ATAL) (Vogel et al., 2024). These measurements provided the particle size vertical
distributions in the upper troposphere. This study focuses on the UTLS region extending from 5 km below to 5 km
above the tropopause.

The Tibetan Plateau, characterized by its strong thermodynamic forcing and elevated terrain, acts as an important
pathway for troposphere‐to‐stratosphere transport (Bian et al., 2020). High dust aerosol optical depth in the upper
troposphere has been measured downstream of the Tibetan Plateau based on CALIOP measurements (Xu
et al., 2018). Dust aerosols are typically transported to the mid‐troposphere over dust source regions and sub-
sequently uplifted to the upper troposphere by prevailing winds over the Tibetan Plateau. Furthermore, fine dust
aerosols originating from the Taklamakan Desert can be uplifted into the lower stratosphere via vertical transport
processes driven by the convergence of northerly and southerly airflow systems over the Tibetan Plateau (Yang
et al., 2014; Zhang et al., 2015).

This study, we explore the vertical size distribution of aerosols in the UTLS under the influence by a dust storm
event over the northeastern Africa. First, the measured data was described. Then the vertical characteristics of
aerosol backscatter ratio, number concentration, and size‐distribution are shown. Last, the trajectory calculations
confirm the dust storm contribution.

2. Data and Methods
The Sounding Water vapor, Ozone, and Particle (SWOP) campaign has been conducted by the Institute of At-
mospheric Physics, Chinese Academy of Sciences over the Tibetan Plateau during the summer monsoon period
(mid‐June to early September) from 2009 to 2019 (Bian et al., 2012, 2023; Li et al., 2017; Ma et al., 2022; Yang
et al., 2023). To investigate the annual variability of aerosol layers near the tropopause over the Tibetan Plateau,
balloons were launched monthly at Golmud (36.48°N, 94.93°E, 2,780 m above sea level (a.s.l.)) from May 2020
to September 2021, and again throughout 2023.

The balloon payloads included an iMet radiosonde, an electrochemical concentration cell (ECC) ozonesonde
(Komhyr et al., 1995), a cryogenic frost point hygrometer (CFH) (Vömel et al., 2007, 2016), and a Compact
Optical Backscatter Aerosol Detector (COBALD, Switzerland) (Brunamonti et al., 2018; Hanumanthu
et al., 2020). The temperature profile obtained from the iMet radiosonde is selected to determine the height of the
temperature lapse rate tropopause. According to the World Meteorological Organization (WMO, 1957), the
tropopause is defined as “the lowest level at which the lapse rate decreases to 2°C km− 1 or less, provided also the
average lapse rate between this level and all higher levels within 2 km does not exceed 2°C km− 1.” The back-
scatter ratio (BSR) from COBALD is retrieved from Equation 1, where βm is the molecular backscatter coeffi-
cient, and βp is the particle backscatter coefficient. The color index (CI), defined by Equation 2, provides the
particle size information. The high CI (>10), relative humidity over ice (RHiFP) from CFH exceeding 70%, and
BSR940nm (>∼2) typically indicate the occurrences of large ice particles (Yang et al., 2023). In contrast, aerosol
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layers are typically identified under cloud‐free conditions when BSR455nm is
greater than ∼1.025 and RHiFP remains below 70% (Brunamonti et al., 2018;
Hanumanthu et al., 2020).

BSR =
βm + βp

βm
(1)

CI =
BSR940nm − 1
BSR455nm − 1

(2)

This study used the COBALD BSR profiles on 2 November, 24 November,
22 December in 2020, 2 February, 3 March, and 27 March in 2021. Addi-
tionally, on 2 August, 24 November in 2020, 2 February, 27 March in 2021, a
portable optical particle spectrometer (POPS) (Gao et al., 2016) was added to
the payloads to investigate aerosol size distributions. More detailed infor-
mation is provided in Table 1. When data collected via the iMet radiosonde,
only 8 discrete bins with diameters (D in μm) of 0.122, 0.144, 0.176, 0.225,

0.416, 0.615, 1.271, 2.055, and 3.394 were available from the POPS instrument. Due to uncertainties associated
with instrument errors, the minimum bin (0.122–0.144 μm) was excluded from this analysis. However, if the
POPS instrument was recycled, the raw data could be re‐binned to higher resolution. In this study, 23 size bins
were also used to better resolve and highlight the vertical distribution of particle sizes on 27 March 2021.

The size and surface area distribution (SAD) functions in logarithmic base‐10 are defined as follows:

dN
dlog(D)

=
dN
dD

× D × ln(10) (3)

dA
dlog(D)

=
dN
dD

× π × D3 × ln(10) (4)

Where N is the particle number concentration (cm− 3), and D is the particle diameter (μm). The size distribution
function is typically expressed in units of particles cm− 3, while the surface area distribution is expressed in
μm2 cm− 3.

The CALIOP onboard the CALIPSO was launched on 28 April 2006. The CALIOP level 2 vertical feature mask
(VFM) data V4.21 was used in the study. The VFM product provides feature classification including cloud,
aerosol, clear sky, and no signal categories (Winker et al., 2013). Tropospheric aerosol subtypes were further
distinguished bases on their backscatter signal and depolarization ratio.

The Chemical Lagrangian Model of the Stratosphere (CLaMS) trajectory module (Pommrich et al., 2014; Vogel
et al., 2024) was used to calculate backward trajectories along the balloon's ascent track for air parcels over
Golmud from the surface to 14 km. Trajectory simulations using CLaMS have previously been applied to
investigate transport process over the Asian monsoon anticyclone using ERA5 reanalysis data (Clemens
et al., 2024; Li et al., 2020; Vogel et al., 2023) as well as its predecessor ERA‐Interim data (Vogel et al., 2015,
2019). The model accounts for isentropic advection, cross‐isentropic transport, and vertical mixing, making it
well suited for simulating tracer transport in the UTLS. The CLaMS model uses a hybrid vertical coordinate: an
isentropic for pressure levels lower than 300 hPa and pressure‐based. The model was driven by ERA5 reanalysis
data in 1° × 1° horizontal resolution (Hersbach et al., 2020; Hoffmann et al., 2019).

3. Results and Discussion
3.1. Vertical Distribution of Dust Aerosols in the UTLS

Figure 1 shows the vertical distribution of the backscatter ratio measured by COBALD blue (455 nm) and infrared
(940 nm) channels, relative to the temperature lapse‐rate tropopause (trop: 12.47 km). On 27March 2021, both the
blue and infrared backscatter ratios (Figures 1a and 1b) increased significantly in the upper troposphere compared
to the mean value which was calculated based on COBALD measurements on 2 November, 24 November,

Table 1
This Study Includes Balloon Launches in Golmud During 2020 and 2021

Date Instruments Properties

2 Aug. 2020 ECC + CFH + COBALD + POPS ATAL

2 Nov. 2020 ECC + CFH + COBALD BSR (mean)

24 Nov. 2020 ECC + CFH + COBALD + POPS

22 Dec. 2020 ECC + CFH + COBALD

2 Feb. 2021 ECC + CFH + COBALD + POPS

3 Mar. 2021 ECC + CFH + COBALD

27 Mar. 2021 ECC + CFH + COBALD + POPS Dust

Note. ECC, electrochemical concentration cell; CFH, cryogenic frost point
hygrometer; COBALD, Compact Optical Backscatter Aerosol Detector;
POPS, portable optical particle spectrometer; BSR, backscatter ratio; ATAL,
Asian Tropopasue Aerosol Layer.
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22 December 2020, 2 February, and 3 March 2021. The observed profile on 27 March suggests the occurrence of
cirrus clouds in the upper troposphere and 0.5 km above the tropopause over Golmud during spring, with
BSR940nm exceeded 2. Identifying aerosols within ice clouds is often challenging when relying solely on
COBALD backscatter measurements. However, on this occasion, the POPS instrument was carried out on
27 March 2021 and recycled, provided a unique opportunity to probe aerosol size distributions even within cirrus
layers.

The POPS measurements on 27 March 2021 in Golmud also show a significant aerosol layer in the upper
troposphere and 0.5 km above the tropopause compared to the profiles observed on 2 August 2020 (the Asian
tropopause aerosol layer in Summer), on 24 November 2020 and 2 February 2021 (clear‐sky in Spring). The
number concentration of particles in the upper troposphere reached approximately 100 cm− 3, then decreased with
increasing altitude (Figure 2a). The particles number concentration decreased to 50 cm− 3 near the tropopause, but

Figure 1. Vertical profiles of particles backscatter ratio (BSR) at 455 nm (a) and 940 nm (b). In (a), relative humidity over ice
(RHiFP, green), and color index (CI, purple) along with the tropopause (12.47 km)‐relative altitude (Altitude ‐trop) measured
over Golmud on 27 March 2021. The black lines represent the mean backscatter profile at 455 nm (a) and 940 nm (b).

Figure 2. Vertical profiles for aerosol number concentration (a) at Golmud on 2 August 2020, 24 November 2020, 2 February
2021, and 27March 2021, measured by POPS with the altitude relative to the temperature lapse‐rate tropopause. Aerosol size
distribution across 7 bins measured by POPS on 27 March 2021 (b).
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is slightly higher than the value of 35 cm− 3 observed at Golmud during the
Asian SummerMonsoon period in 2018 (Zhang et al., 2019), but substantially
lower than the 180 cm− 3 at Qaidam in 2019, that was partially influenced by
volcanic plume (Zhang et al., 2020). As shown in Figure 2b, the aerosol size
distribution in the UTLS was predominantly composed of particles with di-
ameters below 0.416 μm. The particles number concentration in the 0.144–
0.176 μm diameter range exceeded 10 cm− 3 in the upper troposphere, while
the concentration of particles larger than 0.416 μm decreased by one order of
magnitude. Notably, aerosols with diameter greater than 0.416 μm were
present on 27March 2021, whereas such particles were much less pronounced
in previous measurements over Golmud in 2018 (Zhang et al., 2019) and in
Qaidam Basin, approximately 190 km the north‐northeast of Golmud in 2019
(Zhang et al., 2020).

To investigate the finer‐scale structure of particles, Figures 3a and 3b show
the vertical distribution of particle number concentration and surface area
distribution function across 23 size bins on 27 March 2021 over Golmud. The
number concentration distribution of particles from 5.0 km below the
tropopause to 0.5 km above the tropopause showed a maximum value
of 500 cm− 3 around 4.5 km below the tropopause in the vertical direction and
showed a single size peak located between 0.12 and 0.21 μm across the
23 size bins. In contrast, the SAD showed a bimodal structure. Besides the
fine particle peak between 0.12 and 0.21 μm, an additional peak appeared
around 2.21 μm (Figure 3b) in the upper troposphere and 0.5 km above the
tropopause. Figure 3c further shows the surface area distribution as a function
of particle diameter for the 2‐km layer: 1 km above and 1 km below the
tropopause. The surface area distribution function near the tropopause on
27 March 2021 over Golmud showed two distinct peaks—‐‐one centered
around 0.2 μm and another around 2.21 μm. Whereas the Asian tropopause
aerosol layer featured only a signal dominant peak less than 0.18 μm on
2 August 2020. Two other cases observed by POPS on 24 November 2020
and on 2 February 2021 under the clean‐sky condition in Golmud show the
distributions, with the values much lower than those observed on 27 March
2021. Implying that the particles on 27 March in Golumd possible have
additional source regions.

3.2. Dust Aerosol Transported Into the Lower Stratosphere Following a
Dust Storm Event

In order to investigate the source region of aerosols from surface to 14 km
over Golmud, Figures 4a and 4b show the 5‐day backward trajectories for air
particles originating from the altitude below 3.5 km. The CLaMS backward
trajectories indicates that particles in Golmud pass through the Taklamakan
desert on 26 March at altitude 7–12 km, and then could be traced to the
Middle East and northeastern Africa on 22–24 March in the lower tropo-
sphere below 3.5 km. The trajectories show that air parcels passed over the

Figure 3.

Figure 3. Vertical distribution of aerosol size distribution (a), surface area
distribution (b) across 23 size bins measured at Golmud on 27 March 2021. The
vertical axis shows altitude relative to the tropopause. The mean surface area
distribution for the layers extending from 1 km below to 1 km above the tropopause
(c) as a function of particle diameter. On 2 August, the Asian tropopause aerosol
layer (red), 24 November 2020 (orange), and 2 March 2021 (purple) mark the
surface area distributions in Golmud under clear sky conditions. X‐axis is on a
logarithmic scale. The brown polygon marks the coarse particle peak.
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Taklamakan desert region with weak ascent above 7 km on 26 March at 16:00‐22:00 (Figure 4b), suggesting
limited uplift process below 7 km. In contrast, a significant ascent process from 5 to 10 km is simulated over the
Iranian Plateau.

Previous studies have demonstrated that dust aerosols originating from the Middle East and northern Africa can
transport long‐range distance in the troposphere, probably acting as ice nuclei and playing a key role in could
formation and precipitation (Creamean et al., 2013; Froyd et al., 2022; Yu et al., 2017). The VFM from
CALIOP on 22, 24, 26, and 27 March 2021 (Figures 4c–4f) confirmed the occurrence of a dust storm over the
northeastern Africa and Middle East on 22–24 March and the Taklamakan desert on 26 March measured in
Golmud by COBALD and POPS. The CALIPSO VFM overpass on 26 March, one day prior to the POPS
measurements on 27 March, clearly shows the vertical structure of dust from the surface to ∼12 km altitude and
dust‐veiled clouds near the tropopause around 37–39°N over the Taklamakan Desert. Dust aerosols from the
northeastern Africa and Middle East desert can be transported over long‐range distances under the influence of

Figure 4. The 5‐day backward trajectories for air parcels at Golmud (a). The black line marks the orbit track of the CALIPSO
on 22 March at ∼23:58 UTC (22.23), on 24 March at ∼11:29 UTC (24.11), 26 March at ∼21:30 UTC (26.21), and on
27 March at ∼20:29 UTC (27.20). Vertical feature mask from CALIOP measurements along the tracks shown on 22 March
(c), 24 March (d), 26 March (e), and 27 March (f). Cky: clear sky, Cloud, Aerosol: aerosol (subtype: dust), Stra.layer:
stratospheric aerosol, Surf: Surface, Subsurf: subsurface, and no signal. The vertical dashed lines mark the latitude air parcels
pass through. The horizontal dashed lines mark the temperature lapse tropopause.
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southwesterly wind flow, then be uplifted into the middle and upper troposphere while passing over the Iranian
Plateau and the Tibetan Plateau (Eguchi et al., 2009; Uno et al., 2009). The troposphere‐to‐stratosphere
transport processes provide a potential pathway for dust aerosols in the upper troposphere to reach altitudes
above the thermal tropopause. Both POPS and COBALD instruments captured this tiny signal above the
tropopause in Golmud.

4. Conclusions
In this study, balloon‐borne measurements of particles backscatter ratio (BSR) and number concentration over
Golmud, on the northern Tibetan Plateau in 2020 and 2021 were used to investigate the vertical distribution of
aerosols in the UTLS. The observations show that BSR and aerosols concentration in the upper troposphere
significantly increased on 27 March 2021. Notably, the number concentration of particles (50 cm− 3) near the
tropopause on 27 March was higher than that typically observed during the Asian tropopause aerosol layer in
Summer. In addition, the surface area distribution showed a bimodal size distribution near the tropopause region:
one at approximately 0.2 μm, another at 2.21 μm. The bimodal structure differs from the SAD pattern associated
with the Asian tropopause aerosol layer with unimodal, highlighting the unique characteristics of aerosol
transport in spring over the Golmud.

CLaMS backward trajectories and CALIOP VFM measurements reveal that dust particles from the Middle East
and northeastern Africa is transported over long‐range distances, uplifted to the upper troposphere over the
Iranian and Tibetan Plateaus. Subsequently, troposphere‐to‐stratosphere transport serves as a pathway for par-
ticles to enter the lower stratosphere (0.5 km above the temperature lapse tropopause). The spring dust near the
tropopause over the northern Tibetan Plateau originated from the Middle East and northeastern Africa—the
dominant source for the tropopause dust aerosol layer (Zhu et al., 2021). Our findings provide direct observa-
tional evidence of the vertical transport pathway, which is critical for improving the representation in climate and
chemical transport models.
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