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1. Introduction
The sea ice surface brightness temperature, Tb, is the product of the effective temperature, Teff, and
the emissivity, e, i.e. Tb=Teff*e under the assumption of constant temperature and homogeneous conditions. These conditions are rarely found in reality but the e and Teff anyway make sense as counterparts in describing the self-emission from the surface (Tb), and the emissivity, the reflectivity of atmo spheric down welling radiation (r=1-e). Atmospheric absorption, emission and scattering are not included. The effective temperature is the integrated emitting layer thermometric temperature. This report
describes an algorithm for deriving the 50GHz sea ice emissivity its level of specularity and the effective
temperature.
Atmospheric temperature sounding applications (such as NWP assimilation) near 50GHz over sea
ice is the motivation for this study. English (1999, 2008) shows that nearly as much information about
atmospheric humidity can be retrieved from e.g. sea ice covered regions as over the open ocean if the
emissivity is less than 0.95, the emissivity uncertainty is less than 2 %, and the skin temperature uncer tainty is less than 2 K. These accuracies have been difficult to achieve in practise over sea ice. How ever, test runs with the regional NWP model HIRLAM where satellite microwave radiometer data from
sea ice covered regions were assimilated indicated that atmospheric temperature sounding over sea
ice is in fact feasible. The test runs were using a simple sea ice surface emissivity model and it showed
that the assimilation of AMSU near 50 GHz temperature sounding data improved model skill on com mon variables such as surface temperature, wind and air pressure (Heygster et al., 2009). The sea ice
effective temperature is also important for the atmospheric sounding applications (English, 2008). The
effective temperature is described in Tonboe et al. (2011) and an estimate based on AMSR 6 and 10
GHz Tb data is described in this report.
Transmission of microwave radiation through the atmosphere in the range from 6 to 183 GHz is affected primarily by three processes: 1) oxygen absorption particularly from 50 to70 GHz and near 118
GHz, 2) water vapour absorption especially near 22 GHz and 183 GHz, and 3) scattering from water
and ice particles in particular at higher frequencies and dependent on the incidence angle i.e. path
length through the atmosphere. Near the 183 GHz water and the 50-70 GHz and 118 GHz oxygen ab sorption lines the atmosphere is virtually opaque and the satellite channels measuring at or near these
frequencies are called sounding channels. However, there is a potential contribution from the surface at
the lower temperature sounding frequencies between 50.3 and 54.4 GHz where microwave penetration
is into the troposphere. These frequencies correspond for example to channels 3-6 on the Advanced
Microwave Sounding Unit (AMSU) instrument and the channels between 50.3 and 54.4GHz on the
Special Sensor Microwave Imager/ Sounder (SSMIS). The polar atmosphere is generally transparent
for microwave radiation in between the sounding channels called the atmospheric windows near 18, 36,
90, and 150 GHz. For typical polar atmospheric states the down-welling emission at the surface is
about 5-15 K at 18 GHz, 20-40 K at 36 GHz, 30-100 K at 89 GHz. The sea ice surface emission is ty pically 150-260 K for comparison. The sea ice emissivity, at a certain polarisation, frequency and angle
with respect to the surface, is a function of subsurface extinction and reflections between snow layers
with different permittivity. The microwave penetration depth in snow and ice is in the order of centimetres to decimetres due to significant extinction in the snow and absorption in saline ice. Physical
models relate the emissivity with the snow and ice properties such as density, temperature, snow crystal and brine inclusion size to microwave attenuation, scattering and reflectivity.
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We are simulating 50 GHz sea ice emissivities using SSMIS and AMSR-2 microwave radiometer
data as input and assuming that the angular variation can be described by the Fresnel reflection equations scaled in magnitude and polarisation whith empirically derived coefficients, We validate our results
using emissivities derived directly from the 50 GHz and 52 GHz channels on the SSMIS microwave ra diometer and using numerical weather prediction data and a radiative transfer model.
The brightness temperatures measured at each frequency have different spatial resolution on the
Earth surface. In particular there are large differences between the 6 GHz resolution on AMSR (FOV
74x43 km = 3064 km2) used for ice temperature estimation and the 18 to 36 GHz (FOV 27x16 km =
864 km2 and 14x8 km = 486 km2) brightness temperatures used for deriving the emissivity.
The sea ice emissivity uncertainties are computed as a 3 by 3 pixel STD of the difference between
the product and validation product emissivities. This is a local uncertainty on every pixel. The hemispheric product and validation product STD is including potential biases between the two products.

1.1. Scope of this document
This Algorithm Theoretical Basis Document describes the computational steps for a sea ice emissivity model which is implemented as part of the EUMETSAT OSI SAF programme. The document intro duces and justifies the scientific assumptions and choices which are made. It does not deal with all as pects of the processing. Important issues for example resolution matching, atmospheric correction of
brightness temperatures, output format and quality control are not part of this document. These things
are described in the reference documents: The OSI-PRD-PRO-205 in the OSI SAF Product Requirement Document referred to as [RD.1]. The validation results are presented in the validation report referred to as [RD.2]. The data are presented in the product users manual referred to as [RD.3].
A new validation methodology was introduced in 2016 for daily and continuous validation of the
emissivity product. The validation has resulted in an update of the emissivity algorithm coefficients. The
description of this update is the primary addition to version 2.0 of this report (from v1.1).
General information on the EUMETSAT OSI SAF and the reference documents are available from
the OSI-SAF official web site: www.osi-saf.org.

1.1.1. Disclaimer
All intellectual property rights of the OSI SAF products belong to EUMETSAT. The use of these
products is granted to every interested user, free of charge. If you wish to use these products, EUMET SAT’s copyright credit must be shown by displaying the words “Copyright © <YYYY> EUMETSAT” on
each of the products used.

1.2. Reference documents
Reference documents
[RD.1]

OSI SAF
CDOP 3 Product Requirement Document (PRD)
SAF/OSI/CDOP3/MF/MGT/PL/2-001, Version 1.1, 20/11/2017

[RD.2]

OSI SAF
Validation of the 50 GHz sea ice emissivity product
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SAF/OSI/CDOP3/DMI/TEC/RP/190, Version 1.6, May 2018
[RD.3]

OSI SAF
Product Users Manual for the OSI SAF 50GHz sea ice emissivity product.
SAF/OSI/CDOP3/DMI/TEC/MA/191, Version 1.6, May 2018

[RD.4]

OSI SAF
Service Specification (SeSp)
SAF/OSI/CDOP3/MF/MGT/PL/003, Version 1.3, 14/12/2017

Reference to a reference Document within the body of this document is indicated as reference in the
list above, e.g. [RD.1].

1.3. Glossary
AMSR - Advanced Microwave Scanning Radiometer
AMSU - Advanced Microwave Sounding Unit
ATBD - Algorithm Theoretical Basis Document (This document)
CDOP – Continuous Development and Operations Phase
DMI – Danish Meteorological Institute
EUMETSAT - European Organisation for the Exploitation of Meteorological Satellites
FOV - Field of View
HIRLAM - High Resolution Local Area Model
Metop – EUMETSAT OPerational METeorological polar orbiting satellite
NWP - Numerical Weather Prediction
OSI SAF – Ocean and Sea Ice Satellite Application Facilities
SSM/I - Special Sensor Microwave/Imager
SSMIS - Special Sensor Microwave Imager/Sounder

1.4. Emissivity models
The sea ice surface emissivity at 50GHz is high compared to the open ocean for most ice types and
penetration through the atmosphere at humidity sounding channels can be significant because the Ar ctic atmosphere is often very dry. Getting a good estimate of sea ice emissivity is more complicated than
over the open ocean. Compared to the open ocean microwave emissivity the complications for sea ice
are that there are large vertical and lateral surface heterogeneity within the foot-print including significant microwave penetration into the snow and ice and across the temperature gradient beneath the sur face meaning that the surface temperature is not synonymous with the effective temperature. NWP
models don't typically contain as state variables the parameters necessary to drive microwave emission
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models. The sea ice is dynamic: it drifts, deforms, melts or forms with significant changes from day to
day which means that emissivity climatology is not as valid as it is over land without snow cover.
For smooth soil surfaces the surface reflectivity is specular, otherwise for rough surfaces the specular model can be adjusted using a single-parameter (roughness) model (Ulaby et al. 1982, p. 889) i.e.
(1),
where r is the reflectivity at incidence angle θ and v or h polarisation p. The subscript sp is for specular and h' is a roughness parameter.
Several models link the physical snow and ice properties with the microwave emission (e.g Tonboe
et al. 2006; Weng et al. 2001). The community microwave emission model for land surfaces uses a
combination of rough and specular surface scattering where the surface roughness state is derived
from auxiliary parameters e.g. land use maps (Drusch et al., 2009).
Mätzler and Rosenkranz (2007) describe the bistatic scattering near Dome C in Antarctica and compare with AMSU A measurements at 31 and 50GHz. They find that the snow surface scattering is diffuse and that the Lambertian model rather than the specular model makes a good fit to measurements.
This means that the angular response of the AMSU near 50GHz emissivity is small. They also find that
there is a crossover between the specular and the Lambertian models near 50deg of incidence so that
coincidently both models would predict the same outcome for conically scanning radiometers operating
at incidence angles near 50deg (e.g. SSM/I, SSMIS, AMSR). The Lambertian model implies that there
is no polarisation difference at oblique incidence angles. However, as they mention, there is a signific ant polarisation difference at e.g. 19, 37 and at 89GHz and this is also the case at 50 GHz. Therefore,
the surface cannot be truly Lambertian and Mätzler (2005) simulates the emissivity of snow surfaces as
a mix between Lambertian and specular scattering. The surface emissivity model input parameters are
not prognostic variables in NWP models and they are difficult to simulate. These input parameters in for
example MEMLS include, for instance, the grain size or correlation length vertical profiles within the
snow-pack which are difficult to measure in the field and are a stretch target for detailed process mod els at present. In addition, most atmospheric models treat the surface as purely specular with the exception of that used by Guedj et al. (2010).
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2. The semi-empirical emissivity model
Therefore, the microwave emissivity near 50GHz is characterised here using a model where the
emissivity at 50º is a function of the spectral gradient and the polarisation ratio measured at the neighbouring atmospheric window frequencies at 18 and 36 GHz. The PR and GR can be measured with
SSM/I, AMSR and SSMIS sensors currently in orbit. Output from a combined 1D thermodynamic and a
microwave emission model is used for generating the relationships between the emission at 50 GHz at
50º of incidence and the 18 GHz and 36 GHz simulated brightness temperatures. The approaches of
both the community model (Drusch et al., 2009) and Mätzler's model (Mätzler, 2005) find solutions
between two extreme cases. Similarly this model can attain solutions in between: 1) perfectly diffuse
emission where there is no angular dependence and no polarisation difference similar to the model
used in Heygster et al. (2009), and 2) the specular reflection with the angular dependence and the po larisation determined by the Fresnel reflection coefficients and a surface permittivity of 3.5 which is typical for sea ice. The model is expected to be valid for incidence angles between 0º and 60º and cases in
between the two extremes.
Brightness temperatures are measured at window frequencies where the sensitivity to the atmosphere is minimized e.g. at 18 and 36 GHz. The spectral gradient (GR1836V) is given by the following
equation:

(2).
The normalisation reduces the GR sensitivity to effective temperature, and ice concentration algorithms use it to correct for first- and multiyear ice types with different volume scattering magnitudes
(Comiso et al., 1997). Though the sensitivity to temperature (Teff) is reduced in GR there is still a reminiscent due to different microwave penetration at 18 and 36 GHz across the temperature gradient in
snow and ice.
The polarisation ratio at 36 GHz, PR36, is given by the difference over the sum of the Tv36 and
Th36 brightness temperatures at 36GHz, i.e

(3).
Also for the polarisation ratio the temperature dependence is minimized by the normalisation.
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3. Special Sensor Microwave Imager/Sounder (SSMIS)
The SSMIS is a polar orbiting satellite with a conically scanning microwave radiometer with constant
incidence angle around 50º and a swath width of about 1700km. It has window channels near 19, 37,
91, and 150GHz and sounding channels near 22, 50, 60, and 183 GHz. The SSMIS temperature
sounding channels 1-4 near 50 GHz vertical polarisation penetrate into the lower troposphere and partially to the surface (Kunkee et al., 2008).
Table 1 shows the SSMIS channels.
Central
Bandwidth
frequency (HZ) (MHz)

Polarisation

Accuracy
(NEΔT)

IFOV

Pixel

19.35

400

V, H

0.7K

45X68 km

25X12.5 km

22.235

400

V

0.7K

40X60 km

25X12.5 km

37.0

1500

V, H

0.5K

24X36 km

25X12.5 km

50.3

400

H

0.4K

18X27 km

37.5X12.5 km

52.8

400

H

0.4K

18X27 km

37.5X12.5 km

53.596

400

H

0.4K

18X27 km

37.5X12.5 km

54.4

400

H

0.4K

18X27 km

37.5X12.5 km

55.5

400

H

0.4K

18X27 km

37.5X12.5 km

57.29

350

-

0.5K

18X27 km

37.5X12.5 km

59.4

250

-

0.6K

18X27 km

37.5X12.5 km

60.792668±
0.357892± 0.050

120

V+H

0.7K

18X27 km

37.5X12.5 km

60.792668±
0.357892 ± 0.016

32

V+H

0.6K

18X27 km

75.0X12.5 km

60.792668±
0.357892 ± 0.006

12

V+H

1.0K

18X27 km

75.0X12.5 km

60.792668±
0.357892 ± 0.002

6

V+H

1.8K

18X27 km

75.0X12.5 km

60.792668±
0.357892

3

V+H

2.4K

18X27 km

75.0X12.5 km

63.283248±
0.285271

3

V+H

2.4K

18X27 km

75.0X12.5 km

91.655

3000

V, H

0.9K

10X15 km

12.5X12.5 km

150

1500

H

0.9K

...X... km

37.5X12.5 km

183.31 ± 6.6

1500

H

1.2K

...X... km

37.5X12.5 km

183.31 ± 3.0

1000

H

1.0K

...X... km

37.5X12.5 km

183.31 ± 1.0

500

H

1.2K

...X... km

37.5X12.5 km

Table 1. The channels on SSMIS (http://www.wmo.int/pages/prog/sat/Instruments_and_missions/SSMIS.html).
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4. GCOM-W1 AMSR2
The Advanced Microwave Scanning Radiometer 2 (AMSR2) onboard the GCOM-W1 satellite is a
conically scanning microwave radiometer measuring from a polar orbit at about 700 km above the
Earth’s surface and obtains data over a 1450 km swath at an incidence angle of 55deg.It measures at
both linear vertical and horizontal polarisation at 6.9, 7.3, 10.7, 18.7, 23.8, 36.5, 89 GHz.

5. The cross track scanning microwave sounding unit (AMSU)
The AMSU instrument is a whisk broom polar orbiting microwave radiometer with variable incidence
angle, foot-print size and the linear polarisations are mixed. Similar instruments have been in orbit since
the 1970s. AMSU has scan angles between nadir and about +/-49º and a swath with of about 2000 km.
Provided that the 3rd and 4th Stokes parameters are near 0 over sea ice the h and v polarisations are
mixed as a function of scan angle, θ, on AMSU (Mathews et al., 2009):
(4),
where

(5).
Re is the Earths radius (6371km) and H is the height of the satellite above the surface (about
800km). The 3rd and 4th Stokes parameters are most often near zero during the cold season (Narvekar
et al., 2011). Figure 1 shows the channels on AMSU A and the atmospheric absorption spectra.
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Figure 1 : The atmospheric absorption spectra and the channels on AMSU-A (figure from EUMETSAT
homepage).

6. The microwave emission model
Simulated data from a combined thermodynamic and emission model is used to derive the coeffi cients for the OSI SAF 50GHz emissivity model. The sea ice emission model relate physical snow and
ice properties such as density, temperature, snow crystal and brine inclusion size from the thermodynamic model to microwave attenuation, scattering and reflectivity. The emission model used here is a
sea ice version of MEMLS (Wiesmann and Mätzler, 1999) described in Mätzler et al. (2006).
The theoretical improved Born approximation was used here, which validate for a wider range of frequencies and scatterer sizes than the empirical formulations (Mätzler and Wiesmann, 1999). Using the
improved Born approximation the shape of the scatters is important for the scattering magnitude (Mätz ler, 1998). We assume spherical scatters in snow when the correlation length pec, a measure of grain
size, is less than 0.2 mm and the scatters are formed as cups when greater than 0.2 mm to resemble
depth hoar crystals.
The sea ice version of MEMLS includes models for the sea ice dielectric properties while using the
same principles for radiative transfer as the snow model. Again the scattering within sea ice layers beSea ice emissivity ATBD
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neath the snow is estimated using the improved Born approximation. The scattering in first-year ice and
multiyear ice is assumed from small brine pockets and air bubbles within the ice respectively.
All simulations are at 50 degrees incidence angle similar to SSMIS and other conically scanning radiometers.
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7. Sea ice thermodynamic and mass model
In order to produce input to the emissivity model a one dimensional snow/ice thermodynamic model
has been developed. Its purpose is not necessarily to reproduce a particular situation in time and space
rather to provide realistic microphysical input to the emissivity model. Earlier thermodynamic models
such as Maykut and Untersteiner (1971) or even simple degree day models (see e.g. Maykut, 1986) are
useful for simulating ice thickness. However, for microwave emission modelling applications additional
parameters such as temperature, density, snow grain size and ice salinity at very high vertical resolu tion are needed. Because the thermal conductivity is a function of temperature the model uses an iterative procedure between each time step of six hours. The thermodynamic model is fed with ECMWF
ERA40 data input at these six hours intervals. In return the thermodynamic model produces detailed
snow and ice profiles which are input to the emission model at each time step. This gives a picture of
significant emission processes in sea ice even though the one dimensional thermodynamic model is not
capturing the spatial variability of the sea ice cover caused for example by ice convergence resulting in
deformation, ice divergence resulting in new-ice formation, and wind redistribution of the snow cover affecting snow depth, density and grain size. The thermodynamic model has the following prognostic
parameters for each layer: thermometric temperature, density, thickness, snow grain size and type, ice
salinity and snow liquid water content. Snow layering is very important for the microwave signatures
therefore it treats snow layers related to individual snow precipitation events. This means that if a snow
precipitation event deposits a new snow layer then that is a new layer in the model and this layer is followed to the end of the simulation. The initial depth of the snow layer is a function of the mass of precipitation, and density, initially a function of temperature and wind speed at time of deposition. Snow layers
compact due to loading and metamorphosis. For sea ice it has a growth rate dependent salinity profile.
New ice layers are 5 cm when they are closed in the model. The sea ice salinity for each new added
layer (bottom growth) is a function of growth rate, u, and water salinity, S w (Nakawo and Sinha, 1981),
i.e.
(6),
The water salinity is 32 psu and the growth rate is in cm/day.
The thermodynamical model is used for simulating detailed profiles which are used as input to the
emission model. Six different positions all within the Arctic Ocean were selected for having different
meteorological conditions, snow pack development and ice growth. The set-up is illustrated and explained in Tonboe (2010). Climatology indicates that there is snow on multiyear ice at the end of summer melt in September (Warren et al., 1999). Therefore, the multiyear ice simulations are initiated on 1
September with an isothermal 2.5 m ice floe with 5 cm old snow layer on top. The multiyear ice gradu ally grows at the six positions from 2.5 m to between 3.0 m and 3.4 m in spring and snow depths during
winter range between 0.2 m and 0.5 m. The melt processes during the summer season are complicated
and not sufficiently described by the thermodynamic model. Summer melt is therefore not included in
this study. The thermodynamic model is further described in Tonboe (2005, 2010).
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8. The interface between the thermodynamic and the emission model
Snow grain size affects both shortwave extinction in the thermodynamic model and microwave scat tering in the emission model. The emission model is using p ec as a measure of grain size and the optical grain diameter D0 forms the interface between the two models. There are no snow metamorphosis
relationships in terms of pec so the conversion between terms is needed. It is assumed that grain size
and pec evolve similarly during metamorphosis and our grain size growth model is not dependent on initial grain size. Therefore the conversion factor F is not critical. We use F=0.4 and the correlation length,
pec, of new snow deposits is set to 0.07 mm which is typical for new snow (Wiesmann et al., 1998).
Grain growth is not assigned to the top snow layer. Other microphysical parameters in the profile such
as physical temperature, density, salinity are used directly in the emission model.
According to Marbouty’s (1980) temperature gradient metamorphism model for dry snow, used in the
thermodynamic model, the mean grain size diameter (D m) growth is a function of temperature gradient,
temperature and density. Baunach et al. (2001) and Jordan et al. (1999) indicate that the growth rate is
also a function of the initial grain size. However, as a first approximation Marbouty’s model gives a good
fit to observations and for conversion to other structural parameters in the two models it is an advantage that growth rate is independent of initial size. For example, the shortwave extinction in the snow is
a function of the snow density and the optical grain diameter (D o) (Brun et al., 1992). Since growth rate
is independent of initial size D m can be set equal to the diameter of equally sized spheres (D). D is related to Do by (Mätzler, 2002), i.e.
(7),
where
(8).
The ρsnow is the snow density and ρ ice is the ice density. The emission model is using the exponential
correlation length (pec) a structural parameter of scatter size and distribution (Mätzler, 1998). Mätzler
(2002) analyses different relationships between the snow structure, grain size and the correlation
length. Do is related to pec for rounded grains, i.e.
(9),
where F is 0.16 for snow grain sizes modelled with SNTHERM, 0.3-0.4 for Crocus grain sizes and
types, and 0.16 for fine grained snow and 0.25 for medium grained snow using a one dimensional scat tering model. It is further suggested to include the snow density, i.e.
(10).
For realistic snow densities between 150-400 kg/m3 the factor 0.5(1-v) is 0.28-0.41, i.e. the factor F
in Eq. 9. These relationships are not strictly valid for new-snow and depth hoar where the grains are not
rounded (Mätzler, 2002).
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9. Algorithm Description: the emissivity model
The sea ice emissivity at 50 GHz is related to the GR1836. Simulated data for both the vertical and
horizontal polarisation at an incidence angle of 50º are shown in figure 2 and 3. The combination of
GR1836 at vertical polarisation, we denote it GR1836V, and ev is the least noisy and has fewest outliers and it is therefore used in the algorithm. The figures 2 and 3 are shown to illustrate the GR and
emissivity relationships.

Figure 2 : The simulated multi-year ice GR1836V vs. the e50v
(black) and e50h (grey). The best fit line to the e50v is:
e50v=3.16GR1836V+0.97 and for e50h: e50h=2.48GR1836V+0.90.
The dashed lines show the +/-2%. The vertical grey lines indicate
the tie-points for first- (F) and multiyear (M) ice respectively.
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Figure 3: The simulated multi-year ice horizontal GR1836H vs. the
e50v (black) and e50h (grey). The best fit line to the e50v is:
e50v=3.21GR1836H+0.95 and for e50h: e50h=2.54GR1836H+0.89.
The dashed lines show the +/-2%. The figure is the same as figure
1 except the gradient is at horizontal polarisation.
The model and the simulations are described in Tonboe (2010). Figure 3 is as Figure 2 except that it
is showing the emissivity as a function of the gradient at horizontal polarisation. Lines have been fitted
to the data clusters representing simple models for the emissivity, i.e.
(11),
and
(12).
It is noted that both the emissivity and the polarisation difference are decreasing as a function of larger negative GR1836V. Most of the simulated data points are within +/-2% of the fitted lines and the
model - data RMS for vertical polarisation is 0.008 (for the southern hemisphere the RMS is 0.01) and
the RMS is 0.019 for horizontal polarisation. The crossover of the fitted lines in Figure 2 is not physical
and the v - h polarisation difference is always positive as illustrated in Figure 4.
The GR1836V Arctic tie-points for first and multiyear ice are shown in Figure 2. The tie-points from
Comiso et al. (1997) represent typical values for the two ice types respectively.
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The GR1836V vs. the e50 polarisation difference is illustrated in Figure 4. This relationship is noisy
and therefore the GR1836V cannot be used for deriving the polarisation difference.

Figure 4: The emissivity polarisation difference at 50GHz vs.
the GR1836V.
Instead we use the relationship between PR36 and PR50 shown in figure 5 where the polarisation
ratio at 36 GHz is a proxy for the polarisation difference at 50 GHz. The model - data RMS for the
36GHZ polarisation ratio and the 50GHz polarisation ratio is 0.0014. The same processes determine
the polarisation difference at 36 GHz and at 50 GHz.
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Figure 5: The simulated sea ice PR18 in red, PR36 in black, and PR89
in green vs. the PR50.
There is a near 1:1 relationship between the polarisation ratio at 36 GHz and at 50 GHz.
Using the linear relationships in figure 2 and 5 based on the simulated data it is now possible to es timate the 50 GHz emissivity at 50º incidence at vertical and horizontal polarisation in terms of
GR1836V and PR36. The PR is decreasing from 19 GHz to 36 GHz to 50 GHz and to 89 GHz.
Here we propose a simple model for extrapolating the GR1836V emissivity proxy and the PR36 po larisation proxy for SSMIS to the range of incidence angles (θ) and h and v polarisation on AMSU using
the reflection coefficients for sea ice. The specular reflection coefficients for vertical, r v, and horizontal,
rh, polarisation is given in terms of the sea ice permittivity ε (ε=3.5) and θ the angle of incidence, i.e.

(13).

(14).
If the sea ice absorption is considered as well i.e. the permittivity is 3.5+0.5j instead of 3.5, which is
a high loss factor typical for warm and saline sea ice, then the difference in emissivity between permitSea ice emissivity ATBD
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tivities 3.5 and 3.5+0.5j is less than 0.003 between 0 and 60 degrees. For 3.5 and 3.5+0.1j which is
realistic for cold ice it is less than 0.0002. These differences are small compared other uncertainties in
particular during the cold season.
The 50 GHz emissivity is in terms of the two parameters S and R:
(15),
and
(16).
The RMS between the emissivity from the radiative transfer model (in Tonboe, 2011) and the model
in eq. 15 and 16 at 50 degrees incidence angle is 0.0071 for horizontal polarisation and 0.0093 for ver tical polarisation. In the Ulaby et al. (1982) model shown in eq. 1 R is a surface roughness parameter.
For the totally diffuse surface S is equivalent to the emissivity and S is a scaling parameter of the
emissivity. Here because of the relationship between the PR36 and PR50 R is given as a function of
PR36 shown in Figure 6. A 3rd degree polynomial is fitted to the simulated data (Tonboe, 2010) using
least squares for the northern and southern hemisphere, i.e.
North
South

(17).

and S as a function of GR1836V shown in Figure 7 using least squares:
North
South

(18).

Figure 6: The R as a function of PR36.
The line shows the fit to the simulated
data.
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For R = 0 the scattering at the surface is totally diffuse and for R = 1 the scattering is specular. R = 1
for PR36 = 0.11 at sea ice permittivity of 3.5.

Figure 7: The S as a function of GR1836V. The
line shows the fit to the simulated data.
The scattering of points around the line is because S is also a weak function of PR36, however this
is neglected here.

9.1. Functionality of the model
The emissivity as a function of incidence angle is shown for three cases: 1) the totally diffuse case
where the PR36 equals 0, i.e. there is no polarisation difference, in Figure 8, and 2) the specular case
where PR36 equals 0.11 at sea ice permittivity of 3.5 and the emissivity is detirnined by the Fresnel reflection coeffiecents in Figure 9, and 3) the intermediate a combination of diffuse and specular scatter ing case where GR1836V equals -0.08 and PR36 equals 0.02 in Figure 10.
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Figure 8: The totally diffuse case
where PR36 = 0 and GR1836V =
-0.03, The yellow line shows the
eAMSU, ev and eh.

Figure 9: The specular case (R=1) where PR36
= 0.11 and GR1836V = -0.03. The yellow line
shows the eAMSU, the black full line the ev and the
dotted line the eh.
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Figure 10: The intermediate case where PR36 =
0.02 and GR1836V=-0.08 (typical for multiyear
ice). The yellow line shows the eMSU, the black
full line the ev and the dotted line the eh.
The e50v at 50º of incidence is shown in figure 11.

Figure 11: The 50GHz emissivity at vertical polarisation and at 50º
incidence angle 1. Jan. 2003. The cyan rectangle is the area
selected for data to figures 12 and 13.
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The brightness temperature at 6, 18 and 36GHz vertically polarised AMSR channels is shown in Figure 12 for a small area north of Greenland shown with cyan in Figure 11 predominantly covered by multiyear ice.

Figure 12: Brightness temperatures, Tb, north of Greenland
Figure 13 shows the model coefficients R and S derived from AMSR data in the small area north of
Greenland.

Figure 13: S (dashed) and R (solid) for multiyear ice north of Greenland
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The algorithm is valid both summer and winter. It is clear that the coefficients are affected by summer melt (Fig. 13) and the uncertainties become larger during summer. This is described further in the
validation report. This is due to a more uncertain estimation of the regions with near 100% sea ice and
possibly atmospheric emission and scattering.

10. Update of the algorithm coefficients using the validation product as
a reference
A bias has been observed in the first version of the product compared to the validation product. In order to correct this bias we have tuned the model coefficients of the operational product to the validation
product as described in this section.
For the totally diffuse situation where there is no polarisation difference where R equals 0 (actually in
this model it is about 2e-04 which is close enough to zero) the algorithm coefficient S is equivalent with
the ev50. Even in other more specular situations (R>0) S scales with ev50 linearly (see figure 7). The
validation product provides ev50 at an incidence angle of 53deg. for comparison. The comparison
between the product ev50 and the validation ev50 shows that there is a bias between the product and
the validation and the bias is different for high and low emissivities in the current setup (Feb. 2017). We
have selected the year 2016 for comparing the product (ev50_prod) and the validation (ev50_val)
emissivities and computed the slope and offset for lines fitting the cluster of points every day of the year
and for both hemispheres separately. The yearly average for north and south are:
North: ev50_val = 0.87ev50_prod + 0.014

(19)

South: ev50_val = 0.84ev50_prod + 0.032
For the case where R=0 (diffuse) we replace ev50_val with S and enter equations 19 in equation 18
to get an updated set of equations for S in equations 20:
North: S = 2.764GR1836V + 0.8624

(20)

South: S = 2.6438GR1836V + 0.8426
Test runs show that the updated equations for S (eq. 20) removes the hemispheric bias between the
product and the validation emissivity.
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11. The effective temperature
The snow surface temperature can be measured with infrared radiometers and the effective temperature at 6 GHz can be estimated using the 6 GHz brightness temperature. Because of the large temperature gradient in the snow the snow surface temperature is relatively poorly correlated with both the
snow-ice interface temperature and the effective temperatures between 6 and 89GHz. However, the effective temperatures between 6 GHz and 89 GHz are highly correlated. The 6 GHz brightness temperature can be related to the snow/ice interface temperature correcting for the temperature dependent
penetration depth in saline ice. This snow-ice interface temperature estimate may be more easily used
in physical modelling than the effective temperature. The 6 GHz brightness or effective temperature es timates or the snow-ice interface temperature is a closer proxy for the effective temperature near 50
GHz than the snow surface temperature (Tonboe et al. 2011). Based on the simulations in Tonboe et al.
(2011) the effective temperature at 50GHz, Teff50v, is:

(21),
where T6v is the surface brightness temperature at 6 GHz.
This simulated temperature estimate (Teff50v) which correlates well with the snow ice interface temperature (Tsi) is quite close to the relationship derived by Grönfeldt (2015) from buoy and satellite
measurements:
Tsi = 1.23Tv6 – 57.81

(22).

Grönfeldt (2015) also shows that by including the brightness temperature at 10 GHz the standard er ror between estimate and measurements is reduced compared to single channel relationships. We
have therefore derived the following relationship between snow ice interface temperature, Tsi, and 10
and 6 GHz satellite brightness temperature measurements:
Tsi = 1.34Tv6 + 0.05Tv10 – 91.49

(23).

Eq. 23 is used as the effective temperature for generating the validation product and it is provided together with the emissivity product for consistency.
The temperature correlation matrix based on simulations is shown in Table 2 (Tonboe et al., 2011).
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Tair

Tsnow

Tice

Teff6v

Teff10v

Teff18v

Teff23v

Teff36v

Teff50v

Teff89v

Tair

1

0.97

0.78

0.75

0.76

0-77

0.78

0.80

0.84

0.91

Tsnow

0.97

1

0.81

0.78

0.79

0.80

0.81

0.84

0.88

0.95

Tice

0.78

0.81

1

0.99

0.99

0.99

0.99

0.99

0.98

0.95

Teff6v

0.75

0.78

0.99

1

0.99

0.99

0.99

0.99

0.98

0.92

Teff10v

0.76

0.79

0.99

9.99

1

0.99

0.99

0.99

0.98

0.92

Teff18v

0.77

0.80

0.99

0.99

9.99

1

0.99

0.99

0.98

0.93

Teff23v

0.78

0.81

0.99

0.99

0.99

0.99

1

0.99

0.99

0.93

Teff36v

0.80

0.84

0.99

0.99

0.99

0.99

0.99

1

0.99

0.95

Teff50v

0.84

0.88

0.98

0.98

0.98

0.98

0.99

0.99

1

0.97

Teff89v

0.91

0.95

0.95

0.92

0.92

0.93

0.93

0.95

0.97

1

Table 2. The Teffv correlation matrix. The 2m air (Tair), the physical snow surface (Tsnow) and the
snow-ice interface (Tice) temperatures are included.
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12. Processing
The input to the emissivity algorithm are the 18 and 36 GHz brightness temperatures from conically
scanning radiometers such as SSM/I SSMIS and AMSR and the output is the R and S parameters
defined in equations 17 and 18 respectively. These parameters together with a given incidence angle
and polarisation can be used in equations 15 and 16 to compute the sea ice surface emissivity for atmospheric sounders such as SSMIS and AMSU-A.
Input: Tb18v, Tb36v, Tb36h
Summary of the 10 processing steps:
1. The NetCDF format swath data are read.
2. The 37 GHz channels are re-sampled to 19 GHz resolution using a Gaussian weighting function
and a circular 'field of view' of 56.5 km.
3. Realistic brightness temperatures for sea ice are selected for further processing:
160.0 K < Tb19v < 273.15 K
130.0 K < Tb37v < 273.15 K
100.0 K < Tb37h < 273.15 K
(Tb37v - Tb19v) / (Tb37v + Tb19v) < 0.05
(Tb37v - Tb37h) / (Tb37v + Tb37h) < 0.15
4. Each of the two hemispheres is selected using each of the data point latitudes.
5. The R, S, ev and nadir e are estimated using the model.
6. Data-points where the model yields false emissivities at any angle exceeding 1 or below 0 are
excluded and flagged.
7. Each of the new data fields (R, S, ev, nadir e and flags) are appended to the swath file as su per-files and written in NetCDF format.
8. The parameters in the swath file are gridded using a nearest neighbour re-sampler.
9. The data are plotted as png-quick looks.
10. The gridded data including Tsi are written as NetCDF format files.
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13. Validation/comparison plan
The microwave sea ice emissivity is not measured by any space borne, airborne or in situ devices.
Anyway, it affects the thermal microwave emission from the sea ice surface and the top-of-the atmo sphere microwave brightness temperature measured by satellites. The near 50.3 GHz and 52.8 GHz
channels on a number of atmospheric sounders for example the SSMIS, which is used here, are on the
shoulder of the atmospheric oxygen absorption line complex and while the surface emissivity is the
same at the two channels they are affected very differently by the intervening atmosphere.
A simplified radiative transfer equation describes the atmospheric and surface emission interaction,
so that the brightness temperature, Tb, measured by satellite is:
Tb = TBU+τ(e*Teff + (1-e)TBD)

(24),

where TBU is the up-welling brightness temperature from the atmosphere, τ is the atmospheric
transmissivity, Teff is the surface effective temperature, e is the surface emissivity, and TBD is the down
welling atmospheric brightness temperature. Here we wish to estimate e using the Tv50 and the Tv52
SSMIS data, NWP data on temperature and water vapour, and AMSR Tv6 and Tv10 data for comparison with the OSI SAF near 50 GHz sea ice emissivity product.
In essence, the e is estimated iteratively by minimizing the difference between Tb's measured by
SSMIS and simulated Tb’s at 50.3 GHz vertical polarisation and the 52.8 GHz vertical polarisation using
equation 24 and given the water vapour and temperature of the atmosphere from the ECMWF numer ical weather prediction model (current near real time operational model) and the AMSR Tv6 and Tv10.
SSMIS is a conical scanning radiometer measuring at a constant incidence angle of 53.1 degrees. This
continuous validation procedure is in many ways similar to the initial and much shorter period validation
of the emissivity product which is described in the validation report and in Tonboe et al. (2013). However, this continuous validation procedure is much more computationally efficient which allows real time
validation globally on every ice covered pixel. The three step procedure is:
1. Input data are: SSMIS Tv50 and Tv52, ECMWF total water vapour, and surface air temperature
and AMSR2 Tv6 and Tv10.
2. All of the variables in equation 24 except the e are computed based on the input data and a regression RTM.
3. The emissivity, e, is found iteratively using the local adjoint of equation 24. The scheme is solved
using two different first guess emissivities (same first guess at the beginning of all iterations) and the
physical and radiance covariance for constraints.
The effective surface temperature (Teff in eq. 24) is computed as a linear combination between the
brightness temperature at 10GHz (Tv10) and the brightness temperature at 6 GHz (Tv6) in equation 23.
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