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Abstract

Purpose. The purpose of the work is to study the potential for improving the spatial resolution of
the Advanced Microwave Scanning Radiometer 2 (AMSR2) on C-band channels using
the measurements at 36.5 GHz frequency to analyze the underlying surface parameters of the Arctic
seas.

Methods and Results. The results of numerical modeling of the brightness temperature (7b) of
microwave radiation from the sea ice-ocean-atmosphere system under conditions of the non-scattering
Arctic atmosphere, as well as the calculations of 7b for the atmospheric and oceanic parameters based
on the ERAS reanalysis data were used. The values of sea ice effective emission coefficients previously
calculated for the entire Arctic region were applied in calculations. The 7b sensitivity to atmospheric
radiation, surface temperature and underlying surface emission coefficients at the 6.9 and 36.5 GHz
measurement channels at the horizontal and vertical polarizations, and also variability of the above
parameters in the Arctic were assessed. Depending on the surface type and based on the modeling
results, proposed are the formulas for calculating the 7b fields at the 6.9 GHz frequency at the enhanced
spatial resolution, in which 7b at the 6.9 GHz frequency of the original resolution and 7b at
the 36.5 GHz frequency of the Level 1R satellite product were used.

Conclusions. The developed approach expands the possibilities of using the AMSR2 data for a detailed
study of the parameters of Arctic seas partially or completely covered with first-year ice of various
types and concentration. For the areas of continuous multi-year consolidate ice, application of
the described method to improving the spatial resolution of measurements at 6.9 GHz, especially in
vertical polarization, seems impossible. The errors and applicability of the above approach are
conditioned by the variability of atmospheric water content parameters in a low spatial resolution pixel
of measurements at the 6.9 GHz frequency.
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Introduction
Satellite passive microwave remote sensing is widely used for global monitoring
of atmospheric and underlying surface parameters due to its all-weather capability
and independence from solar illumination. The ability to penetrate clouds is a key
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advantage of microwave instruments, enabling regular and continuous mapping of
various parameters. Typically, microwave radiometers are multi-frequency and
multi-polarization  instruments, registering microwave radiation from
the atmosphere and the Earth’s surface at different frequencies and polarizations.
These measurements are used for obtaining global data on atmospheric water vapor
[1], cloud liquid water [2], sea surface temperature [3], sea ice concentration [4],
snow water equivalent [5] and soil moisture [6].

However, microwave radiometer measurements have lower spatial resolution
compared to infrared and optical instruments [7-9]. Furthermore, different channels
within the same instrument have different spatial resolutions [10], resulting in multi-
channel algorithms yielding outputs with the lowest resolution among the channels
used [11]. The low spatial resolution hinders the application of satellite microwave
radiometer data for regional studies relating phenomena and objects smaller than
the measurement resolution. While many atmospheric parameters over oceans are
retrieved with high accuracy, estimations near coastlines are impossible due to land
contamination of surface radiation, leading to masked areas in standard satellite
products. Consequently, valuable information is lost, particularly in forecast models.
Some of the late research studies focused on improving spatial resolution to enhance
the accuracy of weather forecasts and climate models [12, 13].

The low spatial resolution of radiometric data is a result of signal averaging
within the large antenna patterns of radiometric antennas and noise in the receivers.
Several approaches have been developed to improve the spatial resolution. They may
be categorized into the three main groups: data fusion algorithms, which incorporate
higher-resolution data; antenna pattern inversion algorithms; and deep learning
methods. Data fusion methods use ancillary information from optical observations
[14] or higher-frequency channel measurements [15] with enhanced resolution.
Antenna pattern inversion algorithms analyze data from overlapping pattern areas
[9, 16]. Machine learning methods, particularly those using convolutional neural
networks, employ the algorithms trained on ancillary high-resolution data [17, 18].

In [19], a method for enhancing the spatial resolution of optical images, known
as Smoothing Filter-based Intensity Modulation (SFIM), was proposed, based on
a simplified model of signal reflection from the Earth’s surface. The method utilizes
the ratio between the original high-resolution image signal and its smoothed signal,
obtained via a low-pass filter, to modulate a lower spatial resolution image without
changing its spectral properties or contrast. This approach effectively improves
the spatial resolution of images. For optical instruments, spatial and spectral
resolutions are often conflicting parameters: at agiven signal-to-noise ratio,
increasing spectral resolution (narrower spectral band) typically reduces spatial
resolution.

The digital number (DN) of an optical image in a spectral reflective band A
primarily depends on the solar radiation incident on the Earth’s surface (illuminance
E(V)) and the spectral reflectance of the surface (A):

DN(X) = r()E().
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The SFIM technique calculates high-resolution signal values DN(L)sim at wavelength
A as follows:

DN (M) = DN(Z)AI‘;‘ZSN(Y)M : (1)

mean

where DN(A)iow 1s the low-resolution signal at wavelength A; DN(Y)nign 1s the high-
resolution signal at wavelength y and DN(Y)mean 18 the local mean of DN(Y)nign for
the resolution element of the low spatial resolution image. The method assumes that
DN()) and DN(y) exhibit similar dependencies on surface topography. The resulting
fused data preserve the information content in the original low-resolution image,
independent of the spectral properties of the high-resolution image.

In [20], the SFIM algorithm was adapted to enhance the spatial resolution of
brightness temperature (7b) fields of the Advanced Microwave Scanning
Radiometer — Earth Observation System (AMSR-E) at 6.9 GHz (C-band) using
the measurements at 36.5 GHz (Ka-band). Equation (1) was modified for
the AMSR-E data as follows:

_ TbCorigTbKorig (2)

TbCHres - ThiLres

where Thcrhres 18 the Tb radiation of the high-resolution C-band; Thcerig is the Tb
radiation of the original resolution C-band; Thxorig is the 7b radiation of the original
(high) resolution Ka-band; Tbhxkires is 7b radiation of the low-resolution Ka-band,
obtained by averaging values in those resolution elements that fall within the low-
resolution C-band pixel. In fact, to apply the algorithm, the field of 7b measurements
in the Ka-band (7bsenign) is processed with a low-pass filter to generate the low-
resolution 7b field at 36.5 GHz (7bs¢1ow) and the resulting ratio 7bsenigh/ Tb3eiow 1s used
to modulate the low-frequency measurements. In [15], the application of this method
to enhance the resolution of soil moisture fields was explored, with the analyses of
the resulting Thcmres fields for the two geographical regions — the Amazon Delta and
Lake Victoria in Equatorial Africa. However, the authors of the study did not discuss
the applicability of the SFIM method, which differs fundamentally from its use for
optical images, as it relies on the assumption that DN(A) and DN(y) exhibit similar
dependencies on surface topography.

This study aims to modify the SFIM method to enhance the spatial resolution of
Advanced Microwave Scanning Radiometer 2 (AMSR2) measurements at 6.9 GHz,
utilizing the measurements at 36.5 GHz for the Arctic region, to facilitate
the analysis of underlying surface properties.

Methodology
The 7b of microwave radiation depends on both surface and atmospheric
properties. In the absence of scattering, under the microwave approximation,
the 7b for horizontally (H) and vertically (V) polarized radiation (7b™") can be
expressed as:
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oV =T, + 7V Ty e "+ (1+Q) - (T,  +e ™ T,) - e7*- (1 —x*Y), (3)

where TaT and Tj are the 7b of upwelling and downwelling atmospheric radiation;

T is the atmospheric optical thickness in the observation direction 0; x™” is
the effective emissivity for the H- and V-polarized radiation; 7. is the cosmic
background radiation, 7. = 2.7 K; T} is the surface temperature; (2 is a corrective term
accounting for radiation scattered in the direction 0 from the incidence angles other
than 0 [21]. Equation (3) is valid for the frequency range f from 1 to 100 GHz in
the absence of the atmospheric scatterers with the characteristic sizes » exceeding
AM2m [22]. For diffusely reflecting surfaces at the angles around 50°, the corrective
term Q can be neglected [23]. Numerical results indicate that under the Arctic
atmospheric conditions, upwelling and downwelling atmospheric radiation can be
considered the same and equal to 7,. The errors associated with this approximation
are discussed in [24]. Neglecting the cosmic radiation attenuated by the double
atmospheric layer, the expression simplifies to:

THHV — XH,V . e—‘t(Ts _ Ta) + Ta(l +e™ ). “)

Equation (4) describes the 7b of the system radiation at different frequencies.
The frequency-dependent functions are the effective emissivity and the interrelated
atmospheric radiation 7, and its optical thickness 7.

For the atmosphere with low values of the total water vapor content O and total
cloud liquid water content W, the atmospheric radiation is directly proportional to its
optical thickness [25]:

Ta = T()T, (5)

where Ty is aconstant, and e * can be approximated as 1 — 1. Using these
approximations, Equation (4) can be rewritten as:

TbAYV = x#V . (1 - %) (Ty = Ta) + Ta (2 - %) (6)

According to Equation (6), the 7b of radiation is a function of the atmospheric
parameters (via T,), surface temperature 7 and surface properties (via effective
emissivity x"). The validity of using Equation (2) to modulate 7b at 6.9 GHz (Tb)
with 7b at 36.5 GHz (7Tbs), as proposed in [15], depends on the accuracy of
the assumption that 7Tboshigh/ Tboslow = Tb3shigh/ Thsslow. Here, Tbosiow represents
the measurements at 6.9 GHz with the original (low) resolution; 7bsenign denotes
the measurements at 36.5 GHz of the original (high) resolution, and 7bsgiow is
the low resolution 7b at 36.5 GHz , averaged over the resolution element (S) of
the 6.9 GHz measurements. The error of this assumption varies depending on
the study region and the characteristics of the underlying surface.

Deviations (variations) of Tbign from the mean 7biew within S can be expressed as:

aTpHV aTpHV aTpHY
AV 5 T ATs + AT,

HV _ a5
ATb o a o

(7
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HYV HYV H\V
The derivatives 22— |, 22~ and 22" 4t 6.9 and 36.5 GHz differ
AT, axH. aTs
significantly. Notably, variations in AT, are significant at 36.5 GHz but can be
neglected at 6.9 GHz. To express ATboehigh as a function of ATbsehign, the following

conditions must be satisfied within the resolution element S:

AXHVa v >>A X aXHV s (®)

If these conditions are not satisfied, modulating the Tbosiow measurements with
the Tbsenign measurements will be impossible, since ATbsenign Values will depend on
the atmospheric parameters or surface temperature, and not on the effective
emissivity determined by the dielectric properties of the surface. Even when
conditions  (8) are satisfied, 7b%u, cannot be  expressed as

. . . dTh,
(Too610w- Th36nigh)/ Th3siow (Equation (2)) for any surface, since, in general, o7 % #
06

936 and Ay os#AY36.

The objective of this study was to find the conditions under which ATbgehigh can
be expressed through ATbsenign to enhance the spatial resolution of the underlying
surface parameters using C-band channels. Numerical calculations of 7b were
performed for open water (OW) and sea ice (SI) under non-scattering Arctic
atmospheric conditions, using Equation (4) and the ERAS5 reanalysis data for
the atmospheric parameters (humidity, cloud liquid water, pressure and temperature)
and surface temperature 7. Effective emissivities y” were obtained using
the method described in [26]. Based on these calculations, all the three components
in Equation (7) were numerically assessed for the Arctic Sea conditions.
The classification of the surface into OW/SI types was conducted done with the sea
ice concentration retrieval algorithm applied to the AMSR2 measurement data [27],
with the sea ice type classification with the method, described in [28].

Results and discussion

Numerical calculations of the atmospheric microwave radiation 7, and
atmospheric optical thickness 1 provided values for the coefficient 7y in Equation (5)
for the frequencies of 6.9 and 36.5 GHz. Fig. 1 demonstrates the applicability of
the approximation (5) under the Arctic conditions throughout the whole year. As
the atmospheric water content parameters (Q and/or W) increase, 7 rises, and when
136 exceeds ~ 0.2 (Tu36 ~ 45 K), Equation (5) starts to be invalid. Under the Arctic
conditions, such 136 values occur over the sea ice and coastal land areas only during
warmer months (May to October).

Under conditions where approximation (5) is valid, 7b and the partial
aTbV  arpHV aTbfV
aT, > oaxHV an OTs
the other two parameters fixed. The variations AT, AT, and Ay"" were determined

to estimate ATboshigh and ATbsehigh. AT., AT, and Ay™” were defined as the root-

derivatives were calculated using Equation (6), with
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mean-square deviations ¢ within the monthly datasets. While such estimates do not
directly represent the variations within the resolution element S, they provide
the measure of the parameter variability in the region over the specified time
interval.
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Fig. 1. Dependence of the atmospheric microwave radiation 7% on its optical thickness T in the Arctic
conditions during a year at the 6.9 (@) and 36.5 (b) GHz frequencies
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d) in January (a, ¢) and July (b, d)
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1. ATbes and ATbss dependence on atmospheric radiation

Fig. 2 illustrates the typical distributions of T, (atmospheric radiation at
6.9 GHz) and T.36 (atmospheric radiation at 36.5 GHz) for summer (July) and winter
(January) months over sea ice S/ and open water OW.

The variability of T,es parameter is low (0.1-0.5K) independently of
the underlying surface types or seasons. In contrast, 7,3s exhibits low variability
(approximately a few kelvins) only during the winter season (November to March)
over sea ice. The dependence of the average values of 7,06 and 7.36, along with their
variability (AT, and AT36), on the month is presented in Fig. 3.
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Fig. 3. Average values of Tao6 and Tu36, and their variability ATq06 and AT36 over sea ice (a) and sea
water (b) depending on the month of a year

From Equation (6) it follows:

aTbfV 2T, T.
=" -1D)—=—+ Q2 -x""1+2D).
or— = O - DTE+ @A+ )
aTbV . .
The values of Sy are nearly constant at both frequencies, although a slight
HV

decrease is observed at 36.5 GHz with increasing 7736. At 6.9 GHz, aTabT ~12-1.7,
depending on the surface type. Given extremely low variability of AT, (0.1-0.5 K),

aTbHV . oy . .
ATaO6T does not exceed 0.8 K. Since AT, within a resolution element § is
a

. . o aTbiV
evidently smaller than across the entire Arctic, it can be assumed that AT ¢ NPT 0.
a

H)V
At36.5 GHz, 2
aT,

to March, over sea ice, AT,36 ~ 2—4 K, while for the rest of the year and over seawater

~ 1 over seaice and ~ 1.5 over open water. From November

HV
year-round, AT36 ~ 5—10 K. Consequently, ATa36aT% varies from 2 to 15 K,

depending on the season and underlying surface type. At this, over sea ice, AT 36 can
be calculated using the AMSR2 Level 1R satellite product.
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2. ATbos and ATbss dependence on surface temperature

aTbHY
aT,

T,
= yHV (1 =%y
X (=)

aTbHV
AT,

the values approximately twice as high for sea ice as for seawater (depending on
polarization). At 36.5 GHz, they are an order of magnitude higher than at 6.9 GHz,
amounting to ~ 0.1-0.2 K/K. The high variability of T3¢ and y"""36 compared to T
explains why 36.5 GHz channels are never used for surface temperature retrieval.
The root-mean-square deviation of Ty (ATy), calculated for monthly data across
the Arctic for OW and S1, is presented in Fig. 4, b.

For sea water the T variability in Arctic seas remains nearly constant (~ 3—4 K)
aTbV

are determined mainly by the values of ¥, resulting in

The values of

through a year, while for sea ice in winter, AT ~ 5—7 K. Consequently, AT at

T,

6.9 GHz does not exceed 0.2 K, and at 36.5 GHz, it is up to 1 K.
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3. ATbes and ATbss dependence on effective emission coefficient

aTbHV T,
3ﬁ7=(—gﬂn—n) 9)

Equation (9), derived from Equation (6), explains the reduced sensitivity

of the signal to surface properties as the atmospheric radiation increases.
. . arbttv . .. .
At 6.9 GHz, T, is nearly constant (see Fig. 3), so ;;(—Hy is primarily determined by

the parameter 7y and is independent of the atmospheric conditions. At 36.5 GHz,
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aTbeV L ..
r depends on both T and 7. However, in winter conditions (October to May),

aXH,V

aTbHV :
when 7,36 does not exceed 30 K, ra at 6.9 GHz can be expressed as a function of
aTbHV
Ea at 36.5 GHz :

8Tbos™ BaTb%”"’
dxoe™V OxzeV ’

(10)

Numerical calculations for winter conditions, with typical 7, values (~ 5 K at
HV
6.9 GHz and 20-30 K at 36.5 GHz), show that ZT)(L at 6.9 GHz is ~ 265 K over

HV

HV
seawater and ~ 240 K over sea ice. At 36.5 GHz, the values of arb ~ are ~200-235 K

T
6XH'V
over seawater and ~ 170-205 K over sea ice (Fig. 5). The coefficient § is ~ 1.2,

increasing slightly with 7, (B ~ 1.2 at Ta36 ~ 2025 K, B ~ 1.25 at T,36 ~ 25-30 K).
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Fig. 5. Sensitivity of 7b to the effective emission coefficient of seawater and sea ice as a function of
atmospheric radiation 7. The curves on the left side of the Figure are for the sensitivity at the 6.9 GHz,
on the right side (gray background) — at the 36.5 GHz

Due to such high sensitivity of 7b to the surface emission coefficient, even small
variations in  (~ 0.01) significantly contribute to A7b.
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The wvariability of surface characteristics affects the effective emission
coefficient differently at different frequencies. To establish the relationship
Ayos = flAy36), arrays of sea ice emissivity coefficients were analyzed for
the surfaces, classified as First Year Ice (FY]), Multi-Year Ice (MYI), and open water
OW — across the whole Arctic during the cold period (October 2019 to May 2020).
OW/SI classification was performed using the algorithm [27], and the sea ice type
classification using the algorithm [28]. The dependence of s on y36 for sea ice and
seawater at horizontal and vertical polarizations is presented in Fig. 6, with point
clouds distinguishing FYI and MYI for sea ice. These relationships were
approximated by linear functions s = aiy3s + a; for each polarization and surface
type. For a surface with sea ice concentration (S/C) ranging from 0 to 1, the effective
emissivity is determined as:

Xos™" = SICxo6™ + (1 — SIC)x06°", (11)
X36™V = SICx36° + (1 — SIC)x36°",

where y0s°" and 36" represent the effective emission coefficients for open water

at 6.9 and 36.5 GHz, respectively (shown as point clouds in Fig. 6, a, b), while y06"
712 PHYSICAL OCEANOGRAPHY VOL.32 ISS.5 (2025)



and 35> denote the effective emission coefficients for sea ice at 6.9 and 36.5 GHz,
respectively (shown as point clouds in Fig. 6, ¢, d). These relationships (11) enable
the construction of dependencies of yos on 3¢ for arbitrary SIC values for both
FYland MYI. Fig. 7 illustrates the dependencies of yos on 736 for surfaces
with varying SIC values: red lines represent H-polarization and blue lines represent
V-polarization. Thin lines correspond to FYI with SIC = 1, where yos" = 0.85,
vos' = 0.95, 1367 =0.85, y36" = 0.95, thick lines correspond to MYI with SIC = 1,
where 05" = 0.85, 505" = 0.95, %36 = 0.75, %3 = 0.85. These values align with
the maxima of the distribution functions for y for FYI and MYI, as reported in [26].
For OW (SIC = 0), the emission coefficients are yos” = 0.25, %06’ = 0.56, %36" = 0.4,
X36V = 0.7 1 .
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Fig. 7. Dependence of 06 on y36 for a surface with an arbitrary S/C value at H- (red lines) and V- (blue
lines) polarizations: first-year ice (FYI) with the values at SIC = 1: 06 = 0.85, %06” = 0.95, 336/’ = 0.85,
x36” = 0.95 (thin lines), multi-year ice (MYI) with the values at SIC = 1: 306" = 0.85, 06" = 0.95, 336" =
=0.75, 136" = 0.85 (thick lines). OW points correspond to  for seawater at SIC = 0: o6 = 0.25, y06" =
=0.56, 36" = 0.4, x36” = 0.71

The regression equations from Fig. 6 and Equations (11) allow to express
Ay o6 through Ayse for different conditions as follows:

Ay o6 =01 A3,
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where a is a coefficient whose values for different sea surface types are provided in
the Table. The a values for surfaces with 0 < S/C < 1 correspond to conditions where
the distribution functions of ys and 3¢ for £'YI and MYI reach their maxima [26].

Coefficient o relating Ayos to Ayse for various surface types
at different polarizations

a
Type of surface SIC 7 7

Seawater 0 0.30 0.86
FYI 1 1.40 1.30
MYI 1 0.15 0.00
FYI [0, 1) 1.30 1.60
MYI [0, 1) 1.70 2.80

Although sea ice concentration does not change abruptly in practice, for
practical applications (and taking into account the the SIC retrieval errors), the a
coefficients for SIC =1 can be applied for sea ice concentrations of 0.9-1, and those
for SIC = 0 can be used for sea ice concentrations of 0-0.2.

The Table shows that improving the spatial resolution of 7b fields at 6.9 GHz
for vertical polarization in MY] areas is not possible, as Ayos does not correlate with
Ay36. At horizontal polarization, slight modulation of Tbos” is possible when there
are significant changes in Ay, since ATbog” is approximately five times smaller than
ATbss" (1.2-0.15). For other surface types, the contribution of effective emissivity
variability to ATbgs can be expressed as:

HV HV

aT.

06 36

ATb06H’V = AX06H’V6X—H,V ~(XAX36H'VB6X oV ~1.2(XATb36H'V.
06 36

A change in SIC by 0.1, depending on the sea ice type, results in variations in

T3¢ : .
ax36 v of at least 5-10 K, depending on the sea surface state. This means that,
36

even in summer conditions with possible essential atmospheric variability within

Ay36

a pixel S, the impact of sea ice concentration on A7bse is comparable to or exceeds
that of the atmospheric parameters (see Fig. 3). Consequently, a 0.1 change in SIC
induces ATbgs of ~ 8-30 K, indicating that the sea ice/ sea water contrasts in
Tbos fields are significantly more prominent than in 7bse fields.

Method application
The microwave radiometer AMSR2 on the GCOM-W1 satellite measures
vertically (V) and horizontally (H) polarized microwave radiation at seven
frequencies — 6.95; 7.3; 10.65; 18.7; 23.8; 36.5 and 89 GHz — with spatial resolutions
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ranging from 35 x 61 km at 6.9 GHz to 3 x 5 km at 89 GHz. The pixel size is
5x 5km at 89 GHz and 10 x 10 km for the other channels. Enhancing the spatial
resolution of low-frequency channels using the AMSR2 high-frequency channel
measurements, as described in [19] and applied in [20], is technically straightforward
for Level 1R data. These data include the 7b measurements at higher frequencies
with different levels of averaging corresponding to the resolutions of low-frequency
channels (resampling data). Specifically, the measurements at 36.5 GHz in the Level
IR satellite product are provided at their original resolution and as the three
additional datasets averaged over the resolution elements of the 23.8, 10.65, and
6.95 GHz channels. Fig. 8 schematically illustrates the resolution element S for
the 6.95 GHz channel, composed of resolution elements at the 36.5 GHz channel.

61km

35km

S nﬂhlow Tb 36low

F i g. 8. Scheme for averaging the 7b measurements at 36.5 GHz to relate these measurements to
the resolution of measurements at 6.9 GHz (resolution element S) in the AMSR2 Level 1R satellite
product

Since the measurement recording frequency aligns with apixel size of
10 x 10 km, ATbss within a pixel is the difference between 7bsenigh and 7bssiow-

Based on the findings obtained from the previous section, Equation (2) from
[20] is not suitable for enhancing the spatial resolution of AMSR2 measurements at
6.9 GHz when studying the surface properties of sea ice or seawater. In general,
ATbge variability within the low-resolution pixel S cannot be directly expressed
through ATbss variability, as the variability of the atmospheric radiation at 36.5 GHz
(ATa36) cannot be neglected in Equation (7). While it may be assumed that AT,s6 is
negligible during the cold season with low atmospheric water vapor and cloud liquid
water content, the error of this assumption for any arbitrary underlying surface types
cannot be quantitatively assessed.
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Fig. 9. 70 fields (AMSR2 Level 1R satellite product) measured by the AMSR2 radiometer at H- (left)
and V- (right) polarizations at the 36.5 GHz frequency over the Kara Sea on November 17, 2024:
original spatial resolution — Tbsehigh!” (@) and Tbsshigh” (d); resolution of the 6.9 GHz channels — Tbzglow!’
(b) and Thzeiow” (€); ATb3s’ = Thaehigh”” — Thasiow’ () and ATbss" = Tbashigh” — Tbssiow” ()
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TB 0610wH Tb > L Tv OGlowV Tb’ K

T, 36high

Fig. 10. 7b fields (AMSR2 Level 1R satellite product) measured by the AMSR2 radiometer at H- (a,
b, ¢) and V- (e, f, g) polarizations at the 6.9 (a — ¢, e — g) and 36.5 (d, h) GHz frequencies over the Kara
Sea (a, d) on November 17, 2024 (a, d) and calculated with the enhanced spatial resolution (b, f):
original spatial resolution — Tbosiow” (@), Tbosiow” (€) and Tausehigh (); enhanced resolution — Tboshigh” (),
Tboshigh” (f); difference between the fields of enhanced ATsos” (c) and low ATsos” (g) resolutions;
variability of atmospheric radiation A7u36 = Ta36high — Ta36low (/)
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AT.s6 over the sea ice can be calculated using the AMSR2 measurement data [24].

Fig. 9 presents the AMSR2 70 fields at 6.9 and 36.5 GHz channels (/" and H
polarizations) at their original spatial resolutions (AMSR2 Level 1R satellite
product) over the Kara Sea. Fig. 10 displays 7b fields at 6.9 GHz with the enhanced
resolution, with the fields of AT3¢ and ATys. Here, AT56 is calculated as the difference
between Tbsenigh and Tbssiow (both provided in the Level 1R product), and AT is
determined using Equation (10).

The calculated variations of atmospheric radiation A7.36 over sea ice, which do
not exceed 0.3 K in absolute value (Fig. 10, /), enable the application of Equation
(10) to calculate Tbosnign” and Tbosnign’ . This calculation uses o coefficients specific
for F'YIin the Kara Sea at SIC = 1, open water at SIC =0, and the sea surface partially
covered with sea ice at 0 < SIC < 1. SIC was determined using an algorithm based
on AMSR2 measurements at 89 GHz [27], while the sea ice type was identified using
a threshold method described in [28], leveraging the measurement data at 36.5 and
18.7 GHz. The resolution of the sea ice concentration and sea ice type fields is at
least as high as that of the 36.5 GHz measurements. In this case, a priori knowledge
of the seasonal absence of multi-year ice in the Kara Sea simplifies the sea ice type
determination.

Tb areas near coastlines require special consideration. The antenna horns at 6.9
and 36.5 GHz capture significantly different land areas near the coast, and these
areas vary for ascending and descending satellite passes. Consequently, enhancing
the spatial resolution near the coast is possible only when the satellite pass direction
1s from land to sea, not vice versa.

Conclusion

This work considers the possibility of enhancing the spatial resolution of
the AMSR2 measurements on C-band channels (6.9 GHz) using the measurements
at 36.5 GHz to study the surface parameters of the Arctic seas. Physical modeling of
the 7b radiation for the ocean—sea ice—atmosphere system demonstrated that
the direct application of the SFIM method, which relies on the Tbsshigh/ Tbssiow ratio
to modulate low-frequency AMSR2 measurements, is not applicable for any
arbitrary underlying surfaces and atmospheric conditions. A new approach was
proposed for the Arctic seas, partially or fully covered with the sea ice, enabling
the calculation of high resolution Tboshign fields using the AMSR2 Tbsshigh and Tbssiow
measurements (Level 1R satellite product) based on surface type (first-year, multi-
year ice, seawater or surfaces with 0 < S/C < 1). The accuracy and applicability of
this approach are primarily depend on the variability of the atmospheric water
parameters within the low-resolution element S of the C-band measurements. These
parameters significantly influence the 7b of the atmospheric microwave radiation at
36.5 GHz (T.36) and do not affect the 7b of the atmospheric microwave radiation at
6.9 GHz (T06).
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Since the method for estimating 7,36 enables to calculate the A7,36 in the element
S when the surface is the sea ice, the possibility of enhancing the spatial resolution
of measurements in C-band over the sea ice can be easily assessed. When AT 36 does
not exceed radiometric noise, Tboshigh Over the first-year ice can be calculated as
Tbosiow + 1.2-0-AT5136, with o= 1.3 for H-polarization and o= 1.6 for V'-polarization.

Over seawater, the a coefficients are significantly smaller, with values of 0.3 for
H-polarization and 0.86 for V-polarization. These values depend on the model, used
for the sea surface emission coefficient dependence on sea surface wind speed, and
they may change under strong wind conditions.

For multi-year ice, enhancing the spatial resolution of the C-band measurements
at V-polarization using this approach is not possible, since the variations in
the effective emission coefficient at 6.9 GHz for vertically polarized radiation
are too small and uncorrelated with the variations in y at 36.5 GHz. However, at
H-polarization, slight modulation of Tbos” is possible for the surfaces with
significant Ay (AT#s6), resulting in ATbos” approximately five times smaller than
ATbss" (1.2 - 0.15).

The proposed approach is applicable in the Arctic conditions from October to
May and requires prior retrievals of the sea surface type and sea ice concentration.
Such retrievals explore measurement channels with a spatial resolution equal to or
higher than that of the 36.5 GHz channels. Consequently, the procedures for
the surface type classification should not degrade the spatial resolution.

However, the practical implementation would be simplified by avoiding such
data preprocessing. For instance, the 7b fields at 6.9 GHz are sufficiently informative
to classify surfaces as sea ice or seawater using a simple threshold method. In cases
where 0 < SIC < 1, variations in the effective emissivity coefficient contribute most
significantly to 7b variations at 6.9 GHz. As a first approximation, one can take
a = 1.3 for H- and a = 1.6 for V-polarization to obtain 7b fields at 6.9 GHz with high
spatial resolution and then separate the enhanced resolution fields into sea ice and
sea water areas. However, the resulting Tboenign” and Tbosnign” fields will not
accurately reflect the real variability of 7b over seawater (where it will be lower than
estimated) or over multi-year ice (where it will be significantly lower). Nonetheless,
surface classification into sea ice and sea water remains reliable, even in summer
conditions with significant atmospheric variability, as the impact of the sea ice
concentration on A7bssis comparable to or exceeds that of the atmospheric
parameters. Notably, sea ice/ sea water contrasts are significantly more prominent in
Tbos fields than in 7bse fields.

This method can be applied to develop the new sea ice concentration retrieval
algorithms, as the 6.9 GHz channels are typically not used for SIC retrievals due to
their low spatial resolution. It can also be explored for the sea ice drift retrievals.
Extending the ability to estimate the atmospheric radiation variability at 36.5 GHz
over both sea ice and sea water would further broaden the scope of the method for
obtaining the sea surface wind fields with higher spatial resolution.
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