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Estimating Atmospheric Dust Pollutants Content
Deposited on Snow Surfaces From In Situ Spectral
Reflectance Measurements and Satellite Data

Donghang Shao ", Hongyi Li

Hongxing Li

Abstract—Dust deposited on the surface of snow and glaciers can
significantly reduce the snow and ice albedo and accelerate melting.
Manual observations of the dust mass concentration (DMC) on
snow and glacier surfaces are routinely performed at many loca-
tions worldwide. However, snow and ice surface DMC monitoring
methods based on remote sensing data still face challenges. This
study presents a new retrieval scheme for estimating dust load
on snow-covered surfaces from a moderate-resolution imaging
spectroradiometer and visible infrared imaging radiometer suite
in Northeast and Northwest China that utilizes a classical snow
radiative transfer model. Our results indicate that the coefficient
of variation of DMC retrieved from the in situ measurements of
snow spectral reflectance is 4%, which is within a +-4% difference
compared with DMC observed in snow and ice samples. Estimating
atmospheric dust pollutants content deposited on snow surfaces
based on satellite remote sensing observations is feasible. In North-
west China, the root-mean-square error (RMSE) of the DMC values
retrieved from VNP0O9GA data is 9.78 ppm, while that of the DMC
values retrieved from MODO09GA data is 13.74 ppm. In Northeast
China, the RMSE of the DMC values retrieved from VNP09GA
data is 73.98 ppm, while that of the DMC values retrieved from
MOD09GA data is 184.32 ppm. The research results can real-
ize continuous monitoring of the atmospheric dust pollutants de-
posited on snow surfaces, which is of great practical significance to
understanding and studying the pollution process of atmospheric
dust on snow.
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1. INTRODUCTION

N THE 20th century, climate change-induced drought and

human land-use development led to an almost doubling of the
atmospheric dust content [1]. In downwind regions of large-scale
drought or semiarid environments, a significant amount of light-
absorbing dust is deposited on snow and glacier surfaces due to
atmospheric circulation [2]. This deposition notably reduces the
albedo of snow and ice surfaces, subsequently causing changes
in radiative forcing. The effect of dust on the snow and glacier
albedo and melting is becoming increasingly pronounced within
the context of climate change [3]. The role of dustis evidentin the
spatial heterogeneity of snowmelt and snowline trends in high
mountain Asia, and the contribution of dust to the snowmelt
process increases under snowline rise and climate warming
[4], [5], [6]. In snow-covered and glacial areas in Asia, dust
is deposited more frequently due to climate change and human
activities [7]. Widespread dust deposition onto snow/ice surfaces
causes them to darken (see Fig. 1). The ability of snow/ice
surfaces to reflect solar radiation flux is reduced, and the amount
of solar radiation absorbed increases, which raises the land
surface temperature and causes further climate warming [8].
The resulting accelerated melting in snow-covered and glacial
areas due to dust deposition threatens the stable supply of ice
and snow water resources at the regional scale, thus amplifying
regional water shortages. Therefore, obtaining high-precision
spatial and temporal continuous dust content information on
snow and ice surfaces not only contributes to the sustainable use
of ice and snow water resources but also contributes to snow
status initialization in regional climate change simulations.

Many studies have shown that numerous dust deposits exist
on snow and ice surfaces in high mountain Asia [9], [10], [11]. In
Northwest China, the average dust mass concentration (DMC)
on snow and ice surfaces is 17.3 ppm [12]. In Northeast China,
the average DMC on snow and ice surfaces reaches as high as
1419.6 ppm due to human activities [ 13]. On the Tibetan Plateau,
the DMC in snow and glaciers reaches as high as 846 ppm
[14]. There is abundant evidence that dust is the essential source
of light-absorbing particles in snow and ice across the Tibetan
Plateau and Asia, and its radiative forcing and climatic effects

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/


https://orcid.org/0000-0002-6681-3640
https://orcid.org/0000-0001-7583-6003
https://orcid.org/0000-0001-7110-223X
https://orcid.org/0000-0002-7370-5568
https://orcid.org/0000-0002-4028-5480
https://orcid.org/0000-0002-2711-8522
https://orcid.org/0009-0009-3340-1509
https://orcid.org/0000-0002-4636-979X
mailto:shaodonghang@lzb.ac.cn
mailto:lihongyi@lzb.ac.cn
mailto:jiwenzheng@nieer.ac.cn
mailto:jiwenzheng@nieer.ac.cn
mailto:xyzhong@lzb.ac.cn
mailto:haoxh@lzb.ac.cn
mailto:alexander.kokhanovsky@gfz-potsdam.de
mailto:alexander.kokhanovsky@gfz-potsdam.de
mailto:lihaojie@lzb.ac.cn
mailto:lihaojie@lzb.ac.cn
mailto:lihongxing@lzb.ac.cn

7904

Dust-loaded glacier

Fig. 1. Dust-covered snow and glaciers in Northwest China. (a) shows the
dust-loaded glacier. (b) shows the dust-loaded snow.

on the snow and ice albedo are considerable [14], [15], [16],
[17].

At present, three methods are commonly used to obtain the
DMC on snow and ice surfaces:

1) field sampling and laboratory analysis;

2) estimations via the regional weather research and fore-
casting model coupled with chemistry (WRF-Chem) air
quality model;

3) satellite remote sensing retrieval.

Field sampling is the most commonly used method to obtain
the DMC in snow and ice layers. Many observation experiments
have been conducted in various regions, such as the Arctic [9],
Antarctic [18], [19], North America [20], southern Europe [21],
and the Himalayan-Tibetan Plateau [10], [14], [22]. Despite
the high accuracy of field sampling, DMC data are still un-
available for most complex terrains. Most field survey data are
derived from single-point observation experiments of snow pits
in specific glaciers, which provides data with a very poor spatial
resolution. Furthermore, the uncertainty in sampling guidelines
and the inherent limitations of analysis equipment can lead
to significant variations in the results obtained by researchers
within the same region [16]. In addition, field sampling does
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not allow for a long time series of observations, limiting its
application in hydrological and climate studies. Another way
to obtain the DMC on snow and ice surfaces is to employ the
WRF-Chem model, which couples meteorological conditions
and chemical processes [23]. The WRF-Chem model enables
the simulation of dust transport processes, emission fluxes,
and DMC levels [24], [25], [26]. However, WRF-Chem model
simulations focus on dust aerosols, and it is difficult to accurately
obtain information regarding the concentration of dust deposited
onto snow and ice surfaces. Satellite remote sensing retrieval
can be adopted to effectively obtain spatiotemporally continuous
DMC values for snow and ice surfaces. In previous studies, the
retrieval of light-absorbing particles on snow and ice surfaces
has primarily focused on black carbon concentrations [27], [28],
[29], [30], while few studies have focused on DMC retrieval
for snow and ice surfaces. In recent years, Kokhanovsky et al.
[31] proposed a theoretical physical model based on asymptotic
radiative transfer (ART) theory that can be used to retrieve the
DMC, snow grain size, and dust mass absorption coefficient for
snow and ice surfaces. This model bridges the gap in algorithms
for retrieving the dust load on snow and ice surfaces. However,
this model has only been applied to in situ snow spectral re-
flectance measurements at three wavelengths in the visible and
near-infrared bands for theoretical retrieval of the dust load on
snow and ice surfaces. Therefore, the application of large-scale
satellite remote sensing observations should be investigated, and
the spatial validity of dust load snow parameters derived from
remote sensing data should be assessed. Kokhanovsky et al. [32]
achieved the first step toward this objective by utilizing a high-
spectral-resolution Hyperspectral Precursor of the Application
Mission or PRecursore IperSpettrale della Missione Applicativa
imaging spectroscopy data to retrieve multiple surface snow op-
tical property parameters in the Nansen Ice Shelf and compared
them with literature data.

In this study, we validated the accuracy of the dust load satel-
lite retrieval model for snow and ice surfaces by using spectrome-
ter field-measured snow spectral reflectance data. A remote sens-
ing retrieval scheme for extracting dust load parameters from
snow and ice surfaces was proposed based on visible infrared
imaging radiometer suite (VIIRS)/national polar-orbiting part-
nership (NPP) surface reflectance daily L2GD 500 m and 1 km
(VNPO9GA) surface reflectance data and moderate-resolution
imaging spectroradiometer (MODIS) Terra/Aqua surface re-
flectance daily L2G global 500 m and 1 km (MODO9GA) surface
reflectance data. In addition, the accuracy of the scheme was
evaluated using in situ measurement DMC data.

II. STUDY AREA AND DATA
A. Study Area

In this study, we chose Northeast and Northwest China as
study areas to retrieve the dust load on snow surfaces (see Fig. 2).
The average elevation in Northeast China (NE) is 443 m, and
the study areais located between 121.53°-130.84° longitude and
43.56°-48.07° latitude. This region is one of the China’s three
major winter snow-covered areas. Long-distance cross-border
transport of dust is highly susceptible to deposition on snow
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Overview of the study areas in Northeast and Northwest China (the blue points denote the validation sites for remote sensing retrieval results, the purple

points denote the validation sites for in situ spectral reflectance retrieval results, the red dotted lines denote the study areas, and the solid orange line indicates the
Chinese national border). The imagery is sourced from the cloud-free results of Sentinel-2 provided by the European Space Agency.

surfaces in this region, affecting snow and ice albedo radiative
forcing. The study area in Northwest (NW) China is located
north of the Tianshan Mountains at elevations ranging from 154
to 7009 m, and this study area is located between 79.52°-95.83°
longitude and 41.67°-49.19° latitude. This region exhibits a
significant snow cover and numerous snow cover days each year.
In this region, dust is the dominant light-absorbing impurity in
the snow layer, resulting in changes in snow albedo radiative
forcing [12].

B. Data and Preprocessing

1 ) Remote Sensing Data: In this study, MOD0O9GA and
VNPO9GA surface reflectance data are the primary remote
sensing data used for DMC retrieval. The top-of-atmosphere
reflectance is influenced not only by the reflectance of the under-
lying polluted snow surface but also by the properties of atmo-
spheric air between the ground and satellite. Both MODO9GA
and VNPO9GA data are rigorously atmospherically corrected,
allowing for large-scale and long time-series monitoring of the
snow DMC, and these data achieve excellent performance in
retrieving snow optical property parameters [33], [34]. The
derivation of MOD0O9GA and VNPO9GA surface reflectance
products fully accounts for atmospheric aerosol properties. In
addition, it should be noted that the driver data have been atmo-
spherically corrected so that the impact of atmospheric effects
is limited and the impact of specific atmospheric correction
procedures on retrieval results is reduced.

The channels were selected in such a way that atmospheric gas
absorption effects are minimized. We used the 1240 nm channel
to determine the snow grain size [31] as large snow grains absorb
more light in this channel. Therefore, the snow grain size can be
estimated using measurements in this channel with the support of
the 865 nm channel [refer to (A11) in Appendix A]. Information
on the snow grain size is important for dust load estimation.
Further details have been given by Kokhanovsky et al. [31]. The
reflectance in the 400 and 490 nm channels is highly influenced
by the DMC and dust type (via the dust absorption Angstrom
exponent).

Based on the above theory and combining the spectral signa-
tures of MOD09GA and VNPO9GA data, we determined the op-
timal retrieval bands (A;=400nm, Ao = 490 nm, A3 = 865 nm,
and 14 = 1240nm) for the dust-loaded snow retrieval model
[31]. When using MODO9GA data to retrieve the DMC on
snow surfaces, the following bands were selected: sur_refl_b03,
sur_refl_b04, sur_refl_b02, and sur_refl_b05. When using
VNPO9GA data to retrieve the DMC on snow surfaces, the
following bands were selected: M1, surface reflectance band
M3, surface reflectance band M7, and surface reflectance band
MS.

The imaginary part of the ice refractive index needed for bulk
ice absorption coefficient 7;(A) calculation was obtained from
the existing data [35], [36] (see Table I).

Based on the visual interpretation, it was found that the surface
reflectance values of the MOD09GA and VNPO9GA data are
similar in bands sur_refl_b03 and M1, sur_refl_b04 and M3, and
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TABLE I
IMAGINARY PART OF THE ICE REFRACTIVE INDEX FOR THE DMC RETRIEVAL BAND

Bands used in the Imaginary part of the ice Imaginary part of the
) MODO09GA o VNPO9GA ) o
retrieval model refractive index ice refractive index
sur_refl b03 band M1
A; (400 nm) 6.2751x107"° 2.669x107"
(459-479 nm) (402-422 nm)
sur_refl b04 band M3 0
A, (490 nm) 1.0791x107° 2.861x10"
(545-565 nm) (478488 nm)
sur_refl b02 S band M7 ,
Az (865 nm) 2.150x10" 2.150%10~
(841-876 nm) (846-885 nm)
sur_refl b05 band M8
A, (1240 nm) 1.220x107° 1.220x107
(1230-1250 nm) (1230-1250 nm)
MOD_NE_b3 MOD_NE_b4 MOD_NE_b2 MOD_NE_b5
S ;
g
122 124 126 128 130 122 124 126 128 130 122 124 126 128 130 122 124 126 128 130
VNP NE_b1l VNP_NE_b3 VNP NE_| b7 VNP_NE_b8
g
L
122 124 126 128 130 122 124 126 128 130 122 124 126 128 130 122 124 126 128 130
MOD_NW_b3 MOD_NW_b4 MOD_NW_b2 MOD_NW_b5
g

81 84 87 90 93
VNP_NW b1

81 84 87 90 93

Lon [°N] Lon [°N]

81 84 87 90 93
VNP_NW b3

81 84 87 90 93

81 84 87 90 93
VNP_NW b8

81 84 87 90 93
VNP_NW_b7

”A’&Sﬁ{ ~em
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Fig. 3.
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Reflectance differences between the four MODIS channels (bands 3, 4, 2, and 5) and VIIRS channels (bands 1, 3, 7, and 8) used for dust-loaded

snow retrieval. The symbols “MOD_NE” and “MOD_NW? represent the surface reflectance of MODO9GA data in Northeast and Northwest China, respectively.
Similarly, the symbols “VNP_NE” and “VNP_NW" represent the surface reflectance of VNPO9GA data in Northeast and Northwest China, respectively. NE (Date:

15 January 2020) and NW (Date: 5 January 2020).

sur_refl_b02 and M7, and the values almost completely overlap
in bands sur_refl_b05 and M8 (see Fig. 3 ). With the use of both
datasets to retrieve the DMC in snow, we could compare them
and improve the reliability of the retrieval results. In addition,
the use of multiple satellite products could allow us to assess the

impacts of the remote sensing spectral data range and bandwidth
on DMC retrieval from snow layers.

Although the reflectance values in the above four bands are
similar, there are slight differences. These differences can be
attributed to four factors:
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Fig. 4. BRDF measuring instrument. (a)—(d) Each shows a multiangle obser-
vation of the dust-loaded snow reflectance at different levels of dust pollution.

1) the different spectral response functions of the sensors for

obtaining MOD(09GA and VNPO9GA data;
2) different calibration processes of the sensors for obtaining
MODO09GA and VNPO9GA data;

3) different bandwidths of similar bands for MOD09GA and
VNPO9GA data;

4) different processing algorithms for MODO9GA and
VNPO9GA data.

In the model retrieval process, MODIS/Terra snow cover daily
L3 global 500 m SIN grid (MOD10A1 SCD version 6) data were
used to identify snow-covered areas based on the MOD09GA
bands, while VIIRS/NPP snow cover daily L3 global 375 m
SIN grid (VNP10A1 SCD version 6) data were used for the
VNPO9GA bands.

2) Field Observation Data:

a) DMC measurements: DMC measurements are typi-
cally conducted in a laboratory setting, necessitating snow cover
sampling. The sampling specifications adhered to the principles
delineated by Wang et al. [37]. With the use of disposable gloves,
a snow shovel was employed to collect snow samples from the
top of the snow surface (< 2 cm), which were then compacted
and sealed in 2-L. Whirl-Pak bags, with each snow sample bag
numbered. Each observation involved multiple samplings to
avoid accidental errors. The snow samples were frozen until
they were returned to the laboratory for DMC measurement.
In addition, the coordinates, time, temperature, and snow depth
were recorded.

The snow and ice samples collected in the field were trans-
ported in a frozen state to the laboratory. After the snow and ice
samples had completely melted at room temperature, they were
filtered through quartz filters (Whatman QMA) and combusted
in a muffle furnace at 600 °C for 6 h. The quartz filters were
placed in an ultraclean drying oven at 60 °C for 24 h. After com-
plete drying, they were weighed using a microbalance with an
accuracy of 0.1 mg. The dust content in snow and ice was defined
as the mass difference between the quartz filters before and after
sample filtering divided by the volume of the filtered snowmelt
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sample. Strict data quality control was performed in this study,
which excluded potential errors, such as transient clouds and im-
proper storage of the snow samples, and ensured the validity of
all data. In the Northwest China study area (measurement period:
15-25 January 2016, and 23 November 2016-23 March 2017),
we obtained 13 observation groups (the observation groups refer
to data records that include the observation coordinates, time,
DMC, and spectrum. The data not only include the DMC but also
include other auxiliary data. Hence, we referred to these data as
observation groups in this study) of valid measured DMC data
for snow and ice surfaces. In Northeast China (measurement
period: 24 December 2018 to 24 February 2019), we obtained 12
observation groups of valid measured DMC data for snow and
ice surfaces. All field-observed DMC samples were acquired
based on the satellite transit time measurements.

Potential errors due to scale effects between point-by-point
observations and satellite retrievals were considered in this
study. In the field observations, 500 mx500 m samples were
selected for validation, and each sample was divided into 10x 10
subgrid samples. The average dust content in all subgrid sam-
ples approximately represents the dust content information of a
single-point snow and ice surface on a 500 m scale.

b) In situ snow spectral reflectance measurements: Given
the potential impacts of snow as a typical forward scattering
medium and the satellite imaging azimuth on the retrieval results,
it is inadequate to exclusively rely on the spectra procured from
nadir-directed observations to validate the precision of DMC
retrieval based on the dust-loaded snow retrieval model. Con-
sequently, we used a snow bidirectional reflectance distribution
function (BRDF) observation instrument to conduct several field
surveys and comprehensively verified the accuracy of the DMC
retrieval algorithm.

The reflectance measurement entailed the application of the
PSR-3500 field spectroradiometer, which is a SPECTRAL
EVOLUTION, Inc., product with an observational bandwidth
spanning 350-2500 nm. This instrument offers a spectral res-
olution of 1 nm with a 25° field-of-view fiber optic cable. The
PSR-3500 spectrometer can achieve data acquisition within the
full spectral range in 100 ms, reaching a scan rate of 10 times/s.
The mean of ten spectra was preserved as the actual spectrum
acquired. A multiangle reflectance instrument was installed to
observe the dust-loaded snow reflectance within the range of
viewing zenith angles of 0°, 10°, 20°, 30°, 40°, 50°, and 60°
(see Fig. 4). The solar zenith angle was calculated from the
measurement point longitude, latitude, and time. In this study,
we measured the in situ snow spectral reflectance for 12 groups to
calculate the DMC, and 12 groups of the DMC corresponding to
the in situ snow spectral reflectance were additionally measured.

III. METHODS

Here, we introduce a new method based on the well-
established ART theory combined with remote sensing data for
monitoring the dust load on snow surfaces. The new method
combines the advantages of satellite remote sensing for spatial
and temporal monitoring on a large scale. We extend the dust-
loaded snow retrieval model from a single point to a larger spatial
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scale. This permits the dust-loaded snow retrieval model to sim-
ulate DMCs in snow and ice. This research is crucial for directly
monitoring spatiotemporally distributed snow and ice surface
dust loads by utilizing satellite remote sensing observations.

In this study, the snow and ice DMC retrieval scheme con-
sidering near-real-time retrievals is based on the ART theory
proposed by Kokhanovsky and Zege [38] (refer to Appendix A),
and it was used to obtain the spatiotemporal distribution of the
snow and ice DMC in Northwest and Northeast China [31], [39].
The technique proposed by Kokhanovsky et al. [31] relating
the snow reflectance and dust load in snow is based on the full
physics approach and does not rely on the established corre-
lations between the reflectance and dust load. This approach
comprehensively considers the observation geometry [31], [32].
The retrieval technique is based on the principle that the snow
reflectance decreases with wavelength in the visible range in
the case of polluted snow, while the reflectance remains almost
constant in the visible range in the case of clean snow surfaces.
The snow reflectance decline in the visible region is greater
for high dust concentrations. In this article, we first validated

General flow of DMC retrieval from the remotely sensed spectral reflectance.

the algorithm against in situ observations. In this theory, the
spherical albedo r of dust-loaded snow can be obtained with
(1) (the specific physical meaning is detailed in Appendix A)

T :exp{—\/M} (1)

where L is the effective absorption length (EAL) and M is an
intermediate variable.
The DMC ¢,,, of dust-loaded snow can be obtained as follows:

Pi Cice
where pg is the dust density and p; is the ice density. Generally,
pa = 2.65g/cm?® and p; = 0.917 g/cm®. Moreover, cic is the
volumetric concentration of ice grains in snow, and cp is the
volumetric concentration of dust in the snowpack. The detailed
theoretical method and derivation process of the retrieval equa-
tions for dust load retrieval are provided in Appendix A. The
general flow of the DMC retrieval process based on MOD09GA
and VNPO9GA surface reflectance data is shown in Fig. 5.
The DMC retrieval process mainly includes three aspects: first,

>m
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Snow surface DMC retrieval results. (a) Shows the retrieved DMC based on MOD09GA data in the Northeast China region (unit: ppm; date: 15 January

2020). (b) Shows the retrieved DMC based on VNPO9GA data in the Northeast China region (unit: ppm; date: 15 January 2020). (c) Shows the retrieved DMC based
on MODO9GA data in the Northwest China region (unit: ppm; date: 5 January 2020). (d) Shows the retrieved DMC based on VNPO9GA data in the Northwest

China region (unit: ppm; date: 5 January 2020).

MODI10A1 SCD and VNP10A1 SCD data were employed to
obtain MODO09GA and VNPO9GA snow reflectance values;
second, the ART model was utilized to retrieve MOD09GA and
VNPO9GA snow albedo values; and third, the dust-loaded snow
retrieval model was used to retrieve the DMC in snow.

In this study, we used the mean absolute error (MAE), root-
mean-square error (RMSE), Pearson’s correlation coefficient
(R), coefficient of determination (R?), and coefficient of variation
(CV) to assess the accuracy of the dust-loaded snow retrieval
model. The definitions of the MAE, RMSE, R, R%, and CV are
detailed in Appendix B.

The MAE provides a straightforward interpretation of the
average prediction error of the dust-loaded snow retrieval model,
while the RMSE indicates the overall accuracy and the impact of
larger errors in the dust-loaded snow retrieval model. R indicates
the degree of association between the retrieved and observed
DMC values, while R? indicates the snow ability of the dust
load retrieval model to simulate the variance in the DMC. The
CV allows for comparing the consistency and reliability between
the retrieved DMC from the in situ spectral reflectance and the
in situ measured DMC, thereby evaluating the stability of the
simulation outputs of the dust-loaded snow retrieval model.
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Spectral reflectance of dust-covered snow observed by the spectrometer in the field. OG1-OG12 indicate the observation group snow spectral reflectance

values at different DMC levels. The characteristic wavelengths used for snow and ice surface dust load retrieval are A1 =400 nm, Ao = 490 nm, A3 = 865 nm, and

Agq = 1240 nm (see Appendix A).
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IV. RESULTS

A. Retrieval of the DMC Based on the Remotely Sensed Snow
Spectral Reflectance

In this study, we retrieved the DMC in two regions, i.e.,
Northwest China (date: 5 January 2020) and Northeast China
(date: 15 January 2020), using MOD09GA and VNP0O9GA
surface reflectance data, respectively (see Fig. 6).

The spatial retrieval results showed that the DMC on snow
and ice surfaces retrieved by the model ranges from O to
2500 ppm. In fact, in most regions of Northwest China and
Northeast China, the DMC on snow and ice surfaces is below
500 ppm, and only a few regions exhibit DMC values above
500 ppm. In Northeast China, the average DMC retrieved by
using the MODO9GA (VNPO9GA) surface reflectance data in
January was 138.18 ppm (253.81 ppm) [see Fig. 6(a) and (b)].

In Northwest China, the average DMC retrieved by using the
MODO09GA (VNP0O9GA) surface reflectance data in this region
in January was 43.59 ppm (45.30 ppm) [see Fig. 6(c) and (d)].
In addition, studies based on manual field observations in the
same areas have revealed that the average DMC on snow and
ice surfaces in Northwest China is 17.3 4 38.1 ppm [12]. In
the urban regions of Northeast China, the average DMC on
snow and ice surfaces in January is 223.83 ppm [13]. Therefore,
the DMC retrieved from remote sensing data can reflect the
spatial distribution characteristics of the natural dust content
on snow and ice surfaces. Although the DMC values retrieved
by using the VNPO9GA and MODO09GA surface reflectance
data exhibited similar distribution characteristics, differences
occurred in local areas. In general, the different sensors using the
new retrieval method could obtain the same DMC accuracy. The
main reason for the DMC retrieval accuracy difference here is
the notable difference in the reflectance used for DMC retrieval
between the MODO9GA and VNPO9GA data (see Fig. 3). The
dust-loaded snow retrieval model employed in this study is based
on the spectral reflectance to retrieve the dust content on snow
surfaces. Therefore, the retrieval results are influenced by the
magnitude of the reflectance. When extending this method to
satellite remote sensing data retrieval, the input data for the
retrieval model becomes the narrow-band reflectance. Because
the MODO09GA and VNPO9GA narrow-band reflectance values
differ, the retrieval results vary. The difference in the retrieval
results based on different narrow-band reflectance inputs does
not necessarily suggest a lack of accuracy in the retrieval algo-
rithm. In contrast, this precisely highlights the sensitivity of the
retrieval model to the input data characteristics.

B. Comparison of the In Situ DMC to the DMC Retrieved
From the In Situ Spectral Reflectance and the Remotely Sensed
Retrieved DMC

In general, dust more significantly impacts the snow spectral
reflectance in the visible band in most of the cases, while it
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TABLE II
PARAMETERS OF THE RETRIEVED DUST-LOADED SNOW UTILIZING THE IN SITU SNOW SPECTRAL REFLECTANCE

Observation group Angstrom absorption

Dust mass absorption

(0G) exponent coefficient (m*/g) Dust grain size (um) DMC (ppm)
0Gl 3.34 3.78x1073 6.23 105.05
0G2 3.57 3.93x10° 8.04 172.79
0G3 4.18 4.42x107 4.74 308.46
0G4 2.78 3.52x107° 13.22 584.62
0G5 3.10 3.65x107° 11.02 1220.59
0G6 1.70 3.37x107° 21.98 1781.54
0G7 4.34 3.83x107° 8.88 716.73
0G8 2.16 3.38x107° 17.97 801.79
0G9 3.94 421x107 5.90 701.10
0G10 1.63 3.38x107° 22.65 385.51
0Gl1 1.02 17.51x107 4.92 131.70
0G12 3.28 3.75x107 9.77 1377.62

imposes a negligible effect on the snow spectral reflectance in
the near-infrared band in most cases. Regarding dust deposited
on snow and ice surfaces, the DMC and dust grain size directly
affect the variation in the snow spectral reflectance (see Fig. 7).

Based on the in situ snow spectral reflectance, we retrieved the
DMC and other parameters for dust-loaded snow (see Table II).
This represents an effective method for the quantitative retrieval
of various intrinsic physical properties of snow based on in situ
snow spectral reflectance data.

The MAE, RMSE, R, R2, and CV values between the observed
and retrieved DMC values were 20.07 ppm, 26.91 ppm, 0.99,
0.98, and 4%, respectively (see Fig. 8). DMC retrieval from the in
situ spectral reflectance achieved a high degree of accuracy. The
retrieval error increased when retrieving the DMC from snow
and ice surfaces with a very high dust content. This possibly
occurs because the model ignores light scattering by dust grains
in snow.

To further evaluate the difference between the DMC retrieved
from the in situ spectral reflectance and the remotely sensed
retrieved DMC, we used in situ measurement DMC data for
Northeast and Northwest China to verify the accuracy of DMC
retrieval from remotely sensed spectral reflectance data (see
Fig. 9 and Fig. 10, respectively).

In Northwest China, the MAE and RMSE of the DMC val-
ues retrieved by utilizing the VNPO9GA data were 8.66 ppm
and 9.78 ppm, respectively, and the MAE and RMSE of the
DMC values retrieved by utilizing the MODO9GA data were

11.64 ppm and 13.74 ppm, respectively. In Northeast China,
the MAE and RMSE of the DMC values retrieved by uti-
lizing the VNPO9GA data were 59.18 ppm and 73.98 ppm,
respectively, and the MAE and RMSE of the DMC values
retrieved by utilizing the MODO9GA data were 123.28 ppm
and 184.32 ppm, respectively. Overall, the accuracy of DMC
retrieval by utilizing the VNPO9GA data was higher than that
utilizing the MODO9GA data. There is a significant difference
in DMC retrieval accuracy between the Northeast China and
Northwest China. The retrieval accuracy in Northwest China is
higher than those in the Northeast China region, regardless of
whether MODO9GA data or VNPO9GA data are used.

The comparison to in situ DMC measurements (which can
be considered the ground truth) revealed that the accuracy of
DMC retrieval from the in situ spectral reflectance is much
higher than that of DMC retrieval from remotely sensed spectral
reflectance data (see Figs. 8 and 9). The reasons are as follows:
the wavelength interval of the in situ measurement spectral
reflectance is narrower than that of the remotely sensed spectral
reflectance. Therefore, when retrieving the DMC in snow based
on in situ measurements of the spectral reflectance, the fine
change characteristics of the DMC can be more accurately
captured. There is almost no scale effect when comparing the
in situ DMC measurements to the DMC retrieval results from
the in situ spectral reflectance. In contrast, when comparing the
in sitt DMC measurements to the DMC retrieval results from
the remotely sensed spectral reflectance data, scale differences
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VNPO9GA and MODO09GA data, respectively, in Northwest China. (c) and (d) Show the verification results of the retrieved DMC based on VNPO9GA and

MODO09GA data, respectively, in Northeast China.

were observed. This is also an important reason why the retrieved
DMC from the in situ spectral reflectance is closer to the in situ
measured DMC. In situ measurements of the spectral reflectance
are not subject to atmospheric effects. Although atmospheric
effects slightly impact remotely sensed observations at high al-
titudes, both the VNPO9GA and MODO9GA surface reflectance
data have been subjected to atmospheric correction. However,
the atmospheric effects are clearly greater on the remotely sensed
spectral reflectance than on the in situ measurement spectral
reflectance.

V. DISCUSSION

A. Advantages and Limitations of Remote Sensing Retrieval of
Dust-Loaded Snow

Although the accuracy of manual observations of the DMC
on snow and ice surfaces is high, the timeliness and spatial

range are limited [14]. The accuracy of snow and ice surface
DMC data simulated by climate models based on emission in-
ventories is poor [40]. In contrast, DMC retrieval from remotely
sensed spectral reflectance data provides the advantages of high
accuracy, notable timeliness, and wide spatial coverage. The
relative deviation between the DMC estimated by the coupled
regional climate model (RegCM-4.6.0) and community land
model (CLM4.5) and the measured DMC varies between 33%
and 100% [41]. In our study, the relative deviation between
the snow surface DMC retrieved based on the satellite remote
sensing data and the measured DMC varied between 28% and
78%, and the accuracy is higher than that of the integrated model
results of the RegCM-4.6.0 and CLM4.5 models. In fact, in the
estimation of the snow surface DMC, the WRF-Chem model is
utilized in most studies. DMC data for the snow layer estimated
based on the WRF-Chem model have been widely used in studies
related to radiative forcing [8]. However, existing research has
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Fig. 10.  Accuracy comparison of the DMC values retrieved by using remote
sensing data. NW (VNPO9GA) denotes the Northwest China (VNPO9GA), NW
(MODO09GA) denotes the Northwest China (MOD09GA), NE (VNP0O9GA)
denotes the Northeast China (VNPO9GA), and NE (MODO09GA) denotes the
Northeast China (MODO09GA).

indicated that the WRF-Chem model underestimates the dust
deposition flux by 63% relative to observations [42]. In the
Himalayan ranges, the DMC estimated based on the WRF-Chem
model deviates by one order of magnitude (1000 ppm) from the
measured DMC [43]. In our study, the maximum deviation of the
DMC values retrieved based on the dust-loaded snow retrieval
model in Northeast China reached 483.50 ppm (see Fig. 9).
The precision of DMC retrieval based on the dust-loaded snow
retrieval model was also higher than that of the WRF-Chem
model.

Although the in situ snow spectral reflectance was used to
retrieve the DMC, the MAE is 20.07 ppm. However, the retrieval
results based on remotely sensed spectral reflectance data are
still not comparable to those based on the in situ snow spectral
reflectance, in which the average MAE of the DMC values
retrieved by using the VNPO9GA data is 33.92 ppm and that of
the values retrieved by using the MOD09GA data is 67.46 ppm.
The accuracy of remotely sensed spectral reflectance retrieval is
significantly lower than that based on the in situ snow spectral
reflectance. In conclusion, the current margin of error of the
retrieval results is acceptable. However, there remain certain
problems with the proposed retrieval method. For example,
the universality in different regions must be improved, and the
retrieval bands and parameters should be adjusted according to
the snow characteristics of other areas.

B. Challenges of This Study

The remaining challenges of this study are mainly reflected
in the following aspects.
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1) When dust on the surface of old snow is covered by new
snowfall, the manual sampling method can be employed
to obtain the natural DMC. However, since the penetra-
tion degree of optical remote sensing systems is limited,
the snow spectral reflectance observed by optical remote
sensing does not capture the actual characteristics that
change after the surface is covered by snow. The above
phenomenon is also the main reason for the low accuracy
of remote sensing retrieval relative to the single-point
scale.

2) The DMC values obtained by different experimental mea-
surement instruments when processing snow and ice sam-
ples containing dust vary greatly [16]. Therefore, the in
situ observed DMC can hardly represent the real DMC in
snow. In this case, when using the in situ observed DMC to
evaluate the remotely sensed retrieved DMC, the quality
of the remote sensing retrieval results cannot be ensured.

3) In this study, to construct a simple semiphysical retrieval
model of snow and dust properties, spatially uniform dis-
tribution characteristics of dust on snow and ice surfaces
were assumed [31], [44]. However, the distribution of dust
on snow and ice surfaces is often highly heterogeneous
under natural conditions, which is another crucial factor
contributing to the limitations of the model. In regard
to nonuniform dust-loaded snow, this assumption is not
favorable to the retrieval of the true snow surface DMC.

4) In addition, the complex terrain and issues of scale be-
tween in situ measurements and satellite remote sensing
observations introduce uncertainty that affects the inter-
comparison of the in situ observed DMC and the remotely
sensed retrieved DMC.

5) There are still potential errors in mutual verification be-
tween single-point observations and satellite pixels. More
in situ DMC data or a well-developed scale conversion
scheme could further reduce this uncertainty.

When the dust-loaded snow retrieval model is applied to
remote sensing observations, the following methods could im-
prove the model retrieval accuracy and provide more meaningful
validation.

1) The atmospheric correction methods of MODIS and VI-
IRS data should be improved, and an atmospheric correc-
tion algorithm suitable for snow-covered surfaces should
be developed.

2) The influence of the characteristics of complex terrain,
including the slope and direction of observation, should
be considered in the retrieval model.

3) In the dust-loaded snow retrieval model, the homogeneity
of the dust distribution along the horizontal and vertical
directions in the snowpack should be considered.

4) More careful in situ DMC measurements should be per-
formed involving 500 m satellite pixels by increasing the
number of measurement points.

VI. CONCLUSION

In this study, we applied a rapid retrieval scheme for mea-
suring dust on snow and ice surfaces based on the optical
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characteristic parameters derived from remote sensing data us-
ing ART theory. With this new scheme, it was possible to retrieve
DMC data over larger spatial domains.

Our results suggested that the accuracy of DMC retrieval from
the in situ spectral reflectance is higher than that from remotely
sensed spectral reflectance data. The retrieved DMC based on
the in situ snow spectral reflectance is highly accurate, and the
RMSE is 26.91 ppm. The accuracy of dust load retrieval by
using the VNPO9GA surface reflectance data is higher than that
by using the MODO9GA surface reflectance data. In Northwest
China, the RMSE of the DMC values retrieved by using the
VNPO9GA surface reflectance data is 3.96 ppm smaller than
that of the values retrieved by using the MODO9GA surface
reflectance data. In Northeast China, the RMSE of the DMC
values retrieved from the VNPO9GA surface reflectance data is
110.34 ppm smaller than that of the values retrieved from the
MODO09GA surface reflectance data.

We identified a basic retrieval rule indicating that the data
with higher spectral resolution could provide a higher DMC
retrieval accuracy. Moreover, both the band range and bandwidth
of the remotely sensed spectral reflectance data affected the
DMC retrieval accuracy. Although high spectral resolution in
situ spectral measurement data could yield more accurate DMC
values, they are unsuitable for monitoring snow and ice surface
dust load information on a large spatial scale for long time series.

This study contributes to the large-scale monitoring of the
dust load on snow and ice surfaces, which is critical for further
explorations of how dust affects the snow and ice albedo. It is
foreseeable that high-precision estimation of snow surface dust
content on such a large scale will certainly facilitate quantitative
studies on the effects of light-absorbing impurities on snow and
ice melting and snow and ice water resources.

APPENDIX

A. THEORETICAL MODEL FOR DUST LOAD RETRIEVAL FROM
SNOW SURFACES

We used the following analytical model to determine the solar
light reflectance R for a snow layer covered in dust [31], [38],
(39]

Ry (11, 1o, %) = Ro (1, pro, ) ¢ (A1)
where
u (o) u ()
= A2
RO (/”'a Mo, ¢) ( )
3 1
ulpio) = Spo + %\/’TO (A3)
r, = exp {—\/ML} (A4)
where
M =~ (M) + B(x/ro) (A5)
B =ckoB™! (A6)

where g is the solar zenith angle, p is the sensor zenith angle,
and 1) is the relative azimuth angle. Moreover, 7; () is the bulk
ice absorption coefficient, L is the EAL, c is the relative pollu-
tant volumetric concentration, B is the absorption enhancement
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parameter (set to 1.8), kg is the volumetric absorption coefficient
of dust particles at wavelength A, and R is the reflectance of the
nonabsorbing snow layer. Notably, R depends on four unknown
parameters: Ry, L, «, and (3. These parameters do not depend on
the wavelength and can be derived from spectral measurements
of the reflectance Ry. In particular, the function can be minimized
as follows:

F(3) = || Rmeas(A) — Rs(3)]*- (A7)

The above can be performed to obtain all four parameters. In
this work, we used the approximate analytical solution of this
retrieval problem suggested by Kokhanovsky et al. [31], [39]
using measurements at four wavelengths, namely, 1; = 400 nm,
Ao = 490 nm, A3 = 865 nm, and A4, = 1240 nm

2Inz

a=—-—" A8
111 ()\2/)\1) ( )
z=Inrg,;, /Inrs,, (A9)
2
[ = rslda) (A10)
¥i (A3)
Ro=R5R; e =1/(1=¢),s = Vw3/n (ATT)
)\' [e3
B = <1> In2rg;. (A12)
Ao
The value of 3 can be used to obtain the dust load
B
= 2Pdg (A13)
kopi

The values of ko(mm~') and B were assumed. k is taken
at the wavelength Ag=1um. We adopted the following approx-
imate relationship between kg and « [31]:

2
ko = Zblof = boOéO + b1041 + bQOéQ
i=0

(Al4)

where « is the impurity Angstrém absorption exponent. We
assumed the density of dust (pg = 2.65 g/cm?), the density
of ice (p; = 0.917 g/em?), by = 10.916, by = —2.0831, and
ba = 0.5441.

The size of ice grains can be determined as follows:

d=L/16. (A15)

The size of dust particles d.(im) can be estimated as fol-
lows:
2
dey = Z hia' = hoa + hiat + hoo® (A16)
i=0
where hg = 39.7373, hy = —11.8195, and hy = 0.8235.

The technique specified above can be used for the interpre-
tation of the in situ spectral reflectance. In the case of satellite
measurements, atmospheric correction must be performed. The
theory we use is valid only for dry snow. So, the temperatures
must be below zero. The main parameters influencing snow
spectral reflectance are grain size and impurity load. In this
study, we employed widely used land surface reflectance remote
sensing products (MOD09GA and VNPO9GA), which have been
atmospherically corrected, to directly retrieve the dust load on
snow surfaces.
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B. DEFINITION OF THE MAE, RMSE, R, R?, AND CV

1 n
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f

where n is the number of measurement samples in the validation
data, f; denotes the retrieval results of the dust-loaded snow
retrieval model, and y; denotes the measured results. f and 7/ are
the averages of the retrieved and measured results, respectively,
and oy and o, are the standard deviations of the retrieved and
measured results, respectively.
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