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Abstract

Sediment-laden sea ice plays an important role in Arctic sediment transport and biogeochemical cycles, as well as
the shortwave radiation budget and melt onset of ice surface. However, at present, there is a lack of efficient
observation approach from both space and in situ for the coverage of Arctic sediment-laden sea ice. Thus, both
spatial distribution and long-term changes in area fraction of such ice floes are still unclear. This study proposes a
new classification method to extract Arctic sediment-laden sea ice on the basic of the difference in spectral
characteristics between sediment-laden sea ice and clean sea ice in the visible band using the MOD09A1 data
with the resolution of 500 m, and obtains its area fraction over the pan Arctic Ocean during 2000−2021. Compared
with Landsat-8 true color verification images with a resolution of 30 m, the overall accuracy of our classification
method is 92.3%, and the Kappa coefficient is 0.84. The impact of clouds on the results of recognition and
spatiotemporal changes of sediment-laden sea ice is relatively small from June to July, compared to that in May or
August. Spatially, sediment-laden sea ice mostly appears over the marginal seas of the Arctic Ocean, especially the
continental shelf of Chukchi Sea and the Siberian seas. Associated with the retreat of Arctic sea ice extent, the total
area of sediment-laden sea ice in June–July also shows a significant decreasing trend of 8.99 × 104 km2 per year.
The occurrence of sediment-laden sea ice over the Arctic Ocean in June–July leads to the reduce of surface albedo
over the ice-covered ocean by 14.1%. This study will help thoroughly understanding of the role of sediment-laden
sea ice in the evolution of Arctic climate system and marine ecological environment, as well as the heat budget
and mass balance of sea ice itself.
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1  Introduction
Sediment-laden sea ice, also known as “dirty ice”, generally

refers to sea ice rich in sediment components, mainly of silt and
algae (Simpkins, 2020). Seafloor or runoff-carried sediments are
the primary source of particles entrained in sea ice during its ini-
tial growth stage, mainly through underwater interaction
between frazil ice and resuspended sediments, which is referred
to as suspension freezing (Ito et al., 2019). Algae also enter the
sea ice during the process of suspension freezing. Ice algal com-
munities live at the ice/water interface, flooded surface, or in in-
terior layers of ice column, giving heavily colonized sea ice its dis-
tinctive brown color (Arrigo, 2014). Mammals, especially seals
and walruses, may also bring some suspended matters from sea-
water to the ice surface, which would subsequently remain there
until the ice melts over (Laidre et al., 2008). In addition, the sedi-
ments can also be enriched on the partially low-lying surface of
the sea ice caused by the horizontal migration of surface melt wa-
ter during the summer (Nomura et al., 2010). The Arctic contin-

ental shelf is a major site for sea ice formation (Cornish et al.,
2022), especially the Beaufort-Chukchi seas and the Siberian
seas, where the water is often rich in suspended matter because
of the river runoff and ocean entrainment due to the shallow wa-
ter (Eicken et al., 2005), and the activities of mammals are more
frequent, especially during the ice melt season. Thus, sediment-
laden sea ice was often observed in these regions (Darby et al.,
2011; Lei et al., 2017). For instance, based on ship-based observa-
tions, the proportion of sediment-laden sea ice in the Chukchi
Sea can reach 50%–60% in summer (Lei et al., 2017; Tucker et al.,
1999). In addition, large areas of sediment-laden sea ice, which
often form locally in shallow waters, had also been observed in
Canada Hudson Bay (Barber et al., 2021).

Sea ice advection in the Arctic Ocean plays an important role
in the material redistributions, greatly impacting the basin-scale
biogeochemical cycles. From an ecological perspective, sedi-
ment-laden sea ice serves as a carrier for the biogenic elements
or pollutants, transporting them between locations from the Arc-  
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tic continental shelf where the ice initially forms to the deep
basins or even out of the Arctic Ocean where the ice finally melts
(Pfirman et al., 1995; Holmes et al., 2002; Krumpen et al., 2019).
Specifically, sediments incorporated into sea ice are an import-
ant source of iron and nutrients released during ice melt and
support phytoplankton growth, thereby stimulating the marine
primary productivity (Kanna et al., 2014). As Arctic sea ice thins,
the retention time of sea ice in advection over the Arctic basin
may be shortened (Krumpen et al., 2019; Sumata et al., 2023),
and the response of sea ice motion to wind forcing can be
strengthened (Zhang et al., 2022). These factors have the poten-
tial to change the transport path and spatial distribution of the
sediment-laden ice, as well as the fate of sediments carried by the
ice, thereby affecting the ecosystem over the pan Arctic Ocean.
Due to its apparent spectral characteristics of gray-brown, sedi-
ment-laden sea ice has relatively low surface reflectivity, so com-
pared to normal clean ice or snow-covered ice, it can absorb
more solar shortwave radiation, which is the main component of
heat balance on sea ice surface in summer (Ledley and Pfirman,
1997).

In field observations, ice core extraction is a common meth-
od to determine the concentration of sediment within the ice
(Stierle and Eicken, 2002; Wegner et al., 2017). In addition, sedi-
ment-laden sea ice can also be directly observed through the
spectral measurements over sea ice surfaces (Light et al., 2022)
and the ship-based visual observation or camera monitoring
(Lei et al., 2017). Field observations can provide accurate surface
reflectance, which is crucial to construct the optical model of sea
ice (Light et al., 1998). However, data obtained from field obser-
vations, whether from ship-based observations or ice sampling
on the ice stations, can only provide snapshot observations and
lack spatial coverage, which restricted the acquisition of basin-
scale spatial distribution and long-term changes in this special
and important sea ice. Moreover, ship-based observations usu-
ally overlook the shallow-water nearshore regions, which are of-
ten rich in the sediment-laden ice. The influence of sediment
components on the spectral characteristics of sea ice, especially
for the reflectivity, is mainly in the visible bands of the light spec-
trum. Therefore, the optical remote sensing data should have
great potential in identifying sediment-laden sea ice. The optical
remote sensing can provide large-scale observations of sea ice
geophysical parameters over the Arctic Ocean, which has been
used to discriminate sea ice surface types (Eicken et al., 2000;
Huck et al., 2007), melt pond (Markus et al., 2003; Webster et al.,
2015), and extract sea ice form sediment-laden seawater (Zhang
et al., 2015). However, due to the challenges of accurate extrac-
tion of sediment-laden sea ice caused by the cloud contamina-
tion, snow cover, and lack of validation data, time series products
for facilitating trend analysis of sediment-laden sea ice over the
entire Arctic Ocean are still lacking. Therefore, in order to gain a
full-picture understanding of the spatial distribution and long-
term changes of sediment-laden ice in the Arctic Ocean, and to
characterize the spatial transport of sediments and the heat bal-
ance of the ice surface, it is necessary to develop an algorithm to
obtain time series product of area fraction of sediment-laden sea
ice at the basin scale using the satellite optical observations.

Various optical satellite images are available in the Arctic
Ocean. The Advanced Visible High Resolution Radiometer
(AVHRR) only has a single visible band at 580−680 nm (Brest and
Rossow, 1992), which limits the construction of the algorithm to
recognize sediment-laden ice from the ordinary ice. Further-
more, its spatial resolution of 1.1 km is relatively low to obtain the
spectral characteristics over the discrete floes in the melt season.

For the Landsat-8 and the Sentinel-2, the revisit period in the Arc-
tic region is longer than 3 d (Irons et al., 2012) and 5 d (Drusch et
al., 2012), respectively. In addition, both Landsat-8 and Sentinel-
2 images cannot cover the entire Arctic region. These disadvant-
ages limit the construction of the pan-Arctic products, and given
the cloud contamination, it may result in large spatiotemporal
gaps in the time series. In contrast, Moderate-resolution Imaging
Spectroradiometer (MODIS) has more spectral bands and higher
spatiotemporal resolution compared to the AVHRR, and its im-
ages can cover a larger region over the entire Arctic region com-
pared to the Landsat-8 and the Sentinel-2 (Rösel et al., 2012).
Furthermore, the MODIS images have been available since 2000,
which can provide relative long time series observations for the
diagnosis of long-term changes in Arctic surface features.

In this paper, we design a new classification method and ap-
ply it to the MODIS data to extract sediment-laden sea ice in the
Arctic Ocean. Based on 22 years of data during 2000 to 2021, we
determined the main distribution areas of sediment-laden sea
ice, and discussed the potential relationship between temporal
variations in Arctic sediment-laden sea ice area fraction and
changes in summer Arctic sea ice extent. And then we also elu-
cidated the impacts of sediments on surface albedo and short-
wave radiation budget of sea ice. Landsat-8 true color images
with a resolution of 30 m and optical images obtained from ship-
based measurements were used to verify the classification res-
ults. The remainder of this paper is organized as follows: Section
2 describes the MODIS data and other datasets employed for val-
idation and analysis; Section 3 describes the classification meth-
od for sediment-laden sea ice; Section 4 quantifies the accuracy
of classification method and analyzes the spatial distribution and
temporal variations of sediment-laden sea ice; Section 5 provides
a summary; Section 6 provides the outlook of this study.

2  Data

2.1  MODIS data
MODIS was launched with the Earth Observation System’s

Terra AM satellite in 1999, and with another Earth Observation
System’s Aqua PM satellite in 2002. Terra MODIS and Aqua
MODIS are viewing the entire Earth’s surface every one to two
days, acquiring data in 36 spectral bands from 0.4 µm to 14.4 µm.
The spatial resolution of MODIS is 250 m at Bands 1–2, 500 m at
Bands 3–7, and 1 000 m at Bands 8–36, respectively. The scan
width of MODIS is 2 330 km. According to the processing level,
MODIS data products are divided into level 0 original products to
level 5 products developed based on various application models.

In this study, surface reflectance product MOD09A1 (Ver-
mote, 2021) is used, which provides MODIS surface reflectance at
Bands 1–7 with a 500 m resolution, approximately the scale of
moderate to large ice floes in the marginal ice zone of Arctic
Ocean during summer (Lei et al., 2017). The product at each pixel
contains the best possible observation over an 8-d period, selec-
ted on the basis of high observation coverage, low view angle, ab-
sence of clouds or cloud shadow, and aerosol loading. This can
greatly reduce the impact of clouds and cloud shadows on sur-
face reflection observations. The MOD09A1 data set used here is
provided by the U.S. National Aeronautics and Space Administra-
tion (NASA) and archived at the Atmosphere Archive & Distribu-
tion System Distributed Active Archive Center at https://ladsweb.
modaps.eosdis.nasa.gov/ (last access: February 25, 2024).

First, the images on the same date are mosaiced, projected,
resampled in sequence from the initial sinusoidal projection to
polar stereographic projection under the WGS84 coordinate sys-
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tem using the MODIS Reprojection Tool (MRT) provided by the
NASA. Then, the image is cropped to ensure the coverage of the
entire Arctic Ocean, which served as the study area (Fig. 1). The
500-m state flags data information, contained in the attribute
lookup table of the data product, was used to identify clouds and
land at each pixel. Prior to early May, the surface of Arctic sea ice
is generally covered with relatively thick snow (Bliss and Ander-
son, 2018), which would affect the identification of dirty ice, with
sediment enrichment on the ice/snow interface. After mid-
September, there would be large areas of MODIS data missing in
the visible band over the central Arctic Ocean. Therefore, the
period from early May to early September is defined as the study
period in this study, and the MODIS data obtain from this period
were used for the extraction of sediment-laden sea ice over the
Arctic Ocean and the subsequent analysis of its spatial distribu-
tion and long-term change during 2000 to 2021. This study peri-
od is also crucial for the shortwave radiation budget and melt of
Arctic sea ice surface (Perovich et al., 2002; Lei et al., 2016).

2.2  Landsat-8 OLI
The spatial resolution of Landsat-8 Operational Land Imager

(OLI) visible bands is 30 m, which is smaller than or comparable
with most patch sizes of sediment-laden ice, generally with a dia-
meter of several dozen meters according to the ship-based visual
observation. It implies that the Landsat data can be used to valid-
ate the area fraction of sediment-laden ice retrieval from the
MODIS. The OLI data of Landsat-8 is provided by the NASA and
available at the website of United States Geological Survey at ht-
tps://earthexplorer.usgs.gov/ (last access: February 25, 2024) .

Here the Landsat-8 data collected from the end of May to
early August during 2017 to 2021 were used as ground truth data.
In total 1 411 scenes of Landsat-8 data are used in this study.
These images cover most of the coastal regions in the Arctic
Ocean (Fig. 2), where sediment-laden sea ice is often observed.

2.3  Ship-based photos from R/V Xuelong
During the 9th Chinese National Arctic Research Expedition

carried out in summer 2018 (CHINARE-2018), two cameras
were fixed on the port and starboard sides of R/V Xuelong to
automatically and continuously monitor the ice conditions every
5 min. In total 27 photographs taken on board in early August
were used to verify the sediment-laden sea ice classification res-
ults in this study, which were obtained during the R/V Xuelong

sailing through the southern Chukchi Sea, with sea ice rich in
sediment.

2.4  NSIDC ice extent
To explore the effect of cloud on the classification results, Arc-

tic sea ice extent provided by the National Snow and Ice Data
Center (NSIDC) at https://nsidc.org/ (last access: February 25,
2024) was used and compared with the result derived from
MOD09A1 data. In addition, we used the minimum Arctic sea ice
extent in September to explore its relationship with the changes
in the area fraction of sediment-laden sea ice in early summer.

2.5  IBCAO chart
To investigate the main source areas of sediment-laden sea

ice, the relationship between the distribution of sediment-laden
sea ice and seafloor topography were analyzed using the data
provided by the International Bathymetric Chart of the Arctic
Ocean (IBCAO) (Jakobsson et al., 2020). Its latest version 4.2 with
a resolution of 200 m, available at https://www.gebco.net/ (last
access: February 25, 2024), is used in this study.

3  Methods
Within the study area (Fig. 1), five components of land, clouds,

open water, clean sea ice, and sediment-laden sea ice, are con-
sidered. After the classification and extraction of land and clouds,
the forward simulated reflectance was applied to further identify
open water, clean ice, and sediment-laden ice according to their
spectral properties.

3.1  Forward simulated reflectance
The spectral reflectance of various surface features, and the

corresponding relationship between reflectance and a given sur-
face feature can be simulated using a physical model (Waga et al.,
2022). By assuming the vertical stratification and horizontal ho-
mogeneity, a structural optical model (Light et al., 1998) and a ra-
diative transfer model for sea ice with vertical layered structure
(Grenfell, 1991) were used to simulate spectral reflectance of
various ice surface types (Waga et al., 2022). According to Waga
et al. (2022), four surface features of open water, clean sea ice, sea
ice with low sediment content (50 g/m3), and sea ice with high
sediment content (500 g/m3) were defined and classified in this
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Fig. 1.   A resized true color MOD09A1 image over the Arctic on
June 18, 2018.
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Fig. 2.   Coverage of Landsat-8 images used as ground truth data
in 2018 and the trajectory of the 9th Chinese National Arctic Re-
search Expedition (CHINARE) during July–September 2018.

  Xie Yuanyang et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 9, P. 81–92 83

https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
https://nsidc.org/
https://www.gebco.net/


study. The simulated surface reflectance of various surface fea-
tures for 7 visible bands of MODIS are presented in Fig. 3.

As shown in Fig. 3, the major difference in reflectance of vari-
ous surface features is in the visible band. Especially at Band 3 of
459–479 nm, the reflectance ranges from 0.1 for open water to 0.9
for clean ice.

3.2  Extraction of open water
Generally, open water has a significantly higher absorption

rate than other surface features in the visible band (McFeeters,
1996), and the reflectance of open water is usually less than 0.1 in
visible band (Ji et al., 2009), which is consistent with our simula-
tion results as shown in Fig. 3. Therefore, open water and sea ice
can firstly be distinguished based on the differences of their spec-
tral characteristics in visible band. Here we set a threshold (0.15)
of the averaged reflectance of Bands 1, 3, and 4 to extract open
water from the MODIS images.

3.3  Extraction of clean sea ice and sediment-laden sea ice
The difference in spectral characteristics between clean sea

ice and sediment-laden sea ice is mainly caused by the sediment
components (Ledley and Pfirman, 1997). When silt, algae and
other components in the sediment are enriched on the upper
surface of sea ice, the spectral absorptivity of sea ice surface will
be enhanced, resulting in a reduction in ice surface reflectivity
and a darker area in the images. The influence of these sediment
components on the spectral characteristic is mainly in the visible
bands, corresponding to Bands 1, 3, and 4 of MODIS. For Bands
2, 5, 6, and 7 of MODIS, the sediment composition has little ef-
fect on reflectivity due to the strong absorption characteristics of
sea ice itself. When analyzing the spectral characteristics of water
with different sediment contents, Band 3 of MODIS is the main
absorption band of sediment components, and Band 4 is an in-
sensitive band (Fang and Zhang, 2007). Similar to the mineral
sediment, algae in water also have similar effects on spectral
characteristics in the visible bands. Thereby, as shown in Fig. 3,
the surface reflectance of sediment-laden sea ice, both for low
and high enrichment levels, shows a distinct increase from Band
3 (blue, 459–479 nm) to Band 4 (green, 545–565 nm) and a de-
crease to Band 1 (red, 620–670 nm), significantly different from
the clean sea ice. Furthermore, near the Band 2 (infrared,
841–867 nm), sea ice with low sediment content or clean surface

shows the similar surface reflectance characteristics.

R R R

R R

R

Based on the relatively high absorption ratio of sediment
components in the visible bands compared to clean sea ice, the
reflectivity of MODIS Bands 1, 3, and 4, ( , , and ) were se-
lected and used to define the classification indices , , and

 as follows:

R = (R − R) / (R + R) , (1)

R = (R − R) / (R + R) , (2)

R = (R − R) / (R + R) . (3)

Three mixed pixel cases, including (1) general case, (2) clean
ice and sediment-laden sea ice with similar reflectivity, and (3)
sea ice with relatively low sediment content and clean sea ice, are
used to test the classification ability of the reflectance of three
bands and the three defined classification indices (Fig. 4).
Sample areas were selected from the Chukchi Sea, northern
Canada, and Laptev Sea.

R

R R R

R

As shown in Fig. 4, in Case 1, except for the classification in-
dex , the reflectance of sediment-laden sea ice and clean sea
ice can be completely distinguished using other five indices. In
Case 2, it can be seen that , , and  are unable to classify
clean sea ice and sediment-laden sea ice because their reflect-
ance is very similar. In Case 3, it can be seen that only the classi-
fication index  is able to distinguish clean sea ice from sea ice
with a small sediment content.

R

R

Thus, we choose  as the classification index to distinguish
clean sea ice from sediment-laden sea ice. The classification in-
dex  was referred as sediment-laden sea ice-index (SLSI-in-
dex) hereby, ranging from –1 to 1. According to Fig. 4, we set the
classification threshold to 0. That is, the classification index lar-
ger than 0 refers to the sediment-laden sea ice, otherwise, it is
classified as clean sea ice.

During the Arctic melt season, pixels within the study area
may appear to be mixed with open water and ice floes at the
MODIS 500 m spatial resolution. However, the classification in-
dex, SLSI-index, was primarily defined utilizing features from the
third and fourth bands of MODIS. Both open water and clean sea
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Fig. 3.   Reflectance of various surface features (left) and corresponding MODIS true color sub-scenes (right).
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ice exhibit higher reflectance in MODIS’s third band than in its
fourth band (Fig. 3), resulting in similar characteristics for their
mixed pixels. This feature is opposite to that of sediment-laden
sea ice in the third and fourth bands of MODIS. Consequently,
this classification method does not misidentify mixed pixels of
open water and clean sea ice as sediment-laden sea ice, which
has been confirmed by the later validation of the classification
results. For the mixed pixels with sediment-laden sea ice and

other surface features, the classification result depends on the re-
lative contributions of the features within the pixel, determined
by the relative area and spectral contributions.

4  Results and discussion

4.1  Verification using Landsat-8 images and ship-based photos
The features of land, clouds and open water are relatively easy
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Fig. 4.   Histograms of frequency distributions of reflectance of MODIS Bands 1, 3, and 4 and three defined classification indices for
three mixed pixel cases.
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to be distinguished. Here, Landsat-8 true color images with a res-
olution of 30 m are further used to test the accuracy of the classi-
fication results of sediment-laden sea ice from clean sea ice us-
ing the MOD09A1 data. Figure 5 presents the MODIS true color
image on 18 June 2018 and a scene of Landsat-8 true color im-
ages located on the red star in the MODIS image. Figures 5c and
d are taken from Landsat-8 and MODIS images at the same loca-
tion, respectively, and are marked with blue star in Fig. 5b. It can
be seen that Landsat-8 images provide more detailed informa-
tion of the sea ice surface for a better classification of sea ice sur-
face types.

We validated the classification results using 1 042 Landsat-8
ground truth points collected during 2017 to 2021, focusing on
the high-incidence regions of sediment-laden sea ice as shown in
Fig. 2, the confusion matrix, overall accuracy, and Kappa coeffi-
cient are used to quantify the accuracy of our classification meth-
od of sediment-laden ice from clean sea ice (Table 1).

The overall accuracy is 92.3% and the Kappa coefficient is
0.84, both of which indicate good performance of our classifica-
tion method. Furthermore, a widely used and well performed un-
supervised classification method, k-means, is conducted on the
original MOD09A1 data for comparison. The overall accuracy
and Kappa coefficient obtained from k-means is 77.4% and 0.55,
respectively. Its relatively low accuracy, compared to our meth-
od, is probably due to a lot of misclassifications of clean sea ice as
sediment-laden sea ice. Reasons for misclassification might in-
clude: (1) different types of sea ice could not be well distin-
guished by using MOD09A1 data alone, (2) more indices (e.g.,
bands ratio) should be introduced to improve its accuracy, and
(3) the unsupervised classification method was limited by center
of clustering, which is unrepresentative in case that the differ-

ence between features are not obviously.
In total, 27 photographs taken on board during CHINARE-

2018 can match the MODIS observations and were used to verify
the sediment-laden sea ice classification. These photographs
were obtained in the region near 74°N, 172°W on August 3, 2018.
Moreover, clean sea ice in the region near 75°N, 172°W were also
observed on the same date. Since the locations where these pho-
tographs collected are very centralized and marked in Fig. 6 with
red and blue stars, respectively.

As shown in Fig. 6c, the location marked by the red star near
the north edge of the region with the sediment-laden sea ice in
the classification image, which matches the observation on
board. The location marked by the blue star which was classified
as clean sea ice also matched the observations on board. Thus,
although the number of matched images obtained from ship-
based observations is very limited, the northern boundary of
sediment-laden sea ice identified by our method based on
MOD09A1 data can be considered reasonable.

4.2  Spatial distribution and temporal variations of sediment-
laden sea ice
The classification results from early May to early September

during 2000 to 2021 were obtained. Taking the classification res-
ults in 2018 as an example (Fig. 7), sediment-laden sea ice mainly
occurs in the marginal seas of the Arctic Ocean, i.e., the Chukchi
Sea and coastal seas of Siberia.

The seasonal variations of area fractions in sediment-laden
sea ice, clean ice, open water and cloud during 2000–2021, which
defined as the percentage relative to the entire study area (Fig. 1),
were presented in Fig. 8. As the Arctic sea ice retreats since early
May, the fraction of open water continued to increase. However,
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Fig. 5.   MOD09A1 and Landsat-8 true color images on 18 June 2018. a and b. Original scenes of MOD09A1 and Landsat-8; c and d.
cropped sub-scenes from Landsat-8 and MOD09A1, respectively; the red star marks the location of b. The blue star marks the location
of c and d.

 

Table 1.   Confusion matrix for the classification results using proposed method compared with those based on Landsat-8 images dur-
ing 2017 to 2021

Classification result
Ground truth

Clean sea ice Sediment-laden sea ice Sum User accuracy/%

Clean sea ice 559 41 600 93.2

Sediment-laden sea ice 39 403 442 91.2

Sum 598 444 1 042

Producer accuracy/% 93.5 90.8
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Fig. 6.   Sediment-laden sea ice photograph (a) and clean sea ice photograph (b) taken on board R/V Xuelong on August 3, 2018 and
the corresponding classified result of MODIS obtained on August 5, 2018 (c). The red and blue stars mark the locations where the pho-
tographs were taken for sediment-laden sea ice and clean sea ice, respectively.
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Fig. 7.   Classification results of the Arctic Ocean during May to September in 2018.
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due to the more frequent cyclone activity in early summer (May)

and increase in evaporation during the later summer (August)

(Curry et al., 1996), the increasing trend was disturbed by the fre-

quent emergence of clouds. Relatively larger area fractions of

cloud were observed in May (21.7%) and August (18.2%), com-

pared to the relatively lower values in June and July (7.2%). The

presence of clouds could obscure identifications of the surface

features. Thus, a noticeably deviation between the sea ice cover-

ages observed by optical remote sensing (clean ice + dirty ice,

with potential impacts of clouds) and by passive microwave re-

mote sensing (total sea ice) is found in May and August, with an
average of 21.0%. This deviation decreased significantly in June
and July, with an average of 4.9%. It implies that the impact of
clouds on identifying sediment-laden ice based on optical re-
mote sensing is trivial in June and July.

The area fraction of clean sea ice shows a trend of increasing
prior to mid-June and then decreased, possibly due to high cloud
coverage in May and the retreat of sea ice after mid-June. The
area fraction of sediment-laden sea ice slightly increased in May,
which is likely related to seasonally enhanced snow melting in
the Arctic Ocean (e.g., Lei et al., 2022), resulting in early-en-
riched sediment exposed on the ice surface. From early June on-
wards, the area fraction of sediment-laden sea ice decreased
gradually, in response to the decrease in sea ice area across the
pan Arctic Ocean. Note that, the increase in area fraction of cloud
may also lead to a decrease in the area fraction of sediment-laden
ice to some extent. However, we argue that, this impact is relat-
ively trivial because the high incidence areas of cloud are mainly
in the Atlantic sector of the Arctic Ocean (Fig. 7), which is related
to the main northward path of extratropical cyclone activity (Li-
ang et al., 2023). While, the high incidence areas of sediment-
laden ice, were mainly close to the coasts of the Pacific and the
Siberian sectors of the Arctic Ocean. Seasonally, the maximum
(2.86 × 106 km2) area of sediment-laden ice occurred in mid-May.
By late August, it decreased to 8.39 × 105 km2. The sediment-
laden ice areas might be underestimated due to the impact of
cloud. If we assume that cloud coverage is spatially uniform, then
these two values will probably increase by 21.1% and 25.3% (i.e.,
fraction of cloud coverage), respectively. However, such underes-
timations are overly exaggerated. Instead, they should be much
smaller because of the inconsistency between regions with high
cloud coverage (mainly the Arctic Center region) and high sedi-
ment-laden ice area fraction (mainly the Arctic marginal seas).

Spatially, although the central Arctic Ocean is not a high-in-
cidence area for sediment-laden ice, we still can clearly identify
the traces of dirty ice in the Arctic transpolar-stream region, even
extending to Greenland and Barents seas, with the highest prob-
ability of occurrence of 21% as shown Fig. 9a. This clearly demon-
strates the advection effect of the transpolar stream on ice floes
and the sediments originating from the Siberian shelf. The obser-
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Fig. 8.     Seasonal variation of the averages and standard devi-
ations for area fraction (a) and actual area (b) of sediment-laden
sea ice, clean sea ice, open water, and cloud, and total sea ice in
the study area during 2000–2021.
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Fig. 9.   Probability of occurrence of sediment-laden sea ice and clouds at each grid in June and July during 2000–2021. The orange and
red dashed lines in a are the 25% and 50% contour lines, respectively.
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vations during the Multidisciplinary drifting Observatory for the
Study of Arctic Climate (MOSAiC) expedition conducted in the
transpolar-stream region also confirm the existence of sediment-
laden ice in this so-called conveyor-belt region of Arctic sea ice
(Krumpen et al., 2020). As stated by Krumpen et al. (2019), as
Arctic sea ice thins and its residual time over the Arctic basin de-
creases, sediment carried by ice floes from the Siberian coast may
not be able to be transported out of the Arctic Ocean, but melt in
the central basin instead, thereby strengthening material ex-
change between the shelf and the basin.

Since the area fraction of sediment-laden sea ice obtained in
June and July is more reliable relative to those in May and Au-
gust, due to the reduction of cloudy weather in mid-summer,
data obtained in June and July during 2000 to 2021 were used to
calculate the probability of the occurrence of sediment-laden sea
ice at each grid for further analysis (Fig. 9a).

As shown in Fig. 9b, the cloud coverage was less and its distri-
bution was more evenly in June and July, with a relatively high
occurrence probability ranging from 2% to 8% in the regions
close to the coast of the Pacific and Siberian sectors of Arctic
Ocean and had less influence on the identification of spatial pat-
tern of the occurrence probability of sediment-laden sea ice. Spa-
tially, it can be seen that the sediment-laden sea ice was mainly
distributed in the Arctic peripheral seas close to the shore, espe-
cially in the Chukchi, Eastern Siberian, Laptev, and Kara seas.
Sediment-laden sea ice in these regions counts for 57.5% of the
total sediment-laden ice over the pan Arctic Ocean (Table 2).
While, in the Beaufort Sea, sediment-laden sea ice only occurred
in narrow regions close to the coast, and its proportion relative to
the total sediment-laden ice area is relatively low (7.8%). Firstly,
sediment from rivers facilitates the formation of sediment-laden
sea ice. Compared to the Mackenzie River in the Beaufort Sea
area, the Yenisei River, Ob River, and Lena River along the Siberi-
an coast have larger discharge volumes (Feng et al., 2021; Yi et al.,
2023) and higher sediment loads (Syvitski, 2002; Gordeev, 2006),
thereby promoting the formation of sediment-laden sea ice more
effectively. In addition, seafloor-carried sediments are the
primary sources of particles entrained in sea ice (Ito et al., 2019).
The IBCAO Arctic Ocean seafloor topographic were used to ana-
lyze the relationship between the spatial distribution of sedi-
ment-laden sea ice and the bathymetry (not shown). The shal-
low seawater and wide continental shelf in Chukchi Sea and the
coastal seas of Siberia are beneficial for more sediment being en-
trapped in the ice during its initial growth. In contrast, sediment-
laden sea ice is less distributed in the Beaufort Sea because of the
relative narrow continental shelf.

In addition, the interannual variations of different features
were analyzed by averaging data in June and July in each year
(Fig. 10). During 2000 to 2021, there is a significantly increasing

trend with 0.30% per year for the open water area fraction (P <
0.05), which is consistent with the decreasing trend of 0.37% per
year for the total Arctic sea ice area fraction (P < 0.05). Sediment-
laden sea ice area reveals a more significantly decreasing trend of
0.56% per year (P < 0.05). This type of sea ice mainly appears in
the marginal seas of the Arctic Ocean, where the most significant
loss of summer sea ice occurs. During 2000–2021, the area frac-
tion of sediment-laden ice decreased from 19.1% (or 3.06 ×
106 km2) to 7.6% (or 1.21 × 106 km2), with the minimum area
of sediment-laden sea ice occurring in 2020 (5.6% or 8.96 ×
105 km2). This decreasing trend further confirms that sediments,
attached to the ice floes, might be increasingly difficult to be ex-
ported out of the Arctic Ocean through ice advection, but tend to
deposit into the Arctic Ocean with the melting of sea ice instead.

In June and July, sediment-laden sea ice area shows a similar
trend with the sea ice extent (Fig. 11). The June–July area of Arc-
tic sediment-laden ice mainly depends on the total Arctic extent
in the same period. At this time (June–July), the correlation coef-
ficient between these two variables is 0.60 (P < 0.05). However,
the June–July sediment-laden sea ice area and the averaged sea
ice extent from June to annual minimum (September) changed to
be weakly correlated, with a correlation coefficient of 0.42 (P <
0.05). Furthermore, the correlation coefficient between the de-
trended time series of June–July sediment-laden ice area and an-
nual minimum sea ice extent (occurring in September) was re-
duced to 0.33, which was insignificant at the 0.05 confidence

 

Table 2.   Proportion of the regional sediment-laden sea ice area
in various Arctic peripheral seas relative to regional sea ice area
and total sediment-laden ice area over the Arctic Ocean in June
and July during 2000–2021

Arctic peripheral
seas

Proportion relative to
regional sea ice

area/%

Proportion relative to total
sediment-laden sea ice

area/%
Beaufort Sea 16.4 7.8

Chukchi Sea 29.4 11.1
Eastern Siberian

Sea
35.9 18.0

Laptev Sea 45.1 14.9

Kara Sea 51.1 13.5
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Fig. 10.   Interannual variations for area fractions of sea ice, sedi-
ment-laden sea, clean sea ice, open water and cloud averaged in
June and July during 2000–2021.
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Fig. 11.   Interannual variations for average sediment-laden sea
ice area in June and July, average sea ice extent in June and July,
annual minimum sea ice extent and average sea ice extent from
June  to  the  time  with  annual  minimum  ice  extent  during
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level. In the early summer (June–July), dirty ice itself can en-
hance the ice-albedo positive feedback and promote further ice
melt and loss. From this perspective, the June–July area of sedi-
ment-laden ice should have a negative impact on the September
Arctic sea ice extent. However, such ice-albedo positive feedback
caused by dirty ice cannot completely overturn the precondi-
tioned effect of the June–July Arctic sea ice extent on its annual
minimum in September. Therefore, the sediment-laden ice area
in early summer cannot be used for predicting the Arctic annual
minimum ice extent as the melt pond coverage (e.g., Liu et al.,
2015), which is likely because sediment-laden ice is often limited
to coastal areas and not widely distributed over the pan Arctic
Ocean. Therefore, it cannot stimulate a strong albedo positive
feedback mechanism as the melt ponds do.

4.3  Implication of sediment-laden ice on surface albedo
Sediment-laden sea ice contains sediment and other com-

ponents that darken its surface and reduce surface albedo. These
sediment components enhance the absorption of solar radiation,
which accelerates the melting of sea ice (Ledley and Pfirman,
1997). In order to explore the effect of sediment composition on
sea ice albedo, we first estimate the albedo approximately using
the reflectance of three visible bands of MODIS:

αvis = .α + .α + .α, (4)

αvis α α
α

R

where,  represents the estimated regional albedo, and , ,
and  represents the reflectance of Bands 1, 3 and 4, respect-
ively. Using this formula to simulate the full-band albedo, the 
and residual standard error (RSE) can reach 0.999 9 and 0.001 7
respectively, because the spectral pattern of albedo can be greatly
sharpened by the reflectance of these bands (Liang, 2001). In or-
der to minimize the effect of clouds, we also choose the June–Ju-
ly data for analysis here.

Asi

Aci Aow

Using the area fractions of sediment-laden sea ice ( ), clear
sea ice ( ), and open water ( ), we also estimated the albedo
of the study region by neglecting the areas with cloud:

αreg = Asi × αsi + Aci × αci + Aow × αow, (5)

αreg
αsi αci αow

where,  represents the regional albedo without considering
the impact of clouds. , , and  represents the albedo of
sediment-laden sea ice, clean sea ice and open water, respect-
ively.

αregAnd then, we further estimated the albedo , neglecting
both the contributions from the clouds and the contribution of
sediment-laden sea ice.

αreg = (Asi + Aci)× αci + Aow × αow. (6)

αvis
αreg αreg

Through the comparison of estimated regional albedos of ,
 and  (Fig. 12), we can roughly evaluate the influence of

sediment-laden sea ice on surface albedo, and its potential im-
pact on surface shortwave radiation budget.

αvis

αvis αreg

The June–July averaged  is 0.453, which can be considered
as the typical value of sea ice with melting snow atop (e.g., Per-
ovich et al., 2002; Lei et al., 2016; Light et al., 2022). Since, there is
less cloud coverage (7.2%) in June–July,  and  are very
close to each other, with an averaged difference of 1.6%. Thus,
the impact of clouds on our evaluation of the influence of sedi-
ment-laden ice on surface albedo can be ignored. From June to

αreg αreg

αreg αreg αreg

July, the sediment-laden sea ice fraction shows a decreasing
trend from 17.4% to 8.2% (Fig. 8a), and its effect on albedo is re-
flected in the difference between  and  (Fig. 12), which
dropped from 22.2% at the beginning of June to 11.9% at the end
of July. It implies that the occurrence of sediment-laden sea ice in
the Arctic Ocean leads to an average increase of about 14.1% (the
ratio of the difference of  and  against the ) in the
absorption of solar shortwave radiation by the surface of ice-
ocean system. It was noted that this influence was diluted at
basin-scale. Locally, the high area fraction of sediment-laden ice
in the Siberian coastal region may lead to a maximum decrease
in albedo of 22.0%. Low albedo caused by sediment-laden sea ice
will inevitably promote the absorption of shortwave radiation,
and stimulate local ice-albedo positive feedback though poten-
tial acceleration of melting of snow surface and sea ice scattering
layer, as well as the formation of melting ponds. Therefore, when
using numerical models to estimate the surface heat budget and
sea ice mass balance in the Arctic Ocean, the impact of sediment-
laden sea ice cannot be ignored, especially in nearshore regions.
However, to the best of our knowledge, there is still none of the
current climate models considering its impact on surface radi-
ation balance. It might be a way for parameterization optimiza-
tion in the future.

5  Conclusions
Sediment-laden sea ice is common surface features in the

Arctic Ocean, especially in its peripheral seas, and has an import-
ant impact on Arctic biogeochemical cycles, as well as the sur-
face shortwave radiation budget. In this study, based on MODIS
data, a new classification method for extracting sediment-laden
sea ice is proposed by utilizing the difference in spectral charac-
teristics between sediment-laden sea ice and clean sea ice in vis-
ible bands. Then, we obtained a time series of sediment-laden
sea ice area fraction during 2000–2021. Both Landsat-8 true color
images and photographs taken on board verified the accuracy of
our method to distinguish sediment-laden sea ice from clean ice.
By comparing with the sea ice concentration product of passive
microwaves and analyzing cloud coverage and its spatiotempor-
al variations, the impact of cloud on the identification of sedi-
ment-laden sea ice can be weak in June–July.

The results reveal that sediment-laden sea ice is mainly dis-
tributed in the Chukchi Sea and Siberian coastal seas, while it is
relatively scarce in the Beaufort Sea, probably due to the differ-
ences in continental shelf width and river discharge. The area of
sediment-laden sea ice in June–July showed a decreasing trend,
with a rate of 8.99×104 km2 per year during 2000–2021. The sedi-
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ment-laden sea ice would exacerbate the decline in summer sea
ice albedo, which enhances the absorption of solar radiation and
affects the ice-albedo feedback. From June to July, the occur-
rence of sediment-laden sea ice over the Arctic Ocean leads to
the increased absorption of solar shortwave radiation at the sur-
face of ice-ocean system by about 14.1% on average. However,
the coverage of sediment-laden sea ice in early summer still can-
not be used as a predictive factor for the annual minimum Arctic
sea ice extent because its limited spatial distribution. This study
may contribute to further research on sediment transport and
biogeochemical cycling in Arctic Ocean, as well as the annual
cycle and long-term mass loss of sea ice. In climate models, it is
important to consider the impact of sediment-laden sea ice on
the parameterization of surface albedo.

6  Outlook
We also acknowledge that it is necessary to combine other

satellite data to improve the recognition ability of sediment-
laden sea ice in cloud-covered areas, and to obtain more aerial or
ship-based observations, and ice and snow samples collected on
site to further evaluate and optimize remote sensing retrieval al-
gorithms. The mechanism of sediment-laden ice formation, its
relationship with suspended sediment concentration, hydrolo-
gical processes and runoff features in sea ice formation regions,
as well as the relationship between horizontal advection and re-
distribution of sediment-laden ice and large-scale atmospheric
and oceanic circulations, are also important scientific issues that
need to be addressed.
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