
1.  Introduction
While an unambiguous climate change signature has been observed in Arctic sea ice coverage (Andersen 
et al., 2020; Stroeve et al., 2007), it has been difficult to quantify the changes in snow depth over the sea 
ice region (Webster et al., 2018). This holds in spite of snow accumulation being one of the most important 
geophysical parameters to understand Arctic climate, being related to albedo feedback, ice cover insulation, 
and associated heat transfer effects (Curry et al., 1995; Ledley, 1991; Webster et al., 2014). In addition to its 
importance in the polar climate system, snow depth influences the accuracy of ice thickness estimation 
based on satellite altimetry (Kern et al., 2015). Most knowledge regarding snow depth on Arctic sea ice is 
based on the climatological distribution provided by Warren et al. (1999) (W99), which was based on in 
situ data collected over multiyear sea ice (MYI) during the years of 1954–1991. Although W99 may not be 
considered as a representative Arctic snow depth distribution for the recent decades, it is still often used as a 
standard. For example, based on a report by Kurtz and Farrell (2011), many studies modified W99 by halving 
W99 snow depth over first-year ice (FYI), then using this scaled snow depth to estimate ice thickness from 
satellite altimeter measurements (Kwok & Cunningham, 2015; Ricker et al., 2014). A reliable data record 
of the snow depth is thus clearly needed by both climate and satellite communities (Webster et al., 2014).

Abstract  Retrieval of snow depth on sea ice from satellite measurements has been challenging 
especially for multiyear ice. In this study, January-February-March monthly averaged snow depth was 
estimated during the 2003–2020 period from satellite radiometer measurements by combining recently 
developed retrieval methods for freeboard and snow-ice thickness ratio. A good agreement between snow 
depth from this study and that from Operational IceBridge measurements demonstrates that reliable 
snow depth can be estimated from satellite measurements. From the analysis of wintertime snow depth 
estimated from this study, a reduction of mean snow depth compared to the modified Warren climatology 
is noted over the entire Arctic Ocean. In addition, this study found geographically different snow depth 
trends: positive for multiyear ice area and negative for the other areas. Average snow depth interannual 
variability on multiyear ice ranges between 3 to 5 cm while smaller variability is found on first-year ice.

Plain Language Summary  Snow on Arctic sea ice plays an important role in the Arctic 
surface energy balance and hydrological cycle. In this study, the snow depth on Arctic sea ice is retrieved 
based on the satellite measurements during the January-February-March months of the 2003–2020 period. 
We found a good agreement between snow depth from this study and snow depth measurements from 
airborne snow radar. Analysis of the mean and trend of snow depth demonstrates that the reduction of 
snow depth on sea ice occurs in the whole Arctic area compared to the climatological values measured 
during 1954–1991. In the Eastern and Western Arctic Ocean, there are significant decreasing and 
increasing snow depth trends, respectively.
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A commonly referenced retrieval method for Arctic basin-scale snow depth from satellite passive micro-
wave (PMW) measurements uses the gradient ratio (GR) defined as a normalized difference in p-polarized 
brightness temperatures (TB) at two frequencies (Markus & Cavalieri, 1998). Initially, algorithm availability 
was restricted to FYI, until a recent study extended the GR-based method to estimate snow depth on MYI 
by using the lower microwave frequency of 6.925 GHz (Rostosky et al., 2018; hereafter referred to as the 
‘improved GR-method’). In either case, the GR-based method has a large sensitivity to surface geometric tilt 
(Lee et al., 2018; Stroeve et al., 2006). Additionally, the improved GR-method was trained with snow depth 
measurements from Operation IceBridge (OIB), which covers a limited area during March and April. Thus, 
even the improved GR-method on MYI is limited to the spring season. Other efforts to reconstruct snow 
depth distributions are based on modeling approaches (Liston et al., 2020; Petty et al., 2018). These results 
are highly reliant upon the reanalysis data set, which have high uncertainties in snowfall rates across the 
Arctic (Boisvert et al., 2018; Lindsay et al., 2013).

A recent study demonstrated that it is theoretically possible to estimate ice freeboard (i.e., distance from 
the sea surface to the snow-ice interface) from PMW measurements by relating the physical depth (ice 
freeboard) to the snow-ice scattering optical depth (SOD) caused by snow and freeboard scatterings (Lee 
et al., 2021). Additionally, it has been demonstrated that snow depth can be retrieved with high accuracy 
by combining the freeboard measurements with the ratio of snow depth to ice thickness (Shi et al., 2020).

In this study, we attempt to estimate Arctic basin-scale snow depth by combining the freeboard retrieval 
method of Lee et al. (2021) and the snow depth retrieval method of Shi et al. (2020) and applying this meth-
od to satellite data from the Advanced Microwave Scanning Radiometer (AMSR)-E and AMSR2. Estimated 
snow depths using this method are validated against OIB measurements. In addition, this study provides 
mean and standard deviation (STD) fields of snow depth, which can be used as an alternative snow depth 
input for satellite altimetry. Additionally, we present trends in snow depth over the AMSR period (2003–
2020), showing that trends in snow depth are negative over regions where ice type transitions from MYI to 
FYI occur and positive over MYI.

2.  Data
In this study, daily AMSR-E and AMSR2 TB fields on 25-km polar stereographic grid at 6.925, 10.65, 18.7, 
and 36.5 GHz for January-February-March (JFM) months of 2003–2020 are used to retrieve the Snow-Ice 
Interface Temperature (SIIT; Lee & Sohn, 2015), SOD (Lee et al., 2021), and ice type (Lee et al., 2017). There 
is a data gap in 2012 because AMSR-E was not operational that year. Top-of-atmosphere TB fields are con-
verted into values at the snow surface by correcting for atmospheric influences, which are calculated using 
the Satellite Data Simulator Unit (Masunaga et al., 2010) with inputs from the European Centre for Medi-
um-Range Weather Forecast ReAnalysis-5th Generation (ERA5; Hersbach et al., 2020). To intercalibrate 
AMSR-E and AMSR2 TBs, AMSR2 TBs are converted into AMSR-E-equivalent TBs based on the inter-cali-
bration coefficients introduced from JAXA (2015). Data that is distant from coastlines by less than 100-km 
is discarded to prevent land contamination effects due to the large footprint of PMW observation, which can 
cause systematic errors in retrievals (Cavalieri et al., 1999). The retrievals are done only over the area where 
the sea ice concentration (SIC) is greater than 98% to avoid the ocean contamination. Daily gridded 25-km 
SIC data from the “NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration-Ver-
sion 3” data set is used (Meier, Fetterer, Savoie, et al., 2017), and a near-real-time version of the CDR data 
are used for 2020 (Meier, Fetterer, & Windnagel, 2017).

ICESat and ICESat-2 total freeboard Ft (i.e., distance from the sea surface to snow surface) is used for re-
lating the SOD to Ft. Both are satellite laser altimeters which measure the Ft by analyzing signal reflect-
ed at snow or sea surface. For ICESat data, along-track Ft measurements included in the “Arctic Sea Ice 
Freeboard and Thickness-Version 1” data set (Yi & Zwally, 2009) are used and re-gridded on a 25-km grid. 
Since ICESat measurements are not available for January, daily Ft data were prepared for all available Feb-
ruary-March months of 2003–2008. For ICESat-2, daily gridded Ft on a 25-km grid included in the “ATLAS/
ICESat-2-L3B Daily and Monthly Gridded Sea Ice Freeboard-Version 1” data set (Petty, Kwok, et al., 2020) 
is used over JFM months during 2019–2020.
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To obtain the snow depth hs to ice thickness Hi ratio (hereafter referred to as α), monthly averaged Snow 
Top Temperature (STT) is required. STT data for the 2017–2020 period are obtained from the “High Lati-
tude-L2 Sea and Sea Ice Surface Temperature (OSI-205-a)” data set (Dybkjær, Eastwood, Borg, et al., 2018) 
distributed by Ocean and Sea Ice-SAF (OSI-SAF). The OSI-205-a product was derived from Advanced Very 
High-Resolution Radiometer (AVHRR) TBs at 3.74, 10.8, and 12.0 μm using the split-window algorithm 
(Dybkjær, Eastwood, & Howe, 2018). Only data flagged at quality level of ‘acceptable’ or ‘excellent’ are kept 
and re-gridded on the 25-km grid. For the 2003–2015 period, the data are obtained from the Arctic and 
Antarctic ice Surface Temperatures from thermal Infrared satellites sensors-version 2 (AASTI-v2) data set 
(Dybkjær et al., 2014). Because AASTI-v2 is derived from AVHRR TBs using the same algorithm as OSI-
205-a, those two datasets are assumed consistent STT records for 2003–2020. It is noted that STT data are 
not available for 2016. Daily AASTI-v2 data in a 0.25° grid format are re-gridded to the 25-km grid. Finally, 
monthly fields of STT are obtained by averaging daily fields under the condition of SIC greater than 98%.

OIB-measured Ft and hs (Koenig et al., 2010) are used as a reference for independently evaluating the here 
derived products. NASA's OIB, which is an aircraft mission, measures both Ft and hs over the Arctic Ocean 
using a snow radar and lidar (Airborne Topographic Mapper) (N. T. Kurtz et al., 2013). These instruments 
were functional during the 2009–2018 OIB Arctic flights. The 2009–2013 period data are obtained from the 
“IceBridge-L4 Sea Ice Freeboard, Snow Depth, and Thickness-Version 1” data set (N. Kurtz et al., 2015), and 
the 2014–2018 period data are obtained from the quick-look data set distributed at the NSIDC (https://doi.
org/10.5067/GRIXZ91DE0L9). The OIB data are collocated on the 25-km grid by averaging the nearest OIB 
observations to the grid point.

To make a comparison between our results and other products, modified W99 (i.e., mW99) and reanal-
ysis-based hs modeling (SnowModel-LG; Liston et  al.,  2020) data are introduced. Daily fields of mW99 
are obtained by halving W99 over the FYI region using ice type derived from AMSR measurements (Lee 
et al., 2017). SnowModel-LG accumulates and redistributes snowfall from atmospheric reanalysis in a La-
grangian framework using ice motion vectors (Liston et al., 2020). This study utilizes daily hs fields of Snow-
Model-LG forced with ERA5 and ice motion vectors from Tschudi et al. (2019). The SnowModel-LG data 
are available up to 2018.

3.  Methods
In this study, daily AMSR TBs are used to estimate SOD. The daily estimated SODs are regressed to the 
ICESat and ICESat-2 Ft. The daily estimated Ft fields from SOD are monthly averaged to use the method 
described below (referred to as the α-method) for estimating hs. A detailed explanation for hs estimation is 
provided below.

A recent study by Shi et al. (2020) developed an algorithm to estimate hs by combining the Ft measured 
by satellite altimetry with the ratio α between hs and Hi (i.e., α≡hs/Hi). Introducing the definition of α, the 
hydrostatic balance equation can be expressed for hs as:

 


    
w

s t
w i w s

h F
  � (1)

where ρw, ρi, and ρs denote the bulk densities of water, ice, and snow, respectively. The bulk densities used in 
this study are 320 and 1024 kg/m3 for snow and water, respectively. We assume that ρi is 915 kg/m3 regard-
less of ice type because of the following two reasons: (1) the hs uncertainty due to ρi is minor, (2) 915 kg/
m3 is generally accepted in satellite and airborne altimetry application (Kurtz & Harbeck, 2017; N. T. Kurtz 
et al., 2013; Petty, Kurtz, et al., 2020). The detailed discussions regarding ρi can be found in Text S1.

Based on the analysis of buoy-measured temperature profiles by Shi et  al.  (2020), we assume that the 
monthly averaged temperature profile within the snow and ice layers is linear during winter. Therefore, the 
ratio α can be expressed as the ratio of the temperature difference in the snow layer (i.e., STT minus SIIT) to 
the temperature difference in the ice layer (i.e., SIIT minus the ice bottom temperature) under the assump-
tion that conductive heat flux is continuous at the snow-ice interface (Maykut & Untersteiner, 1971). It was 
found that α and the temperature difference ratio follow piecewise linear relationships when monthly aver-
aged thicknesses and temperatures from 12 buoy measurements covering the 1998 and 2010–2014 periods 
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were analyzed (Shi et al., 2020). Since these relationships showed a time-invariant nature, an “α-prediction 
equation,” which is an empirical relation between α, STT, SIIT, and ice bottom temperature, was obtained 
to estimate α from satellite-derived STT and SIIT. The α-prediction equation and coefficients can be found 
in Equation 15 and Table 2 of Shi et al. (2020). Ice bottom temperature is fixed at −1.5°C (Shi et al., 2020). 
Finally, monthly fields of α are obtained from monthly averaged STT and SIIT data. Therefore, once the Ft 
is known, the hs can be estimated using Equation 1 with the measured α.

Lee et al. (2021) suggested an algorithm for SOD retrieval from satellite PMW measurements by solving a 
simplified sea ice radiative transfer equation with an assumption that the emitting layer temperature and 
refractive index of sea ice are frequency-independent between 6.9 and 36.5 GHz. The detailed methodolo-
gy for estimating SOD is given in Lee et al. (2021). Since SOD is proportional to the physical thickness of 
freeboard ice and snow layers by definition of optical depth, Ft can be estimated by relating the SOD to Ft 
obtained from ICESat and ICESat-2. While Lee et al. (2021) used radar-measured ice freeboard, this study 
uses lidar-measured Ft because the hs estimates based on the α-method are more accurate when Ft is used 
rather than ice freeboard (Shi et al., 2020).

Figure 1a shows the two-dimensional scatterplot between SOD at 36.5 GHz (i.e., SOD36.5) and Ft. Since most 
of the data pairs congregate on the small values of both SOD and Ft, instead of deriving a relationship direct-
ly from the scatterplot of Figure 1a, we consider a binned analysis for estimating fitting coefficients. Since 
binning data leads to a loss of information because this method only uses mean value of each bin and does 
not consider its variance, we introduce the weighted least square fit to incorporate the variance of Ft into 
the regression in order to minimize loss of data information. This fitting approach better accounts for the 
smaller density of larger SOD and Ft values than linear least square fitting, and thus, precludes a regression 
dominated by lower SOD and Ft values. Additionally, if the number of Ft is less than 1000 in a certain bin, 
the corresponding bin is omitted. The resulting fit is:

  36.50.98 0.23tF SOD � (2)

According to Equation 2, there is a lower limit of Ft retrieval from SOD. Therefore, this approach has limi-
tation on Ft estimation less than 0.2 m. Although we found that fully concentrated winter ice area generally 
has Ft greater than 0.2 m, the retrievals of hs is possibly overestimated over areas having Ft less than 0.2 m. 
The regressed Ft is validated with OIB-measured Ft, indicating that the AMSR-estimated Ft is in good agree-
ment with OIB Ft with a small bias of −0.03 m and RMSD of 0.13 m (Figure 1b).

Once Ft is estimated, the hs can be estimated using Equation 1 along with the estimated α. In this study, 
monthly averages of daily AMSR-estimated Ft fields were used as input for Equation 1. The estimated hs is 
validated against OIB-measured hs (Figure 1c). The resulting statistics are a bias of −0.03 m and RMSD of 
0.09 m.
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Figure 1.  (a) Two-dimensional histogram between Advanced Microwave Scanning Radiometer (AMSR) scattering optical depth at 36.5 GHz SOD36.5 and 
ICESat Ft. Mean and standard deviation at every 0.01 bin of SOD36.5 are overlayed. The comparison period is the January-February-March (JFM) months of 
2003–2008 (ICESat) and 2019–2020 (ICESat-2). (b) Validation results of AMSR-estimated daily Ft with respect to Operation IceBridge (OIB)-measured one 
during March 2009–2018. (c) Validation results of AMSR-AVHRR derived monthly hs with respect to OIB-measured daily hs during March 2009–2018.
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The uncertainties in hs induced by each input parameter (i.e., α, Ft, ρi, and ρs) are calculated using the meth-
od described in Text S2 and illustrated in Figure S1. It is revealed that there are two major contributors of α 
and Ft to hs uncertainties. It is interesting to note that α is the main uncertainty contributor to uncertainty 
in hs over the north of the Canadian Archipelago-Greenland coasts while Ft contributes nearly uniform 
uncertainty in hs of 8 cm over the entire Arctic Ocean. The contribution of ρi and ρs to the total uncertainty 
of hs is low compared to the contribution of α and Ft. Total uncertainties of hs retrievals can be estimated 
using the Gaussian error propagation model (Text S2) and illustrated in Figure 2c. The total hs uncertainty 
ranges from 8 to 15 cm.

Additionally, we provide an algorithm sensitivity test to the two major input variables of α and Ft for the 
reference states (The details are provided in Text S2). The sensitivity test shows that ±10% errors in α can 
bring about ∼±1 cm error in hs estimates which corresponds to ∼±6% of reference hs. In the case of Ft, the 
±10% error in Ft can cause to ∼±1.5 cm error which corresponds to ∼±10% of the reference hs.

4.  Results
4.1.  Geographical Distribution of Mean Snow Depth

Based on the procedures described in Section 3, the spatial distributions of hs are obtained for the JFM 
months of the 2003–2020 period (Figure S2). The 17-year mean spatial distribution of winter hs is illustrated 
in Figure 2a. There are two year-long data gaps (i.e., 2012 and 2016) as mentioned in Section 2. The deepest 
snow is noted over the north of Greenland and the Canadian Archipelago where MYI is prevalent and is 
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Figure 2.  (a) Mean and (b) detrended standard deviation fields of January-February-March (JFM)-averaged hs from 
this study over the 2003–2020 period. (c) JFM-averaged total uncertainties of the estimated hs due to input parameters. 
(d) Mean field of JFM-averaged hs from mW99 climatology over the 2003–2020 period. The contours indicate the 
multiyear sea ice (MYI) data frequency during the study period.
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between 16.5 and 28.2 cm, while a low snow depth is observed over the north of the Canadian Archipelago. 
The farther away from the Central Arctic, the thinner hs tends to be. The lowest mean hs is found in the Kara 
and Laptev Seas, ranging from 6.8 to 16.1 cm.

In order to consider the rapid decline in MYI area over the study period, we define a “MYI area” as pixels 
where the MYI frequency (i.e., defined as the portion of MYI flag within pixel during the analysis period) is 
greater than 85% and a “FYI area” as pixel where the MYI frequency is less than 15%. The rest is defined as a 
“mixed area”. In general, hs over the MYI area is found to be deeper than over the FYI area because the snow 
accumulation period is longer on MYI. This is also seen in other model-based and satellite-based hs products 
(Rostosky et al., 2018; Zhou et al., 2021). The overall mean hs distribution is generally consistent with mW99 
(Figure 2d). However, hs values obtained from this study are found to be lower than mW99, showing a large 
discrepancy over the Beaufort Sea where most of the ice type turns into FYI (also see Figure S3a). Geo-
graphical differences between hs from this study and SnowModel-LG are described in Figure S3 and Text S3.

The distributions of STD fields from time-detrended hs anomalies (i.e., interannual variability) are plotted 
in Figure 2b. It is noted that STD distributions are generally proportional to the mean fields except for the 
areas with the deepest snow over Central Arctic. The highest values are found over the mixed area which 
is likely associated with ice type transitions. It is observed that the interannual variabilities of JFM hs on 
the MYI area are generally between 3 and 5 cm, which is larger than that on FYI area. The range of JFM 
hs variability on the MYI areas lies between previously reported values from W99 (4.6–6.2 cm) while snow 
accumulation models reported values from 2 to 3 cm (Zhou et al., 2021).

4.2.  Temporal Variation of Snow Depth on Arctic Sea Ice

The available winter mean hs estimates over the study period provide an opportunity to address two impor-
tant questions of (a) how has wintertime hs changed over the Arctic basin during this period? and (b) how 
does this the time variation of hs differ from region to region? To answer these questions general trends 
of hs and associated time series are presented in Figure 3. The results obtained indicate that hs trends are 
highly spatially variable over the Arctic basin. Statistically significant (i.e., p < 0.05) positive trends in hs of 
∼+0.6 cm/yr on average are observed over MYI (Figure 3a). Most of the significant negative trends fall into 
the mixed area where ice type transitions occur (∼−0.4 cm/yr on average). Over the remaining FYI areas, 
the trends are insignificant except for the Laptev Sea where significant negative trends are noted. Such re-
gionally different trends of hs are also noted for each JFM month (Figure S4).

Since snowfall on sea ice is closely related to Arctic cyclone activity (Serreze et al., 2012), the positive trend 
is possibly related to increased autumn and winter precipitation, which is likely caused by more enhanced 
and westward Arctic cyclone activity (Kenigson & Timmermans, 2021). SnowModel-LG shows a similar 
spatial distribution of hs trends but with stronger negative trends over FYI and mixed areas and with less 
organized positive trends over MYI area (Figure  3c). However, over a longer period from 1991 to 2015, 
reanalysis-based hs data set show significant positive hs trends on MYI over the north of Canadian Archi-
pelago (Zhou et al., 2021), in agreement with this study. It is interesting to note that this positive hs trend 
is hardly found in the improved GR-method (Figure S5a). The decreasing trends in hs over FYI could be 
related to the precipitation phase and freeze-up date (Webster et al., 2018). As delayed freeze-up dates due 
to an Arctic warming shortens the period of snow accumulation, consequently hs on FYI would be reduced 
in recent years. For hs over the mixed area, negative trends of hs are well corresponding to the decreasing 
trends of MYI frequency (Figure 3a), implying that ice type changes are responsible for the hs reduction as 
well. Such negative trends are also found in SnowModel-LG data (Figure 3b) and the improved GR-method 
(Figure S5a). Compared to the mW99 climatology (1954–1991 period), it is found that the recent JFM Arctic 
mean hs from both this study and SnowModel-LG have become ∼30% thinner.

From the mean Arctic basin-scale point of view, the overall trend in hs appears less distinct than the regional 
trends during the recent 18 years (Figure 3e). However, it is noted that the hs distribution has undergone 
significant regional changes over this period. Figure 3c shows the probability distribution functions (PDFs) 
of hs for 2003–2020. For the earlier period (2003–2007), the distribution is bimodal with peaks in hs at 12.5 
and 23 cm. These two peaks correspond to the hs on FYI and MYI, respectively (see Figure 3d). In contrast, 
the hs distribution in the later period (2017–2020) shows only a single peak at 13 cm. PDFs for each year can 
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Figure 3.  Trends of January-February-March (JFM)-averaged hs from (a) this study (2003–2020) and (b) the 
SnowModel-LG (2003–2018). The contours in (a) and (b) indicate the trend of multiyear sea ice (MYI) data frequency. 
(c) Probability distribution functions (PDFs) for JFM-averaged hs and (d) PDFs separated over each ice types during 
three different periods, along with mW99 PDFs. Time series of (e) mean hs, and (f) snow volumes from this study.
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be found in Figure S6. These PDFs suggest that in more recent years the hs on FYI has become the domi-
nant contributor to the overall hs over the Arctic basin. Because of this, the net snow volume is trending to 
be slightly negative despite the MYI hs trending to be positive (Figure 3f). These conclusions are consistent 
with recent trends in sea ice coverage where FYI is becoming a larger fraction of overall coverage (Andersen 
et al., 2020).

5.  Summary and Discussions
Winter Arctic basin-scale hs was estimated for the 2003–2020 period using satellite radiometer measure-
ments along with a physics-based algorithms. Most of the hs retrievals rely upon OIB products showing 
differences from product to product (Kwok et al., 2017), which implies the OIB-dependent hs should in-
herit potential bias within certain OIB products. On the other hand, hs data record provided by this study 
is a unique data set because the suggested hs estimation method is independent of OIB measurements. 
Although the suggested method is independent from OIB data, a good consistency in hs between this study 
and OIB (N. Kurtz et al., 2015) was found. It demonstrates that a reliable hs can be estimated from satellite 
radiometer measurements.

The estimated basin-averaged hs is ∼30% thinner than mW99 values during the winter months. From the 
mean Arctic basin-scale point of view, the overall trend in hs appeared less distinct than the regional trends 
during the 2003–2020 period. However, it is noted that the hs distribution has undergone significant re-
gional changes over this period. Statistically significant positive trends are found over MYI (∼0.6 cm/yr on 
average) and negative over mixed/FYI areas (∼−0.4 cm/yr on average). These trends were also observed 
in SnowModel-LG. Consequences and implications of the observed results for Arctic remote sensing and 
climate studies are as follows.

It has been suggested that mW99 introduces systematic bias in Hi retrieval using satellite altimetry (Kwok 
et al., 2020). The present study further substantiates that the mean hs is significantly reduced compared 
to the mW99 for both ice types. This has been reported by other researchers (Kwok et al., 2020; Rostosky 
et al., 2018), as well. The overestimated mW99 hs will likely cause underestimation of Hi when using lidar, 
and overestimation when using radar to estimate sea ice thickness (Shi et al., 2020). Such systematic bias 
due to mW99 can in turn cause a significant bias between His estimated from lidar and radar altimeters 
(Kim et al., 2020). Additionally, the regional trends of hs revealed in this study suggest that altimeter-derived 
Hi trends using the mW99 climatology most likely produce erroneous regional trends in the derived Hi due 
to neglect of these hs trends (Bunzel et al., 2018). In conclusion, time dependent hs data should be preferred 
over mW99 for more accurate Hi retrieval. In addition, time-dependent hs product can be used to investigate 
the impact of overestimated hs on Hi retrievals.

The observed Arctic basin-scale hs records from this study can be used for improving the atmospheric states 
of reanalysis data and thus Arctic climate prediction. Most Arctic climate studies utilize reanalysis fields due 
to the general lack of available observations over the Arctic. For example, anomalous surface turbulent heat 
flux was used as an indicator to investigate causality between sea ice reduction and midlatitude cold winter 
(Blackport et al., 2019). However, most atmospheric reanalysis models neglect snow on sea ice even if it is 
a crucial parameter to determine surface energy balance (Batrak & Müller, 2019; ECMWF, 2007, 2016). The 
conductive heat flux is balanced with other energy fluxes above the snow surface, such as upwelling/down-
welling longwave radiation and turbulent heat fluxes. Lack of snow information may lead to conductive 
heat flux being overestimated, resulting in a warm bias of STT (Batrak & Müller, 2019; Wang et al., 2019). 
Reanalysis models should consider regional hss to provide more realistic surface energy fluxes for climate 
studies and require the assimilation of appropriate hs. Similarly, climate models require realistic initial con-
ditions for improved climate prediction. The hs records in this study should be valuable for such purposes.

Since the main contributors to hs uncertainties are α and Ft, the expected uncertainties in hs can be reduced 
with extensive analysis for buoy measurements for precisely modeling the α- and Ft-prediction equations. 
The inclusion of additional buoy measurements for improving the α-prediction equation, the advance of 
satellite temperature retrieval algorithms, and the advance of the Ft retrieval algorithm can reduce uncer-
tainties in the hs estimation.
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Data Availability Statement
Monthly snow depth data produced in this study and the associated monthly uncertainty estimates are 
available at the Zenodo data repository (https://doi.org/10.5281/zenodo.5081765). AMSR TB data are availa-
ble from both the JAXA ftp repository (AMSR-E: ftp://ftp.gportal.jaxa.jp/standard/AQUA/AQUA.AMSR-E) 
(AMSR2: ftp://ftp.gportal.jaxa.jp/standard/GCOM-W/GCOM-W.AMSR2) and G-portal website (https://
gportal.jaxa.jp/gpr/search?tab=1), and user registration is required through the website (https://gportal.
jaxa.jp/) to access the data. ERA5 data are available at the Copernicus Climate Change Service (C3S) Climate 
Data Store (https://doi.org/10.24381/cds.bd0915c6). SIC, ICESat, and OIB data are available at the NSIDC 
website (SIC CDR: https://doi.org/10.7265/N59P2ZTG; Near-real-time SIC CDR: https://doi.org/10.7265/
N5FF3QJ6; ICESat: https://doi.org/10.5067/SXJVJ3A2XIZT; ICESat-2: https://nsidc.org/data/ATL20/
versions/1; OIB L4: https://doi.org/10.5067/G519SHCKWQV6; OIB Quick Look: https://doi.org/10.5067/
GRIXZ91DE0L9). For STT data, the OSI-205-a product is available at the OSI SAF website (http://osisaf.
met.no/p/ice/sst-ist-l2.html). AASTI data with resolution of 0.05° is available at Copernicus Marine Ser-
vice website in NetCDF format (https://resources.marine.copernicus.eu/?option=com_csw&view=de-
tails&product_id=SEAICE_ARC_PHY_CLIMATE_L4_MY_011_016). Snow depth data from the improved 
GR-method is available at the PANGAEA repository (AMSR-E: https://doi.org/10.1594/PANGAEA.902748; 
AMSR2: https://doi.org/10.1594/PANGAEA.902747). SnowModel-LG data are available at the NSIDC web-
site (https://doi.org/10.5067/27A0P5M6LZBI).
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