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H I G H L I G H T S

• The net radiative forcing of dust aerosols at TOA was positive at Shaartuz.
• Heavy dust exhibited a double-layer shortwave heating characteristic.
• The dust longwave heating at the surface compensated for 34–43% of shortwave cooling.
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A B S T R A C T

The radiative effects of dust aerosol are essential for understanding the thermal and dynamic structure of the 
atmosphere, along with the energy balance of the Earth’s atmospheric system. This study assessed the radiative 
forcing and vertical heating rate of dust aerosols at Shaartuz, Tajikistan, during the summer of 2023, utilizing 
data from the sun sky lunar photometer, lidar, and a radiative transfer model. The results indicated that the daily 
average shortwave radiative forcings of dust aerosols were − 32.0 W m− 2 at the surface and 30.5 W m− 2 in the 
atmosphere during heavy dust conditions, which were roughly three times greater than those observed with light 
dust. The daily averages of longwave radiative heating at the surface compensated for 34.2%, 39.0%, and 43.1% 
of shortwave cooling under light, moderate, and heavy dust conditions, respectively. The net radiative forcing 
efficiencies (NRFE) were − 30.2, 42.5, and 12.3 W m− 2 AOD− 1 at the surface, in the atmosphere, and at the top of 
the atmosphere (TOA), respectively. The maximum shortwave heating rates (SHR) of dust aerosols below 500 m 
were 0.7, 1.1, and 2.1 K day− 1 for light, moderate, and heavy dust conditions, respectively. Under conditions of 
heavy dust presence, the SHR attained 1.7 K day− 1 at an altitude of 3 km, resulting in alterations to the initial 
thermal configuration of the atmosphere and surface temperature. The maximum surface temperature recorded 
in heavy dust conditions was 8.6 ◦C (5.9 ◦C) lower than the temperatures observed in light dust (moderate dust) 
conditions. The results contribute to a deeper comprehension of how dust aerosols influence the radiation budget 
within the Earth’s atmospheric system in Central Asia.

1. Introduction

Dust aerosols, a primary category of aerosols in the troposphere, can 
absorb and scatter both shortwave (SW) and longwave (LW) radiation, 
which constitutes their direct effects. This interaction plays a crucial role 

in influencing the radiation balance of the Earth (Huang et al., 2014; 
Ryder et al., 2019), thereby carrying substantial implications for the 
energy budget of the Earth’s atmospheric system. The direct radiative 
forcing of dust aerosols has the potential to significantly alter surface 
temperature (Liu et al., 2021; Saidou Chaibou et al., 2020; Xie et al., 
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2018). The impact of dust aerosols on regional temperatures, which is 
comparable to the temperature changes expected from rising green-
house gas concentrations over recent decades, underscores the impor-
tance of incorporating dust aerosols into climate change research (Zhang 
et al., 2009). Dust aerosols contribute to atmospheric heating, modify 
the inherent thermal structure, and consequently influence weather 
systems (Chen et al., 2023; Pan et al., 2024) as well as regional pre-
cipitation patterns (Wang et al., 2022). Chen et al. (2023) demonstrated 
that the Mongolian cyclone dominated the dust storm in May 2019. The 
radiation feedback from the dust storm altered the vertical thermal 
structure of the atmosphere, enhancing baroclinicity. This intensifica-
tion of the Mongolian cyclone led to the persistence of the strong dust 
storm. Pan et al. (2024) conducted sensitivity experiments showing that 
the radiation effect of Sahara dust amplified the mid-level ridge in the 
central Atlantic through temperature disturbances, thereby altering the 
path and intensity of two tropical cyclones. Wang et al. (2022) indicated 
that the radiative forcing of dust aerosols can strengthen the West Af-
rican summer monsoon by enhancing the ocean-land thermal gradient. 
However, due to differences in the assumed absorption efficiency of dust 
aerosols in the models, Wang et al. (2022)’s results contradict those of 
Miller et al. (2004) and Jordan et al. (2018).

Some scholars constrained the direct radiative effect of dust to a 
range between − 0.48 and + 0.20 W m− 2, which includes the possibility 
that dust causes a net cooling or warming of the planet (Kok et al., 
2017). The Sixth Assessment Report of the Intergovernmental Panel on 
Climate Change (IPCC) highlighted that the uneven spatial distribution 
of aerosol concentration, types, and optical properties, combined with 
insufficient long-term observational data in certain areas, contributes to 
the uncertainty in quantifying the radiative effects of aerosols. This 
uncertainty renders the climate effects of aerosols as one of the most 
ambiguous elements in climate assessment and prediction 
(Intergovernmental Panel on ClimateC, 2023). The increase in global 
dust aerosols since pre-industrial times is estimated at 55 ± 30%. This 
rise has resulted in a global mean effective radiative forcing of − 0.07 ±
0.18 W m− 2, which somewhat mitigates the effects of greenhouse 
warming (Kok et al., 2023). The numerical assessment of the direct 
radiative impact of dust aerosols across various global regions presents 
considerable uncertainty. Quijano et al. (2000) found that the magni-
tudes of the heating rates from Saharan dust can be 25% greater than 
those from Afghan dust when the sun is at high angles and over bright 
surfaces. Li et al. (2004) estimated that diurnal mean SW forcing effi-
ciency at the top of the atmosphere (TOA) of Saharan dust is − 35 ± 3 W 
m− 2 AOD− 1 for the high-dust months and − 26 ± 3 W m− 2 AOD− 1 for the 
low-dust months near the African coast. Several studies have highlighted 
the significance of LW radiation effects caused by dust aerosols in the 
Mediterranean region (Kokkalis et al., 2021; Meloni et al., 2015; Sicard 
et al., 2014; Soupiona et al., 2020). Huang et al. (2009) utilized satellite 
data along with the Fu Liou model (Fu and Liou, 1992, 1993) to 
demonstrate that dust aerosols can increase atmospheric temperatures 
by up to 1, 2, and 3 K day− 1 in environments with light, moderate, and 
heavy dust layers, respectively, over the Taklimakan Desert in July 
2006. The daily mean net radiative effect of the dust is 44.4 W m− 2 at the 
TOA, − 41.9 W m− 2 at the surface, and 86.3 W m− 2 in the atmosphere 
(Huang et al., 2009).

Currently, research on the radiation effects of dust aerosols pre-
dominantly centers on the Sahara Desert, Taklamakan Desert, and their 
adjacent regions, with little attention paid to Central Asia. This region is 
situated at the core of the global dust belt, characterized by multiple 
deserts. Consequently, it frequently experiences the impact of dust 
aerosols (Hofer et al., 2017) and is landlocked, exhibiting low precipi-
tation levels and high evaporation rates (Lioubimtseva and Henebry, 
2009). More than 60% of the area is classified as arid to semi-arid, 
positioning it among the driest regions globally. This characteristic 
renders the region particularly sensitive and vulnerable to the effects of 
rapid climate change (Hu and Han, 2022; Hua et al., 2022). In recent 
decades, there has been a notable increase in temperatures accompanied 

by frequent heat waves (Wang et al., 2023; Yu et al., 2020), and the 
desert climate has extended northward by over 100 km in Central Asia 
(Hu and Han, 2022). The role of dust aerosols in the climate change of 
the region is a topic worth exploring, but due to economic conditions 
and the natural environment, there are relatively few observations of 
dust aerosols in the region. Bi et al. (2016) gathered columnar key ab-
sorption and optical properties of mineral dust in Central Asian regions 
by employing multiyear quality-assured datasets collected at Aerosol 
Robotic Network (AERONET) sites. Li and Sokolik (2018) conducted a 
simulation of a dust event in Central Asia, highlighting the significance 
of dust composition and surface albedo in the assessment of dust radi-
ative forcing. Hofer et al. (2017, 2020) employed ground-based lidar in 
Dushanbe, the capital of Tajikistan, to acquire the vertical optical 
characteristics of aerosols. Rupakheti et al. (2020, 2021) analyzed the 
radiative effects of dust aerosols by utilizing AERONET data collected 
from Dushanbe. Research on dust aerosols in Tajikistan primarily 
concentrated on the capital, Dushanbe, owing to infrastructural con-
straints. The systematic observation of dust aerosols in the southwestern 
region of Tajikistan traced back to the last century (Gillette et al., 1993; 
Golitsyn and Gillette, 1993; Sokolik and Golitsyn, 1993). This region 
serves as a significant pathway for the eastward movement of dust 
aerosols from the west to Dushanbe (Golitsyn and Gillette, 1993). Un-
derstanding this process is essential for analyzing the transport and 
radiative impacts of dust aerosols in Tajikistan and throughout Central 
Asia.

A precise evaluation of the direct radiative impacts of dust aerosols is 
essential for comprehending the radiation balance within the Earth’s 
atmospheric system. However, considerable uncertainty remains in the 
models’ estimation of the direct radiation effects of dust aerosols at the 
regional scale, primarily due to insufficient observational data. In June 
2023, the Semi-Arid Climate and Environment Observatory of Lanzhou 
University (SACOL) collaborated with the Physical-Technical Institute 
of the Academy of Sciences of the Republic of Tajikistan to establish a 
super observatory, located at Ayvaj, Shaartuz, southwest Tajikistan. The 
super observatory aims to investigate the impact of dust aerosols in this 
region utilizing instruments such as the sun sky lunar photometer, lidar, 
environmental dust monitor, and automatic meteorological station. This 
study utilized data collected at Shaartuz during the summer months 
(June to August) of 2023, in conjunction with a radiative transfer model, 
to simulate the direct radiative forcing and heating rate of dust aerosols. 
It aims to quantitatively assess the influence of dust aerosols on the 
radiative budget for the summer season. The structure of the article is 
outlined as follows. Section 2 presents a concise summary of the site and 
the instruments used. Section 3 presents a concise overview of the 
methodology and model employed. Section 4 presents an analysis of the 
direct radiative forcing and heating rate associated with dust aerosols. 
Section 5 presents a discussion and summary of the findings from this 
study.

2. Site description and instruments

2.1. Site description

Shaartuz is situated on the southwestern border of Tajikistan, 
neighboring Afghanistan. The population density in this area is low, and 
the influence of anthropogenic aerosols is relatively small, which pro-
vides more favorable conditions for examining the effects of dust aero-
sols at Shaartuz in comparison to Dushanbe. The site experiences a mean 
annual temperature of 17.1 ◦C and a mean annual precipitation of 223 
mm, characteristic of a semi-arid climate. The region experiences min-
imal precipitation, primarily occurring during the winter and spring 
seasons. Fig. 1 illustrates a vast expanse of barren land and desert 
located to the west of the site, which experiences ongoing influence from 
dust aerosols from April through November (Abdullaev et al., 2013; 
Abdullaev and Sokolik, 2019). The site is both a source and a receptor of 
dust aerosols, serving as a key pathway for the transport of dust aerosols 
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to the capital, Dushanbe (Golitsyn and Gillette, 1993), and the Pamir 
Plateau (Smirnov et al., 1993). The region is surrounded by mountains 
on three sides, a geographic feature that facilitates the accumulation of 
dust aerosols, making it an ideal site for studying the transport and 
impact of Central Asian dust aerosols.

2.2. Measuring instruments

Lidar is an effective instrument to detect the vertical structure of 
aerosols and clouds (Huang et al., 2010, 2023; Siqi et al., 2021; Zhang 
et al., 2023). To gather detailed information on dust aerosols, we uti-
lized a dual-wavelength polarization Raman lidar at Shaartuz to mea-
sure tropospheric aerosol attenuated backscatter coefficients at 532 and 
1064 nm, as well as the volume depolarization ratio at 532 nm during 
both daytime and nighttime (Huang et al., 2018; Liu et al., 2024). The 
temporal resolution is set at 2 min, while the vertical spatial resolution 
measures 7.5 m. The blind area of the Raman Lidar is about 180 m. The 
Cimel sun sky lunar photometer (CE318 T) installed at the site serves as 
a crucial instrument within the Aerosol Robotic Network (AERONET). It 
is capable of accurately measuring aerosol optical depth (AOD), Ång-
ström exponent (AE), and water vapor column content (WV) during both 
daytime and nighttime (Bi et al., 2013, 2024). The Level 1.5 data of CE 
318 T have undergone pre- and post-field calibration, along with auto-
matic cloud screening (Barreto et al., 2013; Giles et al., 2019). Previous 
studies have shown that there is an uncertainty of 0.01–0.02 in AOD 
(wavelength dependent) and Uncertainty in the water vapor retrieval is 
typically less than 12% because of calibration uncertainty for the field 
instruments (Eck et al., 1999; Holben et al., 1998). The Grimm 180 is 
capable of measuring aerosol particle concentration, allowing us to 
utilize PM2.5 (particulate matter with a diameter of less than 2.5 μm) 
and PM10 (particulate matter with a diameter of less than 10 μm) data in 
the article. The automatic meteorological station is equipped with 
various instruments, including a radiometer (CNR4), infrared tempera-
ture sensor (SI-411), barometer (CS106), humidity and temperature 
probe (HMP155A), wind sensor (WindSonic), rain gage (TE525MM), 
and soil sensor (CS655). It is capable of measuring a range of parame-
ters, such as surface radiative flux, surface albedo, surface temperature, 
air pressure, humidity, wind speed, precipitation, soil temperature, and 
soil moisture.

2.3. Auxiliary data

The Moderate Resolution Imaging Spectroradiometer (MODIS) sen-
sors, which function on the Terra (around 10:30 a.m. local time) and 
Aqua (around 1:30 p.m. local time) satellites, have been widely utilized 
in numerous studies (Justice et al., 2002). The article utilizes the most 
recent version of “MODIS Land Cover Type Yearly.” The Ozone 

Monitoring Instrument (OMI) functions as an ultraviolet/visible nadir 
solar backscatter spectrometer, delivering almost complete global 
coverage of ozone (Kanniah et al., 2020; Levelt et al., 2018).

The analysis employed the new-generation reanalysis data from the 
European Center for Medium-Range Weather Forecasts (ERA5) and the 
Modern Era Retrospective Analysis for Research and Applications, 
version 2 (MERRA2). The reanalysis data incorporate various sources of 
information, including conventional observations from surface weather 
stations, balloons, aircraft, ships, buoys, and satellites (Gelaro et al., 
2017; Hersbach et al., 2020).

3. Methodology

3.1. Retrieval of lidar profile

The lidar’s raw signals underwent pre-processing, which included 
background correction, range correction, polarization correction, and 
overlap correction, before further analysis (Huang et al., 2020; Wang 
et al., 2018). The attenuated backscatter coefficient (ABC) and the vol-
ume depolarization ratio (VDR) are defined as follows (Zhang et al., 
2022), 

ABCλ,r =

P⊥,λ,r
Kλ

+ P‖,λ,r

CλGλ,r
(1) 

VDRλ,r =
P⊥,λ,r

P‖,λ,rKλ
(2) 

Where P⊥,λ,r and P‖,λ,r represent the horizontal and polarization signals, 
respectively, at different wavelengths λ in the distance r. Kλ, Cλ, Gλ,r are 
the lidar polarization calibration ratio, the system lidar constant, and the 
overlap factor of Raman lidar at wavelength λ in the distance r.

The aerosol extinction coefficient (σ1) was obtained using Fernald’s 
method (Dong et al., 2022; Fernald, 1984). 

[A(I − 1, I)] = (S1 − S2)[β2(I − 1)+ β2(I)]ΔZ (3) 

σ1(I − 1)=
X(I − 1)exp[A(I − 1, I)]

X(I)
σ1(I)+

S1
S2σ2 (I)

+ {X(I) + X(I − 1)exp[A(I − 1, I)]}ΔZ
−

S1

S2
σ2(I − 1)

(4) 

where S1 (50 sr, Liu et al., 2002) and S2 (8π/3) are the lidar ratios of 
aerosols and air molecules, respectively. β2 represents the backscat-
tering coefficient of air molecules, while ΔZ denotes the vertical reso-
lution. Whereas X represents the normalized signal following 
background subtraction, range correction, and overlap correction. σ2 
denotes the extinction coefficient of air molecules.

Fig. 1. (a) Land cover types and (b) elevation in Tajikistan and its surrounding areas. The star represents the location of observational site studied in the paper.
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3.2. SBDART model

The Santa Barbara DISORT Atmospheric Radiative Transfer 
(SBDART) model is founded on a set of well-established and dependable 
physical models, that have been created by the atmospheric science 
community over recent decades (Ricchiazzi et al., 1998). This model is 
commonly employed to examine a range of radiative transfer issues 
faced in remote sensing and studies of the atmospheric energy budget (Bi 
et al., 2014, 2016; Li et al., 2023; Wang et al., 2020). To enhance the 
accuracy of radiative forcing simulations, we opted not to utilize certain 
default settings in SBDART. Instead, we updated the model’s input pa-
rameters based on observational data. The automatic meteorological 
station measures SW (0.3–2.8 μm) and LW (4.5–42 μm) radiative flux, 
surface albedo, and location information. Additionally, the sun sky lunar 
photometer (Model CE318 T) captures AOD, AE, and WV metrics. The 
aerosol profile and atmospheric profile, including air density, specific 
humidity, temperature, and ozone, are obtained from lidar and rean-
alysis data (ERA5 and MERRA2). Hourly atmospheric profiles are con-
structed from reanalysis data and interpolated to match the height of 
aerosol profiles and time of ground observation. OMI delivers data on 
ozone column content. Single-scattering albedo (SSA) and asymmetry 
factor (ASY) are the statistical averages of dust aerosols across 13 
AERONET sites in East Asia and Central Asia (Bi et al., 2016). The sta-
tistical results came from level 2.0 products, which only consider the 
case of AOD440nm > 0.4 and solar zenith angle >50◦ for smaller errors of 
SSA and ASY (Dubovik et al., 2000; Holben et al., 2006; Kaskaoutis et al., 
2012). The retrieval errors of SSA and ASY are anticipated to be 
0.03–0.05 and 0.04, relying on aerosol types and loading (Dubovik et al., 
2000).

In this study, radiative forcing (RF) and heating rate (HR) are in the 
clear-sky condition. The computations are detailed below: 

ΔF= F↓ − F↑ (5) 

Where ΔF denotes the net downward flux (downward minus upward 
radiation). 

RF(TOA)=ΔFdust(TOA) − ΔFno(TOA) (6) 

RF(SFC)=ΔFdust(SFC) − ΔFno(SFC) (7) 

RF(ATM)=RF(TOA) − RF(SFC) (8) 

NRF=RF(SW) + RF(LW) (9) 

Where RF is the radiative forcing of dust aerosols. TOA, SFC, and ATM 
respectively represent the top of the atmosphere, surface, and atmo-
sphere. Note that dust and no indicate the conditions with and without 
dust aerosols. NRF is net radiative forcing, SW and LW represent 
shortwave and longwave. 

DHR(z)=HR(z)dust
− HR(z)no (10) 

Where DHR(z) and HR(z) denote the dust heating rate and heating rate 
at the height z.

The infrared temperature sensor was utilized to measure surface 
temperature within the wavelength range of 8–14 μm, whereas the 
radiometer was employed to measure LW radiation flux spanning 
4.5–42 μm. Therefore, the observed temperature cannot be directly 
brought in SBDART, and the surface temperature needs to be used to 
correct it to T4.5–42 μm (Zheng et al., 2019). 

T4.5–42 μm =

[Ra↑
4.5–42 μm −

(
1 − εg

)
Ra↓

4.5–42 μm

εgσ

]1
4

(11) 

Ra represents the radiation flux detected by the radiometer, while εg 

denotes the surface broadband emissivity. We refer to the study on 

desert areas (Yalkun et al., 2019) and take εg as 0.88. σ is the 
Stefan-Boltzmann constant with a value of 5.67 × 10− 8 W m− 2 K− 4.

4. Results

4.1. Dust events at shaartuz in summer (2023)

In contrast to the common occurrence of dust events in northern 
China during the spring season, the dust events in Tajikistan in the 
summer are notably more intense, attributed to the limited precipitation 
in the region. After a series of corrections, we obtained ABC (Equation 
(1)) and VDR (Equation (2)) in the Summer of 2023. Fig. 2 illustrates the 
ABC, VDR of the lidar alongside the AOD and AE measurements from the 
sun sky lunar photometer at Shaartuz during the summer of 2023. Due to 
a power failure, certain data of the lidar was unavailable. The data 
shows that as the ABC (532 nm) increased, the high value of the VDR 
(greater than 0.2) suggests that the region was primarily influenced by 
irregular non-spherical particles. The daily averages of ABC and VDR 
varied from a background of 1.4 × 10− 3 km− 1 sr− 1 and 0.13 to a 
maximum of 4.3 × 10− 3 km− 1 sr− 1 and 0.24, respectively. The 
maximum dust height in June and July remained around 5 km and 
decreased slightly in August (3–4 km). The frequency of dust events at 
the site was high, with the intensity of dust aerosols in July surpassing 
that of the other two months. The results from the sun sky lunar 
photometer indicate that AOD and AE displayed contrasting trends, 
further confirming that Shaartuz has been subjected to dust aerosols for 
an extended period. The daily average AOD500nm and AE440–870nm 
ranged from 0.13 to 2.41 and 0.04 to 0.83, respectively. Total average 
AOD500nm and AE440–870nm in the summer of 2023 reached 0.51 ± 0.38 
(average ± standard deviation) and 0.34 ± 0.15, respectively. The ABC 
of lidar demonstrated a strong correlation with the AOD measurements 
obtained from the sun sky lunar photometer. The extended duration of 
high-intensity dust aerosols would influence the redistribution of en-
ergy, resulting in changes to the atmospheric temperature profile and 
surface temperature.

4.2. Classification of dust levels

To facilitate the evaluation of the radiative impacts of dust aerosols 

Fig. 2. Time evolutions of (a) attenuated backscatter coefficient (10− 3 km− 1 

sr− 1), (b) depolarization ratio from lidar measurements, and (c) the daily 
average of AOD500nm and AE440–870nm observed by sun sky lunar photometer at 
Shaartuz during the summer of 2023.
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during the summer of 2023 in Shaartuz, we analyzed the continuity and 
quality of the AOD and AE data obtained from the sun sky lunar 
photometer, alongside the variations in dust structure detected by lidar. 
We categorized fifteen specific dust days into three classifications 
(adapted from Klüser and Schepanski, 2009): light dust (AOD<0.3, 
AE<0.5), moderate dust (0.3< AOD<0.5, AE<0.4), and heavy dust 
(AOD >0.5, AE<0.3). Fig. 3 presents the observations of ABC, VDR, 
AOD, and AE as recorded by the lidar and sun sky lunar photometer 
throughout the five light dust days. The dust intensity near the ground, 
ranging from 0.2 to 0.6 km, was observed to be low, with daily averages 
for ABC and VDR recorded between 1.5 × 10− 3 to 1.7 × 10− 3 km− 1 sr− 1 

and 0.14 to 0.16, respectively. However, the vertical height of dust 
aerosols could maintain stability at altitudes of 4–6 km over extended 
periods. AOD and AE were also relatively stable, with no significant 
fluctuations. The daily average of AOD500nm and AE440–870nm ranged 
from 0.19 to 0.29 and 0.24 to 0.46, and the total averages were 0.24 for 
AOD500nm and 0.33 for AE440–870nm. The results of the observation 
indicate that while the aerosol intensity over these five days was not 
exceptionally high, it exhibited characteristics of elevated aerosol 
layers, with the aerosol particles being coarse mode and irregularly 
shaped.

In comparison to light dust, the intensity of moderate dust (Fig. 4) 
showed a significant increase, with daily averages of ABC and VDR 
(0.2–0.6 km) rising from 1.7 × 10− 3 to 2.9 × 10− 3 km− 1 sr− 1 and 0.17 to 
0.21, while the height remained consistent at 4–6 km. Observation of 
lidar reveals that dust aerosols exhibit multi-layered structures. For 
example, from 0:00–6:00 on July 17th, there were three distinct dust 
layers in the atmosphere: 0–0.8 km (the average of ABC and VDR were 
1.7 × 10− 3 km− 1 sr− 1 and 0.18), 1.2–2.5 km (1.9 × 10− 3 km− 1 sr− 1 and 
0.18), and 2.7–3.4 km (1.6 × 10− 3 km− 1 sr− 1 and 0.19). Two distinct 
dust layers were observed from 15:20 to 24:00. The lower layer extends 
from 0 to 1.8 km, characterized by ABC of 1.6 × 10− 3 km− 1 sr− 1 and 
VDR of 0.17. The higher layer ranges from 2.3 to 4 km, with ABC of 1.4 

× 10− 3 km− 1 sr− 1 and VDR of 0.17. Notably, the height of the higher 
layer shows a gradual decrease. The daily averages of AOD500nm over the 
five days were recorded as 0.52, 0.37, 0.37, 0.38, and 0.32. The corre-
sponding values for AE440–870nm were 0.19, 0.33, 0.24, 0.29, and 0.17, 
respectively. The overall averages recorded were 0.39 for AOD500nm and 
0.24 for AE440–870nm.

The intensity of dust extending from the ground to an altitude of 1 
km was notably elevated during days of heavy dust (Fig. 5). The overall 
average values for ABC and VDR within the range of 0.2–0.6 km were 
recorded at 2.6 × 10− 3 km− 1 sr− 1 and 0.20, respectively. The dust layers 
displayed multi-layered structures, with the uppermost layer positioned 
at an altitude of 4–6 km. For example, from 0:00–5:00 on July 15th, 
three distinct dust layers were identified in the atmosphere: the first 
layer ranged from 0 to 0.5 km, with an average of ABC and VDR 
measuring 3.4 × 10− 3 km− 1 sr− 1 and 0.26; the second layer extended 
from 1.2 to 1.8 km, with values of 2.2 × 10− 3 km− 1 sr− 1 and 0.23; and 
the third layer spanned from 2.3 to 3.4 km, recording 1.4 × 10− 3 km− 1 

sr− 1 and 0.24. The daily averages of AOD500nm over the five days were 
recorded as 0.97, 0.59, 0.60, 0.58, and 0.58. The corresponding values 
for AE440–870nm were 0.16, 0.21, 0.25, 0.19, and 0.13, respectively. The 
overall averages recorded were 0.67 for AOD500nm and 0.19 for 
AE440–870nm.

4.3. Radiative forcing and heating rate of dust aerosols

To assess the validity of the input parameters in the SBDART model, 
a radiative closure experiment is required (Bi et al., 2013; Ge et al., 
2010; Huang et al., 2009). We compared the observed and simulated 
radiative fluxes during light, moderate, and heavy dust days, as shown in 
Fig. 6. Overall, the uncertainty of the simulation by SBDART was within 
a reasonable range, attributed to reliable station data and appropriate 
parameters. The R2 between the simulated and observed values of 
downward SW radiation achieved a value of 0.997. The Root Mean 

Fig. 3. Measurements of vertical structure and columnar aerosols optical properties observed by lidar and sun sky lunar photometer for selected light dust cases on 
June 15, June 16, August 15, August 18, and August 19, 2023, respectively.
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Fig. 4. Same as Fig. 3 but for moderate dust cases on June 13, July 17, July 22, July 25, and August 16, 2023, respectively.

Fig. 5. Same as Fig. 3 but for heavy dust cases on July 15, July 16, July 21, July 23, and August 14, 2023, respectively.
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Square Error (RMSE) was 31.8 W m− 2, with a Bias of 22.1 W m− 2. 
Specifically, the R2 and RMSE (Bias) for light dust were 0.9977 and 35.8 
(26.4) W m− 2, for moderate dust were 0.9978 and 31.8 (23.6) W m− 2, 
and for heavy dust were 0.9979 and 22.9 (11.9) W m− 2. The simulation 
effect improved with increasing dust intensity, likely due to model’s dust 
optical parameters (SSA, ASY) aligning more closely with the actual 

conditions of heavy dust. The simulation of upward SW radiation at the 
surface exhibited similar characteristics. For light dust, the RMSE (Bias) 
was 10.8 (8.3) W m− 2, for moderate dust was 9.9 (7.3) W m− 2, and for 
heavy dust was 7.6 (3.9) W m− 2. R2 were similar, with values of 0.9974, 
0.9974, and 0.9973, respectively. The overestimation of surface short-
wave radiation by SBDART may be due to the AERONET statistical value 

Fig. 6. Comparison of radiative flux simulated by the SBDART model and observed by an automatic meteorological station system at Shaartuz, Tajikistan during the 
study period. Three different colored dots represent different levels of dust intensity.

Fig. 7. Daily variations in (a) surface albedo, (b) vertical distribution of aerosol extinction coefficient, and (c) surface temperature under different levels of dust. The 
shaded areas represent the standard deviations.
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overestimating the SSA of dust aerosols (Ge et al., 2011). The simulation 
of downward LW radiative flux at the surface was lower than the 
observed values, with an R2 of 0.922. The absence of real-time atmo-
spheric profile observations led to inaccuracies in describing meteoro-
logical variables at Shaartuz based on reanalysis data; however, the 
overall error remained within an acceptable range. The RMSE was 20.0 
W m− 2, with a Bias of − 18.5 W m− 2. Specifically, the R2 and RMSE 
(Bias) for light dust were 0.923 and 19.9 (− 18.6) W m− 2, for moderate 
dust were 0.931 and 18.7 (− 17.4) W m− 2, and for heavy dust were 0.874 
and 22.1 (− 20.1) W m− 2. These results suggest that the accuracy of the 
reanalysis data in describing the atmospheric profile for heavy dust days 
was lower than for light and moderate dust. Upon acquiring the cor-
rected surface temperature (Equation (11)), the simulated and observed 
upward LW radiative flux values at the surface showed a high degree of 
consistency, with an R2 of 0.999. The RMSE was 6.3 W m− 2, and the Bias 
was − 4.1 W m− 2. Specifically, the R2 and RMSE (Bias) for light dust 
were 0.9997 and 5.7 (− 2.6) W m− 2, as the intensity of sand and dust 
increases, the simulation error will slightly increase.

The strong alignment between the observed and simulated values 
demonstrates the dependability of the input parameters. The average 
parameters for three distinct dust conditions were calculated separately, 
as illustrated in Fig. 7. Fig. 7(a) illustrates that the surface albedo at 
Shaartuz was notably high during the summer, with an average value 
surpassing 0.32. Such a high surface albedo is comparable to that of a 
desert (Huang et al., 2009). It demonstrates a pattern of lower values in 
the afternoon (0.30–0.31) and higher values in the morning and at 
sunset (0.33–0.35). The daily variation of surface albedo exhibited a 
similar daily asymmetry to that of semi-arid grassland of the China’s 
Loess Plateau (Zhu et al., 2024). The average surface albedo for heavy 
dust days was 0.33, which is higher than the values recorded for mod-
erate and light dust days at 0.32. Fig. 7(b) illustrates the average vertical 
profile of the aerosol extinction coefficient based on daily measure-
ments. The extinction coefficient is calculated based on Fernald’s 
method (Equation (3) and 4) and a lidar ratio of 50 sr. Due to the blind 
area of the Lidar, we do not display information below 200 m. The 
extinction coefficient of heavy dust was found to be greater than that of 
moderate dust, which in turn was greater than that of light dust, with 
maximum values recorded at 0.16, 0.09, and 0.06 km− 1 for the three 
levels, respectively. The average extinction coefficient profiles for light 
and heavy dust exhibited double-layer structures. The light dust layers 
were found at altitudes of 0–1 km, with maximum values reaching 0.06 
km− 1, and at 1.5–3 km, with maximum values of 0.05 km− 1. In contrast, 
the heavy dust layers were observed at 0–1 km, where maximum values 
were 0.16 km− 1, and at 2–3.5 km, with maximum values of 0.12 km− 1. 
With the increase in height, the standard deviation of the extinction 
coefficient also showed an increase, suggesting notable variations in the 
distribution of dust within the upper layers. In order to align with the 
wavelength range of radiation flux, we corrected the surface tempera-
ture based on Equation (11). Fig. 7(c) illustrates that the daily variation 
of surface temperature displayed distinct characteristics depending on 
the intensity of dust. Dust aerosols could absorb and scatter solar SW 
radiation during daylight hours, thereby diminishing the amount of SW 
radiation that reaches the surface. Dust aerosols impede the outward 
escape of LW radiation, increasing the downward LW radiation that is 
reflected to the surface during both daytime and nighttime. The inter-
action of SW and LW radiation resulted in a reduction of surface tem-
perature throughout the daytime, with the maximum surface 
temperature observed during heavy dust being 8.6 ◦C lower than that 
recorded during light dust and 5.9 ◦C lower than that during moderate 
dust. Conversely, at nighttime, the minimum surface temperature during 
heavy dust was 8.5 ◦C higher than that of light dust and 4.8 ◦C higher 
than that of moderate dust, thereby diminishing the temperature vari-
ation between daytime and nighttime.

Dust events were categorized according to their intensity, resulting 
in daily variations in surface albedo (Fig. 7(a)), surface temperature 
(Fig. 7(b)), and atmospheric profile (not shown in the figure) for light, 

moderate, and heavy dust intensities. Aerosol extinction coefficient 
profiles were also obtained (Fig. 7(c)), and other key input parameters 
were summarized in Table 1. To compute the 24-h continuous radiative 
forcing, we assume that aerosol remains relatively invariant during the 
entire day and interpolate the average aerosol parameters of daytime to 
the periods of missing data (including nighttime) to create a continuous 
time series. In Table 1, AOD, AE, and WV are the average values 
observed by the photometer at the Shaartuz under different dust 

Table 1 
The main variables input in the model under different levels of dust.

AOD 
440/675/ 
870/1020 
nm

AE 
440–870 
nm

WV (g 
cm− 2)

SSA 
440/675/ 
870/1020 
nm

ASY 
440/ 
675/ 
870/ 
1020 nm

Light 0.26/0.22/ 
0.20/0.19

0.34 1.31, 0.90/0.94/ 
0.95/0.96

0.74/ 
0.71/ 
0.71/ 
0.71

Moderate 0.41/0.37/ 
0.35/0.33

0.24 1.71 0.90/0.94/ 
0.95/0.96

0.74/ 
0.71/ 
0.71/ 
0.71

Heavy 0.68/0.63/ 
0.61/0.58

0.19 1.72 0.90/0.94/ 
0.95/0.96

0.74/ 
0.71/ 
0.71/ 
0.71

Uncertainty 0.01–0.02 / <12% 0.03–0.05 0.04

Fig. 8. Shortwave radiative forcing of dust aerosols under (a) light, (b) mod-
erate, and (c) heavy dust, with black lines representing the surface (SFC), red 
representing the atmosphere (ATM), blue representing the top of the atmo-
sphere (TOA), and shadows representing the standard deviation caused by 
changes in the position of the direct sunlight throughout the summer. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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intensities, while SSA and ASY are the statistical averages of 13 sites in 
Asia (Bi et al., 2016). The radiative forcings were computed following 
Equation (5) to Equation (9) under the relevant conditions. Fig. 8
demonstrates that the absolute values of the daily average SW radiative 
forcing (SRF) exhibit an increase corresponding to the rise in dust in-
tensity. The daily average SRF of dust aerosols at the surface was − 12.0 
W m− 2 for light dust, − 19.5 W m− 2 for moderate dust, and − 32.0 W m− 2 

for heavy dust. In the atmosphere, the values were 10.9 W m− 2 for light 
dust, 18.1 W m− 2 for moderate dust, and 30.5 W m− 2 for heavy dust. The 
daily average forcing at the TOA shows minimal variation, recorded at 
− 1.1 W m− 2 for light dust, − 1.4 W m− 2 or moderate dust, and − 1.5 W 
m− 2 for heavy dust. The daily variation trend of the SRF of dust aerosols 
exhibited consistency, with the surface SRF consistently remaining 
negative. Its absolute value demonstrated a pattern of being larger in the 
morning and during sunset compared to noon. It indicated that SRF in 
the atmosphere consistently remained positive, progressively rising 
from the morning hours until approximately 7:00 (local time around 
12:00 noon), at which point it attained its peak value before 
commencing a decline. The observed variation resulted from changes in 
the zenith angle of the sun. The morning and sunset experienced nega-
tive forcing at the top of the atmosphere, while noon exhibited positive 
forcing, leading to a daily mean that was a small negative value.

Fig. 9 depicts the LW radiative forcing (LRF) of dust aerosols, which 
shows a gradual increase after sunrise, peaks at noon, and subsequently 
declines. The surface and top of the atmosphere exhibited positive 
forcing, which intensified alongside the increase in dust intensity. Under 
light, moderate, and heavy dust conditions, the surface radiative forcing 
values were 4.1 W m− 2, 7.6 W m− 2, and 13.8 W m− 2. The corresponding 
values at the top of the atmosphere (TOA) were 3.4 W m− 2, 6.4 W m− 2, 
and 11.1 W m− 2, respectively. The LRFs of dust aerosols in the atmo-
sphere exhibited small negative values due to the absorption of energy 
by dust aerosols, which subsequently emitted LW radiation into outer 

space, thereby diminishing the original LW radiation present in the at-
mosphere. The result indicates that for the atmosphere, the absolute 
value of LRF was considerably lower than SW forcing. However, at the 
TOA, the LW radiative effect was more pronounced than SW. The surface 
heating from LW radiation compensated for 34.2%, 39.0%, and 43.1% 
of SW cooling in light, moderate, and heavy cases, respectively. At the 
top of the atmosphere, the heating from LRF was 309.1%, 457.1%, and 
740.0% of SRF, highlighting the significance of LRF at both the surface 
and the top of the atmosphere. While the surface experienced a pre-
dominant cooling effect during the day, the SRF was zero at night. The 
persistence of LRF would elevate nighttime surface temperatures, 
consequently diminishing the diurnal temperature variation.

Fig. 10(a), (b), and (c) illustrates the net radiative forcing (NRF) of 
dust aerosols under light, moderate, and heavy conditions, respectively. 
The daily variation of NRF during the daytime was primarily influenced 
by SW, whereas at night, it was predominantly governed by LW. The 
presence of dust aerosols resulted in a cooling effect on the surface, with 
NRF values recorded at three different intensities: 7.9 W m− 2, -12.0 W 
m− 2, and -18.2 W m− 2, respectively. The heating of the atmosphere 
produced NRF values of 10.2 W m− 2, 16.9 W m− 2, and 27.7 W m− 2 at 
three distinct intensities, respectively. At the TOA, heating effects were 
recorded at 2.3 W m− 2, 5.0 W m− 2, and 9.6 W m− 2, respectively. The 
substantial variations in dust intensity across various cases and regions 
render direct comparisons of forcing values inaccurate. Consequently, 
numerous studies have presented the concept of net radiative forcing 
efficiency (NRFE). NRFE is calculated as the net radiative forcing 
divided by the corresponding AOD500nm of dust aerosols. Fig. 10(d) 
demonstrates that the daily fluctuation of NRFE aligned with the fluc-
tuation of NRF. The daily average efficiency is − 30.2 W m− 2 AOD− 1 at 
the surface, 42.5 W m− 2 AOD− 1 in the atmosphere, and 12.3 W m− 2 

AOD− 1 at the TOA. The analysis shows that the heating impact of dust 
aerosols in the atmosphere surpassed the cooling effect at the surface, 
leading to a net heating effect of dust aerosols on the Earth’s atmo-
spheric system in this area. The conclusion was made based on the 
surface albedo, along with the absorption and scattering characteristics 
of dust aerosols. The shadow illustrates the standard deviation of three 
intensities. It indicates that, following division by AOD, the variation in 
NRFE among the three intensities was marginally greater during sunrise 
and sunset, while remaining insignificant at other times.

Previous studies (Chen et al., 2024; Claquin et al., 1998; Kok et al., 
2023; Liao and Seinfeld, 1998) indicate that when dust aerosols are 
positioned over high-albedo surfaces, such as deserts and snow, the 
warming effect of SW absorption is enhanced. Conversely, when dust 
aerosols are positioned over low-albedo surfaces, such as forests and 
oceans, the cooling effect from SW scattering is amplified. In these cases, 
the majority of radiation is reflected into space, whereas on high-albedo 
surfaces, more radiation is absorbed. This explains why some studies 
(Filonchyk et al., 2021, 2024; Li et al., 2004; Peris et al., 2017) suggest 
that dust aerosols contribute to a cooling effect at TOA. From Table 2, it 
is evident that the absolute value of dust radiative forcing efficiency at 
the surface of Shaartuz is lower than in other regions, indicating that the 
cooling effect of dust aerosols at the surface is smaller than in the 
Taklamakan Desert (Huang et al., 2009), the Mediterranean (Meloni 
et al., 2015), Lahore (Alam et al., 2014), and Patiala (Sharma et al., 
2012) in South Asia. The radiative forcing efficiency in the atmosphere 
is greater than in the Mediterranean, comparable to that in South Asia, 
and smaller than in the Taklamakan Desert. The surfaces of the Medi-
terranean, Lahore, and Patiala are darker, resulting in a negative radi-
ative forcing efficiency for dust aerosols at the TOA. In contrast, the 
surfaces of the Taklamakan Desert and Shaartuz are brighter, and the 
radiative forcing efficiency at the TOA is positive, indicating that dust 
plays a warming role in the Earth’s atmospheric system in these regions. 
Due to differences in statistical methods, we will not discuss other 
studies in detail. However, it is clear that in bright surface areas of West 
Africa, the radiative forcing efficiency at the TOA is positive (Saidou 
Chaibou et al., 2020), while in other darker surface areas, it is negative Fig. 9. Same as Fig. 8 but for longwave radiative forcing.
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(Di Sarra et al., 2011; Peris et al., 2017; Sicard et al., 2014; Valenzuela 
et al., 2017). These findings confirm the conclusion of Liao and Seinfeld 
(1998) that the heating or cooling effect of dust aerosols on the Earth’s 
atmospheric system largely depends on the surface albedo.

The SRF of dust aerosols in the atmosphere has been established as a 
significant positive forcing, leading to atmospheric heating. The LRF 
represented a comparatively weak negative forcing, as previously out-
lined. The vertical heating rate of dust aerosols was determined by the 
difference between the presence and absence of dust (Equation (10)). 
We use the aerosol extinction coefficient profile in Fig. 7(b) to represent 
the vertical distribution of dust. Fig. 11 illustrates the shortwave heating 
rate (SHR) of dust aerosols across three distinct scenarios. The vertical 
distributions observed align with the extinction coefficient profiles 
presented in Fig. 7(b), demonstrating double-layer structures under both 
light and heavy dust conditions. During conditions of heavy dust, the 
heating rate near ground level surpassed 2 K day− 1, whereas the heating 
rate attained 1.5 K day− 1 at altitudes ranging from 2.5 to 3.5 km. The 
peak values of SHR under the three conditions are 0.7, 1.1, and 2.1 K 
day− 1, respectively. The presence of dust aerosols was shown to absorb 
solar SW radiation, leading to atmospheric heating. This phenomenon 
can influence local weather and climate by altering the thermal and 
dynamic structure of the atmosphere (Chen et al., 2023; Victor et al., 
2024).

The longwave heating rate (LHR) in Fig. 12 was significantly lower 

than SHR, aligning with the findings related to radiative forcing in the 
atmosphere. The maximum LHR are 0.05, 0.10, and 0.14 K day− 1 for 
light, moderate, and heavy dust conditions, respectively. It illustrates 
the heating characteristics in the lower layer (0–2 km) and the cooling 
effects observed in the upper layer (2–6 km). The vertical distribution 
can be attributed to the high surface temperature and the multi-layered 
configuration of dust aerosols. Considering diurnal variation, the LW 
heating exhibited its greatest intensity in the lower layer at noon, 
whereas the cooling was most pronounced in the upper layer (3–4 km) 
during the morning and at nightfall. The influence of LHR on the net 
radiative heating rate was small during daylight hours. However, once 
SHR was lost, LHR persisted in impacting the atmospheric thermal 
structure during the night.

4.4. Uncertainties in radiative forcing and heating rate

In Sections 2 and 3, we discussed the uncertainty associated with the 
input parameters. We referenced the methods proposed by Huang et al. 
(2009) and Wang et al. (2020) for assessing uncertainty and conducted 
sensitivity tests on SSA, ASY, and WV, as these parameters significantly 
impact the simulation of radiative forcing and heating rate. In Tables 3 
and 4, we examine the potential errors in radiative forcing and heating 
rate resulting from uncertainties in these three parameters under heavy 
dust. The observation error of AOD is relatively small (0.01–0.02, Eck 

Fig. 10. The net radiative forcing of dust aerosols is illustrated under three conditions: (a) light, (b) moderate, and (c) heavy dust. The black lines denote the surface 
(SFC), red indicates the atmosphere (ATM), blue represents the top of the atmosphere (TOA), and the shadows reflect the standard deviation resulting from variations 
in the position of direct sunlight during the summer. (d) The net radiative forcing efficiency. The shadows indicate the standard deviation across varying intensities: 
light, moderate, and heavy. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Comparison of dust net radiative forcing efficiency (W m− 2 AOD− 1) between the present and previous studies (For consistency in comparison, the results of the studies 
were uniformly processed into net radiative forcing efficiency). SFC: surface. ATM: atmosphere. TOA: top of the atmosphere. ‘Points’ represents the average of valid 
data points. ‘Inst.’ represents instantaneous value. ‘Integ.’ represents integrating the instantaneous values.

Location SFC ATM TOA SSA 
675 nm

Surface albedo References

Taklimakan Daily − 56 108 53 0.89 0.346 Huang et al. (2009)
Mediterranean Daily − 84 25 − 59 / 0.09 to 0.15 Meloni et al. (2015)
Lahore Daily − 80 46 − 35 0.98 / Alam et al. (2014)
Patiala Daily − 67 52 − 15 / 0.15 Sharma et al. (2012)
Tajikistan Daily ¡30 43 12 0.94 0.32 to 0.34 This study
Baotou Points − 206 151 − 55 0.98 / Filonchyk et al. (2024)
West Africa Summer − 19 33 13 / / Saidou Chaibou et al. (2020)
Mediterranean Inst. − 112 48 − 64 / 0.07 Di Sarra et al. (2011)
Mediterranean Points − 164 138 − 26 / 0.06 Peris et al. (2017)
Barcelona Points − 74 50 − 24 / 0.018 Sicard et al. (2014)
Evora Integ. − 103 53 − 50 0.96 / Valenzuela et al. (2017)
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et al., 1999; Holben et al., 1998) and is not discussed further here. The 
errors in SSA and ASY from the 13 AERONET stations arise from the 
inversion algorithm, with uncertainties ranging from 0.03 to 0.04 and 
0.04, respectively (Bi et al., 2016; Dubovik et al., 2000). Consequently, 
we assume their uncertainties to be 4% and 5%, while the inversion 
uncertainty for WV is assumed to be 12% (Holben et al., 1998). As 
shown in Table 3, the uncertainty in SSA leads to significant variation in 
the simulation of shortwave radiative forcing (SRF) and heating rate, 
with an error of 22.6 W m− 2 for the atmosphere and 0.2182 K day− 1 for 
the average SHR. In contrast, the impact of ASY is much smaller, causing 
a maximum error of 3.0 W m− 2 in surface SRF and 0.003 K day− 1 in the 
average SHR. The inversion error for WV primarily introduces uncer-
tainty in longwave radiation, contributing a maximum uncertainty of 
1.1 W m− 2 in longwave radiative forcing (LRF) at the surface and 0.002 
K day− 1 in the average LHR. It should be noted that the sensitivity tests 
presented here represent the theoretical maximum uncertainty resulting 
from parameter inversion errors and do not reflect the actual uncer-
tainty of our results.

5. Conclusions

We assessed the radiative forcing of dust aerosols and the vertical 
heating rate at Shaartuz during the summer of 2023 utilizing the sun sky 
lunar photometer, dual-wavelength polarization Raman lidar, and the 
SBDART model. The primary input parameters of the model consist of 
aerosol optical parameters such as AOD, AE, SSA, and ASY, along with 
vertical profiles of the aerosol extinction coefficient, atmospheric tem-
perature, humidity, ozone, and other relevant factors. The findings 
indicate that the occurrence of dust events in this region was notably 
high, with dust aerosol layers consistently observed at altitudes of 4–6 
km throughout the observation period. These layers exhibited multi- 
layered structures, which exceed the height of the dust stagnation 
layer found in the interior of the Taklamakan Desert (Bi et al., 2022). 
The overall average AOD500nm and AE440–870nm at Shaartuz were 
measured at 0.51 ± 0.38 and 0.34 ± 0.15, respectively, indicating the 
dominance of coarse dust particles throughout the entire observation 
period. Using the AOD and AE, we categorized the dust days into three 
classifications: light, moderate, and heavy dust. The mean values of 
AOD500nm across the three scenarios are 0.24, 0.39, and 0.67, respec-
tively. The aerosol average extinction coefficient reached maximum 
values of 0.06 ± 0.02, 0.09 ± 0.02, and 0.16 ± 0.02 km− 1 at heights 
ranging from 255 to 420 m for light, moderate, and heavy dust, 
respectively. A notable dust layer was identified at an altitude of 2–3.5 
km beneath heavy dust, with the extinction coefficient measured at 3 km 
reaching 0.12 ± 0.04 km− 1.

The daily average SRF of dust aerosols was measured at − 12.0, 
− 19.5, and − 32.0 W m− 2 at the surface, 10.9, 18.1, and 30.5 W m− 2 in 

Fig. 11. The shortwave heating rate of dust aerosols under (a) light, (b) 
moderate, and (c) heavy dust.

Fig. 12. The longwave heating rate of dust aerosols under (a) light, (b) mod-
erate, and (c) heavy dust.

Table 3 
Estimation of uncertainties of radiative forcing. Unit: W m− 2.

SFC ATM TOA

SW LW NET SW LW NET SW LW NET

SSA±4% ±10.9 ∓2.3 ±8.6 ∓22.6 ±2.0 ∓20.5 ∓11.7 ∓0.2 ∓11.9
ASY±5% ±3.0 ∓1.7 ±1.3 ∓0.3 ±0.2 ∓0.1 ±2.7 ∓1.5 ±1.2
WV±12% ±0.1 ∓1.1 ∓1.0 ∓0.1 ±0.3 ±0.1 ±0.0 ∓0.8 ∓0.8

Table 4 
Estimation of uncertainties of vertical averaged atmospheric heating rate. Unit: 
K day− 1.

SW LW NET

SSA±4% ∓0.2182 ±0.0180 ∓0.2003
ASY±5% ∓0.0025 ±0.0004 ∓0.0021
WV±12% ∓0.0012 ±0.0017 ±0.0005
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the atmosphere, and − 1.1, − 1.4, and − 1.5 W m− 2 at TOA, corre-
sponding to light, moderate, and heavy dust conditions, respectively. 
These results are smaller than the findings from Huang et al. (2009) on 
the dust in the Taklamakan Desert. The daily averages of LW radiative 
heating at the surface compensated for 34.2%, 39.0%, and 43.1% of SW 
cooling under the three conditions, while at the TOA, the heating of LW 
radiation were 309.1%, 457.1%, and 740.0% of SW cooling, respec-
tively. This highlights the importance of longwave radiative forcing 
(LRF) in net radiation effects and confirms that large dust particles 
significantly influence longwave radiation. The NRFE at the surface 
consistently exhibited negative values during the daytime, attributed to 
the influence of SRF, while at night, it showed positive values due to 
LRF, resulting in a daily average of − 30.2 W m− 2 AOD− 1. The NRFE in 
the atmosphere consistently exhibited positive values during daylight 
hours as a result of SW absorption, while at night, it showed weakly 
negative values attributed to LRF. The daily average was 42.5 W m− 2 

AOD− 1. The results at the TOA indicated a negative value for several 
hours surrounding both sunrise and sunset while remaining positive 
during the remainder of the day. The peak value was recorded at noon, 
resulting in a daily average of 12.3 W m− 2 AOD− 1 at the TOA. The high 
surface albedo (0.30–0.35) observed at Shaartuz led to positive SRF 
values at the TOA during daylight hours. This, combined with the effects 
of LRF, resulted in positive daily averages of NRF at the TOA. These 
results are consistent with those from the Taklamakan Desert (Huang 
et al., 2009) and the Sahara Desert (Saidou Chaibou et al., 2020), but 
opposite to findings over oceans (Meloni et al., 2015) and urban areas 
(Alam et al., 2014; Sharma et al., 2012), primarily due to differences in 
surface albedo. Liao and Seinfeld (1998) noted that as surface albedo 
increases, the SRF of dust aerosols at the TOA can transition from 
negative to positive, altering net radiative forcing. When surface albedo 
is constant, decreasing SSA (i.e., increased dust particle absorption) 
results in a transition from negative to positive radiative forcing (Huang 
et al., 2014). This underscores the importance of accurately character-
izing the optical properties of dust aerosols and surface conditions in 
studies of dust radiative effects. In Section 4.4, we discussed how the 
uncertainty in SSA is a major source of error in evaluating dust radiative 
effects. The SSA of dust aerosols is influenced by particle composition 
(Sokolik and Toon, 1999), size (Su and Toon, 2011), and other factors. 
The aggregation of hematite with quartz or clays can significantly 
enhance SW absorption by dust (Sokolik and Toon, 1999). Small parti-
cles (0.1–1.0 μm in diameter) have larger scattering and absorption 
cross-sections per unit mass than larger particles (Steinfeld, 1998). 
Studies show that the SSA of East Asian dust is higher than that of Sahara 
dust (Su and Toon, 2011), and anthropogenic aerosol pollution in urban 
areas can reduce the SSA of dust (Ge et al., 2010; Pandithurai et al., 
2008). Therefore, to better understand the role of dust aerosols in 
climate change, ongoing development of regional and global dust opti-
cal parameter observation programs is essential.

The results of radiative forcing indicate that dust aerosols in the at-
mosphere have a significant heating effect. We conducted a detailed 
analysis of the vertical heating rate of dust aerosols by analyzing the 
aerosol extinction coefficient profile. The findings indicate that the 
heating rate of dust aerosols in the atmosphere was predominantly 
influenced by SW heating, with LW values being significantly lower than 
SW values. The SHR of dust aerosols below 500 m were 0.7 K day− 1 for 
light dust, 1.1 K day− 1 for moderate dust, and 2.1 K day− 1 for heavy 
dust. Under conditions of heavy dust, the heating rate attained 1.7 K 
day− 1 at altitudes of 3 km. The original atmospheric thermal structure 
and surface temperature of the region were significantly altered. During 
heavy dust conditions, the highest surface temperature was recorded at 
8.6 ◦C lower than that of light dust and 5.9 ◦C lower than that of mod-
erate dust. How the dual heating structure and surface cooling under 
heavy dust affected regional atmospheric circulation and how they 
further affected the climate characteristics of the region is a goal for the 
future research. To the best of our knowledge, this is the first study of 
dust aerosol vertical profiles and heating rates in southwestern 

Tajikistan. The findings contribute to understanding the influence of 
dust aerosols on the regional energy budget and their interactions with 
precipitation in Central Asia.
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