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An Empirical Algorithm for Mitigating the Sea Ice
Effect in SMAP Radiometer for Sea Surface Salinity

Retrieval in the Arctic Seas
Wenqing Tang , Simon H. Yueh, Fellow, IEEE, Alexander G. Fore , Akiko Hayashi, and Michael Steele

Abstract—The L-band radiometer onboard the soil moisture
active passive (SMAP) mission is used to retrieve sea surface salinity
(SSS) over global ocean. In the Arctic seas, one of the major
challenges of SSS remote sensing is the presence of sea ice. This
paper proposes a data-driven ice correction (IC) algorithm which
extracts emission from the water portion of measured brightness
temperature (TB) in scenes mixed with water and ice. Emission
of the ice portion was removed based on estimation according to
the ice fraction (fice) in the satellite footprint and ice signature
derived from surrounding pixels. The IC algorithm is applied to
SMAP TB data to obtain TB with IC (TBIC), which are used
for SSS retrieval using the standard JPL SMAP CAP processing
system. We show that the algorithm is most effective near the
ice edge, thereby increasing the fice threshold for possible SSS
retrieval to 15% from the current 3% without IC. SMAP SSS
are validated using in situ salinity collected during NASA’s Ocean
Melting Greenland (OMG) mission from 2016 to 2020 along the
Greenland coast. The number of collocations between OMG and
SMAP daily gridded salinity increased by more than 30% with IC.
The statistical analysis shows a similar retrieval accuracy with or
without IC, with the standard deviation of the difference between
OMG and SMAP of 1.41 psu (with IC) and 1.42 psu (without
IC). The bias-adjusted SMAP SSS depicts salinity patterns and
gradients around Greenland consistent with OMG measurements.

Index Terms—Arctic seas, sea ice, sea surface salinity, soil
moisture active passive (SMAP).

I. INTRODUCTION

ARCTIC sea ice has dramatically changed over the last
few decades. Areas covered by perennial ice—ice that has

survived at least one melt season—shrank from covering more
than two-thirds of the surface area of the Arctic Basin in the
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late 1970s to about one-third now [1], [2]. In seawater opened
up after seasonal ice melt, low sea surface salinity (SSS) can be
a tracer for sea ice melt, river discharge, net precipitation less
evaporation, or the advection of relatively low salinity waters
from the south (e.g., from the North Pacific Ocean via Bering
Strait) [3]–[6].

SSS fields over global oceans have been observed by three
satellite missions based on L-band microwave radiometry:
NASA’s aquarius [7] and the soil moisture active passive
(SMAP) [8], and ESA’s soil moisture and ocean salinity (SMOS)
[9], [10]. Although L-band sensitivity to oceanic salinity de-
creases in cold water (especially <5 °C) [11], satellite SSS
remains valuable in monitoring Arctic SSS, supported by the
finding that the variability of SSS observed in the Arctic largely
exceeds the satellite SSS uncertainty (∼1 psu) [12] forced by
(among other things) sea ice and river discharges variability [5],
[6]. Efforts have been devoted to explore the potential and im-
prove the SSS retrieval algorithm in high latitudes, particularly
for the two currently operational missions (SMAP and SMOS)
[13], [14].

One of the open questions challenging SSS remote sensing
in the Arctic is how to isolate and remove the effect of sea
ice. Near the ice edge, space-borne radiometers likely observe
a scene mixed with ice and water. (Here we focus on areas
away from land so land contamination is ignored). We know
that at L-band, emissivity or radiometer measured brightness
temperature (TB) from the sea ice surface (TBice) is significantly
higher than from the water surface (TBwater). Therefore, TB
received from a footprint consisting of both ice and water
(TBmeas.) likely exceeds TBwater, resulting in false low-SSS
estimation if a retrieval algorithm designed for homogeneous
seawater is used. To avoid this kind of false low signature, a
rather strict ice mask or equivalent filter is applied in the current
SSS retrieval algorithm. Specifically, the current SMAP SSS
retrieval algorithm discards measurements if the ice fraction
in the corresponding footprints exceeds 3% (JPL algorithm,
[15], [16]), or 0.5% (RSS algorithm, [17]). In SMOS SSS
processing, ice filtering is implicitly implemented by excluding
measurements exceeding natural variability [18]–[20]. Recently,
Supply et al. [21] presented a sea ice filtering scheme based on
the pseudo-dielectric constant [22] retrieved from SMOS TB,
which has enhanced capability to identify pixels “polluted” by
sea ice. These ice-filtering-based approaches commonly leave a
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Fig. 1. SMAP brightness temperature (a) TBh, (b) TBv, (c) the polarization
difference dTB = TBv-TBh, and (d) SIC north of 65°N on April 22, 2016.
Contours indicate SIC values of 3% (white), red (15%), 30% (cyan), and 98%
(blue).

large data gap near the ice edge. However, it is the community’s
desire that SSS information is retrieved as close to the ice edge
as possible, to facilitate understanding the linkages between
oceanic processes and sea ice changes. In this study, we propose
an ice correction (IC) algorithm for SSS retrieval that mitigates
the ice effect in measured TB where the measurement consists
of emission from both ice and water surfaces.

Over the last several decades, various techniques have been
developed to separate mixed features in satellite footprints to
improve the retrieval of targeted physical parameters. We con-
sidered two approaches: static or dynamic. The static approach is
based on the technique of multiple endmember spectral mixture
analysis (MESMA) [23], which determines the proportion in an
individual pixel that is covered by a set of known types (so-called
end members), which in our case include seawater, first-year-ice,
multiyear-ice, etc. Analyzing SMAP measurements and collo-
cated sea ice concentration (SIC) and ice type data, we found
that MESMA was not applicable for our operational retrieval.
This is mainly because the spatial/temporal variance of the sea
ice surface associated with surface melting, snow covering,
roughness, etc. cannot be satisfactorily determined at SMAP
resolution given the uncertainty of current ice products (see
Section III for details). The dynamic approach, on the other hand,
extracts information needed for separating mixed features from
adjacent measurements. One example of the dynamic approach
is single pixel correction (SPC) [24], introduced to improve
SSM/I retrieval near the coast. For each pixel of TB measured in
a land/water mixed scene, SPC removes the emission from the

Fig. 2. Same as Fig. 1 on August 26, 2016.

Fig. 3. Normalized distribution of SMAP TB collected north of 65°N for
categories of open water (black, SIC < 3%), ice edge (red, SIC 3%–15%, and
green, 15–30%), and closed ice (blue, SIC > 98%) on a typical day representing
beginning [(a) and (b)] and end [(c) and (d)] of the ice melt season in northern
hemisphere conditions by SICNCEP [(a) and (c)] and SICOSISAF [(b) and (d)].
Normalization is performed by dividing the number collected in each TB bin
of size 1 K by the total number of TB in the category, which is included in the
insert of each chart.

land portion, which is proportional to the fraction of the footprint
covered by the land surface (calculated for individual frequency
by convolving a high-resolution land-ocean mask weighted by
the antenna gain), and a representative land TB (derived as the
mean of all surrounding measurements completely covered by
land surface). SPC has been applied to improve retrieval in
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Fig. 4. Time series of TBPeak derived from daily nPDF of closed ice (SIC >
98%) for V-pol (red) and H-pol (blue), using SMAP L1B TB collected north of
65°N conditioned by SICNCEP and SICOSISAF, respectively, along with the
number of samples (black thin or dotted lines).

Fig. 5. Time series of TBPeak derived from daily nPDF of open water (SIC <
3%) for V-pol (red) and H-pol (blue), using SMAP L1B data collected north of
65°N conditioned with SICNCEP and SICOSISAF, respectively, along with the
number of samples (black thin and dotted lines).

coastal areas, for example, columnar water vapor content in the
Baltic Sea [24], SIC [25], and wet path delay [26]. Recently,
Chaubell et al. [27] adopted the SPC method for SMAP soil
moisture retrieval, considering its benefit of keeping original
data resolution and latency of operational processing. In this
study, we develop a method similar to SCP for sea IC.

The rest of this article is organized as follows. Section II
describes the data used. Section III presents an analysis of sea ice
signature in SMAP L-band radiometer measurement. Section IV
describes the sea IC algorithm. Section V shows the impact of
IC on real data collected by SMAP. Corrected TB are used to
retrieve SSS in the Arctic Ocean and compared with parallel
retrieval without IC, with results presented in Section VI. In
Section VII, we present results of validation comparing SMAP
Level 3 daily SSS with in situ salinity data collected around the
coast of Greenland in NASA’s Ocean Melting Greenland (OMG)
mission. Finally, a discussion and conclusions will be given in
Section VIII.

Fig. 6. Flowchart of the sea IC algorithm.

Fig. 7. SMAP L1B TBv (top) and TBh (bottom) on August 5, 2016 before
(left) & after (middle) the sea IC (using Dice = 2), and the correction terms
(right). Areas with ice fraction greater than 0.15 are masked out (white). Thin
line (black) are the SIC contours at 3% and 15%.

II. DATA

A. Brightness Temperature

We use the newly released SMAP Version 5 (V5) Level-1B
(L1B) TB to characterize the effect of sea ice on L-band radiome-
ter and develop an empirical correction algorithm. SMAP L1B
TB data is half-orbit (ascending/descending separated), time-
ordered, geolocated, calibrated in reference to the Earth’s surface
with undesired and erroneous radiometric sources removed [28].
SMAP’s conical scanning L-band radiometer projects a ∼1000
km wide swath on earth’s surface from 86.4°S to 86.4°N with
3-dB beamwidth less than 40 km and achieves a global coverage
in ∼3-days with exact orbit repeat cycle of 8 days. The coverage
in high latitudes is even better with most areas poleward of 60°
being covered in one day. L1B V5 TB data from March 31,
2015, to be presented are available from the National Snow and
Ice Data Center (NSIDC).1

1[Online]. Available: https://nsidc.org/data/SPL1BTB

https://nsidc.org/data/SPL1BTB


TANG et al.: EMPIRICAL ALGORITHM FOR MITIGATING THE SEA ICE EFFECT IN SMAP RADIOMETER FOR SSS RETRIEVAL 11989

Fig. 8. SMAP L1B brightness temperature (TB) bin-averaged as function of
sea ice fraction. (a) TB before (black, TBv and TBh) and after (red, TBv_c and
TBh_c) the sea IC, and TB measured in footprints where ice fraction is non-zero
but no IC was performed (green, TbV_nc and TbH_nc). (b) Standard deviation
corresponding to each set shown in (a), and blue curve is the percentage of L1B
pixels where sea IC performed. All are based on 4 months of data collected north
of 50°N from June. 1 to Sep. 30, 2016.

B. SMAP Sea Surface Salinity

The combined active-passive (CAP) retrieval algorithm orig-
inally developed at JPL in the context of Aquarius/SAC-D [29]
is adopted for SMAP SSS retrieval [15]. The standard JPL SSS
data are provided on both Level 2B (L2B) and Level 3 (L3) [16].
The L2B data are on a 25-km grid along/cross track of ∼1000
km wide swath (∼15 swaths per day) with an effective spatial
resolution of 60 km (see [15] for L1B to L2B CAP processing).
The L3 data is on global map grid with 0.25° resolution in
latitude and longitude. We use Gaussian weighting to interpolate
the L2B estimates onto the map grid with a search radius of∼ 45
km and a half-power radius of 30 km. L3 maps are produced both
monthly and daily which is the 8-day running mean of L2B data
centered on the day. JPL SSS data are publicly available from
April 1, 2015, to present with a 3-day latency in processing and
availability at PO.DAAC.2

In this study, we use the JPL CAP software to retrieve L2B
SSS with or without IC. For L3 daily maps, we reduce the
temporal window to 4 days to take advantage of more frequent
polar satellite coverage. This better captures SSS variation near
the sea ice edge. We also use, as a reference, the ancillary
SSS from Global Ocean Prediction with the HYbrid Coordinate
Ocean Model (HYCOM) [30], which is routinely matched up
with SMAP measurements based on source file download from

2[Online]. Available: https://podaac.jpl.nasa.gov/dataset

Fig. 9. Sea IC of SMAP L1B dTBv (TB_corrected minus measured) using
ice sea radius of (a) Dice = 1, (b) Dice = 2, (c) Dice = 3, and (d) Dice = 5 on
August 5, 2016, in the Beaufort Sea, excluding areas with ice fraction greater
than 0.15 (white).

Fig. 10. (a) Applying the sea IC on SMAP L1B data north of 50°N from June
1 to Sep. 30, 2016, number L1B pixels corrected using Dice of 1 (solid line), 2
(dotted line), 3 (dashed line), and 5 (dot-dash line), and the red curve indicates
the total number of L1B pixels with ice_frac >0.0. (b) Percentage of L1B pixels
where sea IC performed.

FTP.OPC.NCEP website.3 and included in JPL L2B and L3 SSS
products.

C. Sea Ice Concentration

Since SIC data have large uncertainty near the ice edge,
especially in summer (∼ 5–15%; [31]), we examined two sets
of SIC data. The first is produced by the National Centers for
Environmental Prediction (NCEP) of NOAA (SICNCEP), which
is available daily on a 1/12° grid.4 The second is from the Ocean
and Sea Ice Satellite Application Facility (OSISAF) of the Eu-
ropean operational satellite agency EUMETSAT (SICOSISAF).
SICOSISAF is computed from atmospherically corrected SSMIS
brightness temperatures using a combination of algorithms ([32]
and references therein). SICOSISAF is produced daily with global
coverage and spatial sampling of 10 km and is available at OSI

3[Online]. Available: http://ftp.opc.ncep.noaa.gov/grids/operational/
GLOBALHYCOM/Navy

4[Online]. Available: https://polar.ncep.noaa.gov/seaice/index.html

https://podaac.jpl.nasa.gov/dataset
http://ftp.opc.ncep.noaa.gov/grids/operational/GLOBALHYCOM/Navy
http://ftp.opc.ncep.noaa.gov/grids/operational/GLOBALHYCOM/Navy
https://polar.ncep.noaa.gov/seaice/index.html
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Fig. 11. Similar as Fig. 8 for various Dice, bin-averaged (a) TBh, (b) TBv,
and bin-standard-deviation for (c) TBh, (d) TBv before (black) and after (red)
the sea IC.

SAF website.5 Both SIC data sets are collocated with the centers
of SMAP L1B footprint (nearest neighbor).

D. Sea Ice Fraction

Sea ice fraction (fice) is the fraction of the radiometer footprint,
or field of view (FOV), covered by sea ice. fice is estimated via
the integration below [33]

fice (x, y) = ∫FOV SIC (x, y)G (θ, ϕ) dΩ/∫FOV G(θ, ϕ) dΩ
(1)

where G is the SMAP antenna total gain pattern (sum of copo-
larization and cross-polarization gains), SIC(x, y) is interpolated
to antenna sampling location on earth surface location (x, y), and
dΩ is the solid angle of the integration. We used SICNCEP to
calculate fice on each SMAP L1B pixel.

E. Salinity From AXCTD/OMG

SMAP SSS retrievals are validated with in-situ salinity col-
lected by the NASA mission OMG [34], [35]. The goal of
OMG is to understand the role that the ocean plays in melting
Greenland’s glaciers. From 2016 to 2020, OMG conducted field
campaigns to gather ocean data around Greenland. One compo-
nent of OMG measurements is an annual summertime aircraft
campaign that deploys along the continental shelf ∼250 Air-
borne eXpendable Conductivity Temperature Depth (AXCTD)
instruments. These instruments are launched from an aircraft,
fall under a small parachute, and float on the surface after impact.
The floating portion then releases a probe, which sinks to the
bottom or a depth of 1000 m, whichever is shallower. The probe
is connected to the surface float by a thin wire, which unspools
as the probe sinks, measuring temperature and conductivity as

5[Online]. Available: http://www.osi-saf.org/?q=content/global-sea-ice-
concentration-ssmis

a function of time, which can be converted to temperature and
salinity as a function of depth. We acquired OGM AXCTD data
from PO.DAAC at6 [36].

III. CHARACTERISTICS OF L-BAND SEA ICE SIGNATURE

We show as an example the vertically and horizontally polar-
ized TB (TBv and TBh) and the difference (dTB = TBv-TBh),
along with SICNCEP, on two typical days: April 22, 2016, which
represents the beginning of the sea ice melt season (see Fig. 1),
and on August 26, 2016 (see Fig. 2) near the end of summer ice
melt. SIC contours overplotted on each map indicate four values:
3% is the upper limit of current SSS retrieval, 15–30% represent
the Marginal Ice Zone (MIZ), and 98% represents closed ice.
TBv, TBh, and dTB all show large spatial gradients in the MIZ.

We divided SMAP TBs collected north of 65°N into four
categories according to matchup SIC:

1) Open water (SIC < 3%).
2) Ice edge with less ice (3–15%).
3) More ice (15–30%).
4) Closed ice (SIC > 98%).
We defined a normalized distribution of TB (nPDF) in each

category conditioned by SICNCEP and SICOSISAF by dividing
the number collected in each TB bin (bin size of 1K) by the
total number of TBs in the category. Fig. 3 shows nPDF on the
two days shown in Figs. 1 and 2. Through the ice melt season,
the population of the closed ice category on a typical day (blue
curves in Fig. 3) dropped from near 280 (233) thousand to less
than 8 (7) thousand based on SICNCEP (SICOSISAF). The most
interesting feature shown in Fig. 3 is that peaks of nPDF in the
ice edge categories (red and green curves) well agree with the
peak of open water (black). This is an indication that a large
part of measurements collected in the ice edge contain useful
information for SSS retrieval. As expected, the tails of nPDF of
the two ice edge categories extend towards higher TB values,
with larger spread in category 3 (more ice). Fig. 3 also confirms
the polarization difference dTB (i.e., the horizontal difference
between peaks of solid and dashed curves) is much smaller
for closed ice than other categories. The difference in nPDFs
derived based on different SIC products is an indication of large
uncertainty in SIC.

Fig. 4 shows the time series of peak TB for the closed ice
category (SIC > 98%) based on the daily nPDF produced using
SMAP data from 2016 to 2018. We found in the two-month
period following the onset of sea ice melt (which usually happens
in late April or early May), TB over ice drops more than 30K,
likely caused by surface condition changes associated with snow
cover, melting ponds, or seasonal warming of the ice surface
[37]. On the other hand, TB peaks derived for the open water
category (SIC < 3%) are quite stable over time (see Fig. 5).

IV. SEA IC ALGORITHM

A. Description of the Approach

We propose a data-driven approach to extract emission from
the water portion of measured TB collected in scenes with mixed

6[Online]. Available: https://podaac.jpl.nasa.gov/dataset/OMG_L2_AXCTD

http://www.osi-saf.org/?q=content/global-sea-ice-concentration-ssmis
http://www.osi-saf.org/?q=content/global-sea-ice-concentration-ssmis
https://podaac.jpl.nasa.gov/dataset/OMG_L2_AXCTD
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Fig. 12. Monthly average of SSS retrieved in area with SIC greater than zero, (top) without sea IC, (middle) with sea IC, and (bottom) HYCOM SSS from June
to Sep. 2016 (left to right). Red line indicates the division of Arctic ocean adjacent to Pacific and Atlantic.

water and ice. Emission of the ice portion of the footprint is
removed based on estimation according to the ice fraction (fice)
in the satellite footprint and using the ice signature derived
from surrounding pixels. We first specify a threshold of sea ice
fraction,F retr.

ice , as the maximum ice fraction of an L1B TB pixel
on which the sea IC is applied before SSS retrieval. In this study,
we use F retr.

ice = 0.15, which is the traditional definition of the
ice edge in terms of SIC [38]–[40]. Note that although fice and
SIC are two different parameters (1), their large-scale spatial
patterns are similar. We consider the choice of F retr.

ice = 0.15 as
equivalent to attempting to retrieve more SMAP SSS data closer
to the ice edge relative to existing algorithms.

Under the assumption that in a satellite FOV mixed with sea
ice and water, radiometer measured TB (TBmeas.) represents the
sum of emission from ice and water portion, which is propor-
tional to fice and fwater respectively, we have,

TBmeas. = (1− fice) TBwater + ficeTB
ice (2)

where the two unknowns, TBice and TBwater, are assumed to
be constant over their respective portion within the FOV under
consideration.

Our proposed approach is to obtain an estimation of TBice and
TBwater for each pixel using SMAP measurements in the adjacent
area surrounding the pixel under consideration. Specifically, for

a given L1B pixel (i, j) with 0% < fice < 15%, we substitute
TBice in (2) with a representative <TBice

i,j> derived from pixels
surrounding (i, j). Rearranging (2) we have TBwater at pixel (i, j)
as

TBwater (i, j) =
TBmeas. (i, j)− fice (i, j)

〈
TBice

i,j

〉

1− fice (i, j)
. (3)

Then TBwater can be used as input into CAP SSS retrieval
routines designed for sea water. The key element here is to find
<TBi,j

ice> that optimally represents the emissivity from the ice
portion of footprint (i, j), which we describe in detail next in
Section IV-B.

B. Estimation of the Ice Surface Brightness Temperature

To determine <TBice
i.j> in (3), we extract information from

TB measured over “ice” pixels surrounding (i, j). “Ice” here
is in quotation marks because these pixels might not be 100%
ice. The design of the algorithm is based on consideration of
two issues regarding the selection of “ice” pixels: 1) what is an
appropriate criterion for an “ice” pixel? 2) how far from (i, j)
should we search for those “ice” pixels?

Previous studies on the application of radiometer data near the
coast used a very high-resolution land mask to separate pixels
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Fig. 13. SMAP L2B SSS as function of SIC with (black) or without (red) sea
IC, and from HYCOM matchups (blue). All derived from four months (June
to Sep. 2016) of data north of 65°N, averaged in Arctic region (a) adjacent to
northern Pacific including the Beaufort Sea, Chukchi Sea, East Siberian Sea, and
Laptev Sea (90°W to 105°E), and (b) adjacent to Northern Atlantic including
Kara sea, Barents sea, Greenland sea, and Baffin Bay (105°E to 90°W). Vertical
lines indicate means ±10% of the standard deviation.

Fig. 14. Similar as Fig. 13, SMAP L2B SSS as function of sea ice change
(dSIC/dt).

over land and water in terms of the center locations of the satellite
footprints [24], [27]. Considering the dynamical nature of sea ice
and the large uncertainty in SIC products, we decided to use fice
to distinguish ice and water pixels. For a given thresholdF thred.

ice ,
pixels with fice greater than F thred.

ice are considered as “ice.” The
possible choice of F thred.

ice ranges from F retr.
ice to 1. Choosing

the low bound (F thred.
ice = F retr.

ice ) implies some of the pixels
selected as “ice” could have very similar conditions to the pixel
(i, j) under consideration, such as surface roughness, melt ponds,
snow cover, ice age (first year or multiyear ice), ice pack state
(closed or open), etc. On the other hand, the upper bound of Fice

= 1 means that only pixels with 100% ice are selected. While this
might appear desirable, in fact, the surface conditions of closed
ice may be very different from the condition at the ice edge where
pixel (i, j) is located. Because our purpose is to find an optimal
representative TB

ice for pixel (i, j), we decided to use F thred.
ice

= F retr.
ice . This choice also allows more freedom in dealing with

the second issue, i.e., selecting an appropriate area over which to
search for “ice” pixels surrounding (i, j). A too-small searching
area could result in no adjacent pixels meeting the “ice” criterion,
while a too-large area may not represent the condition at (i, j). We
conducted a series of experiments using various searching radii
(Dice), from 1 grid space on L1B swath (i.e., only considering
the adjacent nearest neighbors of (i, j)) to Dice of 2, 3, and 5 grid
spaces.

The next step is to remove the emission from the water portion
of the footprints identified as “ice”. Particularly for those pixels
with fice very close to F thred.

ice , the water contribution to TB
meas.

may not be ignored. The concept described above can be applied
here, by reversing the places of ice and water. Specifically, for
each “ice” pixel (i0,j0), we have,

T ice
B (i0, j0) =

Tmeas.
B (i0, j0)− (1− fice (i0, j0))

〈
Twater
B,i0,j0

〉

fice (i0, j0)
(4)

where <Twater
i0,j0

> is an average of measured TB over “water”
pixels surrounding (i0,j0). Since the variation over water is much
smaller than over ice, we used Dwater = 20 grid spaces to select
a set of near homogeneous “water” pixels (fice<0.005).

Finally, we obtain <TBice
i.j> as the average of TBi0.j0

ice over
Ni,j ice pixels surrounding (i, j). If no “ice” pixel was found
surrounding (i, j), no sea IC is performed even if fice is nonzero.

C. Two-Pass Scheme and Quality Control

The concept described above is implemented in a two-pass
correction scheme and summarized in Fig. 6. With the selection
of F thred.

ice = F retr.
ice , the L1B measurements collected in one

satellite orbit are divided into two sets: the “ice” set (fice >
F retr.
ice ), and the “water” set (fice < F retr.

ice ). In the first pass, the
process removes the emission from the water portion of each
footprint in the “ice” set to obtain TBice (4). In the second pass,
TBice obtained in pass-1 are used to calculate TBwater for each
pixel (i, j) with fice < F retr.

ice (3). Additional quality controls are
implemented to eliminate unrealistic corrections, which includes
(1) in pass-1 for ice pixel if<TBwater> derived from surrounding
water pixels exceeds TBmeas.

; and (2) in pass-2, for water pixel
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Fig. 15. Scatterplot of collocated SSSOMG and Level 3 (a) SSSSMAP (no sea IC), (b) SSSSMAP˙IC (with sea IC) and (c) SSSHYCOM (nearest neighbor).
Black open circles are for total matchups, and red dots for where there is sea ice (SIC>0.0). The dotted line is the 1:1 as a reference.

if <TBice> derived from surrounding ice pixels is less than
TBmeas..

V. IMPACT OF SEA IC ON TB

We applied the algorithm described above to SMAP L1B TB
data. We first present the results of the correction using Dice = 2.
Fig. 7 shows, as an example, SMAP TBs with or without IC in
the Beaufort Sea on August 5, 2016. Areas within ∼35 km of
the coast and with ice fraction larger than 0.15 (where no IC was
attempted) are masked in white in panels (a), (b), (d), and (e)
for easier visualization. Before the correction [see Fig. 7(a) and
(d)] pixels with high TB were observed in the northern edge of
the domain (reddish color), which obviously contained emission
from ice. After applying IC, TB_ic [see Fig. 7(b) and (e)] were
reduced into a reasonable range for seawater (bluish color). The
map of the correction term, i.e., dTB=TB_ic – TB, [see Fig. 7(c)
and (f) where white color indicates no correction] show that IC
indeed took place in an inhomogeneous area between solid ice in
the north and open water in the south. Generally speaking, larger
corrections (dark blue color) occurred in the northern edge of
the domain close to packed ice, while smaller corrections (light
blue color) occurred in the southern edge close to open water.
White patches embedded in the dTB maps were places where
ice fraction exceeded the upper limit of the correction algorithm.

For a broader assessment of the impact of sea IC on SMAP
TB, we analyzed four months of data for the ice melting season
in the northern hemisphere from June to September of 2016. We
bin all data north of 50°N in terms of ice fraction with a bin size
of 0.005. We discuss the result (see Fig. 8) from three aspects.
First, we found that the trend of TBmeas. (uncorrected) increasing
with fice (black) was effectively flattened in TB_ic (red), and
the standard deviation significantly decreased. Second, the IC
reduction in TBs for H-pol [see Fig. 8(a), right axis] is slightly
larger than that for V-pol (left axis), reaching maximum of 9K
and 8K respectively at ice fraction threshold of 0.15. This is
consistent with the fact that the L-band TB difference between
ice and water for H-pol is larger than V-pol therefore H-pol is
expected to be more sensitive to the IC. Last, we point out that
the IC algorithm seems most effective for fice close to the upper
limit, F thred.

ice . The percentage of corrected-TB [see Fig. 8(b),
blue curve] was close to 90% at fice of 0.15, while less than 30%

at fice of 0.01. This is because the algorithm takes no action at
places where no adjacent ice pixel is found. Fig. 8 (green) shows
that the bin-average and std. of TB for those “no-correction”
pixels (i.e., fice>0 but dTB = 0) are in the reasonable range
of seawater and almost “flat” versus fice. We argue that this
indicates that no correction is needed in the algorithm design
in these areas.

We examined the sensitivity of IC on the choices of Dice (ice
searching radius) by repeating IC using a series of Dice values
(1, 2, 3, and 5 grid spaces of L1B swath). This is equivalent to
extracting TBice in a surrounding area of size from 40 × 40 km2

(for Dice = 1) to 200 × 200 km2 (for Dice = 5). Fig. 9 shows
the correction term dTB in the Beaufort Sea on Aug. 5, 2016,
for V-pol, as an example. It is clear that a larger Dice leads to the
expansion of area covered by IC southward towards open water,
where the chance of finding adjacent ice pixels increased. The
sensitivity on Dice is shown as a function of fice as the number (or
percentage) of SMAP L1B pixels corrected by the IC algorithm
(see Fig. 10), and also as the bin-average and std of TB with or
without IC (see Fig. 11). Although the percentage of corrected
measurements monotonically increases with Dice for a given ice
fraction (see Fig. 10), the problem of over-correction becomes
more severe with large Dice. For example, IC with Dice = 5
resulted in a reduction of more than 3K from fice near zero to
0.15 [see Fig. 11(a) and (b)]. On the other hand, the sensitivity
of bin-std [see Fig. 11(c) and (d)] on Dice shows two different
regimes with a transition at fice around 0.05: with std. decreasing
with Dice for small fice regime while increasing with Dice for the
larger fice regime. This seems to suggest that the IC algorithm
may benefit from a hybrid of Dice values. We leave this for future
study.

In terms of the impact of IC on TB, we conclude that using an
ice search radius Dice of 2 in pass-2 provides an optimal solution,
covering the most critical area near the ice edge and avoiding
the possibility of severe over-correction.

VI. SMAP SSS IN ARCTIC SEAS

Fig. 12 compares the 2016 monthly averaged SSS in the Arctic
Seas (north of 65°N) from three datasets: SMAP SSS without IC
(top), SMAP SSS with IC (middle), and SSS from HYCOM. All
three SSS fields (named SSS, SSSIC, and SSSHYCOM hereafter)
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Fig. 16. SMAP SSS (with sea IC) maps averaged over the period of OMG campaign for each year from 2016 to 2020 (background color), and solid dots are
OMG/AXCTD salinity at depth of 0.72 m from surface.

show a similar large-scale pattern: saltier in the northern Atlantic
Ocean and fresher in the marginal seas connected to the Pacific
Ocean through Bering Strait. Generally speaking, SMAP SSS
shows more intra-seasonal variability than HYCOM, from the
onset of the melting season in June to the beginning of the
freezing phase in September. In particular, freshening in the
Beaufort Sea associated with seasonal ice melting and river
discharge observed by SMAP is completely missed in HYCOM.
This model deficiency might arise from a number of reasons,
e.g., climatological surface salinity restoring, virtual salt flux
boundary conditions, overly large mixing rates, etc. We have
masked out areas where SIC is zero or larger than 0.15 (where
no IC is applied) in Fig. 12 for the convenience of visualization.

Although it is hard to visualize the impact of IC in the monthly
averaged maps, we can identify several areas where SSSIC

provides slightly more retrieval, for example, in the Beaufort Sea
(July and August), the Chukchi Sea (August), and the Greenland
Sea (August). Both SSS and SSSIC increase north of the East
Siberian Sea in September when freezing starts. There is also a
zonal band of low SSS just north of the Barents Sea in HYCOM
that is not evident in the satellite data.

To compare the three products quantitatively, we divided
the Arctic Ocean into two domains, Arctic_Pacific and Arc-
tic_Atlantic (divided at longitude 90°W and 105°E, indicated
by the red lines in Fig. 12). Fig. 13 shows the bin-averaged
SSS versus SIC based on L2B data north of 65°N from June to
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Sep. of 2016. Here we used SIC matching with L2B grid since
the information of fice is only available for L1B footprint. SSS
retrieved from SMAP TB with IC (SSSIC, black curve) is higher
than SSS without IC (SSS, red curve) by more than 5 psu at the
upper limit of SSS retrieval (SIC∼0.15). The dependence on SIC
is almost removed in SSSIC. On the other hand, bin-averaged
HYCOM SSS (blue curves) in Arctic_Pacific (∼27 psu) is higher
than in Arctic_Atlantic (< 25 psu), which is likely a result of
the fresh SSS band north of the Barents Sea (see Fig. 12).

Fig. 14 shows the same three SSS datasets binned as a function
of sea ice changes, i.e., the time derivative of SIC (dSIC/dt). It
is interesting to see the asymmetric distribution of SSS between
melting phase (dSIC/dt<0) and freezing phase (dSIC/dt>0). In
the melting phase, SMAP SSS decreases with the increasing
speed of ice melting, which agrees with the intuition that more
rapid ice melting should inject more low-SSS meltwater into
adjacent seawater. This is similar to the cold SSTs seen in
the wake of retreating sea ice [38]. HYCOM SSS, however,
is relatively insensitive to the magnitude of negative dSIC/dt.
There seems no significant difference between SMAP SSS with
or without IC in the melting phase. In the freezing phase, SSS
is not as sensitive to dSIC/dt. SMAP SSS with IC is generally
higher than SSS without IC, although this difference is not sta-
tistically significant. The difference likely arises from retrieval
differences in the ice front as seen in Fig. 12. We note that in the
Arctic_Atlantic, SMAP SSS and HYCOM behave similarly, i.e.,
a decline for dSIC/dt > 0.1/day, then an increase with dSIC/dt.

VII. VALIDATION WITH OMG DATA

In the last two sections, we analyzed the impact of sea IC on
TB and retrieved SSS. A systematic validation is a challenge
due to lack of in situ SSS measurements in the challenging
Arctic environment, particularly near the ice edge. Here we
present a validation using OMG AXCTD data along the coast
of Greenland.

Data returned by the OMG aircraft campaign covered slightly
different time periods in each year: Sep.13 to Oct. 10, 2016 (184
profiles); Oct. 14 to Oct. 23, 2017 (217 profiles); Aug. 12 to Sep.
11, 2018 (216 profiles), Aug. 12 to Sep. 5, 2019 (261 profiles),
and Aug. 24 to Sep. 12, 2020 (262 profiles). There are a total
of 1140 AXCTD temperature/salinity profiles with OMG data
quality control. We use AXCTD salinity measured at a depth
closest to surface (i.e., ∼0.72 m, denoted as SSSOMG).

For each OMG/AXCTD probe, we created SMAP matchups
from gridded daily (4 days running mean) from the nearest-
neighbors with valid SSS, which was closest in distance to
OMG location. Data pairs where matchup SIC is larger than
0.15 are excluded. We also used the SMAP SSS uncertainty
(which is reported as a measure of retrieval error in JPL SMAP
products) to exclude points of possible bad retrieval due to
undetected ice/land contamination or other measurement errors
(L3 SMAP_SSS_uncertainty > 1 psu).

The comparison of the matchups for each set of SSSSMAP,
SSSMAP˙IC, and SSSHYCOM versus SSSOMG are presented in
Fig. 15 and Table I. The number of pairs collocated with OMG
increased from 329 pairs without sea IC to 432 pairs with sea IC,

TABLE I
COMPARISON OF SSSOMG AND COLLOCATED SSSSMAP (NO SEA IC),

SSSSMAP˙IC (WITH SEA IC) AND SSSHYCOM

Note difference is X minus SSSOMG.

an increase of more than 30%. Both SSSSMAP and SSSSMAP˙IC

show a positive bias∼ 2.5 psu and standard deviation around 1.4
psu. This indicates that while the proposed sea IC algorithm did
not reduce errors in bias or standard deviation, it did deliver more
salinity retrievals without noticeable performance degradation.
As shown in Fig. 16, SMAPSSS˙IC (adjusted by subtracting
2.5 psu bias) shows good agreement with the salinity pattern
revealed by SSSOMG. We see that SMAP not only depicted the
large contrast between the east and west coasts of Greenland
consistent with OMG but also captured small scale salinity
features as well as the sharp salinity gradient away from the
coast. The fresh area observed in 2018 northwest of Greenland
is likely a sampling of the relatively fresh East Greenland Current
outflow from the Arctic Ocean, possibly enhanced by Greenland
glacial melt.

VIII. DISCUSSION AND CONCLUSION

We presented a data-driven algorithm to improve SSS retrieval
near the ice edge. The method extracts the signal received
from the water portion of radiometer FOV by removing the
contribution from the ice portion, which is derived from ad-
jacent measurements where ice dominates. Such ice-corrected
TB (i.e., TB_ic) can then be used to retrieve SSS from the JPL
SMAP CAP processing system. We showed that the systematic
dependence of measured TB on ice fraction (up to fice = 0.15)
was effectively removed in TB_ic. The proposed algorithm is
most effective in areas near the ice edge (SIC approaching 15%)
where the sea ice effect of about 90% of affected TB pixels was
mitigated based on an ice signal extracted from an area ∼80 ×
80 km2 (Dice = 2) surrounding the pixel.

We retrieved SMAP SSS for the northern hemisphere ice
melting season to assess the impact of the sea IC. Comparison of
SSS retrieved from SMAP TBs with or without sea IC showed
about 5 psu should be attributed to ice contamination when SIC
approaches 15%. SMAP SSS shows an expected response to ice
melting (dSIC/dt<0) or freezing (dSIC/dt).

The validation using AXCTD data collected during NASA’s
OMG field campaigns around the coast of Greenland over five
years shows that the number of SMAP L3 daily salinity retrievals
in this critical region increased by more than 30% with sea IC
with a comparable performance with or without IC. With a 2.5
psu bias adjustment, SMAP SSS depicts salinity patterns around
Greenland consistent with OMG measurements.
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It is noted that the optimal value of Dice may differ in various
environments. As suggested by one reviewer, we performed
validation with OMG data for SMAP SSS retrieved with IC
using various ice search radius (Dice = 1, 2, 3, and 5). Here,
we used SMAP L2B data instead of L3 (since L3 involves
spatial/temporal averaging which may dilute the impact of Dice).
The RMSD between 1321 pairs of OMG/SMAP (collocated
within 25 km and 12 h) are 3.02, 2.95, 2.92, and 2.98 psu for
Dice of 1, 2, 3, and 5, respectively. Although Dice 3 seems to
give the best result, we consider the difference between various
Dice is not statistically significant. In fact, many SSS retrieval
with difference Dice have identical values. This is due to the
fact that all OMG locations are close to land mass therefore a
larger Dice may not be able to find more “ice” pixels to affect
the IC. We expect the situation near ice edge to be very different
where pixels surrounding the target pixel are mixed with ice and
water.

Future improvement of proposed IC algorithm, including the
development of a methodology to optimize the ice search radius,
will need the guidance based on in situ data analysis particularly
near ice edge under various conditions.
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