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Changes in snow cover on the surface of Arctic sea ice affect the energy bal- buoys; ice bridge; accuracy analysis; sea-ice

ance between the atmosphere and the ocean and play a vital role in the global thickness
climate system. Accurate snow depth is a precondition for representing ther-
modynamic processes in sea-ice systems and is helpful for estimating sea-ice Correspondence
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thickness. To better apply Arctic snow-depth products released by different
organizations, we compared four kinds of snow-depth products based on
three kinds of passive microwave (PM) sensors and evaluated them against
the snow depth measured by ice mass-balance buoys (IMB snow depth) and
Operation Ice Bridge airborne snow radar (OIB snow depth). The results show
that the snow depths from the product released by the University of Bremen
(UB) are larger than those by the National Snow and Ice Data Center (NSIDC)
and National Aeronautics and Space Administration (NASA), with an average
difference of 10 cm. Comparing the PM remote-sensing snow depths released
by UB, NSIDC and NASA against IMB and OIB snow depths, it is found that
NSIDC AMSR-E snow-depth product has the highest accuracy. Although these
PM remote-sensing snow-depth products released by different organizations
differ in accuracy, they all reflect the spatio-temporal variation characteristics
of snow depth on Arctic sea ice. These comparisons and analysis of snow-depth
products from different sensors released by different organizations provide a
basis for further investigation of Arctic sea-ice thickness estimation and benefit
the studies of Arctic sea ice and climate change.

Abbreviations

AMSR-E: Advanced Microwave Scanning Radiometer on NASA’s Earth Observing System Aqua Spacecraft; ASI: Arctic Radiation and Turbulence Interaction
Study Sea Ice (concentration algorithm); CRREL: US Army Cold Regions Research and Engineering Laboratory; IMB: ice mass-balance buoy; MAD: mean
absolute deviation; NASA: US National Aeronautics and Space Administration; NT: NASA Team; NT2: NASA Team 2; NSIDC: National Snow and Ice

Data Center, Boulder, CO; OIB: Operation Ice Bridge; PM: passive microwave; RMSD: root mean square deviation; SSM/I: Special Sensor Microwave/
Imager, a PM radiometer system on board US Air Force Defense Meteorological Satellite Program satellites; SSMIS: Special Sensor Microwave Imager/
Sounder, a PM radiometer system on board US Air Force Defense Meteorological Satellite Program satellites; SMMR: Scanning Multichannel Microwave
Radiometer, a microwave radiometer on board of the Seasat and Nimbus 7 satellites, succeeded by the SSM/I; UB: University of Bremen; W99:
Climatological Snow-Depth Model developed by Warren et al. (1999)

Introduction

In the Arctic, sea ice shapes ecosystems and human
activities. The Arctic has been undergoing rapid changes
in recent decades, with sea ice decreasing in extent and
thickness at an accelerating rate (Nghiem etal. 2007;
Kwok & Cunningham 2008), transforming from thick,
multi-year ice to thin, first-year ice (Maslanik et al.
2011). The Arctic sea-ice loss has contributed to the
observed Arctic warming amplification and to the cooling
trends over Eurasia (Ogawa et al. 2018). Snow on sea ice

regulates our planet’s energy balance, reflecting 85% of
incoming solar radiation back into space (Webster et al.
2018). The change in overlying snow cover affects the
energy exchange between the atmosphere, snow, ice and
ocean (Brucker & Markus 2013), which has a significant
impact on sea-ice thickness and volume (Perovich et al.
2007; Makynen & Simild 2015).

The fifth assessment report of the Intergovernmen-
tal Panel on Climate Change pointed out that the study
of snow depth on Arctic sea ice has become an urgent
issue (Stocker et al. 2013). The growth and melting of sea
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ice are influenced by the snow load (Blazey et al. 2013;
Riche & Schneebeli 2013) because of the heat insula-
tion provided by snow. Among other things, we require
a better understanding of the inter-decadal variation of
snow depth on Arctic sea ice. Comiso (2012) and Stroeve
etal. (2012) analysed large amount of snow-depth data
acquired from Soviet drifting ice stations between 1954
and 1991, which indicated that Arctic sea ice decreased
greatly because of the increasing absorption of solar radi-
ation by the snow. Warren et al. (1999) established a cli-
matological snow-depth model (W99) that could be used
to calculate climatological monthly snow depth on Arctic
sea ice. Since then, the snow depths from W99 have been
widely used in the studies of sea ice and global change.

However, W99 snow depth ignored the inter-annual
variations in snow on Arctic sea ice. With the rapid ongo-
ing changes in Arctic sea ice, our knowledge of snow depth
on Arctic sea ice has become more and more urgent. NASA
has been carrying out the OIB airborne observation mis-
sion for the Arctic since 2009. Using the OIB snow-depth
observation data, Webster et al. (2014) found that the snow
depth in the northern Arctic had reduced by more than 10
cm compared to the in situ measurements at the Soviet
drifting stations. In recent years, the snow depth on Arctic
sea ice observed by the IMBs has been released by CRREL.
CRREL has provided valuable snow-depth measurements
by buoys since 2001, but only limited information on the
first-year sea ice (Lei et al. 2017). In situ snow-depth mea-
surements are sparse in time and space due to the limita-
tions imposed by the harsh Arctic environment.

With the development of satellite remote-sensing
technology, PM remote sensing provides a good tool to
retrieve snow depth on Arctic sea ice at a large scale.
Markus & Cavalieri (1998) first used the brightness tem-
perature measured by SSM/I to retrieve snow depth on
Antarctic sea ice. Then, the AMSR-E measured bright-
ness temperatures were converted to SSM/I-equivalent
brightness temperatures by Comiso et al. (2003). There-
fore, Markus & Cavalieri’s (1998) algorithm is suitable
for the retrieval of snow depth based on the AMSR-E.
Since then, many research organizations have released
snow-depth products based on these PM remote sensors’
measurements. However, the differences between these
snow-depth products and the accuracy of the retrieved
snow depth based on different PM sensors require further
investigation.

In this study, we compared four PM remote-sensing
snow-depth products provided by the UB, NSIDC and
NASA, and validated these products using OIB and IMB
snow-depth measurements. The aim of this study is to
analyse the difference of different snow-depth products
to better apply these products in further research on sea
ice and climate change.
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Data and methods

SSM/I and SSMIS snow-depth products

The first kind of snow-depth products on Arctic sea ice
used for comparison were retrieved from the sensors of
SSM/1, produced by NASA (https://neptune.gsfc.nasa.
gov/csb/index.php?section=53), and SSMIS, produced by
UB (https://seaice.uni-bremen.de/data/ssmis/snow_day-
grid/). Both the NASA SSM/I and the UB SSMIS products
adopt the snow-depth algorithm proposed in Markus &
Cavalieri (1998) and follow the following equation:

h =o, +o,GRV,

(1ov377)°

(1)

where /_(in cm) is the snow depth, &, and o, are coefficients
obtained by linear regression using in situ snow-depth
measurements and the calculated € from PM observations.
The mentioned snow-depth retrieval algorithm is based on
the spectral gradient ratio between 19.4 GHz and 37.0 GHz
at vertical polarization, which is GRV y37y, (Comiso et al.
2003). Emanated microwave radiances by the snow-ice
interface (which is a typical emitting layer of Arctic sea
ice at frequencies below 50 GHz) are attenuated within
the snow layer. However, the intensity of attenuation is
directly related to the frequency. Generally, extinction by
snow scattering becomes larger when frequency increases,
leading to measured radiance being smaller at higher
frequencies. So, thick snow depth reduced GRV 4y57, (Lee,
Sohn & Shi 2018; Rostosky et al. 2018). For SSM/I and
SSMIS sensors, &, and a, are —2.34 and -771, respectively,
and GRY 1oysy, 15 the vertical gradient ratio, calculated by
the following equation (Brucker & Markus 2013):

b

G =
Mo =1, (07, (197) -1, (1-0)

[1,(37)-1, (19V)—k1(1‘c)%’ (2)

where, k, =T, (37V)-T, (19V), k=T, (37V)+T, (19V),
T, the open-water brightness temperature observed at
different frequency (37 GHz or 19 GHz) is the tie point
value from open-water samples, and is used as a con-
stant, and C is the sea-ice concentration.

The sea-ice concentration is an important parameter
for the remote-sensing retrieval of snow depth. Different
organizations make use of different sea-ice concentration
algorithms. UB adopts the ASI concentration algorithm
(Spreen et al. 2008), while NASA uses the NT sea-ice
concentration algorithm (Markus & Cavalieri 1998).

The period covered by the UB SSMIS snow-depth
product spans from 8 March 2011 to 15 April 2014, with
988 days data, while the period covered by the NASA
SSM/I snow-depth product is from 3 November 1978 to
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28 February 2017, with 1 1675 days data. It should be
noted that the first period of NASA snow-depth prod-
uct was retrieved from the SMMR (1978-1987). More-
over, the spatial resolution of the UB SSMIS snow-depth
product is 6.25 km, while that of the NASA SSM/I prod-
uct is 25 km. An example of the snow-depth products of
UB SSMIS and NASA SSM/I with a spatial resolution of
12.5 km on 15 March 2011 is shown in Fig. 1.

AMSR-E snow-depth products

Snow depth on Arctic sea ice can also be calculated from the
brightness temperature data observed by AMSR-E. Com-
pared with previous microwave radiometers, AMSR-E has
a higher spatial resolution and wider measurement range
of radiation. Two AMSR-E snow-depth products were used
for comparison in this study: one produced by UB (https://
seaice.uni-bremen.de/data/amsre/snow_daygrid/) and the
other by the NSIDC (http://nsidc.org/data/AE_SI12). As
for the snow-depth retrieval from AMSR-E, it should be
noted that the linear regression coefficients (Eqn. 1) of a,
and a, are 2.9 and -782 respectively (Brucker & Markus
2013). The sea-ice concentration algorithm adopted by UB
is the ASI algorithm, while NSIDC uses the enhanced NT2
sea-ice concentration algorithm (Comiso et al. 2003).
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The AMSR-E snow-depth products of UB and
NSIDC cover the same period from 1 June 2002 to 4
October 2011, which is also the effective lifetime of the
AMSR-E sensor’s operation. During this period, these
two daily snow-depth products have a different num-
ber of days of valid data, with the UB product having
3328 days altogether, while the NSIDC has 3182 days.
The UB product provides snow-depth data with two
resolutions of 6.25 km and 12.5 km, while NSIDC
provides them only with a resolution of 12.5 km. For
the purpose of data comparison in this study, all data
were re-sampled to 12.5 km resolution using the near-
est neighbour interpolation method and the accuracy
did not change after scale-effect tests. Figure 2 shows
an example of the AMSR-E snow-depth products from
UB and NSIDC with the spatial resolution of 12.5 km
on 15 March 2011.

OIB and IMB snow-depth observational data

In addition to comparing the snow-depth products
derived from different PM sensors produced by different
organizations described above, we also compared and
validated these snow-depth products against the OIB and
IMB observational data.
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Fig. 1 Daily spatial distribution of snow depth on Arctic seaice on 15 March 2011 calculated from (a) SSMIS brightness temperature produced by UB, and

(b) SSM/I brightness temperature produced by NASA.
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Fig. 2 Daily spatial distribution of snow depth on Arctic sea ice on 15 March 2011 calculated from (a) AMSR-E brightness temperature produced by UB,

and (b) AMSR-E brightness temperature produced by NSIDC.

Since 2009, NASA has conducted the OIB programme
for polar regions. Airborne snow radar was used to obtain
snow-depth information on Arctic sea ice. A total of
74 days’ OIB snow-depth data acquired between 2 April
2009 and 4 May 2016 (https://nsidc.org/icebridge/portal/
map) were used for comparison in this study (Fig. 3). After
data preprocessing, the snow depth observed by OIB was
averaged to different pixel sizes of 6.25 km, 12.5 km and
25 km. It should be noted that the along-track resolution
of OIB snow depth is 40 m. Re-sampling preprocessing
may cause some error with the actual situation because
of the heterogeneous process; however, there is no better
way to compare such data at different spatial resolutions.
Following data preprocessing, the OIB snow depths were
compared with the remote-sensed snow-depth products.

The IMB snow depths used for comparison were
downloaded from the CRREL website (http://imb-crrel-
dartmouth.org/results/) (Perovich et al. 2019). The buoys
are equipped with downward and upward sounders to
measure the interface of air-snow and ice-water, allow-
ing the estimation of snow depth and sea-ice thickness
(Richter-Menge etal. 2006; Blanchard-Wrigglesworth
et al. 2018).

(page number not for citation purpose)

Considering the data quality and the space-time
coverage of the IMB data, 76 buoys were used during
2002-2017 to derive snow depth on Arctic sea ice for
comparison in this study (Fig. 4). Consistent with how
Lee, Sohn & Kummerow (2018) describe the buoy data
quality, we also found some abnormal points, which we
deleted on the basis of the Pauta criterion (3¢ criterion)
and the visual interpretation method. The data synthesiz-
ing processing of the IMB snow depths was the same as
for the OIB data.

In summary, four PM remote-sensing snow-depth
products on Arctic sea ice, which were acquired from
three organizations, were compared. The snow-depth
observational data by the airborne snow radar and ice
mass-balance buoys were also considered for comparison
and validation. The corresponding parameters are sum-
marized in Table 1.

Statistical and comparative analysis methods

To compare the difference of different snow-depth
products, as well as to evaluate them with respect to
field observations (OIB and IMB), three statistics were
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Fig. 3 Trajectory of OIB snow-depth measurements on Arctic sea ice from 2009 to 2016.

applied in this study. They are the bias, the MAD and the
RMSD, which are calculated according to the following
equations (Ouma et al. 2012).

bias = , (3)
n
MAD = 21 = | (4)
n
"(x -vY
RMSD = M’ (5)

where X, is the snow depth from one product based on
PM measurements, y, is another snow-depth estimation
from other products or field snow-depth measurements
(OIB or IMB measurements of overlapping pixels) and »n
is the number of statistical pixels.
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Results

Comparing UB SSMIS and NASA SSM/I snow-depth
products

Comparison of the time series snow depths from the UB
SSMIS and NASA SSM/I products is shown in Fig. 5. The
UB SSMIS snow-depth product is missing data from May
to September 2013. On the other hand, the UB SSMIS
product provides snow-depth data from October 2012 to
October 2013, while the NASA SSM/I product doesn’t do
the same. The total overlapping coverage of these two
snow-depth products is 624 days. The MAD and RMSD
values of these two products during the overlapping
period are small (less than 4 cm). The differences between
the UB SSMIS and NASA SSM/I products are small from
December 2011 to May 2012 and from December 2013
to April 2014. However, the differences between them
are relatively large for the periods of September 2011 to
December 2011, July 2012 to October 2012 and October
2013 to December 2013. The largest difference between
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Fig. 4 Trajectory of IMB snow-depth measurements on Arctic sea ice from 2002 to 2017.

Table 1 Information of the four snow-depth products and the Operation Ice Bridge (OIB) and Ice Mass-Balance Buoy (IMB)

snow depths used in this study.

Data Temporal Spatial Time coverage Sensor Sea-ice concentration
resolution resolution (year. month. day) algorithm

UB AMSR-E 1 day 6.25/12.5 km 2002.6.1-2011.10.04 AMSR-E AS|

UB SSMIS 1 day 6.25 km 2011.3.8-2014.4.15 SSMIS AS|

NSIDC AMSR-E 1 day 12.5km 2002.6.1-2011.10.4 AMSR-E NT2

NASA SSM/I 1 day 25 km 1987.11.3-2017.2.28 SSMI/I NT

oIB 1 day 40m 2002.4.27-2017.5.16 Snow radar -

IMB 2/4/8 hours - 2009.4.2-2016.5.4 Sounder -

UB SSMIS and NASA SSM/I appears on 20 August 2012,
with the value of 16 cm. It is inferred that these two prod-
ucts are similar from January to March, when the snow
depth changes gradually. From June to September, when
the snow depth changes sharply, these two products have
obvious differences.

Comparing UB AMSR-E and NSIDC AMSR-E
snow-depth products

Figure 6 shows the time series of the AMSR-E snow depth
produced by UB and NSIDC. It can be seen that these

(page number not for citation purpose)

products have nearly 10 years of available snow-depth
observations. Moreover, the data continuity of AMSR-E
snow-depth products is better than the SSMIS snow-
depth products, as explained earlier. As for the respective
daily snow-depth estimates from UB and NSIDC, the UB
AMSR-E snow depths are significantly greater than those
from the NSIDC AMSR-E product. The RMSD value of
these two products during the overlapping period was
12.6 cm. The largest difference of 29.57 cm of these two
snow-depth products appeared on 2 September 2002. The
larger difference usually occurs around September, which
happens to be the period when the snow depth changes
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Fig. 6 Comparison of the UB AMSR-E and NSIDC AMSR-E daily snow depths from June 2002 to October 2011.

more sharply (Sato & Inoye 2018). However, these two
snow-depth products display similar periodic variations.

Comparing the four PM remote-sensing snow-
depth products

Figure 7 shows the comparison of four PM remote-
sensing snow-depth products used in this study during
the common overlapping period. Since the time coverage
of different PM data sets is inconsistent, the period during
which they overlap is not very long—from 9 March 2011
to 4 October 2011—and no data were available during
summer. The snow depth of the four PM products varies
in a similar trend, especially from March to May. During
the period of rapid sea-ice growth (from September to
October), the difference between snow-depth products
increases markedly. In terms of the average snow depth

Citation: Polar Research 2019, 38, 3432, http://dx.doi.org/10.33265/polar.v38.3432

of the four PM products, the value of the UB AMSR-E
snow depth is the highest, while the value of NSIDC
AMSR-E snow depth is the lowest.

Comparing the snow-depth products against OIB
and IMB observational snow depths

We compared the UB AMSR-E, UB SSMIS, NSIDC
AMSR-E and NASA SSM/I snow depths with the OIB
snow depths; the scatter plots are shown in Fig. 8. It is
observed that there are great differences in the number
of the overlapping pixels for the four snow-depth prod-
ucts compared with 74-day OIB snow depths during
2009-2016, as explained earlier. There are 6371 overlap-
ping pixels between the UB SSMIS snow-depth product
and the OIB snow depths, while there are only 615 over-
lapping pixels between the NSIDC AMSRE-E snow-depth

(page number not for citation purpose)
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Fig. 7 Comparison of four PM daily snow depths from March 2002 to October 2011.

product and the OIB snow depths. For the overlapping
pixels, we found that the snow depths calculated from
AMSR-E and SSMIS produced by UB are significantly
larger than the OIB snow depths, while the snow
depths from NSIDC AMSR-E and NASA SSM/I prod-
ucts are closer to the OIB snow depths. The accuracy of
the NSIDC AMSR-E product is the highest among the
four snow-depth products, with a bias of 0.6 cm against
the OIB snow depths. Meanwhile, the accuracy of the
UB SSMIS snow-depth product is closer to that of the
UB AMSR-E snow-depth product, but lower than that of
NASA SSM/T snow-depth product.

The snow depths measured by IMB during 2002-2017
were also used to compare with the four PM snow-depth
products (Table 2). The number of overlapping pixels
between UB AMSR-E, UB SSMIS, NSIDC AMSR-E and
NASA SSM/T snow-depth products and the IMB snow
depth is 3549, 3535, 1319 and 1911 respectively. This
confirms that the NSIDC AMSR-E snow-depth product
has the minimum overlapping pixels but the highest
accuracy among the four snow-depth products. More-
over, the accuracy of NASA SSM/I snow depth is higher
than that of the UB’s two snow-depth products when
evaluated against IMB snow depths. Although the UB
AMSR-E and UB SSMIS have a similar number of over-
lapping pixels, the accuracy of the UB SSMIS snow depth
is better than that of UB AMSR-E.
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We also compared UB SSMIS, UB AMSR-E and NSIDC
AMSR-E snow-depth products with the OIB and IMB
snow depths during the common overlapping period
(68 pixels for OIB and 191 pixels for IMB). Figure 9 shows
that the MAD and RMSD values for the UB AMSR-E and
SSMIS snow depths are significantly lower than that pre-
sented in Fig. 8 and Table 2. Moreover, the accuracy of
the NSIDC AMSR-E snow-depth product is higher than
that of the UB AMSR-E.

Spatial differences among the UB AMSR-E, NSIDC
AMSR-E and NASA SSM/I snow-depth products

Figure 10 shows the snow-depth spatial distribution from
UB AMSR-E, NSIDC AMSR-E and NASA SSM/I prod-
uct (taking March and April in 2011 as examples). It is
seen that the spatial distribution of snow depth from
NSIDC AMSR-E and NASA SSM/I is similar, while the
UB AMSR-E snow depths are quite different from them.
Moreover, snow-depth data are available for the central
part of the Arctic Ocean and the Beaufort Sea for the
UB AMSR-E snow-depth product, while there are no
data for NSIDC AMSR-E nor for the NASA SSM/I snow-
depth products in those regions. There are smaller snow-
depth differences in the Kara Sea and Barents Sea among
snow-depth products, while UB AMSR-E snow depths
are significantly higher than those from NSIDC AMSR-E
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Fig. 8 Comparison of different snow-depth products against OIB snow depths: (a) UB AMSR-E versus OIB; (b) UB SSMIS versus OIB; (c) NSIDC AMSR-E
versus OIB; and (d) NASA SSM/I versus OIB. N refers to the number of the overlapping pixels between the remote-sensing snow-depth product and the OIB

snow depths during 2009-2016. In each plot, the black line is the one-to-one fitting line and the dashed line is the regression line of the remote-sensing

snow-depth product and the OIB snow depth.

Table 2 Comparison of different snow-depth products against Ice
Mass-Balance Buoy (IMB) snow depths during 2002-2017.

Statistics UB AMSR-E UB SSMIS NSIDC AMSR-E NASA SSM/I
vs IMB vs IMB vs IMB vs IMB
bias (cm) -12.52 -8.16 -1.71 -4.04
MAD (cm) 16.45 14.31 10.11 11.03
RMSD (cm) 20.04 17.05 12.54 14.81

and NASA SSM/I snow depths in the East Siberian Sea
and the Laptev Sea. Generally, these three products show
approximately the same spatial distribution of high and
low snow depths, with all three presenting the snow

Citation: Polar Research 2019, 38, 3432, http://dx.doi.org/10.33265/polar.v38.3432

depth in the central Arctic Ocean and the Laptev Sea as
higher than that of other sea regions.

Discussion

Considering the accuracy of these four PM snow-depth
products, Markus & Cavalieri (1998) reported a bias of
3.5 cm between SSM/I-derived snow depths and ship-
based snow-depth observations from August 1993 to
September 1993 in the Bellingshausen Sea and the
Amundsen Sea in the Antarctic. In this paper, we arrived
at a bias of 4.1 cm between the NASA SSM/I snow depths
and OIB observations, which is closer to that of Markus
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& Cavalieri (1998). Brucker & Markus (2013) validated
AMSR-E snow depths using OIB snow-depth measure-
ments from 2009 and 2011, with a MAD value of 7 cm.
Our results show a MAD value of 4.35 cm when NSIDC
AMSR-E snow depths are compared with the OIB snow
depths during 2009-2016.

According to our comparison of the four PM snow-
depth products with the OIB and IMB snow depths, as
explained earlier, the accuracy of the UB snow-depth
products is lower than that of NSIDC and NASA snow-
depth products for the same sensor whether the com-
parison is made with OIB or IMB snow depths. Some
scatters parallel to the y-axis can be found in Fig. 9 (d-f).
This parallel feature is formed by the corresponding sim-
ilar IMB snow-depth records to several PM records with
diverse snow depths. The smaller the length of the par-
allel segment, the closer the PM snow depth to the in
situ IMB measurements. UB SSMIS and NSIDC AMSR-E
snow-depth products are more accurate than UB AMSR-E
as shown by the shorter parallel segment, which is con-
sistent with statistical results. It is seen that these four

PM products have relatively small biases when compared
with the OIB snow depths than when compared with the
IMB snow depths. IMBs are usually deployed on level of
multi-year ice and result in more thick snow-depth infor-
mation on Arctic multi-year sea ice (Richter-Menge et al.
2006), while the OIB snow depths are obtained by the air-
borne snow radar and contain more thin snow depths on
Arctic first-year sea ice. It should be noted that the MAD
values between OIB snow depth and in situ field mea-
surements are less than 1 ¢m (Farrell et al. 2011). This
indicates that OIB snow depth is accurate enough to be
snow-depth validation data (Kurtz & Farrell 2011). Since
the snow-depth retrieval algorithm of the PM has more
uncertainties on multi-year sea ice than the first-year sea
ice (Markus & Cavalieri 1998; Perovich et al. 2007), the
snow depths of these four products are expected to be
closer to the OIB measured snow depths than to the IMB
snow depths.

The NSIDC AMSR-E and NASA SSM/I products are
the five-day snow-depth synthesized processing results,
while UB AMSR-E and UB SSMIS snow-depth products
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Fig. 9 The scatter plots of PM snow-depth products with OIB and IMB snow depths: (a) UB AMSR-E versus OIB; (b) UB SSMIS versus OIB; (c) NSIDC
AMSR-E versus OIB; (d) UB AMSR-E versus IMB; (e) UB SSMIS versus IMB; and (f) NSIDC AMSR-E versus IMB. N refers to the number of common overlap-
ping pixels between the remote-sensing snow-depth product and the OIB or IMB snow depths. In each plot, the black line is the one-to-one fitting line

and in (d) - (f) the blue numbers and short horizontal blue lines are the differences in snow depth in each parallel distribution scatter.
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provided snow depth on a specific day. This could partly
explain the difference between them. Different sea-ice
concentration algorithms used for snow-depth retrieval
would also cause differences among different snow-depth
products (Kurtz & Farrell 2011). It should be noted that
the UB AMSR-E and UB SSMIS snow-depth products use
the ASI sea-ice concentration algorithm, while the NSIDC
AMSR-E and NASA SSM/I snow-depth products use sea-
ice concentration inputs based on NT2 and NT algorithms
respectively (Markus & Cavalieri 1998; Comiso et al.
2003; Spreen et al. 2008).

All the four snow-depth products present similar
periodic changes and spatial distribution on Arctic sea ice,
but they differ with regard to data accuracy, and there are

160°E 140°E  120°E 100°E 160°E

140°E
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local differences in some regions. It should be noted that
the snow depths from all these products derived from PM
remote-sensing data are indeterminate under wet snow
conditions and in multi-year sea-ice zones (Markus &
Cavalieri 1998; Perovich et al. 2007).

Conclusions

This study compared four snow-depth products on Arc-
tic sea ice based on three PM remote sensing sensors
produced by three organizations. During the overlap-
ping period, the average snow-depth difference between
NASA SSM/I and UB SSMIS snow-depth products was
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Fig. 10 UB AMSR-E, NSIDC AMSR-E and NASA SSM/I monthly average snow-depth distribution and their spatial difference in March 2011 and April 2011:
(@), (b) and (c) are the monthly average snow-depth distribution of UB AMSR-E, NSIDC AMSR-E and NASA SSM/I in March 2011; (d), (e) and (f) are the
monthly average snow-depth distribution of UB AMSR-E, NSIDC AMSR-E and NASA SSM/I'in April 2011; (g), (h) and (i) are their spatial snow-depth differ-
ences in March 2011; and (j), (k) and (|) are their spatial snow-depth differences in April 2011.
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Fig. 10 (Continued) UB AMSR-E, NSIDC AMSR-E and NASA SSM/I monthly average snow-depth distribution and their spatial difference in March 2011 and
April 2011: (a), (b) and (c) are the monthly average snow-depth distribution of UB AMSR-E, NSIDC AMSR-E and NASA SSM/I'in March 2011; (d), (e) and (f)
are the monthly average snow-depth distribution of UB AMSR-E, NSIDC AMSR-E and NASA SSM/I'in April 2011; (g), (h) and (i) are their spatial snow-depth
differences in March 2011; and (j), (k) and (I) are their spatial snow-depth differences in April 2011.

less than 1 cm, while the average snow-depth difference
between UB AMSR-E and NSIDC AMSR-E was as much
as 10 cm. During the time of the year when snow depth
changes sharply, the snow-depth products showed large
difference. Our analysis shows that the NSIDC AMSR-E
product is a good choice for users because it had the
highest accuracy. UB AMSR-E had the lowest accuracy
among the four products that we compared. All the prod-
ucts showed the same spatial distribution of high and low
snow depths, with the snow depth higher in the cen-
tral part of the Arctic Ocean and the Laptev Sea than in
other sea areas. It is hoped that this comparative would
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facilitate the better application of these snow-depth prod-
ucts, and would contribute to improving the future stud-
ies of Arctic sea ice and climate change.
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