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Abstract

Polar regions play a key role in the global climate. The information on
atmospheric parameters in these regions is sparse. Among the polar
surfaces, sea ice varies in extent and physical properties with region
and season and so does the surface emissivity.

In the present study a method to retrieve the emissivity is applied
over two selected regions in the Arctic, one covered by first-year ice
and the other by multiyear ice and it investigates the application of
them in the improvement of temperature profile retrieval over sea ice.

The retrieval of surface emissivity is done by combining simulated
brightness temperatures with the satellite measured brightness tem-
perature. In order to determine the surface emissivity of sea ice,
the observations of the microwave instruments AMSU (Advanced Mi-
crowave Sounding Unit) and AMSR-E (Advanced Microwave Scanning
Radiometer- Earth Observing System) are used.

Determination of emissivity requires the knowledge of the temper-
ature of the emitting layer. The penetration depth of microwaves in
sea ice varies between millimeters and decimeters depending on the
frequency and micro-physical structure. A year-round observation of
temperature profiles of sea ice from the Surface Heat Budget of the
Arctic Ocean (SHEBA) campaign at a first-year and a multiyear ice
site is used to derive a set of coeflicients a and b to linearly relate the
lowest level air temperature and the different emitting layer tempera-
tures. The method accounts for the variation of the penetration depth
with frequency, air temperature and sea ice temperature.

An algorithm to retrieve temperature profiles from AMSU data is
modified using the retrieved emissivities and the derived temperature
correction factors so that the retrieval accuracy of temperature profiles
over sea can be improved.
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1 Introduction

The polar regions play a key role in the global climate system. They
strongly contribute to the energy balance and they act as indica-
tors for global warming because the global warming is especially pro-
nounced in the Arctic. Therefore, a precise and continuous survey
of the atmospheric temperature profile is essential input for global
circulation models. In addition such profiles are needed input to nu-
merical weather prediction models. Atmospheric temperature profiles
are used to assess response of the global climate system to increasing
greenhouse effect due to anthropogenic activities. Due to the hostile
conditions of polar regions, in-situ measurements of atmospheric pa-
rameters such as temperature and humidity profiles are very sparse.

The coverage of the polar regions with polar orbiting satellite tem-
perature sounding passive microwave radiometers is dense. Instru-
ments like AMSU, SSMIS cover large parts of the Arctic about 10 times
a day. The Arctic atmosphere is often very dry and the surface signal
is usually significant. Therefore, in order to retrieve atmospheric pa-
rameters from satellite borne measurements in these regions, a reliable
estimate of the emissivity of sea ice, snow, land ice and open water
is required (Selbach, 2003; Haggerty and Curry, 2002; Rosenkranz,
2006). Among the polar surfaces, sea ice is very important. It cov-
ers 5—-8% of Earth’s surface. However, as it is highly variable in ex-
tent and surface properties presently no operational surface emissivity
model exists for sea ice.

In this thesis, in order to determine the surface emissivity of sea
ice, observations of the microwave instruments AMSU (Advanced Mi-
crowave Sounding Unit) on the polar orbiting satellites of National
Atmospheric and Oceanic Administration (NOAA), NOAA-15, -16, -17
and AMSR-E (Advanced Microwave Scanning Radiometer- Earth Ob-
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serving System) on Aqua satellite are used. AMSU instruments were
found efficient in atmospheric and surface parameter studies in low
and mid latitudes (Rosenkranz, 2001; Weng et al., 2003; Hong et al.,
2005; Karbou et al., 2005b). The passive microwave radiometers AMSU
consists of two modules ‘A’ and ‘B’ The AMSU-A has 15 channels in
the frequency range 23 -89 GHz, with window channels at 23.8, 31.4,
50.3 and 89 GHz and 11 temperature sounding channels between 50
and 60 GHz. The AMSU-B has 5 channels in the frequency range 89 —
183 GHz. AMSU is a cross-track scanning radiometer.

Imaging Microwave sensors such as SSM/I and AMSR-E are widely
used for the study of surface parameters such as near real time (NRT)
sea ice concentration (Spreen et al., 2005, 2007), snow cover, ice tem-
perature (Comiso et al., 2003) and cloud signatures (Miao et al., 2000).
AMSR-E was developed by the Japan Aerospace Exploration Agency
(JAXA). It has 14 channels at six different window frequencies rang-
ing from 6-89 GHz, each measuring radiance in both vertical and
horizontal polarizations (Kawanishi et al., 2003).

In contrast to sea ice, the ocean surface is radiatively cool and ocean
emissivity models have been developed (English and Hewison, 1998;
Wentz, 1983) and are satisfactory for the use in atmospheric appli-
cations. For sea ice also, such models have been developed, but they
are far from the state of maturity required for operational application
(Fuhrhop et al., 1997, 1998; Tonboe et al., 2006; Heygster et al., 2006).
Therefore, here sea ice emissivity is determined empirically.

Various efforts have been made to retrieve land surface emissivity
from satellite observations in the microwave frequencies. Land surface
emissivities have been calculated using AMSU observations and are
used effectively for atmospheric temperature and humidity retrieval
(Karbou et al., 2005b,a). Quantitative knowledge of the spatial and
temporal variability of surface emissivity is essential for the retrieval
of atmospheric parameters over polar regions from space borne mi-
crowave observations (Melsheimer and Heygster, 2005; Haggerty and
Curry, 2002). A global scale investigation of sea ice emissivities in the
microwave frequency region was done by Comiso (1983) using both
infrared and microwave measurements at SMMR frequencies. However,
they are different from the AMSU observing frequencies. Temporal
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variation of first-year and multiyear ice emissivity from ground mea-
surements limited in space and time is reported by Grenfell and Lo-
hanick (1985); Grenfell (1992). Moreover, emissivities of different ice
types and snow are calculated from airborne measurements. Hollinger
et al. (1984) have determined emissivities at a frequency range of 19—
140 GHz for different Arctic ice types during the freeze-up period in
October. Hewison and English (1999) have retrieved the surface emis-
sivity in the frequency range of 24 -157 GHz over the Baltic sea ice
and snow sites on land. However, the Baltic sea ice has lower salinity
than the Arctic sea ice. Haggerty and Curry (2001) have retrieved the
emissivity of sea ice at 37, 89, 150 GHz and 220 GHz near the SHEBA
ice camp in May and July. They assumed lowest level air temperature
as surface temperature. During this period, the temperature difference
between atmospheric temperature and ice temperature is only about
1 K. However, their surface temperature assumptions are not valid in
the freezing period.

Determination of emissivity requires the knowledge of the temper-
ature of the emitting layer. The penetration depth of microwave in
sea ice varies between millimeters and decimeters depending on the
frequency and micro-physical structure. Typically, the snow surface
temperature is considerably lower than the ice temperature, which
in turn is lower than the temperature of water underneath the ice
(—1.8°C). In most of the above cited studies on sea ice emissivity the
temperature of the emitting layer has been assumed to be equal to
the infrared measured surface temperature. The error is small during
late spring and summer when the snow or ice is relatively isothermal
(Haggerty and Curry, 2001). During winter, this is a potential source
of error because of the temperature gradient in the sea ice and the
resulting overestimation of emissivity (Tonboe, 2006).

A year-round observation of temperature profiles of sea ice from the
Surface Heat Budget of the Arctic Ocean (SHEBA) campaign at a first-
year and a multiyear ice site is used to derive a set of coeflicients a and
b to linearly relate the lowest level air temperature and the different
emitting layer temperatures. The method accounts for the variation
of the penetration depth with frequency, air temperature and sea ice
temperature.
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In the present study a method to retrieve the emissivity is applied
over two selected regions in the Arctic, one covered by first-year ice
and the other by multiyear ice. In order to retrieve the surface emissiv-
ities, simulated brightness temperatures based on atmospheric model
profiles of temperature and humidity from ECMWF and AMSU bright-
ness temperatures from corresponding satellite over-passes are used.
Corrections are made to the lowest level air temperature in order to
get the principal emitting layer temperatures. Sea ice emissivities are
retrieved from AMSR-E at two test regions where the AMSU emissiv-
ity retrieval has been done. AMSR-E measures radiance at both hori-
zontal and vertical polarizations whereas AMSU measures only in one
mixed polarizations mode. The AMSR-E retrieved emissivities at two
polarizations are combined together to simulate the AMSU polarization
combinations for comparison.

An existing temperature retrieval algorithm (Rosenkranz, 2006), is
modified to improve the temperature profile application over sea ice
by using the retrieved sea ice emissivities and the derived temperature
correction factors. The modification of the algorithm is done by:

1. providing varying a-priori surface emissivities for each month

2. deriving the emitting layer temperature from the lower level air
temperature

3. modifying surface brightness temperature retrieval.

The organization of the thesis is as follows:

Chapter 2 gives a short introduction to physical and electromagnetic
properties of sea ice, snow and atmosphere and the principles behind
microwave radiometry.

Chapter 3 describes about the satellite instruments AMSU and
AMSR-E and SHEBA data, Polarstern data and ECMWF data, which
are used to study emissivity of sea ice and to retrieve temperature
profiles.

Chapter 4 outlines the method adopted to retrieve surface emissivity
of sea ice using the data from satellite radiometers. The method is
validated over open water.

Chapter 5 describes surface temperature assumptions for the surface
emissivity retrieval.
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Chapter 6 shows the emissivities retrieved using the data obtained
from the satellite instruments AMSU and AMSR-E.

Chapter 7 introduces optimal estimation method used for the tem-
perature profile retrieval.

Chapter 8 shows the comparison of the retrieved temperature pro-
files with radiosonde measured temperature profiles.

Chapter 9 presents the modification made to the retrieval algorithm
to improve the temperature profile retrieval over sea ice and the re-
sults.

Chapter 10 presents the conclusions and outlook.






2 Theory

Polar surfaces of consideration in this study are sea ice and snow. The
physical and electrical properties of them are described in sections 2.1
and 2.2 respectively. The properties of atmosphere are described in
section 2.3. In order to study the surface and the atmosphere of po-
lar regions, passive microwave radiometry is very useful. It measures
the radiation emitted naturally by Earth’s surface and atmosphere. It
doesn’t need sun light, it can easily penetrate clouds and no emitting
sources are required, to name a few advantages of passive microwave
radiometry over visible/infrared sounding and radars. The microwave
region generally spans the range from about 3 GHz to 300 GHz. Sec-
tion 2.4 of this chapter describes the basic theory of passive microwave
radiometry.

2.1 Sea Ice

Sea ice forms at the ocean surface when the surface temperature drops
below the freezing point. The freezing point for salty ocean water is
about —2°C, slightly colder than it is for fresh water (0°C). When
sea ice forms, salt is expelled from the ice crystal structure, but the
ice still ends up being slightly salty. This is distinct from the land ice
(ice shelves), which originally formed from snow falling on land, and
so is completely fresh. The scattering and emission of microwave by
sea ice are highly sensitive to even small variation in its composition
and structure (Tucker IIT et al., 1992).

Sea ice covers 5—8 % of Earth’s surface. It plays an important role
in global energy balance and atmospheric and oceanic circulation. The
albedo of sea ice (0.45—-0.98) is much higher than that of open water

15
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(0.03—0.1). Consequently, sea ice reflects much more solar radiation,
which results in negative surface radiation budget and strong surface
air temperature inversion. During summer, when sea ice melts, all
available solar energy is used to melt the sea ice and covering snow.
So the surface air temperatures become low and hence water vapor
in the air. Hence sea ice cover maintains the horizontal gradients of
air temperature and water vapor content between polar and temper-
ate latitudes, which is the driving force in the general atmospheric
circulation. However, relative humidity is sufficiently high to cause a
high percentage of cloud cover in polar regions. During the growth
and aging of sea ice, it rejects large quantities of salt into the ocean.
A cold, highly saline and therefore, very dense water forms and sinks
by vertical convection into the deep ocean called Deep Bottom Water.
This cause thermohaline circulation (Comiso et al., 2003).

Sea ice growth begins with the formation of small platelets and
needles called frazil. The frazil crystals combined with sea water, a
soapy mixture is formed called grease ice. When the freezing continues
under quiet conditions, frazil crystal coalesce together and forms solid
cover of ice up to 10cm thickness which behaves elastically and is
called nilas. This sea ice cover becomes thicker under favorable cold
and quiet conditions and finally reaches the state of first-year ice (FYI)
at a thickness of about 30 cm. First year ice is sea ice of not more
than one winter growth. Multiyear ice has distinct properties that
distinguish it from first-year ice, based on processes that occur during
the first summer melt. Multiyear ice contains much less brine and
more air pockets than first-year ice.

Sea ice is a heterogeneous mixture of liquid-brine inclusions and air
packets scattered within the ice medium. The brine inclusions contain
salt and water. Its a high dielectric constant has high imaginary part
compared to that of ice. The salinity profile of first-year ice typically
decreases from about 5—16 %o near the surface to about 4—5%0¢ in
the bulk of the ice and increases rapidly to 30 %o near the ice-water
interface (‘C-shape’). In contrast, the salinity of multiyear ice usually
is less than 1% in the surface layer and about 2—3 %o in the bulk
portion. These values are representative of sea ice in the Arctic Ocean,
where the salinity of liquid water is of the order of 32 %e.
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Thus, for first-year ice, the microwave emission comes approxi-
mately from the snow/ice interface and is not subject to scattering,
except that caused by the snow on the top of the ice. On the other
hand, since the radiation emanates from further down for multiyear
ice, scattering caused by the presence of air pockets becomes an im-
portant factor and cause a reduction in the radiation observed above
ice surface (Ulaby et al., 1986). Surface and volume scattering of sea
is to be considered. Scattering from a given sample of ice depends on
the electromagnetic frequency, polarization and direction of incidence.
The most fundamental difference between first-year ice and multiyear
ice is the presence of brine in the former and the replacement of the
brine by air pockets in the latter in the free board layer. The effect
of density of sea ice is twofold: (1) lower density causes less emitting
material per layer of ice and (2) low density ice has more air pockets,
which act as scatterer. Ultimately low density cause lowering of the
measured brightness temperature (Comiso and Kwok, 1996).

2.2 Snow

The snow cover on sea ice plays a central role in exchange of mass and
energy across the ocean-sea ice-atmosphere interface (Barber et al.,
1998). During winter the snow acts as thermal insulator, decreases
heat exchange with ocean and retards freezing. During the summer
the high albedo of the snow reduces the short-wave radiation input and
slows down the surface melting (Tucker I1I et al., 1992). The thickness
of the snow cover varies both temporally and spatially. Temporally,
drastic snow cover changes occur during the summer melt period and
early freeze-up. The maximum snow cover thickness is located between
the North Pole and the northern parts of Greenland and the Canadian
Arctic Archipelago (Warren et al., 1999; Przybylak, 2003) in June
(40-46 cm). Generally the snow depth over multiyear ice is greater
than on first-year ice (Tucker III et al., 1992).

In winter, the snow surface temperature is considerably lower than
the ice temperature which in turn is lower than the temperature of
water underneath. In summer a positive temperature gradient is ob-
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served towards the snow surface (Perovich et al., 1997). Dry snow
consist of ice crystals and air voids. The density of dry snow varies
from 0.1 gem™2 to 0.5gcm™2. The density increases with age due to
metamorphism and melt-freeze cycle (Hallikainen and Winebrenner,
1992). The scattering in snow cover affects the brightness tempera-
ture measurements above 35 GHz. The emission at higher frequen-
cies where the penetration depth is less than the snow thickness is
only sensitive to snow. The typical snow depth is a few centimeters
in the Arctic and dry snow affects the brightness temperature mea-
surements above 30 GHz. Snow with even 1% water content affects
all microwave frequencies, a value typically reached at temperatures
about 1°C (Garrity, 1992).

2.3 The Earth’s Atmosphere

The atmosphere of a planet is the gaseous envelope surrounding it.
The vertical structure of the atmospheric temperature is used to iden-
tify the atmospheric layers. The atmosphere up to 100km (homo-
sphere) is divided into four distinct layers: the troposphere (up to
about 15 km), stratosphere (up to about 50 km), mesosphere and ther-
mosphere. The levels separating these layers are referred to as the
tropopause, stratopause, mesopause and thermopause respectively.
Since the planet’s atmosphere is in the planet’s gravitational field
its density will fall with altitude.

In the troposphere the temperature decreases with height at a typ-
ical lapse rate of 6.5 Kkm™!. It is called the lower atmosphere. Most
of the weather phenomena such as cyclones, fronts, hurricanes, rain,
snow, thunder and lightning occur here (Andrews, 2000). The tropical
tropopause is at about 16 km while it is at about 8km in the polar
regions. Approximately 90 % of the atmospherics mass is in the tro-
posphere. A notable feature of the stratosphere is that it contains the
major portion of the ozone molecules. In the stratosphere the tem-
perature increases with altitude. Temperature decreases again in the
mesosphere up to about 85km. A little less than 10 % of atmospheric
mass is in the stratosphere and 0.1 % in the mesosphere and above.
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Figure 2.1: Variation of temperature in Earth’s atmosphere (Figure cour-
tesy: Houghton (2002)).

The stratosphere and mesosphere together are called the middle atmo-
sphere. The lowest natural terrestrial temperatures are found in the
mesopause. There are large variations of the temperature structure of
the atmosphere with latitude and season. At the Earth’s surface and
at the level of the stratopause, the equator is warmer than the polar
regions. However, the tropopause and mesopause are colder over the
equator than over the polar regions. The summer stratopause is lower
and warmer than the winter stratopause and the summer mesopause
is extremely cold (Andrews, 2000; Houghton, 2002).

Atmospheric water vapor and ozone play important roles in the tem-
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perature of the atmosphere. Since the air temperature in the Arctic
troposphere is very low, the water vapor burden is so too. The annual
mean total water vapor content in the Arctic atmosphere is around
5-7kgm™2 while that of the tropics is around 50kgm™2. At high
latitudes, processes such as mid latitude cyclones and anticyclones
strongly influence the tropospheric temperature profile.

Temperature inversion is a frequent feature of the Arctic climate:
temperature increases with height. The polar inversions are caused
by the net negative radiation balance at the surface. It occurs mainly
over snow and ice surfaces. The highest inversion frequency occurs in

winter (98-99 %).

2.4 Thermal Radiation

Any idealized material that absorbs all electromagnetic radiation in-
cident upon it and emits electromagnetic radiation with perfect ef-
ficiency is called a blackbody. Planck’s law states that the specific
intensity resulting from the materiel’s thermal emission is given by:

2hc™ 213

B, = ¢V

(2.1)
where

B, : Blackbody spectral brightness [Wm=2 sr~! Hz~!]

h : Planck’s constant [J]

v : Frequency [Hz|

k : Boltzmann constant [J K1

¢ : Velocity of light [ms™!]

The wavelength corresponding to the maximum in a thermally emitted
intensity is determined by differentiating (2.1):

AT =2.987Tm 3 K (2.2)

This is known as Wien’s displacement law, and shows that as temper-
ature increases, the intensity maximum shift towards shorter wave-
lengths. For real materials, the thermal emission will generally be less
than that of a blackbody. And the deviation from a blackbody is a
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function of frequency (Lubin and Massom, 2006). A real material (gray
body) is characterized by its spectral emissivity:

W)
"7 B,

(2.3)

where
€, : the spectral emissivity
I(v) : Radiation emitted at frequency v.
Kirchhoft’s law states that good absorbers are good emitters, so that
absorptivity (a,) is equal to emissivity. The absorptivity is defined
as the ratio of radiation absorbed at a frequency v to that incident
at a frequency v. Kirchhoff’s law applies when the material is in lo-
cal Thermodynamic Equilibrium (LTE), meaning that thermodynamic
temperature applies throughout the volume under consideration. LTE
applies to most of the Earth’s atmosphere, however, above 100 km
molecular collisions are rare and different gases can have different
thermodynamic temperatures.
For Microwaves (centimeter and millimeter waves), ,%} < 1. So
(2.1) can be rewritten as:
B 202T

B,(T) = =

- (2.4)

known as Rayleigh-Jeans approximation. Since the the intensity is
proportional to the temperature, the convention in microwave remote
sensing is to divide the intensity by 2v2¢™2 to yield the brightness
temperature (Tp) of the scene being observed, a quantity is much more
physically intuitive than unit of intensity. The emissivity (&) of a ma-
terial can be defined as the ratio of brightness temperature of the
material to the brightness temperature of a black body at the same
temperature:

e(d,v) = % (2.5)

where Ty, is the brightness temperature of the material is that of the
black body (e=1).

If the height variations of a surface are much smaller than the wave-
length of the radiation, such surface is called a smooth or a specular
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surface. The following Fresnel equations relate the specular emissiv-
ity at horizontal (h) and vertical (v) polarizations to the dielectric

constant:
1 cos 6 1 — sin® 92
— Sew —
en(@,v)=1-— 2.6
6.) pcos b + /ey — sin’ 0 26)
€cosf — eu—sin292
ev(@,v)=1-— (2.7)
€cosf + /e —sin? 6

where 6 is the local incidence angle, € is the dielectric constant and p
is the relative permeability.

a) Diffuse scattering b) Specular reflection

Figure 2.2: Surface scattering: a) diffuse and b) specular.

The primary gaseous absorbers in the troposphere and lower strato-
sphere for frequencies below 300 GHz are diatomic oxygen (O2) and
water vapor (HoO). The microwave absorption spectrum of the linear
molecule 105 in the electronic ground state arises from a fine struc-
ture transition caused by the interaction of the molecule’s permanent
magnetic dipole with the magnetic field produced by the electron’s or-
bital angular momentum. Approximately 33 transitions of significant
strength in the atmosphere are located between 50 and 70 GHz and an
isolated line is located at 118.75 GHz. The microwave absorption spec-
trum of the asymmetric top 'Hz'0 is due to rotational transitions
induced by the interaction of external fields with molecule’s permanent
electric-dipole moment. Rotational lines at 22.2 GHz, 183.3 GHz and
several lines above 300 GHz are produced by electric interactions with
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the incident field. An additional absorption contribution by water va-
por takes the form of a ‘continuum’ that varies slowly with frequency
(Janssen, 1993).

The absorption or emission spectrum of a molecule consists of
sharply defined frequency lines corresponding to transition between
sharply defined energy levels of the molecule. Such a spectrum would
be characteristics of an isolated, undisturbed and stationary molecu-
lar system. However, the molecules are in constant motion, interacting
and colliding with each other and with other material objects. These
disturbance cause the energy levels to vary in width, which results in
spectral lines with finite broadening called line broadening. There are
several reasons for this broadening: thermal (Doppler) broadening and
pressure broadening. Doppler line-broadening results from the random
motion of radiating molecules, and therefore depends on temperature.
Thermal broadening of typical atmospheric lines is about 1075 times
the line frequency. For microwave frequencies pressure broadening is
prominent in the stratosphere and and troposphere. Pressure broad-
ening is the perturbation of an absorbing molecule’s line spectrum by
collision with other molecules. At atmospheric densities, the shape and
width of line is proportional to pressure (Ulaby et al., 1981; Métzler,
2005).

2.4.1 Penetration Depth

The penetration depth of electromagnetic radiation is defined as the
distance in which the power density decreases by a factor of e:

P@E) 1
P = s (2.8)

where P(0) is the transmitted power at depth § and P(0) is the trans-
mitted power just beneath the surface.
The complex permittivity of a medium is:

e=¢ —jé’ (2.9)

where ¢’ is the permittivity and €¢” the dielectric loss factor (L).
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The electric field intensity at the depth z for a plane wave propa-
gating in a lossy medium

E(Z) = E(] e ¢ (210)
where FEjy is the field intensity at z = 0 and
v =a+j (2.11)

where v, a and 3 are the propagation, absorption and phase constant
of the medium.

2

o= 76” (2.12)
and
2
8= ;e’ (2.13)

where X is the wavelength.
The penetration depth is:
A
6= P (2.14)
is valid only in a scatter free medium. In order to calculate penetration
depth, one requires the dielectric loss factor (¢”) of the medium (Ulaby
et al., 1986).

Satellite radiometers normally measure radiation, expressed as
brightness temperature. In order to extract the needed information
from the measured radiation several techniques are used. The emis-
sivity retrieval method is described in Chapter 4 and temperature
retrieval method is explained in Chapter 7.



3 Data

Data from remote measurement, in-situ measurements and from model
runs are used in this thesis. The data set and radiative transfer model
used are described this chapter. Remote sensing data is obtained from
the satellite instruments AMSU and AMSR-E described in sections 3.1
and 3.2. Other data sources used are described in the following sec-
tions (3.3 to 3.5). Section 3.6 is dedicated to the radiative transfer
model MWMOD which is used for the radiative transfer calculations of
the emissivity retrieval.

3.1 Advanced Microwave Sounding Unit

Advanced Microwave Sounding Unit (AMSU) is a microwave radiome-
ter. It is on the new generation polar orbiting satellites NOAA-15,
NOAA-16 and NOAA-17. AMSU consists of two modules A’ and 'B’.
The frequencies and bandwidth are listed in Table 3.1. Fig. 3.1 shows
the zenith opacity of a mid-latitude summer atmosphere for the mi-
crowave frequency range. The zenith opacity is the vertically inte-
grated absorption coefficient and can be calculated as:

7(s) = /OS a(s')ds’ (3.1)

where 7 is the optical depth (which is also called opacity) and « is
the absorption coefficient.

The observation scan angles angles of the instruments vary from
—48° to +48°, there by the local zenith angles (Fig. 3.2) varies in the
range of &+ 50°. The retrieval of surface emissivity is most accurate for
the atmospheric window channels since these measurements are least
affected by the atmospheric absorption and emission. The satellite has

25
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Figure 3.1: Atmospheric zenith opacity due to Oz and water vapor for the
microwave frequency range. The positions of 20 channels of AMSU can also
be seen. Low opacity channels are atmospheric window channels (channels
1, 2, 3, 15, 16 and 17).

an orbital inclination of 98°, and the swath width is around 2068 km.
The orbital period is 102 minutes.

Both AMSU-A and AMSU-B have 89 GHz channels, but with different
resolutions.

3.1.1 AMSU-A

The AMSU-A is a temperature sounder. It has 15 channels in the fre-
quency range 23—89 GHz. Channels at 23.8, 31.4, 50.3 and 89 GHz
are atmospheric window channels. There are 11 temperature sound-
ing channels between 50 and 60 GHz in the oxygen band. AMSU-A has
an instantaneous field of view (IFOV) of 3.3° at half power points.
There are 30 measurements on each scan line. The footprint size is
50 x 50 km? for the innermost scan position near nadir and increases
to 150 x 80 km? for the outermost scan position from nadir.
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Figure 3.2: The scan angle 6, and local zenith angle 6 of AMSU.

3.1.2 AMSU-B

The AMSU-B is a humidity sounder. It has five channels in the fre-
quency range 89—183 GHz. There are 90 measurements on each scan
line. The 1IFOV of AMSU-B is 1.1° (Goodrum et al., 2000). The foot-
print size varies from 20 x 16 km? for the innermost scan position and
increases to 64 x 27 km? for the outermost scan position from nadir.
Channels at 89 and 150 GHz are window channels.

3.1.3 AMSU Observations in Polar Regions

Due to the orbital inclination, the high latitude regions (latitudes >
80°) are covered only with the right-hand high scan angle portions
of the swath (Fig. 3.3). At high scan angle positions, the horizontal
resolution is much lower than at the nadir. Both AMSU-A (Weng et al.,
2003) and AMSU-B (Buehler et al., 2005) show scan asymmetries. In
both the cases it is pronounced in the high scan angle portion. How-
ever, the data coverage in polar regions are very high.
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Figure 3.3: Both poles are covered with only high scan angle portion of the
swath.

3.2 AMSR-E data

The Advanced Microwave Scanning Radiometer for Earth Observ-
ing System (AMSR-E) is on the National Aeronautics and Space
Administration’s Earth observing System Aqua satellite since May
2002. AMSR-E is a multi-frequency, dual-polarized microwave radiome-
ter that detects faint microwave emissions from the Earth’s surface
and atmosphere. It measures at six different frequencies in range 6.9 —
89 GHz in both vertical and horizontal polarizations. It is a conically
scanning instrument with an incidence angle of around 55°. The foot
print size varies from 43 x 75km? for 6.9 GHz to 3.5 x 5.9km? for
89 GHz (JAXA, 2005).

As the footprints at 89 GHz are rather small, there is a large gap
between the scan lines. So there is an additional scan line in between
that means there are two feedhornes 0.5° difference in off-nadir angle
for this channel. The two scan lines are called A-scan and B-scan.
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Table 3.1: AMSU channel characteristics

Channel Frequency Band width
[MHz] [MHz]
1 23800 270
2 31400 180
3 50300 180
4 52800 400
5 53 596 170
6 54 400 400
7 54940 400
8 55500 330
9 Vo = 57290.344 330
10 vy + 217 78
11 vo £ 322.2 £48 36
12 Vo £+ 322.2 £ 22 16
13 vo +£322.2+£10 8
14 Vo £322.2+4.5 3
15 89000 6000
16 89 000 £ 900 1000
17 150 000 £ 900 1000
18 183310 £ 1000 500
19 183310 =4 3000 1000
20 183310 4 7000 2000
Table 3.2: AMSR-E channels and resolution
Frequency Band Width [MHz] IFOV
[GHz] [MHz] [km X km]
6.9 350 43 X 75
10.6 100 29 x 51
18.7 200 16 x 27
23.8 400 18 x 32
36.5 1000 8.2 x 14.4
89.0(b) 3000 3.5x5.9

29
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3.3 ECMWEF Data

The European Center for Medium-Range Weather Forecasts (ECMWF)
provides meteorological data such as temperature, pressure, geopoten-
tial height, zonal wind, meridional wind, vertical wind, specific humid-
ity, cloud cover, cloud liquid water content and cloud ice water content
from their model runs. ECMWF data is in a 1.5° grid having 60 vertical
levels. The profiles are available globally every 6 hours (Uppala and
others, 2005).

3.4 Polarstern Data

The German research vessel Polarstern makes research cruises every
year in the polar region. Radiosonde measurements from Polarstern
cruises are one possible source of atmospheric profiles (Koenig-Langlo
and Marx, 1997). Cruises are normally in the summer. So measure-
ments over sea ice are very few in number.

3.5 SHEBA Data

To gain a better understanding about the Arctic climate a comprehen-
sive set of surface and atmospheric measurements have been collected
in the Arctic during 1997 and 1998 as part of the Surface Heat Bud-
get of the Arctic Ocean (SHEBA) experiment (Moore et al., 2002). In
SHEBA the emphasis was on surface processes. It provides year round
observation of temperature profiles of ice and snow cover over different
kinds of sea ice. The measurements can be used to compare in-situ
data with modeling results and to obtain more detailed knowledge
about the physical processes in the atmosphere such as cloud micro-
physics, radiation and boundary-layer turbulence. We have used mea-
surements from two sites, one covered by first-year ice and the other
with multiyear ice. Thermistor string observations were conducted to
measure the temperature profiles of snow and ice. The first-year ice
site is called 'Baltimore’ and the mutiyear ice site is called ’Quebec2’.
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From Baltimore we obtained 7252 profiles with the vertical resolution
of 10 cm. The snow-sea ice interface is referred as zero height. So we
obtained temperature measurements upto the height of 60 cmand a
depth of 230 cm. From ’Quebec2’ site we obtains 7724 temperature
profiles with a vertical resolution of 5 cm. The measurements go upto
a height of 95 cm and depth of 295 cm.

3.6 MWMOD

The radiative transfer model MicroWave radiative transfer MODel
(MwMOD) (Fuhrhop et al., 1997, 1998) is designed to compute bright-
ness temperatures between 1 and 300 GHz, assuming a scatter free
atmosphere and a specular reflecting surface. The input to MWMOD
are vertical profiles of temperature, pressure and humidity. MWMOD
simulation have been compared with other models and observation
and the brightness temperatures are with an error limit of 2 K. It can
be used to model both the downward and upward microwave radiation

over sea ice and open ocean.






4 Emissivity Retrieval Method

Satellites measure radiation that emanates from the Earth’s surface
and atmosphere. Here we need to retrieve the surface emissivity from
the measured radiation. The method used to retrieve surface emis-
sivity from the radiation measured (73) by the satellite radiometer is
described in section 4.1. The emissivity method is tested over open
water where emissivity can be modeled. The validation of retrieval
method over open water is described in section 4.2.

4.1 Determination of Emissivity

The total brightness temperature (7, (v, #)) measured by the satellite
can be written as

Ty(v,0) = Tu(v,0) + £(v,0) Toe ¢

+ (1 —e(v,0)) Ty(v,0)e T 1)

where T, (v, 6) is the up-welling radiation from the atmosphere, T} is
the physical temperature of the surface, ¢ is the emissivity of the sur-
face, Ty(v, 0) is the down-welling radiation, 7 is the total atmospheric
opacity and v and 6 are the observing frequency and incidence an-
gle, respectively. Here the cosmic background (7.) is ignored, which
is usually less than 3 K. Eqn. (4.1) can be solved for the emissivity:

Ty(v,0) — T, (v,0) — Tq(v, Q)e"rsece

6(1/, 9) = (Tse—T(O) sec _ Td(Va 9)6—7 sec 0) (42)
Substituting ¢ = 0 and € = 1, Eqn. (4.1) becomes
Ty(e = 0) =T, (v,0) + Ty(v, 0)e 750 (4.3)
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and
Ty(e = 1) = Ty (v, 0) + Tee 750 (4.4)

Substituting Eqns. (4.3) and (4.4) to Eqn. (4.2), we obtain

_ Ty(v,0) — Ty(s = 0)
e(v,0) = Tbl(7€ =1)— zbjb(g =0) (4.5)

Felde and Pickle (1995) and Hong et al. (2003) used this method for
the retrieval of land surface emissivity. Tp(e = 0) and Tp(e = 1) are
simulated brightness temperature with e = 0 and (e = 1) respectively
for a given v and 6. They are determined from known atmospheric
profiles.

In order to simulate Tp(e = 0) and Tp(e = 1) in Eqn. (4.5) we
use the radiative transfer model MWMOD. Due to the scarcity of in-
situ measurements of atmospheric parameters such as temperature or
humidity data in the selected study region, data from ECMWF model
runs are used. ECMWF profiles over sea ice are compared with in-situ
measurements and found good agreement (Chapter 8). Emissivities
shown in this thesis are calculated from the brightness temperatures
measured by AMSU on NOAA-15 and collocated to ECMWF data using
a space window of £100km, and a time window of +3 hours.

4.1.1 AMSU Emissivities

The AMSU instruments measure in a mixed linear polarization mode.
If 6, is the scan angle between the observation direction and the nadir
on the satellite and 6 is the local zenith angle on earth, then the
surface emissivity ¢ for AMSU window channels can be written as

£(0) = £,(0) cos®(0,) + &5 () sin?(0,) (4.6)

where €, and ¢, are the vertically and horizontally polarized surface
emissivities, respectively (Weng et al., 2003, 2001). 65 can be written
in terms of 0 as

0 = arcsin (R fH sin(@)) (4.7
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where R is the radius of the Earth and H is the height of the satel-
lite. Since in general (for plain Fresnel emissivities), €, increases with
incidence angles while ¢, decreases, this compensates the decreasing
of cosine square and the increasing of sine square for low incidence
angles. However, at high incidence angles, i.e., near the borders of
a swath, the horizontally polarized part of emissivity dominates be-
cause of the sine square and causes much variation, usually a decrease.
Figure 4.1 shows the viewing angle dependence of the specular emis-
sivity of sea water for the four AMSU-A window frequencies derived
using the relations (2.6) and (2.7). The dotted lines represent emissiv-
ities at different v polarization and dashed lines represent those at h
polarization. Solid lines represent emissivity with AMSU polarization
mixing (represented by solid lines) using the relation (4.6). Vertically
polarized emissivity first increases with incidence angle till around 60°
and then decreases. The horizontal emissivity decreases with incidence
angle. As the frequency increases the emissivity also increases in the
case of sea water. The emissivity with AMSU polarization mixing re-
mains constant up to around 45° and then decreases. The dielectric
constant of saline water is represented by an equation of Debye form.
Equations for the parameters in the Debye expression are function of
the water temperature and salinity (Stogryn, 1971).

4.2 Validation of Method over Open
Water

In order to validate the emissivity algorithm, retrieved emissivities
over open water were compared with modeled emissivities. The mi-
crowave emissivity of open water is well known (provided the wind
speed and water temperature are known), here we used the state-
of-the-art model FASTEM(English and Hewison, 1998). The retrieval
has been done for all AMSU-A viewing angles and at all four window
channels by collocating the radiosonde profiles from Polarstern and
AMSU-A overpasses in time interval of £3 hours and space interval
of 2100 km. The maximum and minimum wind speed values and the
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temperatures from the lowest levels of radiosondes (10m above sea
level) are used for modeling. In order to obtain cloud information,
synoptic observations concurrent to the radiosonde launches are used.
In Figs. 4.2 and 4.3, lines represent emissivities modeled by FASTEM
and symbols represent the emissivities retrieved. The solid line is for
the lowest wind speed and dashed line for the highest wind speed.
Special care has been taken to avoid high emissivity values from mea-
surements over the marginal ice zone.

In the Antarctic, 16 profiles satisfied the conditions of total cloud
cover less than 3 oktas (3/8) over open ocean. The profiles are from the
cruises in the years 2000-2002. In Fig. 4.2, solid line is for the lowest

! among the profiles and the corresponding

surface wind of 6.3ms™
surface temperature (271 K). The dashed lines represent the highest
surface wind of 16.8 ms~! and the corresponding surface temperature

(274.7K).
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Figure 4.2: Emissivities retrieved from Polarstern radiosonde profiles and
modeled using FASTEM over the Antarctic for all AMSU-A window channels.

In the Arctic there were seven test profiles having less than 3 oktas
cloud cover. The retrieved emissivity is shown in Fig. 4.3. Here the
emissivities modeled are for surface winds of 2.8 ms™! (solid line) and
28 ms~! (dashed line) and the corresponding temperatures of 278.7 K
and 279 K, respectively.
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Figure 4.3: Emissivities retrieved from Polarstern radiosonde profiles and
modeled using FASTEM over the Arctic for all AMSU-A window channels.

In both the test cases above, the modeling has been done for the
two extreme surface winds and the corresponding temperatures in the
profiles used. The main factors affecting the ocean surface emissivity
are surface wind speed and surface temperature (Wentz, 1983). Over
the Antarctic, because of the particular temperature and wind com-
binations, the modeled emissivities are all similar and the retrieved
emissivities are very close to the modeled ones (Fig. 4.2). For the lower
frequencies, in the Arctic (Fig. 4.3), the calculated emissivities lie well
within the two modeled emissivities. At 89 GHz, the retrieved data
seem to have a positive bias. It is the channel that is most sensitive
to atmospheric influences, e.g., high water vapor content. Moreover,
FASTEM predicts that the effect of wind decreases with frequency.

The retrieval method described in this chapter is used for the re-
trieval of emissivities from AMSU and AMSR-E data and it is shown in
Chapter 6.



5 Surface Temperature
Assumptions for the Emissivity
Retrieval

5.1 Introduction

Surface emissivity retrieval requires surface temperature information.
The radiation at microwave frequencies emanates from a layer of fi-
nite depth depending on frequency. In the case of snow covered sea
ice, except for the summer months, the snow surface temperature is
considerably lower than the ice temperature, which in turn is lower
than the temperature of water underneath the ice (—1.8 °C). Here, fre-
quencies in the range of 6 —150 GHz are considered for the retrieval of
surface emissivity. At lower frequencies such as 637 GHz dry snow
is nearly transparent and the radiation can penetrate even sea ice.
So to calculate the effective emissivity, the effective temperature (in-
tegrated emitting layer thermometric temperature) of the emitting
layer is needed. For that, we need to know the dielectric properties
and temperature profiles of sea ice and snow. There exists some emis-
sion models for sea ice (Tonboe et al., 2006) which models the effective
temperature. The accuracy of such models again depends on the accu-
racy of the input sea ice and snow parameters such as salinity, density
and permittivity.

In the present study, a set of regression coefficients is derived by
analyzing temperature profiles of snow and ice to correct the lowest
level air temperature in order to get the emitting layer temperature.
We use a single temperature representative of whole emission. In or-
der to derive the emitting layer temperatures, penetration depths of
different frequencies inside snow and ice are considered.

39



40 5 SURFACE TEMPERATURE ASSUMPTIONS

5.2 Penetration Depth and Emission
Layer Temperature

Microwave emission from snow covered sea ice can come from the
snow and sea ice volume or from the underlying water. However, due
to transmission losses and scattering, the intensity of radiation reach-
ing the surface of snow covered sea ice is only from a certain layer.
In order to find the layer from which the microwave emission comes
from we need to to know the penetration depth. Haggerty and Curry
(2001) determined the typical values for the penetration depths for
different frequencies by calculating the dielectric loss factor €¢” follow-
ing parameterization for various types of materials given by Ulaby
et al. (1986) for frequencies in the range of 37—220 GHz. The pene-
tration depth (§) at a given wavelength (\) is calculated according to
Equation (2.14).

Table 5.1: Penetration depths [cm] for different surface types at —10°C
interpolated from Haggerty and Curry (2001).

v [GHz] Dry snow Multiyear ice  First-year ice

23.8 143.35 7.76 1.52
31.4 129.91 7.32 1.45
50.3 96.47 6.23 1.28
89.0 28 4 0.94
150 13 2 0.75

Table 5.1 shows penetration depths of different surface types at
AMSU window channels interpolated /extrapolated from Haggerty and
Curry (2001). In the case of dry snow, the assumed penetration depth
is much higher for low frequencies (23—50 GHz) compared to the typ-
ical arctic snow cover (< 40 cm, Przybylak (2003)). Due to low salin-
ity, multiyear ice shows larger penetration depths than the more saline
first-year ice. For all three cases, the penetration depth decreases with
frequency.

Penetration depths simulated using the microwave emission model
of layered snowpacks (MELMS) for first-year ice and multiyear ice are
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shown in the Figure 5.1 for reference (Tonboe et al., 2006), assuming
a snow depth of 20 cm.
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Figure 5.1: The penetration depth for first year ice and multi year ice.
(Figure courtesy: Rasmus Tonboe, DMI.)

The penetration depth varies with temperature as well. However,
that effect is negligible. Here the temperature of the assumed penetra-
tion depth is used as the representative temperature of the emitting
layer. Since the microwave radiation sensed by the satellite comes
from different layers depending on frequency, knowledge of the snow-
ice temperature profile is necessary to predict the apparent surface
temperature (emitting layer temperature) for each frequency (Comiso,
1983). In order to understand the variation of temperature inside snow
and ice measurements from SHEBA are analyzed.

5.3 SHEBA Measurements

A year-round observation of temperature profiles from Surface Heat
Budget of the Arctic Ocean Experiment (SHEBA) at two sites (a first-
year ice site (‘Baltimore’) and a multiyear ice site (‘Quebec2’)) are
used to establish a relation between the lowest level air temperature
(snow surface temperature) and the different emitting layer tempera-

tures.
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Figure 5.2: Examples of temperature profiles of snow and ice and pen-
etration depths assumed for different frequencies for first-year (left) and
multiyear ice (right).

Sample profiles of snow covered first-year ice and snow covered mul-
tiyear ice can be seen in Fig. 5.2. The penetration depths assumed for
such typical cases for different AMSU frequencies are drawn by hori-
zontal lines. For both first-year ice and multiyear ice profiles, depth
‘0’ on the Y-axis represents the snow-ice interface. In the case of snow
covered first-year ice (left panel), horizontal line at depth 30 cm rep-
resents the snow-air interface and that at depth —100 cm represents
the ice-water interface (the sea ice thickness is 1 m). For multiyear ice
(right panel), the snow-ice interface is at 20 cm and ice-water interface
is at —200 cm depth (sea ice thickness is 2m). In both the cases the air
temperature is at around —40 °C and the underlying water tempera-
ture is at —1.8 °C. Stronger temperature gradient in snow than in ice
can be noticed in both cases. In the case of first year-ice, 30 cm of snow
caused a gradient in temperature of around 20 °C and in the case of
multiyear ice, the 20 cm snow cover caused a gradient in temperature
of around 10°C.
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In total 7252 temperature profiles from ‘Baltimore’ and 7724 from
‘Quebec2’ have been used in the subsequently described procedure.

5.4 Temperature Correction at AMSU
Frequencies

SHEBA temperature profiles for different months of comparable snow
depth and having similar temperature profile inside snow and ice
are grouped together. When the snow depth is less than penetration
depth, as in the case of low frequencies (23.8, 31.4 and 50.3 GHz), snow
is assumed to be transparent. In such cases penetration depth inside
ice is considered. During the summer months, first year ice melts and
multiyear doesn’t show temperature gradient inside snow and ice. In
that case the lowest level air temperature without correction is as-
sumed as temperature of the ‘principal emitting layer’ Variation in
snow depth, snow wetness and grain size can cause variation in pene-
tration depth and hence emissivity especially, at high frequencies.

A linear relationship exists between the lowest level air tempera-
ture (snow surface temperature) and the temperature of the assumed
emitting layer.

We will relate the temperatures of the emitting layers to the lowest
layer air temperature according to the regression equation:

Temitting = aTair +b (51)

A set of coefficients a and b is derived from the linear relation-
ship between the lowest level air temperature (T,;,;) and the emitting
layer temperature (Temitting) at different frequencies for sea ice. The
derived regression coefficients can be used to correct the lowest air
temperature to get emitting layer temperature of sea ice for different
frequencies later. The regression coefficients a and b are derived for
for first-year ice and multiyear ice separately.
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Figure 5.3: Variation of temperature for different months for snow covered
sea ice: on the top of water (Tyca, constant), sea ice (Tice, smooth) and snow
(Tsnow, noisy) (from SHEBA data). Tsnow is the lowest level air temperature
as well.
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5.4.1 First-year Ice

Figure 5.3 gives the variation of temperature over water, sea ice and
snow (air temperature) during the SHEBA measurement campaign for
the first-year ice site ‘Baltimore’. On the upper X-axis of the figure,
both the month and year of the sample measurements are noted. Large
difference between air temperature and water temperature during win-
ter months is a noticeable feature of the figure. The temperature of
the water underneath remains constant at —1.8°C throughout the
measurements. During summer months the air temperature becomes
a few degrees above the freezing temperature.

Table 5.2: Slope (a) and Y-intercept (b) used to regress the emitting layer
temperature of first-year ice from the lowest level air temperature. DJFM rep-
resents the months December to March and AMASON represents the months
April, May, August, September, October and November.

v [GHz] Months a b[K] rmserror [K]

23.8 0.29 -4.97 1.58
314 0.29 -4.96 1.58
50.3 DJFM 0.30 -4.95 1.58
89.0 0.38 -4.27 1.53
150.0 0.82 -0.12 1.39
23.8 0.36 -2.94 1.12
314 0.36  2.93 1.12
50.3 AMASON 0.37 -2.91 1.12
89.0 0.37 -2.88 1.12
150.0 0.38 -2.86 1.12

Figs. 5.4 and 5.5 present the scatter plots of emitting layer tempera-
tures assumed for different frequencies plotted against the lowest level
air temperatures for the winter months December to March and for
the months April, May, August, September, October and November
respectively. The emitting layer temperature of the highest frequency
(150 GHz) shows better correlation to the lowest level air temperature.
The least penetration depth assumed is for this frequency. Emitting
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Figure 5.4: Correlation between emitting layer temperature and air temper-

ature for the months December to March. Error in the bottom right panel

is the root mean square deviation of the points from the fit.
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Figure 5.6: All 2904 ice profiles used to derive the correlation between the
emitting layer temperature and air temperature for the months December
to March. Sow-ice interface at depth 0.

layer temperatures of lower frequencies (23 —50 GHz) show similar cor-
relations with lowest level air temperatures. The penetration depth
assumed is also similar at these frequencies.

Figure 5.6 shows all the 2904 profiles for the months December to
March used in the scatter plots of Fig. 5.4. The spread of air tempera-
tures (snow surface temperatures) is around 36 °C (—42°C to —7°C),
however the sea ice surface temperature spread is only around 10°C
(—19°C to —11°C). The sea ice thickness varies from around 130 cm
to around 70 cm.

Table 5.2 summarizes the regression coeflicients derived to deter-
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mine the emitting layer temperature from the air temperature and the

root mean square deviation from the regression line (rms error) over

first-year ice regions for the months December to March (DJFM) and
for April, May, August, September, October and November (AMASON).

For the months June and July the lowest level air temperature is as-

sumed as the surface temperature. The rms deviation (o) is calculated

using the equation:

1 n
L -
" i=1

1, To, ..., Ty are the n points on the scatter plot.

5.4.2 Multiyear Ice

Table 5.3: Slope (a) and Y-intercept (b) used to regress the emitting

layer temperature of multiyear ice from the lowest level air temperature.
DJFM represents the months December to March and AMSON represents the

months April, May, September, October and November.

v Months a b[K] rms error
[GHz] K]
23.8 0.45 —9.01 2.47
31.4 0.46 —8.97 2.46
50.3 DJFM 0.46 —8.86 2.44
89.0 0.49 —8.41 2.37
150.0 0.81 —-3.23 1.38
23.8 0.42 —3.86 2.21
314 0.42 —-3.64 2.21
50.3 AMSON 0.43 —-3.80 2.11
89.0 0.45 —3.67 2.06
150.0 0.48 —3.49 1.98

Figs. 5.7 and 5.8 present the scatter plots of emitting layer temper-

atures plotted against the lowest level air temperatures for the winter

months December to March and for the months April, May, Septem-
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ber, October and November respectively for the multiyear ice. Ta-
ble 5.3 gives the regression coefficients and rms error. For the months
June, July and August the lowest level air temperature is assumed
as the surface temperature. These rms errors in the emitting layer
temperature are caused by the variation in ice thickness and by the
variation of air temperature. For example ice thickness varies from
130 cm to 70 cm and air temperature varies from —10°C to —40°C
for months December to March (from Fig. 5.6).

5.5 AMSR-E Frequencies

The relation of emitting layer temperature to the lowest level air tem-
perature has also been analyzed at AMSR-E frequencies as described
above for AMSU frequencies. Table 5.4 and 5.5 show the regression
coefficients derived from the linear relationship between the air tem-
perature and the emitting layer temperature.

The regression is applied to the lowest level air temperatures from
the ECMWF for the calculation of surface emissivities with the assump-
tion that the principal contribution to the radiation measured by the
satellite instrument is from the indicated penetration depth (principal
emitting layer) and the statistics of thickness and air temperature of
first-year ice and multiyear ice are the same at test retrieval sites and
at SHEBA measurement sites.

These values of regression coefficients derived here are typical for
the Arctic first-year ice and multiyear ice respectively and therefore
may be transferred to the retrieval described in the next chapter.
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Table 5.4: Slope (a) and Y-intercept (b) used to regress the emitting layer

temperature of first-year ice from the lowest level air temperature at AMSR-

E frequencies. DJFM represents the months December to March and AMASON

represents the months April, May, August, September, October and Novem-

ber.
v [GHz] Months a b[K] rmserror [K]

6.9 0.23 -5.5 1.6
10.6 0.26 -5.2 1.6
18.7 DJFM 029 -5.0 1.6
23.8 0.29 -49 1.6
36.5 0.30 -4.9 1.6
89.0 0.37 -4.2 1.5
6.9 024 -3.5 1.1
10.6 0.29 -3.2 1.1
18.7 aAmaAsoN 0.35 -2.9 11
23.8 0.35 -29 1.1
36.5 0.36 -2.9 1.1
89.0 0.37 -2.8 1.1




54

Table 5.5: Slope (a) and Y-intercept (b) used to regress the emitting layer
temperature of first-year ice from the lowest level air temperature at AMSR-
E frequencies. DJFM represents the months December to March and AMSON
represents the months April, May, August, September, October and Novem-
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ber.
v [GHz] Months a b [K] rms error [K]

6.9 0.27 -11.5 2.6
10.6 0.34 -10.5 2.6
187 DJFM 042 -9.5 2.5
23.8 0.43 -9.2 2.5
36.5 0.45 -89 2.4
89.0 0.49 -84 2.3

6.9 023 -4.5 2.2
10.6 0.26 -4.2 2.2
18.7 amson 0.29 -3.9 2.1
23.8 0.29 -39 2.1
36.5 0.30 -3.8 2.1
89.0 037 -3.6 2.0




6 Retrieved Surface Emissivities

The surface emissivity of sea ice calculated using the data obtained
from the passive microwave instruments AMSU on NOAA-15 satellite
and AMSR-E on Aqua satellite are presented here.

6.1 AMSU Emissivities

The results shown in this section are derived using the data from
the passive microwave sounding instruments AMSU-A and AMSU-B on
NOAA-15 satellite collocated to the ECMWF data for the year 2005.
Collocations are done in a time window of +3 hours and a space
window of £100 km. The data obtained from AMSU on NOAA-15 suffer
from the scan asymmetry and radio frequency interference. However,
errors introduced by both of them are ignored here. The retrieval
method used is explained in chapter 4 and the surface temperature
assumptions are explained in detail in chapter 5.

The Ty(v,0) in (4.5) is the AMSU measured brightness temperature,
Ty(e = 0) and Tp(e = 1) are the simulated brightness temperatures
with surface emissivity zero (¢ = 0) and one (¢ = 1), which are sim-
ulated using microwave radiative transfer model MWMOD using the
atmospheric profiles of temperature, pressure and humidity obtained
from ECMWF model run as input.

Two sample regions are selected to study the variation of emissivity.
A small region selected in the Kara sea (76.5°N to 78°N and 77°E to
79°N), which is usually covered with first year ice (area FYI) during
the Arctic winter months. The other region of interest is a small re-
gion in the north of Greenland (84°N to 85.5°N and 31.5°W to 36°W),
covered with multiyear ice (area MYI). The results presented in the

95
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next sections are from the emissivity retrieved from these two test re-
gions. The positions of the test regions are marked on the Figure 6.1.
The two regions selected for study are only two representative regions.
Other sea ice covered regions can be different from those for parame-
ters such as concentration of different ice types, water, ice thickness,
salinity and snow cover. In principle each region should be treated
separately.

270°

Figure 6.1: Positions of the test regions selected to study first-year ice emis-
sivity (Kara sea) and multiyear ice emissivity (North of Greenland).

The emissivity variation with incidence angle, season and frequency
are studied and are presented in sections 6.1.1, 6.1.3 and 6.1.2, respec-
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tively. The results are compared with emissivity values in the litera-
ture and it is presented in section 6.1.4. Section 6.1.5 presents the
emissivity maps. Sections 6.3 presents over all summary of emissivity
retrieval.

6.1.1 Zenith Angle Variation of Surface Emissivity

The AMSU instruments measure in a mixed linear polarization mode
according to Equation (4.6). Since in general (for plain Fresnel emis-
sivities), €, increases with incidence angles while €;, decreases, this
compensates the decreasing of cosine square and the increasing of
sine square for low incidence angles. However, at high incidence an-
gles, i.e., near the borders of a swath, the horizontally polarized part
of emissivity dominates because of the sine square and causes much
variation usually a decrease.

The angular variation of the surface emissivity is shown for the two
test regions in the Arctic. Figures 6.2 and 6.3 show the angular varia-
tion of the averaged emissivity of different months for the year 2005 for
the area FYI and the area MYI, respectively. Different lines represent
different window frequencies of AMSU. In the Kara sea region, from
July to October there was no ice and the emissivity of those months
is not plotted. For all frequencies and months the emissivity varia-
tion with local zenith angle is negligible till 45° and the emissivity
decreases at high angles as explained above.

The sensitivity to atmospheric parameters increases with frequency,
with the highest sensitivity at 150 GHz and so does the observed vari-
ability. The variability (standard deviation) of emissivity during the
whole month is indicated by error bars. During the summer months,
when the surface of the multiyear ice melts, the variability is higher as
well (see months June, July and August in Figure 6.3). Change in sea
ice concentration, snow and ice temperature variation, snow depth,
snow wetness, snow grain size are contributing to the emissivity vari-
ability.
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Figure 6.2: Angular variation of monthly averages of first-year ice emis-
sivities for different months of 2005. Top left: January (’200501’), bottom
right: December (’200512); July to October excluded (no ice). 89 GHz and
89(b) GHz represent emissivities at 89 GHz channels of AMSU-A andAMSU-B
respectively.
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Figure 6.3: Angular variation of monthly averages of multiyear ice emissivi-
ties for different months of 2005. Top left: January ("MYI 200501’), bottom
right: December ("MYT 200512). 89 GHz and 89(b) GHz represent emissiv-
ities at 89 GHz channels of AMSU-A and AMSU-B respectively.
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6.1.2 Seasonal Variation

The seasonal variation of the surface emissivity is studied in the two
selected regions in the Arctic. Figure 6.4 shows the seasonal variation
of emissivity for all AMSU window channels in the area FYT for a local
zenith angle of 1.9°. As found in the previous section, it is represen-
tative for incidence angles up to 45°. Different solid lines represent
different frequencies. The dashed line represents the ice concentra-
tion of the region calculated from Special Sensor Microwave Imager
(ssMm/1) data using the ARTIST Sea Ice (ASI) algorithm Kaleschke
et al. (2001). It varies between 0.9 and 0.96 between November and
May and drops near zero between July and October. The dash-dotted
line represents the average lowest level air temperature from ECMWF.
They vary between —12 and —20°C from November to April and are
near melting point from June to September. Overall, the emissivities
decrease slightly from November to May. From June to August there
is a transition to the emissivities of open water. As the frequency
increases, the drop of emissivity during the melting phase becomes
smaller and at 150 GHz its no more observed. Similar results were
observed by Selbach Selbach et al. (2003) at 157 GHz.

Figure 6.5 shows the seasonal variation of emissivity for all AMSU
window channels in the area MYI for local zenith angle of 20°. This
incidence angle instead of 1.9° as in the case of first-year ice had to
be chosen because the high latitudes of the multiyear ice test region
are not covered by the central part of the swath but only by the outer
parts. However, the change in emissivity with incidence angles below
45° is smaller than the variability within one month (Fig. 6.3). Again
the dashed line in Fig. 6.5 represents the ice concentration of the
region and the dash-dotted line represents the average lowest level air
temperature from ECMWF. During the freezing season, the emissivities
vary between 0.75 (150 GHz) and 0.85 (23 GHz). During the summer
months the multiyear emissivity goes up to values around 0.9 for all
frequencies, peaking in June and then decreasing to about mean winter
value as Comiso Comiso (1983) has observed for the SMMR frequencies
(6.6—37GHz).
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Figure 6.4: Seasonal variation of emissivity at 1.9° incidence angle for the
year 2005 in the Kara sea region covered by first-year ice. Dashed line
represents the ice concentration (IC) and dashed-dotted line represents the
average lowest layer air temperature (ST). 89 GHz and 89(b) GHz represent
emissivities at 89 GHz channels of AMSU-A and AMSU-B respectively.

6.1.3 Frequency Variation

Figure 6.6 shows the frequency variation of emissivities for both the
area FYI and MYI at a local zenith angle of 20°. The solid lines rep-
resent the variation of emissivities for the area FYI and the dotted
lines represent the same for the area MYI. During the months Novem-
ber and December the emissivity of the FyI area is high (> 0.86)
and nearly constant with a slight decrease towards higher frequen-
cies. The decrease becomes more prominent from January to April
when the snow cover increases gradually. When the sea ice is covered
with snow, high frequencies (89 GHz and 150 GHz) see only snow and
not sea ice and the volume scattering (which reduces emissivity) in
snow is strongHallikainen and Winebrenner (1992). In June the emis-
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Figure 6.5: Seasonal variation of emissivity at 20° incidence angle in the
region in the north of Greenland covered by multiyear ice. Dashed line rep-
resents the ice concentration and dashed-dotted line represents the average
lowest layer air temperature. 89 GHz and 89(b) GHz represent emissivities
at 89 GHz channels of AMSU-A and AMSU-B respectively.

sivity is a mixture of open water and sea ice. From July to October
the ice melts and the frequency dependence of open water emissivity
is observed. Emissivities of open water modeled at a temperature of
0°C and salinity of 33 %o assuming specular reflection (Stogryn, 1971)
are plotted for the months July, August and September (dash-dotted
lines in Fig. 6.6). The multiyear ice emissivities are nearly constant
around 0.8 during the winter months November to May with slightly
higher values at the lowest frequency 23.8 GHz. In June those at 23.8,
31.4 and 50.3 GHz increase to about 0.9 and in July the emissivities
at 89 and 150 GHz do similar. From July to October the frequency
dependence returns continuously to the winter characteristics.
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Figure 6.6: Frequency variations of emissivities of test regions in Kara sea
and in the north of Greenland from January 2005 (top left, ‘200501°) to
December 2005 (bottom right, ‘200512’).
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6.1.4 Comparison with Literature Values

Figure 6.7 compares emissivities retrieved for the month November to
those from the literature Eppler et al. (1992). The emissivities of first-
year ice and dry multiyear ice at 21, 37 and 90 GHz at zenith angle
of 50° given for vertical and horizontal polarizations are combined by
Eqn. 4.6 to get AMSU-like mixed polarization and are then compared
with the retrieved emissivities at similar zenith angle (scan position
28, i.e. § = 48.7°). For first-year ice the retrievals match well with the
literature values. For multiyear ice, even though the frequency varia-
tion of both the emissivities is slightly different, the retrieved and lit-
erature values are well within their mutual standard deviations. More
surface-based measurements of long term evolution of first-year ice
and multiyear ice, over the complete yearly cycle are required for the
validation of the satellite retrieved emissivities at different frequencies
and seasons.

6.1.5 Emissivity Maps

Emissivity maps give us an idea about the spatial variability of emis-
sivity. Figure 6.8 is a one day average emissivity map of 2005/03/15
at 23.8 GHz at resolution of 0.5°. All AMSU overpasses matching in
time and space criteria are used for the map irrespective of the lo-
cal zenith angles. From the map, it is possible to distinguish different
surfaces, e.g., low emissivity region as open ocean, high emissivity re-
gions as land and the moderate emissivity region as sea ice. Note that
for the emissivity calculations here, the lowest air temperature is used
as the surface temperature without any correction even over sea ice.
So the errors due to wrong assumption of surface temperature caused
unphysical values (> 1.0) of emissivity over a small region in the Kara
sea. Figure 6.9 is a one day average emissivity map of 2005/03/15 at
89 GHz.
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Figure 6.7: Emissivity comparison with literature value Eppler et al. (1992).
Solid lines represent retrieved emissivities and dashed lines represent those
from the literature

6.2 AMSR-E Emissivities

The emissivities calculated using the data obtained from the AMSR-
E instrument on the Aqua platform for the year 2005 are presented
here. Emissivity variations are studied over the two same test regions
selected for the study of emissivities with AMSU data. AMSR-E is a
conically scanning passive microwave imager with an incidence an-
gle of around 55°. The emissivity variation with frequency for all the
months of the year 2005 for all twelve frequencies at both polariza-
tions are studied for first-year ice and multiyear ice (section 6.2.1).
The seasonal variation of emissivities for all frequencies in both polar-
izations is observed (section 6.2.2). Surface emissivity retrieved with
AMSR-E data and with AMSU data are compared and the results are
shown in section 6.2.3. The correlation in emissivity between different
frequencies at vertical and horizontal polarization are also analyzed
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Figure 6.8: Surface emissivity map of the Arctic at 23 GHz, 15 March, 2003.
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Figure 6.9: Surface emissivity map of the Arctic at 89 GHz, 15 March, 2003.
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(section 6.2.4). The results are compared with emissivity values in the
literature in section 6.2.5.

6.2.1 Frequency Variation

Figure 6.10 shows the variation of the monthly averaged emissivities
of first-year ice at AMSR-E frequencies for both vertical and horizontal
polarization for the year 2005. The frequency dependence of emissiv-
ity and the difference between emissivities at two polarizations vary
for different months. The x-axis represents AMSR-E frequencies and
the y-axis represents emissivities. Solid lines represent vertically po-
larized emissivities and dashed lines represent horizontally polarized
emissivities. Starting from November till January, emissivity variation
with frequency is low with a slight decrease at high frequencies as ob-
served for AMSU frequencies (Figure 6.10). From February till April
the decrease of emissivity with frequency is pronounced. During this
period snow depth increases and high frequencies undergo scattering.
During the month June, the air temperature becomes higher and ice
starts to melt. In that period the emissivity at all frequencies is low-
ered. Then the difference between vertical and horizontal emissivity
starts to increase. From July till October the characteristics of open
ocean is observed: increase in emissivity with frequency and the large
difference between vertical and horizontal emissivities. The average
surface emissivity of first-year ice for all months in 2005 is shown in
Table 6.1.

Figure 6.11 shows the variation of the monthly averaged emissivi-
ties of multiyear ice at AMSR-E frequencies for both vertical and hor-
izontal polarization for the year 2005. The emissivity variation with
frequency for multiyear ice remains the same for all the months except
the summer months June and July. The average surface emissivity of
multiyear ice for all months in 2005 is shown in Table 6.2.
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Figure 6.10: Surface emissivities of first-year ice at AMSR-E frequencies at
vertical (solid line) and horizontal (dashed line) polarizations from Jan-
uary 2005 (top left, ‘FYI 200501’) to December 2005 (bottom right, ‘FYI
200512").
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Figure 6.11: Surface emissivities of first-year ice at AMSR-E frequencies at
vertical (solid line) and horizontal (dashed line) polarizations from Jan-
uary 2005 (top left, ‘MYT 200501’) to December 2005 (bottom right, ‘MYT
200512).
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Table 6.1: Average emissivity values for the first-year ice at AMSR-E frequen-
cies.

Note: June, July and October: open water and sea ice mixed

August and September: open water

Month Pol. AMSR-E frequencies in GHz
6.9 10.6 18.7 23.8 36.5 89.0
Jan \Y 0.960 0.959 0.970 0.967 0.951 0.900
H 0.872 0.880 0.899 0.897 0.882 0.852
Feb \Y 0.951 0.952 0.965 0.963 0.944 0.882
H 0.852 0.857 0.871 0.867 0.845 0.814
Mar \% 0.963 0.959 0.966 0.961 0.925 0.814
H 0.882 0.882 0.894 0.889 0.853 0.766
Apr A% 0.957 0.955 0.965 0.960 0.921 0.814
H 0.869 0.876 0.895 0.890 0.849 0.766
May \% 0.947 0.947 0.959 0.955 0.923 0.838
H 0.829 0.833 0.848 0.843 0.815 0.773
Jun \Y 0.863 0.867 0.884 0.881 0.851 0.812
H 0.729 0.738 0.758 0.752 0.722 0.722
Jul v 0.642 0.661 0.714 0.735 0.765 0.866
H 0.381 0.399 0.455 0.471 0.502 0.671
Aug \% 0.571 0.593 0.658 0.687 0.736 0.882
H 0.260 0.279 0.350 0.375 0.432 0.672
Sep v 0.573 0.595 0.657 0.688 0.733 0.871
H 0.265 0.285 0.353 0.381 0.432 0.659
Oct \Y 0.683 0.702 0.751 0.775 0.803 0.899
H 0.417 0.441 0.504 0.531 0.568 0.743
Nov v 0.951 0.950 0.962 0.961 0.945 0.912
H 0.840 0.852 0.879 0.883 0.875 0.864
Dec \Y 0.958 0.957 0.969 0.968 0.954 0.917
H 0.856 0.866 0.888 0.889 0.877 0.862




72 6 RETRIEVED SURFACE EMISSIVITIES

Table 6.2: Average emissivity values for the multiyear ice at AMSR-E

frequencies.
Month Pol. AMSR-E frequencies in GHz
6.9 10.6 18.7 23.8 36.5 89.0
Jan A% 0.968 0.944 0.894 0.854 0.762 0.791
H 0.873 0.854 0.822 0.787 0.703 0.749
Feb A% 0.962 0.939 0.896 0.860 0.774 0.801
H 0.862 0.845 0.817 0.785 0.707 0.754
Mar A% 0.961 0.937 0.892 0.855 0.763 0.791
H 0.873 0.855 0.823 0.789 0.704 0.747
Apr A% 0.938 0.915 0.873 0.837 0.757 0.789
H 0.852 0.835 0.805 0.771 0.698 0.744
May A% 0.947 0.929 0.899 0.870 0.817 0.841
H 0.862 0.848 0.828 0.799 0.752 0.789
Jun A% 0.958 0.951 0.947 0.932 0.874 0.771
H 0.902 0.895 0.887 0.866 0.806 0.728
Jul A% 0.924 0.921 0.930 0.919 0.878 0.819
H 0.826 0.825 0.841 0.831 0.794 0.765
Aug A% 0.917 0.905 0.881 0.845 0.763 0.748
H 0.829 0.816 0.791 0.756 0.683 0.694
Sep A% 0.946 0.916 0.855 0.815 0.726 0.726
H 0.849 0.814 0.753 0.716 0.655 0.694
Oct \% 0.951 0.919 0.860 0.822 0.724 0.692
H 0.853 0.818 0.767 0.734 0.657 0.655
Nov A\ 0.948 0.919 0.866 0.828 0.726 0.713
H 0.849 0.822 0.784 0.753 0.666 0.676
Dec \% 0.968 0.941 0.893 0.858 0.763 0.776
H 0.866 0.844 0.814 0.784 0.702 0.735
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Figure 6.12: Seasonal variation of emissivities of first-year ice at AMSR-E
frequencies (vertical polarization (black) and horizontal polarization (blue))
7GHz (top left), 10 GHz, 18 GHz, 23 GHz, 37 GHz and 89 GHz (bottom
right). Pink dashed line: ice concentration. Red dashed line: air temperature.
Month 0 and 12 are the same.
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Figure 6.13: Seasonal variation of emissivities of multiyear ice at AMSR-E
frequencies (vertical polarization (black) and horizontal polarization (blue))
7GHz (top left), 10 GHz, 18 GHz, 23 GHz, 37 GHz and 89 GHz (bottom
right). Pink dashed line: ice concentration. Red dashed line: air temperature.
Month 0 and 12 are the same.
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6.2.2 Seasonal Variation

Figure 6.12 shows the seasonal variation of the emissivity of first-year
ice at six different frequencies. The panel at top left shows the varia-
tion of surface emissivity at 7 GHz. The black line indicates the emis-
sivities at vertical polarization and blue indicates those at horizontal
polarization. The red line indicates the average air temperature and
pink line indicates the ice concentration. During the winter months,
the air temperature is very low and the water freezes to ice. The
surface emissivity and ice concentration are very high and difference
between horizontal and vertical emissivity is low. During the months
June, July and October the surface contains both open water and
ice. So the variability in emissivity is high (large error bars). During
August and September, the air temperature is higher, the ice com-
pletely melts, ice concentration drops near zero and the emissivity of
open water is observed. The the difference between vertical and hori-
zontal emissivities becomes around 0.35. Same seasonal variations are
observed for all frequencies till 37 GHz. The bottom left panel shows
the vertical and horizontal emissivity variations at 89 GHz. The sea-
sonal variation at this frequency is much less. However the difference
between the horizontal and vertical emissivities for summer months
(open water) is very high compared to winter months (sea ice). This
property has been utilized to retrieve ice concentration at high reso-
lution (Spreen et al., 2007).

Figure 6.13 shows the seasonal variation of the emissivity of multi-
year ice at six different frequencies. The emissivities at vertical polar-
ization (black line) and horizontal polarization (blue line) for frequen-
cies 7—37 GHz remain constant for all the months except the summer
months May to September. Starting from May the emissivities start
to increase and reaches maximum in June (0.95 for 7 GHz) and again
decreases. The least seasonal variation is observed for 7 GHz, the fre-
quency which penetrates deepest. The physical properties and tem-
perature remain constant for deeper layers and so do the emissivities.
The variation of emissivity with season is larger for 89 GHz. The ice
concentration (pink dashed line) remains high through out the year.
The air temperature (red dashed line) varies from —30°C (March) to
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0°C (July). The difference between horizontally polarized emissivities
and vertically polarized emissivities remain around 0.1 for all seasons
for frequencies 7—37 GHzand for 8) GHz it is around 0.05.

6.2.3 Comparison with AMSU Emissivities

Figure 6.14 shows the comparison between emissivities retrieved from
AMSU and AMSR-E instruments at the first-year ice site. AMSR-E mea-
sures brightness temperature both at horizonal and vertical polariza-
tions whereas AMSU measures in a mixed polarization according to
(4.6). AMSR-E has fixed incidence angle 55° with corresponding scan
angle of 47.4°. Here AMSU emissivities at incidence angle of 53.08° is
compared with the AMSR-E emissivities. The top left panel shows the
emissivities in January and the bottom right panel shows the emissivi-
ties in December. Solid lines represent AMSR-E emissivities and dotted
lines represent AMSU emissivities.

Figure 6.15 shows the comparison between emissivities retrieved
from AMSU and AMSR-E instruments at the multiyear ice site.

The AMSU emissivities and AMSR-E emissivities, combined for AMSU
polarization mixing, show good agreement at all frequencies and for
all months.

6.2.4 Emissivity Correlation

The correlation between the emissivities at different frequencies is an-
alyzed for both first-year ice and for multiyear ice. Figure 6.16 shows
the mutual correlation first-year ice emissivities at all frequencies. Dif-
ferent color represent different frequencies. Solid lines represent fre-
quencies at vertical polarizations and and dotted lines represent fre-
quencies at horizontal frequencies. Each curve shows the correlation
of the emissivity at one frequency with frequencies indicated on the
x-axis. Different panels represent different months. The correlation of
emissivities varies with season. Lower frequencies (7—-37 GHz) show
similar behavior in correlation and all are correlated each other and
the are least correlated to 89 GHz. The correlation of 89 GHz(red line)
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Figure 6.14: Comparison between emissivities retrieved from AMSU (dashed
line) and AMSR-E (solid line) instruments over first-year ice.
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Figure 6.15: Comparison between emissivities retrieved from AMSU (dashed
line) and AMSR-E (solid line) instruments over multiyear ice.
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Figure 6.16: Correlation between emissivities in a first-year ice region. Solid
lines represent vertical polarizations and dotted lines represent horizontal
polarizations. Different panels represent different months. Top left: January
2005 and bottom right: December 2005.
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Figure 6.17: Correlation between emissivities in a multiyear ice region. Solid
lines represent vertical polarizations and dotted lines represent horizontal
polarizations. Different panels represent different months. Top left: January
2005 and bottom right: December 2005.
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is different. It is least correlated to low frequencies. During October all
emissivities are correlated to each other and the corelation is around
one. During this month freezing starts. Figure 6.17 shows the mutual
correlation of multiyear ice emissivities at all frequencies. The correla-
tion of emissivities with different frequencies are different for first-year
ice and multiyear ice.

6.2.5 Comparison with Literature
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Figure 6.18: First-year ice emissivity comparison with literature value Ep-
pler et al. (1992). Solid lines represent retrieved emissivities and dotted lines
represent those from the literature. Upper lines: vertical polarization and
lower lines: horizontal polarization.

Figure 6.18 compares first-year ice emissivities retrieved for the
month November to those from the literature Eppler et al. (1992).
For first-year ice the retrievals match well with the literature values.
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Figure 6.19: Multiyear ice emissivity comparison with literature value Ep-
pler et al. (1992). Solid lines represent retrieved emissivities and dotted lines
represent those from the literature. Upper lines: vertical polarization and
lower lines: horizontal polarization.

Only 7 GHz vertically polarized emissivity is not within the mutual
error limits.

Figure 6.19 compares multiyear ice emissivities retrieved for the
month November to those from the literature Eppler et al. (1992).
For multiyear ice the retrievals match well with the literature values.

6.3 Summary and Conclusion

The emissivities of two test regions, one covered with first-year ice
in winter months and the other with multiyear ice are calculated at
the window channels of passive microwave sounder AMSU passive mi-
crowave imager AMSR-E.

Correction factors (regression coefficients) are derived for different
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frequencies and for different seasons by analyzing SHEBA data at a
first-year ice site and a multiyear ice site. Applying the regression co-
efficients, lowest level air temperatures are corrected to emitting layer
temperatures. Corrections are much required for lower frequencies and
for winter seasons. Low frequency penetrates deeper. During winter
sea ice is covered with snow and the temperature gradient in snow
cover is higher than sea ice. During summer months, first year ice
melts and no temperature variation is dominant for multiyear ice.

Angular and frequency dependence of the emissivity of different
polar surface types are studied. The local zenith angle variation of
AMSU emissivities up to 45° corresponding to scan positions 4 to 27 for
AMSU-A and 10 to 81 for AMSU-B is negligible and for higher incidence
angles emissivity decreases. As the frequency increases, the emissivity
decreases for sea ice. For young ice the variation of emissivity with
frequency is smaller.

The monthly variations of emissivities for different frequencies are
derived for the specific regions for the whole year 2005. The ice con-
centrations of the region are also noticed. During the summer months
first-year ice melts and emissivities drop to open water emissivities
whereas for multiyear ice a slight increase in emissivity is observed.
The frequency dependence of emissivity varies in different months
especially at high frequencies due to the variation of snow cover. mul-
tiyear ice emissivities at 89 GHz and 150 GHz show larger variation
(maximum up to 40%) during the summer months June, July, August
and September. Emissivity maps are produced to see the emissivity
variation for different surface types of the Arctic.

The emissivity information and the regression coefficients to derive
emitting layer temperature from the lowest level temperature will be
used to retrieve atmospheric profiles of temperature in Chapter 9.

Sea ice surface emissivities are retrieved from AMSR-E at the two
test regions where the AMSU emissivity retrieval has been done. AMSR-
E measures radiance at both horizontal and vertical polarizations.
The difference in emissivities between two polarizations is more pro-
nounced for open water than for sea ice. The variation of emissivity
with frequency and season is observed. Seasonal variation is minimum
for multiyear ice at 10 GHz. AMSR-E emissivities are compared with
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AMSU emissivities and with emissivities from the literature. In both
the case good agreement is found.



7 Optimal Estimation Method

Satellite radiometers make measurements of radiation emitted by the
atmosphere and the surface underneath. Our aim is to derive atmo-
spheric parameters such as temperature and humidity from the mea-
sured radiance, which is a typical retrieval problem. In order to find
the solution for the retrieval problem, one has to formulate the prob-
lem properly by describing the measurement in terms of some forward
model, find the best solution and to understand the solution or answer.
Practically the problem is not trivial since the forward models are not
explicitly invertible, the problem might be ill-conditioned and/or ill-
posed and also the the errors in measurement can map into errors in
solution in a non-trivial way. In this chapter, the optimal estimation
method (Rodgers, 1976; Houghton et al., 1983; Rodgers, 2000) used
for the temperature/humidity profile retrieval is outlined.

7.1 Measurement Vector and State Vector

Any measurement we make in order to retrieve the desired quan-
tity are represented by a measurement vector y with m elements
Y1, Y2, Y35 - - Ym-

The quantities to be retrieved are represented by a state vector
x with n elements, x1,zs,x3,...,2,. The desired quantity is often
continuous e.g., a temperature profile. We can however, only make a
finite number of measurements and calculations. So we have to ex-
press the unknown in terms of a finite number of parameters, such as
temperature on a set of pressure levels.
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7.2 Vector Space

In concept of vector spaces, it is convenient to think in terms of lin-
ear algebra using vectors even if the forward model is not linear. We
consider two such spaces, the measurement space, the space of mea-
surement vectors having m dimensions and the state space, the space
of state vectors having n dimensions. Generally the two vector spaces
will have different dimensions.

7.3 Forward Model

The Forward Function f(x) maps from state space onto measurement
space, according the physics of the measurement. The Forward Model
F(x) is the best approximation of the detailed physics involved in
the measurement. Therefore, the relation between the measurement
vector and state vector can be written as:

y=F(x)+e (7.1)

where y is the measurement with error e, and F(x) is a vector valued
state function of the state which encapsulates our understanding of
the physics of the measurement.

7.4 Inverse or Retrieval Method

The inverse problem/method is the finding of an inverse mapping
R(y): Given a point in measurement space, which point or set of
points in state space could have mapped into it?

7.5 Bayesian Approach

All real measurements are subject to experimental error or ‘noise’, so
that any practical retrieval must allow for this. Given a measurement
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together with a description of its error statistics, a forward model
describing the relation between the measurement and the unknown
state and any a priori information, Bayesian approach allows us to
identify a class of possible states that are consistent with the available
information and to assign the probability density to them. In other
words it allows us to describe our knowledge in terms of probability
density functions (pdf’s). It poses a question: What is the pdf of the
state, given the measurement and the a priori? Bayes’ theorem states:

P(z,y) = P(z|ly)P(y) (7.2)
and

P(y,z) = P(y|z)P(x) (7.3)
so that

Plaly) = “EE) (7.4
where

P(a) is the a priori pdf of the state, describing what we know about
the state before we make the measurement

P(y) is the a priori pdf of the measurement

P(ax,y) is the joint a priori pdf of © and y

P(y|x) is the pdf of the measurement given the state - this depends
on experimental error and the forward function

P(x|y) is the pdf of the state given the measurement - this is what
we want to find
If we have a prior pdf for &, P(x), and we know statistically how y

is related to @ via P(y|x), then we can find an un-normalized version

of P(x|y), namely P(y|x)P(x), which can be normalized if required.
If we assume that experimental error is Gaussian we can express

P(yl) as

—2In P(y|x) = (y - F(:B))TS’e_l(y — F(m)) + ¢ (7.5)

where F(x) is the forward model: y = F(x) + e and S, is the covari-
ance matrix of the experimental error, e:

Se = E{ee™} = E{(y — F(x))(y — F(x))"} (7.6)
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and ¢ is a constant.
On the less justifiable assumption that the a priori pdf is Gaussian
we can write:

—2InP(x) = (z — xa)  Sa(x — 24) + 2 (7.7)

if & is distributed normally with mean x, and covariance S,. Thus:

—2In P(xly) = (y — F(a:))TSe_l(y - F(w))
+ (w - xa)ngl(a} - wa) +c3 (7'8)

where c3 is a constant. The term
(y— F(w))TSe_l (y— F(z)) + (z — wa)TSa_l(:c —x,) (7.9)

is generally called cost function. We wish to select one of the possible
states as the solution to the inverse problem and to assign it with some
error estimate. There exists several solution methods. The one we
use is the Maximum a-posteriori (Maximum likelihood in atmospheric
remote sounding) and Minimum variance method is a closely related
method.

7.6 Error Analysis and Characterization

When a retrieval problem is ill-posed, so that it doesn’t have a unique
solution, we have to select one which is ‘best’ or ‘optimal’ from an
infinite number of possible solutions. If we want our retrieval to op-
timize something, we need to know what properties a retrieved state
vector might have, so we can choose what we need optimize. We will
therefore set up a formal characterization that can be aplied to any
retrieval method. The measurement y is conceptually a function of
some unknown state x:

y=f(z,b)+e (7.10)

where,
b is a set of ‘known’ parameters of this function
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e is measurement error, with covariance Se
The retrieval « is conceptually a function of the form:

& = R(y,b,c) (7.11)

where:

R represents the retrieval method,

b is the estimate of the forward function parameters b, ¢ represents
any parameters used in the inverse method that do not affect the
measurement, e.g., a priori. Thus the retrieval is related to the ‘truth’
x formally by:

&= R(f(x,b) +e,b,c) (7.12)

which may be regarded as the transfer function of the measurement

and retrieval system as a whole. Characterization means evaluating

0%/0x = A, sensitivity to actual state known as Averaging Kernel.
Error analysis involves evaluating:

0 /0x = G, sensitivity to noise (or to measurement)

0&/0b = Gy, sensitivity to non-retrieved parameters

0&/0c = G, sensitivity to retrieval method parameters

and understanding the effect of replacing the forward function f by a

numerical forward model F'.

7.7 The Non-linear Case

The general remote sounding problem is non-linear. Main source of
non-linearity is the problem itself, i.e. a non-linear forward model
and the non-Gaussian statistics. The Bayesian solution for Gaussian
statistics is:
T o
—2In(P(zly)) = (y — F(x)) S, 1 (y — F(x))

+(x—xa) 'S (x — o) +¢ (7.13)
The maximum likelihood ((%P(m|y) = 0) solution requires the solu-
tion of:

0=V, (—21n(P(w|y)))
=-K"'S;'(y-F(z)) + S, (z — za) (7.14)
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where K = %F(w).

If the statistics were non-Gaussian, this equation would be non-
linear in «, even if F' were linear. Newton’s method for finding the
zero of a scalar function f(z) of one variable is:

Tnp1 = Tn — <df(§j")) 7lf(zn) (7.15)

The version for a vector-valued function of a vector, g(x), is:

T(nt1) = Tn — (Vag(®n))  g(zn) (7.16)

where the inverse is a matrix inverse. If we apply this to the maximum
a posteriori problem (Eqn. 7.14):

gz)=-K"S; ' (y— F(z)) + S ' (z — za) (7.17)
we get:
V.g=-V,K'S. '(y-F(z)) +K"'S. 'K+ S,”"' (7.18)
If we ignore the term involving V, K7 — it is usually small - we get:
Tpt1 = Tn + (Sa_1 + I(nTSe_lK'n)f1
(KnTSe_l (y— F(@n)) + o (xn — %)) (7.19)

Equation 7.19 is the so-called m-form of the iteration solution. In the
so-called n-form it is:

Tn41 = Tp + SaKnT (KnSaK'n.T + Se)_1
(y — F(z,) + Kp(xy, — a:a)) (7.20)

In m-form the matrix to be inverted is an m x m matrix, whereas in
n-form the matrix to be inverted is and n X n matrix.



8 Retrieval of Temperature Profile

Temperature profiles of Earth’s atmosphere can be derived from
AMSU-A measurements. The twelve channels 3—14 are located close
to the oxygen absorption lines below 60 GHz which are used for the
temperature retrieval. The left panel in figure 8.1 shows the weight-
ing function distribution for all AMSU-A sounding channels and the
right panel shows the that for humidity channels of AMsuU-B (Karbou
et al., 2005b). The weighting function indicates the relative contribu-
tion of each atmospheric layer to the measured radiance. For a given
atmosphere and frequency, the peak altitude of weighting function in-
creases with increasing zenith angle (Karbou et al., 2005b). This is due
to increasing optical depth between the satellite and the instrument
scan from nadir to higher angles at the outer swath. Temperature pro-
files are retrieved using an algorithm (Rosenkranz, 2006) developed
for AIRS/AMSU/HSB, and adapted for use with NOAA-16 AMSU-A/B.
A forward radiative transfer model is used to calculate microwave
brightness temperatures. Components of the microwave model include
an atmospheric transmittance model, a surface brightness model and
model for the influence of surface scattering characteristics on reflected
down-welling emission from the atmosphere.

8.1 Radiative Transfer Calculation

The equation of radiative transfer can be written in the form

T
Tp = TBdirect + T(TSB + T‘Bsky(1 - TL;)) (81)

where T’p is the brightness temperature emitted from the top of the at-
mosphere, 7 is the one-way transmittance of the atmosphere, Tggirect
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Figure 8.1: Weighting functions of AMSU channels. Y-axis represents height

in km. Left panel: weighting functions of sounding channels of AMSU-A.

Right panel: weighting factions of five AMSU-B channels. Figure Courtesy:
(Karbou et al., 2005b).
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is the component of the brightness temperature emitted from the at-
mosphere on a direct path to space, T’ is the surface temperature, Tsp
is the surface brightness temperature and Ty is the sky bright-
ness temperature (including the attenuated cosmic contribution) as
it would be observed from the surface. The form of Eqn. 8.1 allows
separation of the estimation of surface brightness from estimation of
temperature.

A rapid microwave transmittance algorithm (Rosenkranz, 2003)
computes atmospheric transmittance for non-precipitating conditions.
The algorithm makes use of the fact that microwave absorption lines
of oxygen are well separated from those of water vapor, and they do
not overlap one another.

8.2 Surface Brightness Model

The estimation of surface brightness temperature Tsp as a function
of frequency v is a part of microwave retrieval algorithm. Even though
from a physical point of view, surface temperature and surface emis-
sivity are separate variables, the retrieval treats the product of emis-
sivity € and temperature as surface brightness temperature (Tsp) as
an independent variable because this product is closely related to the
window channel measurement. Surface skin temperature is retrieved
along with air temperature, with which it is correlated, from a differ-
ent set of channels.

The first step in calculation of surface brightness temperature is a
classification of the footprint (Grody et al., 2000) as having one of
eight types of surface. The eight surface types are
coastline
land
water
high-emissivity sea ice/first-year ice (FYI)
low-emissivity sea ice/multiyear ice (MYT)
snow (high frequency scattering) (snowl)
glacier/snow (very low frequency scattering)

N U Ww N~ O

snow (low frequency scattering) (snow?2)
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Figure 8.2: A priori emissivities (eo(v)) of different surface types. The
emissivity of water depends on temperature and incidence angle (it is not
shown). Coastline emissivities are computed as a mixture of land and water.

The surface type classifications are done by comparing the bright-
ness temperatures at different frequencies. The footprint will be checked
whether it is coming under either first-year ice or multiyearice if the
absolute value of latitude of the corresponding foot print is greater
than 42° and if DF'1 is less than zero:

DF1 = 2.85 4 0.02T}(23) — 0.028 T3(50) (8.2)

where T3(23) is the brightness temperature measured at 23 GHz and
T,(50) is the brightness temperature measured at 50 GHz. In order to
differentiate first-year from multiyear ice another parameter DF4 is
used. It is defined as:

DF4 =T,(23) — T,(31) (8.3)

If DF'4is less than 3 it is first-year ice and otherwise it is multiyear ice.
In order to understand other surface type identification techniques, the
reader is advised to refer Grody et al. (2000).
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Each surface type is assigned an emissivity spectrum eq(v), plotted
versus frequency in Figure 8.2. However, because surface emissivity
varies, the retrieval is allowed to adjust the surface brightness spec-
trum in order to fit the observation. The retrieval of surface brightness
is combined with the atmospheric moisture profile (H) retrieval, using
channels 1, 2, 3 and 15 of AMSU-A, and four AMSU-B channels (150,
183.3 £1, +3, +7 ). Surface brightness temperature is represented as
a function of frequency (v) by

Tsp(v) = eo(v)Tso + To + T1Fi(v) + ToFa(v) (8.4)

where T is the a-priori surface temperature, £¢ is the a-priori surface
emissivity, the parameters Ty, T'1 and T, are part of the retrieval
solution, with a priori values of zero and

VS

Fi(v) = () (8.5)
Fy(v) = 1) (8.6)

The coefficients v1, vo and s are assigned according to surface type,
see Table 8.1. F (v) and F»(v) both increase with frequency from zero
to unity.

Table 8.1: Surface model parameters fixed by classification (0¢,1,2,,= a priori
standard deviations of Ty,71,7%,P,). The quantities 1 and v, are in GHz
and o¢, 01 and o2 are in K. .

Type  Surface s v vy 09 01 02 O,
0 coastline 1.2 90 .. 0 0.12
1 land 1.2 90 ... 15 20 O 0
2 water 1.5 50 ... 0 0.12
3 FYI 3 40 120 10 10 10 0
4 MYI 3 40 120 10 10 10 0
5 snow1 3 50 150 20 20 20 0
6  glacier 3 40 120 20 20 20 0
7  snow2 3 33 90 20 20 20 0

To find the values of Ty, 17 and T5 the retrieval needs the Jacobian
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matrix whose elements corresponding to these parameters are calcu-
lated, at any frequency, as partial derivatives with other parameters
including surface temperature held constant:

OTs(0)  0Tp(0) TBsky(Orey)
ot = otes ~ O ) &7
dTg(0)  0Ty(0)
oT  OTsp ! ®.8)
OTs(0)  OT,(0)
oT, ~ oTsp 1’ (®.9)

where Tp(0) is the upwards-propagating brightness temperature and
7(0) is the atmospheric transmittance along the path at angle 6 from
surface footprint to satellite, Ts is the estimated surface skin temper-
ature, and Tpeky(brer) is the downward-propagating sky brightness
temperature.

8.3 Estimation Method
8.3.1 Outline

Retrievals are done at AMSU-A resolution. Therefore the AMSU-B mea-
surements are weighted averages over 3 x 3 spatial arrays that approxi-
mate the AMSU-A footprint, nominally 50 km diameter near nadir. The
input vector of measured brightness temperature is accompanied by
an input validity vector whose elements are either one or zero. The
principal steps in retrieval algorithm are the following (Rosenkranz,

2001):

1. Based on location and month, choose an a-priori temperature pro-
file 7. Also calculate the magnetic field, which has a minor effect
on the transmittance of channel 14.

2. Using location or other criteria, classify surface as discussed in Sec-
tion 8.2. Compute a-priori surface brightness temperature for this
class. This depends on the surface temperature by Eqn. 8.4.

3. Test for convergence of channels 1, 2, 3, 15, 17-20 brightness tem-
peratures. If not converged, update the humidity (H) profile and
the surface brightness temperature spectrum using these channels.



8.3 ESTIMATION METHOD 97

4. Test for convergence of channels 4 —14. If not converged, update the
temperature profile using these channels.

5. Return to step 2 if convergence did not occur in step 4; else to step
3 if convergence did not occur in step 3; else exit

8.3.2 Estimation of Temperature Profile

The cost function Equation (7.9) to be minimized is of the form
(T —T,) ST - T,) + (Ty — Tp)* S (T, — Tp) (8.10)

where 7' is the estimate of temperature profile, T, is the a-priori tem-
perature profile, S; is the temperature covariance matrix, T} is the
measured brightness temperature, Tp is the modeled brightness tem-
perature and S, is the brightness temperature covariance matrix.

Given an existing estimate Tn_l, the next estimated profile is de-
termined from a vector Tj of observed brightness temperatures for
channels 4-14.

8.3.3 Convergence Test

Convergence is tested separately for the temperature channels in step
4 and for the moisture/surface channels in step 3. Iteration of both
steps are suspended when either one of the following conditions is met:
1. computed brightness temperature vector T meets the noise closure
criterion
Np
Z[Tbi — Tp,)?AT; 2 < Np (8.11)

=1

where AT[2 is the instrument noise on channel ¢ and Npg is the
number of valid elements in T},

2. when successive computations of the left side of Eqn. 8.11 change
by less than 1% for the temperature channels and 2% for the mois-
ture/surface channels

3. when the number of iterations exceeds a given limit
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8.4 Comparison of Retrieved Temperature
Profiles
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Figure 8.3: Comparison of the retrieved temperature profiles with the ra-
diosonde measurements (Murmansk,January 2004). The error bars repre-
sent standard deviation.

Left panel: red line represents averaged temperature profiles retrieved from
AMSU measurements, black line represents the average temperature profiles
from radiosondes and green line represents climatology of temperature used
for the retrieval of temperature profiles from AMSU measurements.

Right panel: root mean square (rms) difference between temperature pro-
files measured by radiosondes and the temperature profiles retrieved using
collocated AMSU measurements.

The retrieved temperature profiles are compared with measure-
ments made by different stations in the polar regions. Radiosonde sta-
tions in polar regions are mostly located near coastline where surface
type and emissivity might change within the sensor footprint. Fig. 8.3
shows a sample comparison of AMSU retrieved temperature profiles
with the collocated radiosonde observation for the station Murmansk
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(68°58' N 33°3' E) for the month January 2004 and also the root mean
square difference between the retrieved profiles and the radiosonde
temperature profiles. Collocations are done within a time window of
43 hours and space window of 100 km. Error bars represent standard
deviation. Large deviations are observed near the surface.
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Figure 8.4: Comparison of temperature profiles from different sources
(Baltic Sea February 2001); black: AMSU retrieved, green:climatology, vi-
olet: ECMWF red: radiosondes. The error bars represent standard deviation.

Left panel: Profiles on 17/02/2001. Middle panel: Profiles on 16/02/2001.
Left panel: Profiles on 15/02/2001.

The suitability of ECMWF model profiles instead of those from ra-
diosondes for the comparison with AMSU retrieved temperature pro-
files is demonstrated in Fig. 8.4. Three profiles obtained from a re-
search expedition conducted in the Baltic Sea in 2001 February, which
are not assimilated into ECMWF model have been compared with collo-
cated ECMWF profiles and retrieved temperature profiles from AMSU.
The error bars indicate the standard deviation. The ECMWF model
profiles show good agreement with radiosonde measurements, however
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AMSU profiles show deviations, especially near the surface. A possible
reason for the deviations of profiles in the Baltic area, or indeed any
location close to a coastline, is the simple estimate of the land fraction
within the AMSU-A footprint, which is set either to 0 or 1 according to
the surface elevation at the center of the footprint; this is a difference
from the version of the algorithm in Rosenkranz (2006). Therefore the
forward calculation may be starting with an a-priori surface emissiv-
ity that is very different from the average over the AMSU-A. footprint.
In order to study the temperature profile variation with emissivity
variation over sea ice, in-situ observations with homogeneous surface
type within the sensor footprint, e.g., from research vessels, are still
required.



9 Modification of the Surface
Brightness Model for the
Temperature Retrieval over Sea
Ice

9.1 Introduction

In polar regions, especially over sea ice, there are not enough in-situ
measurements of atmospheric parameters because of the remoteness
of the region. Also the conventional retrievals, using satellite-borne ra-
diometers do not yield good results because of the variation of surface
emissivity and surface temperature. Microwave radiation can easily
penetrate a few tens of centimeter of snow and a few centimeters of
ice. During winter the air temperature is much below freezing temper-
ature and the water underneath is at around —2 °C. Therefore, a large
gradient between temperature on top of the snow and below the ice
exists. So its very difficult to quantify the brightness temperatures.
Here, an existing temperature retrieval method (Rosenkranz, 2006)
using AMSU measurements are modified to improve the temperature
profile retrieval over sea ice. The modification are:

1. provide varying a-priori surface emissivities for each month

2. regress the lower level air temperature to emitting layer temperature
3. modify surface brightness temperature retrieval.

The following sections describe the modifications applied to the tem-
perature retrieval method in detail and give some results.

The surface emissivity of sea ice varies spatially and temporally.
Determination of emissivity requires the knowledge of the temperature
of the emitting layer. The penetration depth of microwaves varies
between millimeters and decimeters depending on the frequency and

101
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microphysical structure of the sea ice. In most of the studies on sea ice
emissivity the temperature of the emitting layer has been assumed to
be equal to the surface temperature measured by infrared instruments.
This is a potential source of error because of the temperature gradient
in the sea ice.

9.2 A-priori Emissivities and Emitting
Layer Temperatures

The emissivities retrieved using AMSU measurements described in
Chapters 4, 5 and 6 are used as the a-priori emissivities, which ac-
counts for the variation of the penetration depth with frequency, air
temperature and sea ice temperature. Emissivities are retrieved from
two selected regions in the Arctic, one covered by first-year ice and the
other by multiyear ice. In general retrieval scheme described in Chap-
ter 8, the lower most atmospheric temperature from the climatology
is used as the surface temperature and it is a single temperature for
all frequencies. In the modified retrieval method for sea ice, during the
winter months, the surface temperature (the emitting layer tempera-
ture) is a frequency-dependent quantity. It is derived from the lowest
level air temperature (Mathew et al., 2006) with regression coefficients
derived for each frequency. Details can be seen in Chapter 5. The new
a-priori emissivities are shown in the Table 9.1 for first-year ice and
Table 9.2 for multiyear ice and the regression coefficients to derive the
emitting layer temperature are shown in Table 5.2 and Table 5.3.

9.3 Surface Brightness Temperature
Covariance Matrices

Using the surface temperature (emitting layer temperature) and emis-
sivity the a-priori surface brightness temperature in the modified re-
trieval algorithm will be

Tsp(v) = eo(v)Tso(v) (9.1)



9.3 SURFACE BRIGHTNESS TEMPERATURE COVARIANCE MATRICES 103

Table 9.1: Average emissivity values for the first-year ice. Note: For July
and August emissivity of June is assumed and for September and October
emissivity of November is assumed.

23 GHz 31 GHz 50 GHz 89 GHz 150 GHz

Jan  0.943 0.941 0.941 0.878 0.796
Feb  0.925 0.922 0.920 0.863 0.804
Mar  0.941 0.931 0.895 0.806 0.745
Apr  0.940 0.929 0.893 0.810 0.731
May  0.916 0.909 0.893 0.821 0.768
Jun  0.824 0.825 0.837 0.826 0.801
Jul  0.824 0.825 0.837 0.826 0.801
Aug  0.824 0.825 0.837 0.826 0.801
Sep  0.926 0.928 0.937 0.909 0.861
Oct  0.926 0.928 0.937 0.909 0.861
Nov  0.926 0.928 0.937 0.909 0.861
Dec  0.936 0.936 0.944 0.904 0.851

Table 9.2: Average emissivity values for the multiyear ice.
23 GHz 31 GHz 50 GHz 89 GHz 150 GHz

Jan 0.851 0.807 0.779 0.782 0.779
Feb 0.852 0.810 0.781 0.786 0.789
Mar 0.851 0.805 0.769 0.778 0.777
Apr 0.832 0.790 0.756 0.773 0.752
May 0.854 0.826 0.824 0.825 0.795
Jun 0.920 0.904 0.879 0.818 0.768
Jul 0.894 0.887 0.880 0.854 0.836
Aug 0.830 0.798 0.770 0.762 0.765
Sep 0.810 0.772 0.750 0.734 0.724
Oct 0.821 0.778 0.727 0.689 0.667
Nov 0.827 0.779 0.717 0.700 0.697
Dec 0.852 0.805 0.763 0.758 0.766
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where Tsp is the surface brightness temperature, &g is the a-priori
emissivity and Tsg is the surface temperature (emitting layer temper-
ature).

Surface brightness temperatures are calculated using the retrieved
emissivity and the surface temperatures using the Eqn. 9.1. The co-
variances of surface brightness temperature can be written as

S5 = B((Bir) = Bo(w)) (Bi(vs) — Bil1)) ) (9.2

where B;(v;) is the surface brightness temperature of i-th window
channel, B;(v;) = E(Bt(l/i)>, the expected value of i-th entry. B;(v;)
is the surface brightness temperature of j-th window channel and
Bi(vj) = E(By(v;)) is the expected value of j-th entry. The surface
covariance matrices for first-year ice and multiyear surface for all the
12 months of the year 2005 are added in the appendix A. Now we
have the surface brightness measurements from satellite, a-priori sur-
face brightness temperatures and the surface brightness temperature
covariance matrices. Therefore, instead of retrieving the correction pa-
rameters Ty, 17 and T, now we retrieve the surface brightness tem-
perature using the iteration solution equation Eqn. 7.20

Trg1 = Tn + SaKn T (KnSo Ky + S.) "
(y — F(z,) + Kn(xy — :ca)) (7.20)

where, the state vector x is the surface brightness temperatures.

9.4 Comparison of Retrieved Profiles

Figure 9.1 shows the comparison of retrieved temperature profile from
AMSU data with collocated ECMWF temperature profiles over a first-
year ice region in the Kara sea for March 2003. The left panel shows
averaged difference between retrieved temperature profiles and collo-
cated ECMWF model temperature profiles. The solid line represents
the unmodified retrieval and the dashed line shows the modified re-
trieval. The right panel shows the root mean square (rms) difference
between retrieved temperature profiles and collocated ECMWF model
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temperature profiles. The solid line represents the unmodified retrieval
and the dashed line represents the modified retrieval. Figure 9.2 shows
the comparison of retrieved temperature profile from AMSU data with
collocated ECMWF temperature profiles over a multiyear ice region in
the North of Greenland for 2003 March. The left panel shows aver-
aged difference between retrieved temperature profiles and collocated
ECMWF model temperature profiles. The solid line represents the un-
modified retrieval and the dashed line shows the modified retrieval.
The right panel shows the root mean square (rms) difference between
retrieved temperature profiles and collocated ECMWF model temper-
ature profiles.

The temperature profiles from the modified retrieval show good
agreement with the model temperature profiles from ECMWF. The
temperature profiles from unmodified retrieval show deviations from
ECMWF temperature profiles up to about 6 K especially from 900 hPa
till 300 hPa. Those discrepancies could be corrected with the new
method of temperature profile retrieval over sea ice. In-situ measure-
ments are required to compare the modified profiles in order to con-
clude the degree of reliability of the present retrieval method over sea
ice.



10 Conclusion and Outlook

The surface emissivity of sea ice is determined using the data from
the passive microwave instruments AMSU and AMSR-E.

The penetration depth of microwaves in sea ice varies between
millimeters and decimeters depending on the frequency and micro-
physical structure. Therefore, in order to find the relation between
the emitting layer temperature and the lowest layer air temperature, a
year-round observation of temperature profiles from the Surface Heat
Budget of the Arctic Ocean (SHEBA) campaign at a first-year and a
multiyear ice site are analyzed. A linear relation between the emit-
ting layer temperature and the lowest level air temperature has been
established. A set of coefficients a and b is derived to linearly relate
the lowest level air temperature and the different emitting layer tem-
peratures. The method accounts for the variation of the penetration
depth with frequency, air temperature, sea ice temperature and the
snow depth.

Applying the regression coefficients, lowest level air temperatures
are corrected to emitting layer temperatures. Corrections are required
to lower frequencies and for winter seasons. During winter, sea ice
is covered with snow and the temperature gradient in snow cover is
higher than in sea ice. During the summer months, first year ice/snow
cover melts and no temperature variation is dominant for multiyear
ice.

Angular and frequency dependence of the emissivity of first-year
ice and multiyear ice are studied. The local zenith angle variation of
AMSU emissivities up to 45° corresponding to scan positions 4 to 27
for AMSU-A and 10 to 81 for AMSU-B is negligible. For higher incidence
angles the emissivity decreases. As the frequency increases, the emis-

107



108 10 CONCLUSION AND OUTLOOK

sivity decreases for sea ice. For young ice the variation of emissivity
with frequency is smaller.

The monthly variations of emissivities for different frequencies are
derived for the specific regions for the whole year 2005. The ice con-
centrations of the region are also noticed. During the summer months
first-year ice melts and emissivities drop those of open water whereas
for multi-year ice a slight increase in emissivity is observed. The fre-
quency dependence of the emissivity varies in different months, espe-
cially at high frequencies due to the variation of snow cover. Multi-year
ice emissivities at 89 GHz and 150 GHz show larger variations (maxi-
mum up to 40%) during the summer months June, July, August and
September. Emissivity maps are produced to document the emissivity
variations for different surface types.

From the imaging microwave sensor AMSR-E sea ice emissivities are
retrieved at the same two test regions as for AMSU. The frequency
variation and seasonal variation of first-year ice and multiyear ice
emissivities are studied for all AMSR-E frequencies at both horizontal
and vertical polarization.

AMSR-E measures radiance at both horizontal and vertical polariza-
tions whereas AMSU measures only in one mixed polarizations mode.
The AMSR-E retrieved emissivities at two polarizations are combined
together to simulate the AMSU polarization combinations for compar-
ison. The AMSR-E emissivity and AMSU emissivity are in good agree-
ment.

An existing temperature retrieval algorithm (Rosenkranz, 2006) is
modified to improve the temperature profile over sea ice by using the
retrieved sea ice emissivities from AMSU and the derived temperature
correction factors. The modification of the algorithm is done by:

1. providing varying a-priori surface emissivities for each month

2. deriving the emitting layer temperature from the lower level air

temperature

3. modifying surface brightness temperature retrieval.

Temperature profiles are retrieved with the modified algorithm and
compared with ECMWF model temperature profiles. The modification
improves the retrieval of temperature profiles. However, the modifi-
cation in surface brightness has propagated to the pressure levels be-
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tween 900 hPa and 300 hPa because the solution for the temperature
profile uses the channels with lower weighting functions to correct for
the contribution of the troposphere to the channels that are higher in
the atmosphere.

The temperature correction factors are derived using the sea ice
temperature profiles from two SHEBA measurement cites. The snow
depth of those two regions are assumed for the emissivity test regions.
The snow depth and snow properties varies with space and time. This
contributes to the error in the retrieved emissivities.

In this thesis temperature profiles are retrieved only in two test
regions each covered by ice of just one type. However, in general the
emission received from a satellite footprint contains contributions from
all different surface types such as first-year ice, multiyear ice and open
water which may occur within a footprint. So the surface brightness
temperature retrieval to be applicable over all sea ice surfaces, contri-
bution from all surface types should be considered. This is a task for
future research.

The retrieved temperature profiles are compared with ECMWF
model profiles. In principle, it would be preferable to use radiosonde
profiles for this purpose because of their higher resolution and com-
plete independence. However, they are very rare over sea ice of con-
centration near 1, especially if ice of just one type is required. A
comparison in the Baltic has revealed a good coincidence of ECMWF
and radiosonde profiles (Chapter 9).

In fact, the surface emissivity retrieval method is promising. The
retrieved emissivities and derived emitting layer temperatures could
improve the temperature retrieval over sea ice.
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A SURFACE COVARIANCE MATRICES

Table A.1: Surface brightness covariance matrices for the first-year ice (Jan-

uary to June).

Month v 23 GHz 31 GHz 50 GHz 89 GHz 150 GHz
23 GHz 22.91 22.27 22.07 17.99 19.59
31 GHz 22.27 21.81 22.58 19.89 23.67
Jan 50 GHz 22.07 22.58 34.24 43.89 67.24
89 GHz 17.99 19.89 43.89 77.53 134.97
150 GHz 19.59 23.67 67.24 134.97 257.68
23 GHz 88.73 83.34 62.54 37.20 4.49
31 GHz 83.34 79.07 62.95 43.64 17.84
Feb 50 GHz 62.54 62.95 73.17 77.29 82.77
89 GHz 37.20 43.65 77.29 120.46 167.41
150 GHz 4.49 17.85 82.77 167.41 277.48
23 GHz 3.88 3.85 4.52 5.68 8.23
31 GHz 3.85 4.02 5.41 6.68 9.39
Mar 50 GHz 4.52 5.41 12.61 13.36 18.65
89 GHz 5.68 6.68 13.36 19.95 32.52
150 GHz 8.23 9.39 18.65 32.52 61.11
23 GHz 5.96 5.93 8.37 1.46 -12.19
31 GHz 5.92 6.18 9.55 3.14 -10.28
Apr 50 GHz 8.37 9.55 19.37 11.74 -4.59
89 GHz 1.45 3.14 11.74 21.70 33.61
150 GHz  -12.19 -10.28 -4.59 33.60 111.78
23 GHz 19.83 18.05 7.39 -13.28 -28.94
31 GHz 18.05 17.05 8.97 -7.46 -20.37
May 50 GHz 7.39 8.97 16.71 24.93 29.66
89 GHz  -13.28 -7.46 24.93 88.63 136.81
150 GHz  -28.94 -20.37 29.66 136.81 246.95
23 GHz 212.04 187.76 121.72 6.17 -45.57
31 GHz 187.76 174.65 132.46 42.93 -2.42
Jun 50 GHz 121.72 132.46 156.19 133.75 110.07
89 GHz 6.17 42.93 133.75 217.25 245.01
150 GHz  -45.57 -2.42 110.07  245.02 337.57
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Table A.2: Surface brightness covariance matrices for the first-year ice (July
to December).

Month v 23 GHz 31 GHz 50 GHz 89 GHz 150 GHz
23 GHz 447.41 415.11 346.76 203.06 124.80
31 GHz 415.11 387.62 326.91 195.78 119.96
Jul 50 GHz 346.76 326.91 287.01 182.82 116.95
89 GHz 203.06 195.78 182.82 135.41 100.35
150 GHz  124.80 119.96 116.95 100.33 115.29
23 GHz 32.96 37.55 49.94 51.45 40.24
31 GHz 37.55 46.06 61.29 62.37 43.77
Aug 50 GHz 49.94 61.29 89.33 92.99 71.77
89 GHz 51.45 62.37 92.99 106.16 103.42
150 GHz 40.24 43.77 71.77 103.42 169.63
23 GHz 40.06 45.54 60.20 56.84 18.69
31 GHz 45.54 55.12 73.32 68.17 16.60
Sep 50 GHz 60.20 73.32 107.41 102.30 38.12
89 GHz 56.84 68.17 102.30 108.17 72.33
150 GHz 18.69 16.60 38.12 72.33 172.91
23 GHz 1391.45 1297.45 1095.57 664.60 411.22
31 GHz 129745 1211.31 1024.71 624.64 388.26
Oct 50 GHz 1095.57 1024.71 879.88  542.54 343.99
89 GHz 664.60 624.64 542.54 345.92 231.91
150 GHz  411.22 388.26 343.99 231.91 188.76
23 GHz 27.67 25.12 14.81 0.42 -13.79
31 GHz 25.12 23.15 14.98 2.79 -9.30
Nov 50 GHz 14.81 14.98 16.96 12.70 8.61
89 GHz 0.42 2.79 12.70 22.29 33.00
150 GHz  -13.79 -9.30 8.61 33.00 65.32
23 GHz 37.49 35.24 24.74 11.02 -0.74
31 GHz 35.24 33.49 25.23 13.79 5.65
Dec 50 GHz 24.74 25.23 30.24 29.33 38.80
89 GHz 11.02 13.79 29.33 47.47 86.03
150 GHz  -0.741 5.65 38.80 86.03 180.60
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A SURFACE COVARIANCE MATRICES

Table A.3: Surface brightness covariance matrices for the multiyear ice (Jan-

uary to June).

Month v 23 GHz 31 GHz 50 GHz 89 GHz 150 GHz

23 GHz 6.79 9.70 21.13 10.17 12.40

31 GHz 9.70 17.74 33.85 16.96 19.40

Jan 50 GHz 21.13 33.85 72.95 34.20 41.81

89 GHz 10.17 16.96 34.20 24.19 31.16

150 GHz 12.40 19.40 41.81 31.16 55.44

23 GHz 4.70 8.14 14.64 11.37 15.60

31 GHz 8.14 16.67 28.53 18.57 24.40

Feb 50 GHz 14.64 28.53 56.96 38.80 56.48

89 GHz 11.37 18.57 38.80 40.01 60.79

150 GHz 15.60 24.40 56.48 60.79 99.72

23 GHz 5.34 9.32 17.57 11.47 14.73

31 GHz 9.32 18.55 34.11 21.33 27.76

Mar 50 GHz 17.57 34.11 70.29 41.84 55.77

89 GHz 11.47 21.33 41.84 32.76 42.74

150 GHz  14.73 27.76 55.77 42.74 57.91

23 GHz 8.51 11.86 21.64 15.05 15.00

31 GHZ 11.86 18.89 33.68 21.12 22.36

Apr 50 GHz 21.63 33.68 65.10 39.51 44.04

89 GHz 15.05 21.11 39.51 30.45 31.67

150 GHz  15.00 22.36 44.04 31.67 39.08

23 GHz 33.23 37.27 45.41 27.72 15.93

31 GHz 37.27 46.26 60.08 38.39 31.23

May 50 GHz 45.41 60.08 85.36 57.57 58.10

89 GHz 27.70 38.39 57.57 49.01 59.64

150 GHz  15.93 31.23 58.10 59.65 109.10

23 GHz 84.49 99.75 108.47 81.51 82.86

31 GHz 99.75 128.05 167.47 149.11 154.09

Jun 50 GHz  108.47  167.47  313.85  347.86 360.77
89 GHz 81.51 149.11  347.86  452.07 509.16

150 GHz  82.86 154.09  360.77  509.16 750.14
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Table A.4: Surface brightness covariance matrices for the multiyear ice (July

to December).

Month v 23 GHz 31 GHz 50 GHz 89 GHz 150 GHz
23 GHz 19.60 24.68 38.41 39.86 49.78
31 GHz 19.60 24.68 38.41 39.86 49.78
Jul 50 GHz 38.41 87.71 214.12 294.08 346.97
89 GHz 39.86 111.59 294.08 431.65 519.37
150 GHz 49.78 131.15 346.97 519.37 707.33
23 GHz 148.52 211.29 246.19 162.41 126.80
31 GHz 211.29 312.85 385.88 275.59 229.90
Aug 50 GHz 246.19 385.88 528.33 428.29 404.24
89 GHz 162.41 275.59 428.29 408.89 433.84
150 GHz 126.80 229.90 404.24 433.84 569.17
23 GHz 69.76 93.43 126.30 112.88 128.16
31 GHz 93.43 12746  173.73  159.95 181.77
Sep 50 GHz 126.30 173.73 248.50 242.29 283.21
89 GHz 112.88 159.95 242.29 275.99 342.64
150 GHz  128.16 181.77 283.21 342.64 470.77
23 GHz 23.02 33.71 51.15 32.49 39.33
31 GHZ 33.71 50.46 76.98 50.30 58.49
Oct 50 GHz 51.15 76.98 124.93 84.84 96.64
89 GHz 32.49 50.30 84.84 73.25 89.91
150 GHz  39.33 58.49 96.64 89.91 128.44
23 GHz 14.84 24.11 37.48 24.10 24.27
31 GHz 24.11 40.62 61.50 36.66 36.71
Nov 50 GHz 37.48 61.50 99.05 64.46 68.17
89 GHz 24.10 36.66 64.46 78.71 90.91
150 GHz = 24.27 36.71 68.17 90.91 116.79
23 GHz 7.50 12.50 19.69 13.91 14.59
31 GHz 12.50 22.84 34.56 20.85 21.56
Dec 50 GHz 19.69 34.56 60.26 41.75 47.80
89 GHz 13.91 20.85 41.75 54.18 65.29
150 GHz  14.59 21.56 47.80 65.29 86.18
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