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Abstract. The spaceborne passive microwave sensors Soil Moisture Ocean Salinity (SMOS) and Soil Moisture Active Passive
(SMAP) provide brightness temperature data at L-band (1.4 GHz). At this low frequency the atmosphere is close to transparent
and in polar regions the thickness of thin sea ice can be derived. SMOS data covers a large incidence angle range whereas
SMAP observes at a fixed 40° incidence angle which makes thin sea ice thickness retrieval more stable as incidence angle
effects do not have to be taken into account. Here we transfer a retrieval algorithm for thickness of thin sea ice (up to 50 cm)
from SMOS data at 40° to 50° incidence angle to the fixed incidence angle of SMAP. Now the SMOS brightness temperatures
(TBs) at a given incidence angle are estimated using empirical fit functions. SMAP TBs are calibrated to SMOS for providing
a merged SMOS/SMAP Sea Ice Thickness product.

1 Introduction

Sea ice is an important climate parameter and accurate knowledge of sea ice properties are needed for improved climate
modeling and prediction. The thickness of the ice determines resistance against the deforming forces of wind and ocean
currents. Even a thin layer of sea ice inhibits evaporation, reduces heat and gas exchange between ocean and atmosphere and
increases the albedo. It provides a solid surface for snow to deposit, which further reduces heat exchange and increases albedo.

The Soil Moisture Ocean Salinity (SMOS) satellite was launched by ESA in November 2009. It is a synthetic aperture passive
microwave radiometer working at L-band (1.4 GHz). Modeling and observations showed that at this frequency radiation varies
with ice thickness up to 0.5 meters (Kaleschke et al., 2010, 2012). The atmosphere has little influence on the radiation at L-band
as both absorption and scattering are small. These aspects make SMOS a candidate for thickness retrieval of thin sea ice. Two
retrieval algorithms have been developed for SMOS, one using the intensity at incidence angles between 0° and 40° (Tian-
Kunze et al., 2014) and one using intensity and polarization difference at incidence angles between 40° and 50° (Huntemann
et al., 2014). In 2015 the Soil Moisture Active Passive (SMAP) satellite was launched by NASA. It has two sensors onboard,
an L-band radiometer and a radar.

Here we present a mixed Sea Ice Thickness (SIT) dataset combining data of the two sensors by calibrating the SMAP
brightness temperatures (TBs) to those of SMOS (Sect. 4). In addition, the SIT retrieval from Huntemann et al. (2014) is
adapted to the new version 6.20 of the SMOS Level 1C data and it will be used as a reference for all other comparisons
(Sect. 3.1). This is combined with the introduction of a fit function for the dependence of horizontal and vertical brightness

temperatures (from now on refered as T'Bj, and T'B,, respectively) on the incidence angle (Sect. 3.2). It is used for Radio
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Frequency Interference (RFI) filtering and for SIT retrieval at a fixed incidence angle. This is also a required step for the

SMOS and SMAP merged product to combine the observations of the two sensors at a common incidence angle.

2 SMOS and SMAP data sources

The SMOS satellite has 69 receivers on three arms measuring radiances at 1.4 GHz (Kerr et al., 2001). One complete set of
data from the aperture synthesis process done each 1.2 seconds is called a snapshot. For this investigation the SMOS Level 1C
sea data gridded on the icosahedron Snyder equal area (ISEA) 4H9 grid (Sahr et al., 2003) is used. Its resolution is 15 km
while the SMOS footprint size varies with incidence angle from aproximately 30 kmx30 km at nadir to 90 kmx30 km at 65°
(Castro, 2008). The Level 1C data is provided within 24 h of aquisition.

In full polarization mode all four Stokes parameters are measured. Data is recorded in the reference plane of the antenna as

Tx, Ty, T3 and Ty, and are converted to T'By,, T'B,,, T'Bs and T'By in the Earth surface plane (Zine et al., 2008) using

Tx cos’(a) sin’(a)  —cos(a)sin(a) 0| [TBy,

Ty _ sin?(a)  cos?(a) cos(a)sin(a) 0| |TB, 0
T3 sin(2a)  —sin(2«) cos(2a) 0| |TBs|

Ty 0 0 0 1| | TBy

where a = g +wF,, oy, is the the georotation angle and wp,. is the Faraday rotation angle. Within a snapshot just one or
two of the Stokes parameters are measured at the same time. The missing values required for the conversion are interpolated
from neighboring snapshots within a 2.5 s range and with a maximum incidence angle difference between the measurements
of 0.5°.

The SMOS L1C data version 6.20 has been available since 5 May 2015 operationally and older aquisitions were repro-
cessed. It adds better RFI flagging and it improves the long-term and seasonal stability of the measurements. At the same
time it introduces a warm bias in the brightness temperatures of aproximately 1.4 K relative to the previous version 5.05 over
ocean while Antarctica and land have a bias above 2 K which is closer to modeled and ground based measurements (SMOS
Calibration team and Expert Support Laboratory Level 1, 2015). The new data version also reduces the difference in brightness
temperature between ascending and descending overflights over ocean at low latitudes. Changes at high latitudes were not
documented. Before, the difference varied considerably with time and latitude due to thermal variations in the instrument.

SMAP started providing data starting in April 2015. It is positionied on a quasi-polar sun-synchronous orbit with ascending
equator crossing time at 6 pm, while SMOS has a equator crossing time at 6 am. SMAP carries a conically scanning radiometer
with a fixed incidence angle of 40° which leads to a narrower swath and decreases the area covered at the pole compared to
SMOS. In this study the SMAP Level 1B data is used which contain time ordered ungridded top of the atmosphere brightness
temperatures. The data is provided with a latency of about 12 h. The SMAP footprint is aproximately 36 x47 km.

The frequency bands of both SMOS and SMAP are located in a restricted band (1.400-1.427 GHz) reserved for passive
radioastronomical use. Nevertheless there are surfaced based artificial sources causing RFI. The image reconstruction process

required to obtain the SMOS TBs includes an inverse Fourier transform. Therefore, not only the grid cells that contain the RFI
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source are affected, but the whole snapshot can be contaminated resulting in high or even negative brightness temperatures.
Since in nature brightness temperature will not exceed 300 K over the polar ocean, a simple filter for the RFI is to eliminate
the whole snapshot which contains at least one TB exceeding this threshold. This filter is used in sea ice thickness retrieval
algorithm presented in Huntemann et al. (2014). An alternative approach for filtering RFI has been shown in Huntemann and
Heygster (2015) where incidence angle binning is used, resulting in a higher preservation of data and fewer gaps on the grid.
Since SMAP contains onboard hardware for detection and filtering of RFI and neighbouring pixels are unaffected by a RFI
source, no additional filtering is required for the SMAP Level 1B data.

3 Sea ice thickness retrieval using a fit function

Due to the new SMOS data version 6.20 used here compared to version 5.05 used in Huntemann et al. (2014), a retraining
of the SMOS thin ice thickness is necessary. First, in Sect. 3.1 we use the method presented in Huntemann et al. (2014) just
using the newer data version 6.20. This involves averaging the brightness temperatures between 40 and 50° incidence angle.
In Section 3.3 we present an improved ice thickness retrieval based on a fitting function (Sect. 3.2) through the full incidence
angle range. This will provide more stable brightness temperatures and is necessary for a consistently combined SMOS and

SMAP ice thickness retrieval.
3.1 SMOS retrieval retraining

Three SMOS grid cells in the Kara and Barents Sea were used for training over a period of three months (1 October - 26
December 2010) with sea ice thickness data obtained using the relation with the Cumulated Freezing Degree Days (CFDD)
based on NCEP temperature data (Huntemann et al., 2014). CFDD is the daily average temperature below -1.8° (freezing point
of sea water), integrated over the time with sub freezing temperatures (Bilello, 1961). The brightness temperatures are averaged

daily over the incidence angle range between 40° to 50°. The resulting sea ice thickness retrieval curve is:

Lpe(@) = a— (a—b) - exp(~a/e),

2
Qabea(r) = (a —b) -exp (—(x/c)?) +b,

where a,b,c and d represent the curve parameters (Table 1), x is the sea ice thickness while I and @ are the brightness
temperature intensity and polarization difference, respectively.

Figure 1 shows the intensity (left) for 29 October 2010 using daily mean TBs for each grid cell. The data has been regridded
to the NSIDC polar stereographic projection with a resolution of 12.5 km. The original validated retrieval was trained with the
old data version hence it is used as a reference here. The warm bias of the new data is seen in the difference plot (Fig. 1 right)
both over ocean area and sea ice. In regions of high contrast like the ice edge or coastlines, the old data version 5.05 tended
to produce spillover effects. They are reduced in the new data version 6.20 with improved image reconstruction techniques

(SMOS Calibration team and Expert Support Laboratory Level 1, 2015).
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Figure 2 shows the initial sea ice thickness retrieval curve for data version 5.05 (black) and the retrained curve using the
6.20 data version (blue). The new curve has about 1.7 K higher value at zero SIT for intensity and polarization difference. The
difference increases up to 3 K at 50 cm SIT.

The algorithm trained with SMOS data version 5.05 has been compared with that trained with version 6.20 for the period
1 October to 26 December 2010 considering sea ice thickness starting from 1 cm to 50 cm. The bias of the new retrieval is
-0.22 cm while the RMSD is 1.35 cm. From a total of 5.1 million data points, 97% have at most 3 cm difference. The bias and
standard deviation are under +1 cm and 2 cm, respectively, for ice thicknesses below 25 cm and it increases to +4 c¢cm and
11 cm, respectively for 50 cm thickness.

Also the two algorithms have been compared as above with the difference that both of them have as input just the new data
version. This allows to estimate the error introduced by the usage of the original retrieval (Huntemann et al., 2014) with the
new data. The bias between the retrained retrieval and the original one is 0.33 cm with 99% of the data having a difference of
3 cm or less, while the RMSD is 0.91 cm. This means, although it is recommended to use the algorithm adapted for the new
data version, the error is below 1 cm thickness on average for under 51 cm SIT data if processed with the old algorithm given

above.
3.2 SMOS TBs fit characteristics

In the previous section we showed that the SIT retrieval is consistent with the validated algorithm while using the new data
version. In all of the next sections the SMOS Level 1C 6.20 data version will be used, and when making reference to the original
daily mean sea ice thickness retrieval, the retrained 6.20 data version algorithm from Sect. 3.1 will be utilized. In each grid
cell, the number of data points and the covered incidence angle range are highly variable due to the orbit characteristics, the
large incidence angle range of 0° to 65°, and the complex distribution of incidence angle within a SMOS snapshot. Grid cells
located near the center of the swath will cover a large incidence angle range. Closer to the swath edges the range is reduced
due to lack of coverage of the low incidence angles. Moreover, the RFI filtering removes data and can create a local bias in
the average incidence angle. Within one grid cell, this may shift the average incidence angle of the ensemble of observations
between 40° and 50° away from the assumed average of 45°, and the average brightness temperatures and SIT values retrieved
from them will be corrupted by the corresponding shifts. This error can be avoided by fitting a curve to the angular dependent
brightness temperatures, allowing for a fixed incidence angle to be used for retrieval.

Here we propose as a solution a modified version of the fit functions described in Zhao et al. (2015). The fit is applied
separatly to each polarization, horizontal and vertical, for each grid cell using daily observations. An initial filtering of RFI is
done by removing observation which were flagged in Level 1C data for either being affected by tails of point source RFI or for
indicating RFI by the system temperature standard deviation exceeding the expected trend (Indra Sistemas S.A., 2015).

The fit is done iteratively with a maximum of five steps. At each step, the 20% of the observations with the highest absolute
difference from the fit are removed if the RMSD of the fit is higher than 5 K or if the RMSD fit difference between sucessive
iterations exceeds 1 K. For each step the parameter C' (Eq. 3) is determined by averaging the sum of the polarizations for

each observation. Due to asymetric change in TB between horizontal and vertical polarization at higher incidence angles, only
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grid cells with at least one observation under 40° are considered. This increases the stability of the fit since C'/2 represents
the intensity at nadir. The 40° threshold was selected due to increased asymetry between vertical and horizontal brightness
temperatures at higher incidence angles which will generate a bias in the computation of the C' parameter. The other five fit
parameters ay, by, a,, b, and d, in the fit functions
TBL(0) = ay, -0+ % - [bp, - sin?(0) + cos?(0)]
e 3)

TB,(0) =a, -6+ 5 [by - sin?(d, - 0) + cos?(d,, - 0)].
are determined by a least squares procedure. The Brewster angle effect on influencing the vertically polarized TBs is repre-
sented by the additional parameter d,.

The fit function is not optimised for extrapolation of the covered incidence angle range. Incidence angles not covered by the
observations will have high uncertainty. To avoid extrapolation, only grid cells with the incidence angle range of observations

that covers the wanted angle, e.g. 45°, are used for the retrieval.
3.3 Sea ice thickness retrieval training using fitted data

The retrieval algorithm has been retrained as described in Sect. 3.1 but now using as input brightness temperatures obtained
through the fit process presented in Sect. 3.2 using a nominal incidence angle of 45°. The resulting retrieval curve (Fig. 2 green)
has 1.3 K higher polarization difference at O cm ice thickness than the algorithm trained with the daily mean data (blue). The
difference decreases to 0.1 K at 20 cm thickness and increases to aproximately 0.5 K at 50 cm. This comes from variability
in mean incidence angle. The daily averaged observations have an incidence angle bias of -0.5° (with single differences as
high as -2.5°) relative to the assumed 45° one. The smaller incidence angle will result in a smaller polarization difference
since this decreases when approching nadir. The ocean and thin sea ice have low intensities and high polarization difference.
As sea ice gets thicker, the intensity increases and the polarization difference decreases. For the same incidence angle bias at
higher thicknesses the polarization difference error will be smaller. The intensity values for the two curves at the same sea ice
thickness are nearly the same. The difference between these two curves is small compared to the difference to the retrieval
curve for the SMOS 5.05 data version (Fig. 2 black).

Figure 4 shows the retrieved sea ice thickness using the daily mean method (left) presented in Sect. 3.1 and the retrained
retrieval curve at nominal 45° incidence angle (centre) based on the fitted brigthness temperatures for 29 October 2010. Due
to the requirement for the fit computation to have observation below 40° (Sect. 3.2), many grid cells in the central Arctic are
not covered anymore. The decrease is around 1° in latitude, coresponding to aproximately 1000 grid cells. This area is mostly
covered by multiyear ice with thickness higher than 50 cm thus not being the focus of the retrieval. On the other hand for many
ocean areas which formerly were excluded by the RFI filtering (grey in Fig. 4 left) now data is available, e.g. around Iceland,
Eastern Greenland and Vladivostok. At the same time in the area of the Hudson Bay there is a 30% decrease in the area covered
due to the high uncertainty of the fit.

Figure 3, for 29 October 2010, shows the difference between the daily mean and the fitted brightness temperatures retrievals

for pixels with SIT smaller or equal to 50 cm and at least one of the retrievals returning a non-zero value. For 90% of the grid
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points the difference is less than 3 cm which is below the estimated retrieval error of 30% of SIT. The daily mean retrieval
has a positive bias of 0.69 cm. The highest differences appear north of Alaska with values up to 10 cm (Fig. 4 right). This
is a result of a biased distribution of the incidence angles, resulting in a large number of grid points having under 45° mean
incidence angle. This decreases the polarization difference dragging the resulting SIT to higher values. Overall the RMSD is

2.2 cm which is within the error margin of the retrieval.

4 Sea ice thickness retrieval using SMAP data

This section adapts the SMOS SIT algorithm to observations of SMAP. In order to apply the SIT retrieval calibrated with
SMOS data also to those of SMAP, first the brightness temperatures of both sensors have to be inter-calibrated (Sec. 4.1). In
Section 4.2 the resulting inter-calibrated brightness temperatures are mixed and used for generating a combined SMOS/SMAP

sea ice thickness dataset.
4.1 SMAP TBs calibration using 40° SMOS fit data

The first step is to retrain the SMOS retrieval as in Sect. 3.3 using the nominal incidence angle of 40°, which is the fixed
incidence angle of SMAP. The resulting SIT retrieval curve is shown in red in Fig. 2. As expected, the lower incidence angle
results in a lower polarization difference especialy for thin ice and reduces the usable polarization difference range for the
retrieval from 22-54 K to 17-43 K.

A procedure to convert between SMOS and SMAP TBs over land was previously suggested in Lannoy et al. (2015). It
uses a radiative transfer model and auxiliary data for taking in account atmospheric and galactic contributions for SMOS. For
interpolation of SMOS TBs to 40° incidence angle it fits a quadratic function to the angular dependent SMOS TBs.

For this study, in order to use SMAP data for SIT retrieval, we perform a linear regression of SMAP brightness temperatures
to bring them to an equivalent 40° SMOS incidence angle. For the calibration we use the period 1 October to 31 December
2015, which covers the freeze-up in the Arctic observed by both sensors. A similar calibration of SMAP to SMOS TBs
was presented previously in Huntemann et al. (2016). This used gridded SMAP Level 1C TB product and a two step linear
regression for the calibration of SMAP TBs to daily mean SMOS TBs.

The SMAP TBh and TBv data is gridded daily on the SMOS used ISEA 4H9 grid using a Gaussian resampling with a cutoff
distance from the grid cell center of 20 km and Full Width Half Maximum (FWHM) range of 40 km. Only grid cells located
more than 100 km away from the coast are considered to minimise the land contamination effect.

The resulting linear regression parameters are presented in Table 2. One source for the difference between the brigthness
temperatures of the two sensors is that SMAP Level 1B includes corrections for galactic contamination and sun specular
reflection which is not the case in the SMOS data.

For a daily sea ice thickness retrieval, based on SMAP brightness temperatures only, both horizontal and vertical, are first
adjusted to the SMOS brightness temperature using the linear regression parameters. Then they are gridded into a 12.5 km

resolution NSIDC polar stereographic grid using a Gaussian weighting for the distance with a cutoff from the grid cell center
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of 15 km and FWHM range of 40 km. For 11 October 2015 (not shown) the differences in sea ice thickness between SMOS
fitted TBs retrieval and SMAP retrieval are small. The RMSD of the SIT between the two retrievals for thicknesses below
51 cmis 2.0 cm with 0.4 cm positive bias for the SMOS SIT.

4.2 SMOS/SMAP combined sea ice thickness retrieval

Because of the small differences of the retrievals from the two sensors, combined maps are produced using both of them.
The daily mean horizontal and vertical brightness temperatures are computed separately for both sensors for each grid cell.
For each grid point of the SMOS ISEA 4H9 grid we compute the daily SMOS TBs using the 40° fit. Then the brightness
temperatures are regridded to the NSIDC 12.5 km grid commonly used for sea ice maps. SMAP brightness temperature data
are gridded directly to the NSIDC grid using a Gaussian resampling. The two resulting TB datasets are averaged. Finally the
sea ice thickness retrieval for 40° incidence angle is applied. The result is a SIT map that has the benefit of using data from
both sensors (Fig. 5 (left)): it has a larger coverage, and is less affected by RFI sources. Also due to the 12 hours difference in
the equator crossing time between the two sensors, the combined brightness temperatures are more representative for a daily
mean. The RMSD between the original 40° to 50° incidence angle daily mean retrieval from Sect. 3.1 and the new mixed
sensor one is 2.14 cm for the three months period investigated, while the bias is -0.63 cm (see also Fig. 5 for an example of the

spatial distribution of differences on 11 October 2015).

5 Conclusions

The original validated SMOS thin sea ice thickness algorithm from Huntemann et al. (2014) has been adapted to SMAP data.
The existing retrieval for thickness of thin sea ice from the L-band sensor SMOS (launched 2009) has been adapted to SMAP
(launched 2015) by (i) modifying the SMOS retrieval to use 40° incidence angle instead of the average in the rage 40° to 50°,
(ii) establishing a linear regression between the SMOS and SMAP brightness temperatures at 40° incidence angle.

To derive the SMOS brightness temperature at 40° incidence angle required for the first step, an analytical function is fitted
to the incidence angle dependent brightness temperatures. Using SMAP data and the SMOS data fitted to the same incidence
angle to calibrate the SMAP TBs to those of SMOS has improved the TB RMSD between the two datasets for both polarizations
with 2.7 K and 2.81 K for TB;, and TB,,, respectively. This is an improvement from previous attempts (Huntemann et al., 2016)
where the the RMSD for both polarizations was over 4 K showing that using fixed incidence angles for SMOS data increases
the accuracy. Moreover the SMOS based retrieval has been adjusted for the new SMOS data version 6.20. The new algoritm
contains a new RFI filtering routine exploiting the dependence of the brightness temperatures on the incidence angle. This
results in improved coverage for RFI affected areas.

Concluding, the benefit of SMAP for retrieval of thickness of thin sea ice is twofold: first, the combined product has the
advantage of better spatial and temporal coverage that in future studies can allow insights on a sub-daily scale. Second, SIT

can be retrieved from SMAP data alone, with similar accuracy as with SMOS, making the production chain more stable in the



5

The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-168

Manuscript under review for journal The Cryosphere The Cryosphere
Discussion started: 18 October 2017 Discussions
(© Author(s) 2017. CC BY 4.0 License.

case of malfunction of one of the two sensors. A full validation of the current retrieval requires a comparison with independent

in-situ sea ice thickness data.

Data availability. https://seaice.uni-bremen.de (will shortly be available)
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Figure 1. SMOS intensity for 6.20 data (left) for 29 October 2010 ; Intensity difference (right) between the 6.20 and the 5.05 data versions.

10



The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-168
Manuscript under review for journal The Cryosphere

Discussion started: 18 October 2017

(© Author(s) 2017. CC BY 4.0 License.

The Cryosphere

Discussions

Intensity | [K]

—  Fit45°

— Mean 6.20

Fit 40°

Mean 5.05
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Figure 3. Histogram of SMOS sea ice thickness difference between daily mean retrieval and 45° incidence angle fitted brightness tempera-

tures retrieval on 29 October 2010.

12



The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-168

Manuscript under review for journal The Cryosphere The C ryosphere
Discussion started: 18 October 2017 Discussions
(© Author(s) 2017. CC BY 4.0 License.

EGU

$S920y uadQ

165°€ 150°E  135°E  120°E 105°€ 165°€ 150°E  135°E 120°E  105°E 165°E 150°E  135°E  120°E 105°E

29 Oct 2010
lS)M?SUC it funct -10-8-6-4-20 2 4 6 810
ally mean - fit function Ice thickness difference [cm]

Arctic 29 Oct 2010
SMOS L1C 0 10 20 30 40 50
Daily mean retrieval Ice thickness fem]

29 0ct 2010
010 20 3 40
Ice thickness [cm]

Fit function retrieval

Figure 4. SMOS sea ice thickness retrieved on 29 October 2010 using 6.20 retrieval (left), retrieval using 45° incidence angle fitted brightness

temperatures (central), and the difference between the two (right) with areas over 50 cm SIT not shown.
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Figure 5. Sea Ice Thickness retrieved on 11 October 2015 for the joint SMOS+SMAP product (left) and the SIT difference between the
SMOS daily mean retrieval and the joint product (right)
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Table 1. Sea ice thickness retrieval curve parameters for the original 5.05 data version training, 6.20 training, and the two fit curve parameters

for 40° and 45° incidence angle

Retrieval Parameter a[K] b[K] ¢ [cm] d

5.05 Tube 1002 2341 127 -
Qabed 51.0 194 31.8  1.65

6.20 Tope 103.0 2357 127 -
Qabed 527 223 332 160

fit 40° Tape 1015 2364 122 -
Qabed 426 173 329 139

fit 45° Tape 1033 2354 125 -
Qabed 540 222 33.0 147
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Table 2. Parameters for linear regression between SMOS and SMAP brightness temperatures

Polarization  Slope Intercept [K] RMSD [K] r

H 0.996 3.68 2.70 0.999
V 0.985 7.03 2.81 0.997
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