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Abstract

The concern on the possibly adverse effects of global warming has made monitor-
ing the Earth environment a high priority item. Satellites have been widely used
since the 60’s to measure atmospheric parameters from space. Over open oceans,
the atmospheric water vapor content has been successfully measured using passive
microwave radiometry. However, this measurement was limited to the non polar
regions. The difficulties encountered in polar regions arise from the very low water
vapor burden of the atmosphere and from the highly variable surface conditions
of polar ice. It is the goal of this thesis to improve this situation by carefully in-
vestigating the information content of the Special Sensor Microwave/Water Vapor
(8SM/T2), which is part of the United States Defense Meteorological Satellite Pro-
gram (DMSP). SSM/T2 has three channels located on the wing of the strong water
vapor absorption line at 183.31 GHz and is therefore very sensitive to water vapor.
In addition, the center frequencies of these channels are close enough, so that the
polar ice shows nearly the same emission properties at all these channels. On the
contrary, these channels have quite different sensitivities to water vapor, therefore
it appears possible to extract information on tropospheric water vapor.

After an introductory overview in Chapter 1 on satellite remote sensing of tropo-
spheric water vapor, Chapter 2 describes the theoretical rationale of the proposed
method in detail. A new quantity, the Ratio of Compensated Brightness Tempera-
ture Differences (RCBTD), is defined. Based on the general radiative transfer equa-
tion for a non-scattering atmosphere, the relation between the RCBTD and the
Total Water Vapor (TWYV) in the atmosphere is shown to be nearly independent
of ground surface emission. This conclusion is confirmed by simulations performed
using a radiative transfer model. This relationship is then used to retrieve the atmo-
spheric water vapor content over Antarctica. For this purpose, the basic emission
properties of Antarctic sea and land ice need to be considered. Since there are no
in sttu measurements in Antarctica at SSM/T2 frequencies, surface parameters of
Antarctic ice are estimated in Chapter 3 based on data from spaceborne microwave
and infrared sensors. The surface emissivities of Antarctic sea and land ice in austral
winter are found to be within the range of 0.65- - -0.90, with an average of about
0.80 at frequencies near 150 GHz. In Chapter 4, an algorithm is developed based on
radiosondes and validated using an independent set of radiosondes. In a next step,
mean water vapor is determined using the RCBTD algorithm for 16 stations in
Antarctica and found to agree reasonably well with the water vapor averages from
corresponding radiosondes. At 9 of the 16 stations the relative differences between
SSM/T2 and radiosondes are less than 20%. The effect of clouds has been estimated
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using an existing radiative transfer model which includes scattering. From this anal-
ysis it is concluded that water clouds do not appreciably influence the water vapor
retrieval accuracy based on the RCBTD algorithm but ice clouds are more critical.
Using this algorithm, it is now possible to determine water vapor distribution over
the entire Antarctic continent on a daily basis from SSM/T2 data. Finally in the
last chapter, features of the Antarctic water vapor distribution are analyzed based
on the daily averaged TWYV images retrieved from SSM/T2 data.



Chapter 1

Introduction

1.1 Water Vapor in the Atmosphere

The climate of the Earth is able to support life in large part because of the atmo-
spheric greenhouse effect and the workings of the hydrological cycle. Water vapor,
water in the gaseous phase, is a key element in both of these. In the hydrological cy-
cle, the water vapor moves quickly through the atmosphere and redistributes energy
associated with its evaporation and recondensation, and this movement is strongly
coupled with precipitation and soil moisture, which have important practical im-
plications. There are many greenhouse gases in the atmosphere, some naturally
occurring and some resulting from industrial activities, and the most important
one is water vapor. Water vapor is involved in an important climate feedback loop.
As the temperature of the Earth’s surface and atmosphere increases, the atmo-
sphere is able to hold more water vapor. The additional water vapor, acting as a
greenhouse gas, absorbs energy that would otherwise escape to space and so causes
further warming. This basic picture is complicated by important interactions be-
tween water vapor, clouds, atmospheric motion, and radiation from both the Sun
and the Earth.

Compared with its active role at the low and middle latitude, water vapor is rela-
tively passive in the dynamics of the polar atmosphere, due to the low temperatures
which prevails. However, there are some physical processes in which water vapor is
very important. The surface latent heat fluxes over the Antarctic oceans appears to
play a major role in the energetics of some mesoscale weather systems and water
vapor exerts a major control on the regional energy budget through cloud forma-
tion and other radiative effects (King and Turner, 1997). The sea ice cover can have
profound influences on the state of the atmosphere and ocean, primarily by altering
the surface heat exchange. The sea ice coverage variability involves the interactions
within the complete physical system— atmosphere-ocean-ice. In this system, the
surface radiation budget is an important factor that is significantly modulated by
the clouds, aerosols, and water vapor. In evaluating the surface radiation budget,
the uncertainty in water vapor amount is one of the main error sources (Key et
al., 1997). Moreover, atmospheric water vapor is the source of all the ice in the
continental ice sheets through precipitation. The fluctuation of precipitation over
these ice sheets, especially over Antarctica, is a potentially important contributor to
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variations in global sea level (Bromwich, 1990). The transport of water vapor into
and within the Antarctic atmosphere is essential to the precipitation over Antarc-
tica, and therefore, to the mass balance of the Antarctic ice sheet. This study is
hampered by the scarcity of measurements of water vapor in polar regions in both
temporal and spatial scales (Giovinetto et al., 1997; Connolley and King, 1993). It
remains open, whether the ice sheets are growing or shrinking (King and Turner,
1997).

1.2 Remote Sensing of Tropospheric
Water Vapor
Nowadays a multitude of systems exist for observing water vapor. Each has its own

characteristics and advantages. Figure 1.1 shows some different types of observa-
tional systems.
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Figure 1.1: Some different types of ground- or space-based systems for observing water
vapor. Note, the ground-based microwave radiometer is not shown. (From AGU, 1995)

Routine measurements of water vapor abundance are made by hygrometers on
the ground and in radiosondes. These are direct in situ measurements that are
quite accurate at relatively high temperature and vapor abundance. However, there
are several shortcomings of these observations. (1) Current instrument sensitivity
significantly reduces the reliability of measurements of water vapor abundance in
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the upper troposphere (with temperatures lower than —40° C) and consequently in
a major part of polar regions. (2) Geographic coverage of radiosonde balloon launch
sites is poor. particularly over oceans and at high latitudes. (3) Most sites launch
only two balloons per day at synoptic reporting times, which provides neither a
longitudinal consistent nor complete representation of diurnal variations of water
vapor (Rossow. 1996). Instrumented aircraft can make measurements at almost any
location and at any time desired, but they are only used for the special research
missions; hence. their temporal coverage is limited.

Weather satellites, especially those in a sun-synchronous, low polar orbit and
equipped with microwave radiometers, provide an important tool to remotely mon-
itor the atmospheric water content with both good temporal and spatial coverage.
The early activities of Russian scientists with the Cosmos satellites nearly three
decades ago are among the first studies to utilize such measurements to infer infor-
mation about the water content of the atmosphere (Greenwald et al., 1993). Many
other studies followed these pioneering efforts based on observations from different
instruments on a variety of satellites including the Nimbus-E Microwave Spectrom-
eter (NEMS) on the Nimbus-5 spacecraft (e.g. Grody, 1976; Staelin et al., 1976;
Chang and Wilheit, 1979), the Scanning Microwave Spectrometer (SCAMS) aboard
the Nimbus-G satellite (e.g. Rosenkrantz et al.,, 1978), and the Special Multichan-
nel Microwave Radiometer (SMMR) on the Nimbus-7 and Seasat satellites (e.g.
Prabhakhara et al., 1982; Curry et al., 1990).

Nowadays, the widely used microwave instrument for atmospheric total water
vapor (TWV) retrieval is the Special Sensor Microwave/Imager (SSM/I), which
is aboard the Defense Meteorological Satellite Program (DMSP) satellites since
June 1987. This instrument is a passive microwave radiometer and has seven chan-
nels measuring both vertically and horizontally polarized radiation at 19.35, 37,
and 85.5 GHz and only vertically polarized radiation at 22.235 GHz. The latter
is situated on the peak of a weak water vapor absorption line and therefore is
the main source of information for retrieving water vapor. Many of the proposed
algorithms for SSM/T made use of this 22.235 GHz channel, with the inclusion
of other channels for the correction of the cloud liquid water influences and, to
some extent, the influences of surface wind. The algorithm of Liu et al. {1992] is
a physically based retrieval, in which the SSM/T measurements are matched to a
radiative transfer model. The statistical algorithms are normally developed using
multiple regressions. Alishouse et al. [1990] and Schiuessel and Emery [1990] de-
veloped their algorithms using satellite measurements of SSM/I, while Bauer and
Schluessel [1993] and Simmer [1994] used model-derived responses. Statistical algo-
rithms have the advantage of simplicity, but they are inevitably characterized by
the data set used. In applying them, the rain contaminated pixels must be screened
out beforehand. In the cases of heavy clouds caution must be taken, although the
cloud contaminated measurements or responses from model are indeed included in
the development of these algorithms ( Fuhrhop and Ruprecht, 1995). In general, the
algorithms using the 22.235 GHz channel suffer from the fact that this channel be-
gins to run into saturation when the total columnar water vapor is greater than
30 kg/m? (Schluessel and Emery, 1990). To lessen this effect, Tjemkes et al. [1991]
developed an algorithm that used the 19.35 GHz channel only. This algorithm does
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a better job for moist atmospheres, but it systematically overestimates the TWV
in the dry atmosphere and shows greater sensitivity to surface emissivity changes.
Recently, neural networks are used for TWYV retrieval and reported to do a better
job than the regression algorithms (Ruprecht and Jung, 1997).

January 16 — 20, 1998 Inte%g‘ated Water VYapor

Schluessel Algori

m

0 8DE 120E 160 120w 40% ol

N

o 8
g/em’ @ LD
(IR

Figure 1.2: An ezample of the global TWYV image, retrieved using the Schluessel and
Emery algorithm. (From the archive of satellite climate products of Satellite Climate Re-
search, NOAA)

In Figure 1.2 a global TWV image is shown, which is obtained from SSM/T
measurements and used nowadays for climate research. It is noticed that the re-
trieval was done only over ice-free oceans at latitudes less than 60°. The reason is
that the algorithms developed for SSM/T are exclusively for ice-free oceans, since
at SSM/I frequencies the open ocean forms a cold and homogeneous background
against which the atmospheric parameters can be easily distinguished. Over land
and ice-covered ocean the large and highly variable surface emissivities make the
TWYV retrieval from SSM/I data a much more difficult job. Even over the ice-free
circumpolar ocean the retrieval errors are expected to be much larger than over
tropical and mid-latitude oceans, as a result of the low water vapor burden.

Although there are improvements in water vapor measurements becoming avail-
able to the community, however, none of these satellite systems does a thorough job
in measuring the vertical profiles of water vapor from the ground surface up into
the lower stratosphere over both ocean and land in clear and cloudy conditions with
enough time and space resolution. The high-resolution infrared radiation sounder
(HIRS) on board the NOAA-POES series satellites has provided an operational
estimate of water vapor profiles since 1979, but the analysis has been done only
for cloud-free conditions and both its accuracy (20-30%) and its vertical resolution
(3 layers) are poor (Chedin et al., 1993). The polar regions, with unique climate
conditions, including widespread surface temperature inversions, long lasting cloud
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cover, and extended periods of darkness, present unique retrieval problems for HIRS
(TOVS, 1995). Even though NOAA has generally operated two polar orbiters, the
analyzed dataset does not provide measurements more frequently than about once
per day (Rossow, 1996). Hence, satellite water vapor measurements by HIRS have
only improved the geographic and not the temporal coverage.

In November of 1991 the Special Sensor Microwave/ Water Vapor (SSM/T2) was
launched aboard the DMSP satellite F-11. This was the first operational spaceborne
passive microwave radiometer designed to work near the water vapor absorption line
at 183.31 GHz. SSM/T?2 has the potential to allow global monitoring of water vapor
in the atmosphere under most meteorological conditions over land and ocean. In
fact, studies on atmospheric water vapor retrieval using this strong absorption line
began long before the flight of SMM/T2 ( e.g. Schaerer and Wilheit, 1979; Kakar,
1983; Wang et al., 1983). These studies include both numerical simulations and
experimental observations with airborne instruments, and a number of retrieval
algorithm have been proposed. The physical algorithms of Wang and Chang [1990]
and of Wilheit [1990] were reported to be able to cope with cloudy situations; Kuo
et al. [1994] claimed that their statistical and physical iterative scheme is more
robust near isothermal and temperature inversion than others; Cabrera-Mercader
and Staelin [1995] even tried to use neural network for humidity profile retrieval.
But, none of these algorithms has shown so superior results that it could replace a
simple statistical scheme for operational analyses of SSM/T2 data (Aerojet, 1987,
T. Reale, NESDIS, NOAA, Private Communication, 1998). Recently, research has
concentrated on algorithm validation through comparisons of retrieved results with
other measurements, such as radiosonde and Raman lidar ( Wang et al., 1993, Wang
et al., 1995; Wang et al., 1997a; Wang et al., 1997b) and on improving the retrieval
scheme through synergy with other sensors, e.g. AVHRR (Wilheit and Hutchison,
1997).

Like for infrared sounder, the polar regions are a severe challenge to the mi-
crowave sounder, too. The problems originate from the low, but highly variable,
water vapor burden in the polar atmospheres. On the one hand, the low water va-
por content renders a significant contribution of ground surface emissions to the
radiance received by a spaceborne radiometer; which is difficult to remove due to
the large spatial variation of the surface temperature and the frequency dependence
of the emissivities of ice; on the other hand, its wide range of variation makes the
responses of 3SM /T2 channels to be nonlinear. When the atmospheric water va-
por burden is low, the measured radiances generally increase with increasing water
vapor content, whereas for an opaque atmosphere the measured radiance decreases
by adding more water vapor in the atmosphere. For the three channels on the
183.31 GHz line, both thin and opaque atmospheres are within the natural vari-
ability in the polar regions, since the water vapor burden there ranges from a few
decimal kg/m? to about 10 kg/m?. Hence, a linear algorithm can not cope with this
behavior and even a nonlinear algorithm could fail to converge if the first guess is
far off (Wilheit and Hutchison, 1997).

To make up for the deficiency of satellite measurements of water vapor, a method
to retrieve the total water vapor over ice-covered polar regions using the SSM/T2 is
proposed here. The retrieval using this method is almost independent of the surface
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Table 1.1: System Characteristics of SSM/T?2

r Channel ” 1 2 t 3 E 4 i 5 E
Center Frequency (GHz) 91.655 £1.25 | 150.0+£1.25 | fE£7 | fc£3| fox1
IF Bandwidth (GHz) 15 15 15 10 | 05
NET (K) 0.6 0.6 0.6 0.6 0.8
Calibration Accuracy (K) 1.5 1.5 1.5 1.5 1.5
Antenna 3-db Beamwinth (°) 6.0 3.7 3.0 3.0 3.0
Resolution at Nadir (km) 88 54 48 48 48

*: fe equals 183.310 GHz

emissivity and surface temperature changes, and is useful in the polar meteorological
and climatological studies, for example, the precipitation variability over Antarctic
plateau.

Before further discussing the method, we summarize the system characteristics of
SSM /T2, which will be used as a background information in the following chapters.

1.3 System Characteristics of SSM /T2

The water vapor sounder, SSM/T2, is part of the DMSP Block 5D-2 satellite pay-
load, first launched on F-11 in 1991. The followed spacecrafts F-12 (in orbit since
August 1994) and F-14 (in orbit since April 1997) are also equipped with this in-
strument.

The SSM/T2 is a five channel, total power, microwave radiometer with three
channels situated symmetrically about the 183.31 GHz water vapor resonance line
and with two window channels, near 150 and 91 GHz, respectively. The numbering
and center frequencies of SSM/T2 channels, as well as the related system char-
acteristics are given in Table 1.1. All channels are designed as double sideband
receivers. The in-flight calibration is performed by viewing an internal hot-load tar-
get (~ 300K) and the cosmic background radiation (~ 3K) four times during each
scan period. The achieved nominal Noise Equivalent Delta Temperature (NET)
and the maximum error of calibration for all channels are 0.6 K and 1.5 K per pixel
respectively, except for channel 5, whose nominal NET is 0.8 K.

The SSM/T2 employs a single offset parabolic reflector with a 6.6 centimeter
diameter projected aperture and a single multifrequency feedhorn to achieve a 3.3°
beamwidth for the 183.31 GHz channels and larger beamwidths of approximately
3.7° and 6.0° for 150 and 91 GHz, respectively. To perform the cross-track scanning,
the reflector rotates while the feedhorn remains fixed. This results in changing foot-
print sizes and rotating polarisation states { Aerojet, 1990), as shown in Figure 1.3(a).
SSM/T2 performs 28 observations (pixels) per scan for each of the five channels,
corresponding to the satellite scan angle of £40.5°. The 3-dB contours (footprint)
of the antenna beam projected on the Earth surface for 183.31 GHz channels are
approximately 48 x 48 km? at nadir and 98 x 66 km? at the edge of scan. All
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five channels have coincident centers. The total swath width for the SSM/T2 is
approximately 1500 km.

At each beam position, all SSM/T2 channels receive the radiance at the same
polarization state that changes as the antenna scans, as shown in Figure 1.3(a). If
© represents the satellite scan angle and 6 represents the local zenith angle (see
Figure 1.3(b)), then the equivalent SSM /T2 surface emissivity e, is expressed as a
linear combination of two orthogonal components, i.e.

€s = €,(6) cos* (@) + € (0) sin*(©) (1.1)

where €, and €, represent the vertically and horizontally polarized surface emissivi-
ties, respectively (Felde and Pickle, 1995). This equation shows that the polarization
is vertical, when SSM/T?2 views the Earth surface in the nadir direction.



Chapter 2

Method of Total Water Vapor
Retrieval

In this chapter, a method for total atmospheric water vapor retrieval using SSM /T2
is proposed. In order to better explain it, the physical backgrounds of remote sens-
ing technique is reviewed at first. Then, the detailed derivation of the method is
described based on the radiative transfer equation for non-scattering atmospheres;
the method is then further demonstrated by model simulations. The influences of
‘the atmospheric vertical structure on the retrieval accuracy of the proposed method
are discussed qualitatively in the last section.

2.1 Backgrounds

2.1.1 The Interaction between the Atmosphere
and Microwaves

The interaction between atmospheric constituents (gases, aerosols, and hydrome-
ters) and electromagnetic waves is the physical basis to remotely sense atmospheric
parameters. For the measurements of tropospheric water vapor with passive mi-
crowave radiometry, the absorption of oxygen (O,) has to be considered, in addition
to water vapor (H,0O). However, the effects of aerosols and other trace gases, e.g.
CO, Os, are usually negligible. Hydrometeors (liquid or frozen water particles ei-
ther suspended or falling in the atmosphere) affect the propagation of microwaves by
both absorbing and scattering of radiation. Detailed discussion of these mechanisms
can be found in e.g. Gastewsks [1993].

Macroscopically, the atmosphere can be considered as an inhomogeneous, iso-
tropic, linear and lossy dielectric. Its effect on the propagation of electromagnetic
waves is characterized by the complex refractive index, n, with the definition of

n = /e, (2.1)

where ¢, is the complex relative permittivity of the atmosphere and defined as

g =¢efeg = €l + jeu (2.2)
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in which ¢ is the complex permittivity of the atmosphere; ¢ is the permittivity of
vacuum; €, and £/ are the real and imaginary parts of e, respectively. If a plane
wave has traveled a distance d in the atmosphere, the electric field vector of the

wave can be written as . . ‘
B(z) = Bo)eo (2.3)

where E(0) is the initial vector of the electric field, kg = 27 f/c is the free space wave
number, f is the frequency, and c is the speed of light in vacuum. If the complex
form of n

n=n+jn" (2.4)
is substituted into Eq.(2.3), we obtain
E(z) = E(0)etodn" gikodr! (2.5)

Usually, n’ and n” are frequency dependent; hence the atmosphere is both dispersive

T T ™ T T T T u v T T

1000.00 o
Moist Air

— F 1013 mb, 15 °C ]
E i Water Vapor Content: 7.5 g/m?® 4 7
L 100.00F . =
S s W 3
o C 1 2 ) ]
& 10.00F Al 3
o E 3
= g N
© H ]
g 1.00 ¢ 3
= g 4 E
o r H.0 ~| N
;. 00F E
Q2 m
15 C 1
oot o v o T T
50 100 150 200 250

Frequency (GHz)

Figure 2.1: The specific attenuation of air in the frequency range of 80-240 GHz, in
which the main absorption lines are the one of water vapor at 183.81 GHz and the one of
ozygen at 118.75 GHz. The shaded areas show the passbands of SSM/T2 channels, whose
numbers are above the pairs of arrows. The specific attenuations are calculated using the
CCIR model.

(through n') and absorptive (through n') to electromagnetic waves. The quantity
n' is very close to 1, and n” is normally small but can be large near the absorption
lines of water vapor and oxygen, as can be seen in Figure 2.1. Here, the specific
attenuation o represents the attenuation the wave encountered in a unit length of
propagations and is expressed as

a = 8.68ken” = 0.1820fn". (2.6)
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In the above equation, a is in units of dB/km, where f is in Gigahertz and n” is in
parts per million.

In the microwave frequency range, t.e. 0.3-300 GHz, water vapor and oxygen
have a number of pronounced absorption lines. In considering these absorptiomns,
one has to take into account the fine structures of the molecules, which are related
to the coupling between molecular spin and the rotation of the nuclei. The oxy-
gen spectrum consists of a group of transitions, or absorption lines, near 60 GHz,
together with a single isolated line at 118.75 GHz. These transitions arise due to
the reorientation of the combined spin of two unpaired electrons, relative to the
orientation of the axis of molecular rotation. In addition to these transitions are the
non-resonant Debye absorption, which is important at frequencies less than about
10 GHz, and the pure rotational transitions of the oxygen molecule at frequencies
higher than 300 GHz. The water vapor spectrum comprises only rotational tran-
sitions and consists of a weak line at 22.235 GHz, and a much stronger line at
183.31 GHz. A continuum absorption of water vapor exists in the microwave spec-
trum in addition, but up to now the physical process associated with it is still not
completely clear (Brussaard and Watson, 1995; Buehler, 1996; Bauer et al., 1998).

Generally, the line absorptions are described by

asn(f) = SE(f — fo). (2.7)

ay,(f) represents the specific attenuation at frequency f, due to the resonance at fq,
with line strength S and shape function 7. The line strength .S depends both on the
properties of the molecule and the molecular states which in turn depends on the
temperature and the gas density. Line shape F' is significantly modified by molecular
collisions, i.e. pressure broadening, and by molecular thermodynamic movements,
i.e. Doppler broadening, and for oxygen also by the magnetic field of the Earth,
t.e. Zeeman breoadening. Two of the commonly used models for calculating the spe-
cific attenuation of air are the CCIR (International Radio Consultative Commit-
tee) model (Gibbins, 1986) and the microwave propagation model (MPM) of Liebe
(1989). The CCIR model uses an approximation based on the Van Vleck—Weisskopf
line shapes, with coeflicients adjusted to fit the results of available measurements,
and has the advantage of computational efficiency. MPM determines the absorption
through a line-by-line calculation and enables the calculation at any temperature,
pressure and humidity.

2.1.2 Radiative Transfer in the Atmosphere

As mentioned above, when electromagnetic waves propagates in the atmosphere,
both dispersion and absorption occur; if there are scatterers in the atmosphere the
polarization state of the wave may change. These effects are closely related to the
temperature and the density of water vapor and oxygen in the atmosphere. If a
wave travels through the whole atmosphere, the changes of its amplitude, phase
and polarization contain information on the atmosphere itself. If these changes can
be measured, it is possible to infer atmospheric parameters through an inversion
procedure. In determining the changes of the parameters that describe electromag-
netic waves, another important physical process must be considered, too. According
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to Kirchhof’s law, if the atmosphere absorbs at a particular frequency, it must also
emit at that frequency. The physical process including both extinction (absorp-
tion plus loss due to scattering) and emission is described by the radiative transfer
theory.

By assuming local thermodynamic equilibrium of the atmosphere, the spectral
intensity I(7, #,) of the radiation in direction @, at position 7 is given by the differ-
ential radiative transfer equation (DRTE),

dI(v, us)
ds

where the spectral intensity I(#,d,) is proportional to the square of the amplitude
of the electric field; «, represents the specific attenuation of the atmosphere due to
the absorption of both molecules of gas and the hydrometeors; and «; represents
the specific attenuation of the atmosphere due to scattering; Bs(7) is the spectral
intensity of the atmospheric emission at thermodynamic temperature T(7) for one
of two orthogonal polarization states. Hence, the first term on the right hand side of
Eq.(2.8) represents the loss of the radiation due to atmospheric extinction; the sec-
ond term, in contrast, represents the gain of the radiation owing to the atmospheric
emission; the third term is an integration, which is performed over all directions in
order to include all of the contributions of radiations propagating originally in other
directions but scattered into direction @;. The scattering phase function ®(i,, @;)
describes the portion of energy scattered from direction u; to direction #,. For
brevity, only the copolarized component is given here. Obviously, DRTE describes
the conservation of energy in the process of radiative transfer in the atmosphere.

For many applications, the spectral intensity of the atmospheric emission, By,
can be approximated with the Rayleigh-Jeans equation,

= (g + @) I(F, @) + caB () + 4“—/ ®(it,, @) (7, T)d%,  (2.8)
m Jan

By (i) = “0-T(7). (2.9)

in which & is Boltzimmann’s constant. Note, By represents the energy flux emitted
from unit projected area on a layer of the atmosphere, over unit solid angle and
unit frequency bandwidth. The unit of B; is then W - m~? - st~} - Hz !, Because
of the linear relationship between By and T, it is convenient to express the spectral
intensity 7 as an equivalent “brightness temperature”

Ty=—1. (2.10)

By substituting Eqs. (2.9) and (2.10) intc Eq.(2.8), the differential radiative transfer
equation relating the brightness temperature 7 with the thermodynamic tempera-
ture T can be obtained as

dTy(7, 4 - o . oo

M = —(ag + a )T (7, i) + o, T(F) + —= / (U, ;) Tp(7, U )dSy. (2.11)
ds 47 Jar

The solution of this radiative transfer equation is very involved in general and

becomes even more involved when the depolarization effect is also included. Hence,

numerical methods and simplifying assumptions are commonly used in practice.
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A number of numerical techniques, e¢.g. Monte Carlo method, discrete ordinate
method and the method of successive order of scattering (SOS), have been pro-
posed and thereby a few module for one dimensional radiative transfer in plane
parallel atmospheres have been developed (Fuhrhop et al., 1997). The program pack-
age MWMOD (MicroWave MODel), developed by Simmer [1994], utilizes the SOS
method. Using MWMOD, both brightness temperatures and weighting functions
can be calculated for the spaceborne geometry with measured or artificial atmo-
spheric profiles; clouds can be parameterized through humidity profile analysis or
specified according to requirements (See Appendix).

2.2 The RCBTD Method for Total Water Vapor

2.2.1 A Simplified Integral Radiative Transfer Equation

In developing inversion algorithms, simple, nevertheless accurate enough, form of
the radiative transfer equations are commonly used to interpret the radiometric
measurelnents. Such equations can be obtained when some simplifying assumptions
are made. The effects of refraction and reflection among atmospheric layers, along
with the effect of the Earth curvature, are normally ignored at microwave frequen-
. cies, when the local zenith angle 8 is not larger than 80° (Brussaard and Watson,
1995). This condition is satisfied by most spaceborne sensors. By further supposing
that there are no strong scatterers like raindrops and precipitation-sized ice particles
in the air, i.e. @y =0, then Eq.(2.11) can be solved in a closed-form solution,

To(f£,0) = Tu(£,0) + To(f,0)e ™%l L (1 — ¢,(F,0))Tu(f, 6)e msecd (2 19)

T, is the brightness temperature measured by the spaceborne radiometer at the
top of the atmosphere; T, and Ty are the upwelling and downwelling radiation
of the atmosphere, respectively; T, is the ground surface emission; €, is the surface
emissivity and 7y is the total atnmiospheric opacity in the nadir direction; f and 6 are
the frequency and the local zenith angle, respectively. Ty, Ty and T, are expressed
by the following equations,

H

T.(f,0) = sece/ T(2)aa(f; 2)e I calfin)sectaz g, (2.13)
0
H z

Ta(f,6) = sech T(z)oza(f;z)e“fo aalfiz)secfdz g, 4 T emmolf)secd (9 14)
0

T.(£,0) = e(f,0)T). (2.15)

In the above equations, H represents the top height of the atmosphere; a,(f;2) is
the specific attenuation due to the atmospheric absorption at frequency f and height
z; Ty is the surface skin temperature and 7, is the cosmic background brightness
temperature with a value of about 3K. Eq. (2.12) is usually called the simplified
integral radiative transfer equation.

This integral radiative transfer equation can be changed into a more convenient
form, if the integral expressions of To,(f,8) and Tu(f,8) were carried out using the
method of integration by parts (Grody, 1976; Guissard and Sobieski, 1994). The form
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of Guissard and Sobieski[1994] is used here for further discussion, which is similar to
the equation for an atmosphere with constant temperature above a smooth surface,
but includes corrections for the atmospheric temperature profile,

Ty(6) = m,T, — (Tp — T,)(1 — ¢, )e2rosec? (2.16)

T represents the air temperature just above the ground surface; the quantity m,,
is of the order of unity and given by
To—~Ts 1
mp =1+ [(1 - e s 2 2] 2.17
p= Lt [(1= ettt ) (217)
The terms within the square brackets in the above equation are correction terms,
which account for both the surface effect, 1.e. the discrepancy between the surface
skin temperature T, and the ground level air temperature Ty, and the atmospheric
effect, 1.e. the nonuniform vertical distribution of the air temperature. I, the at-
mospheric correction term, comprises two parts,

L=1 + (1 —¢,) e 2mosect, 2.18
r

in which I; represents the correction to the upwelling emissions of the atmosphere
and Le™™%? represents the correction to the atmospheric downwelling emissions.
They are calculated using the following equations:

I, = _/ [1 _ e—-r(z,oo)sece] dT(Z) dz (2']_9)
0 dz
7o sec oo_T z —7(2,00) sec dT
Le o5l — */0 o0, )[l—e (2,00) 9}#032:. (2.20)

7(z1, 22) 1s the atmospheric opacity between two levels z; and 2, at the nadir direc-
tion and defined as

(21, 23) = / tal(2)dz. (2.21)

ESY

Eq. (2.16) can be easily changed into the form for an atmosphere with constant
temperature Ty and Ty = T,

Ton(8) = To — (To — T.)(1 — &,)e2m05c8 (2.22)

In this case the quantity I, reduces to zero and m, reduces to unity. Eq. (2.22) is an
approximate expression of Eq. (2.16) and it is very useful in interpreting the mea-
surements when the atmosphere is moderately transparent at the used frequencies,
e.g., at the window channels of SSM/I.

2.2.2 The Expression of Brightness Temperature Difference

If the surface emissivities at two channels of a radiometer can be taken as equal,
using Egs. (2.16) and (2.22), the brightness temperature difference (BTD) between
these two channels can be expressed explicitly.
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For clarity and simplicity, the case of transparent atmosphere is considered at
first. using Eq. (2.22). If the two channels are located on the wing of the water
vapor line centered at 183.31 GHz, the atmospheric absorptions corresponding to
these two channels will be sufficiently different. Suppose the atmosphere has total
opacities at nadir direction of 75; and 7 ; for the two channels with numbers of ¢
and j, respectively. The BTD between the two channels, ATy ;. is then given by

ATD,ij = Tgyz‘ — TVOJ
— (TO _ Tc)(l _ 65)(6—270'1 sec 672TU"SeC9). (223)

In cloud-free conditions, the total opacity of the atmosphere is just due to the
absorptions of water vapor and oxygen. The oxygen absorptions at the SSM /T2
frequencies are sufficiently small; and they are in the same order of magnitude. This
part of the atmospheric absorption is neglected in the following discussions. Now
only the water vapor absorption needs to be considered in calculating 7p; and 79 ;.
The total opacities should be evaluated with Eq. (2.21) and the integration should
be carried out from the ground surface to the top of the atmosphere. Because the
water vapor absorption is a function of both temperature and pressure, the relation
between total opacity and total water vapor is nonlinear. Nevertheless, the relation
between them is usually assumed to be linear, in a first order approximation; and
a so-called mass absorption coefficient of water vapor is defined ( Westwater, 1993).
Let x,; represent the mass absorption coeflicient of water vapor at channel 7, the
total opacity of channel 7, 7 ;, is then expressed as a product of «,; and W,

T4 = l{v,iW, (224)

Ky 18 calculated using the following equation,

yel
Ky = %/g Qi 2)d2 (2.25)

in which a,;(#) is the specific attenuation of water vapor at height z. The total
water vapor W is evidently given by

W= /OH po(2)dz (2.26)

where p,(z) is the water vapor density at height z.

On the right hand side of Eq. (2.23) there is a term which is a summation of two
exponential functions. In order to facilitate the following analysis, an approximation
is used here to change the form of this term from sumimation into a product, which
is given in the following general form,

€72 _ o=2020 oy A g0 (Aze®+Asz) (2.27)

The coeflicients A;, Ay and Az in the approximation are calculated from the coef-
ficients of a; and as, using the following equations
Ay = 2(ay — 1) (2.28)
Ay = —(ayg—a1)?*/6 (2.29)
Ay = ay+ay, (2.30)
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which are derived by comparing the Taylor expansion, up to 3rd order, on the
right hand side with that on the left hand side of Eq. (2.27). In Figure 2.2 the
two functions are compared for three pairs of a; and a,. This approximation has
maximum errors of less than a few percent for x in the range of 0. - -2 for group one
(Figure 2.2(a) and (b)), in the range of 0-- -5 for group two (Figure 2.2(c) and (d)),
and in the whole range of 0---8 for group three (Figure 2.2(e) and (f)}. By using this
approximations and the expression of total opacity in Eq. (2.24), the expression of
BTD, ATp,;, in Eq. (2.23) becomes

(kyy~Kua)?
G

ATy % UTo = To)(L— &) (s — iy )(W s e hvs Hraa) W secO) B2 (v sec

(2.31)

As the atmosphere is moderately opaque at the used frequencies, the BTD, AT;;,

has to be calculated using the exact expression of 7, in Eq.(2.16). However, it can
be proved that ATj; has the following relationship with ATy 5,

In the above equation, b;; represents the bias when the brightness temperatures are
calculated using the approximate expression of £q.(2.22), instead of using the exact
.one of Eq.(2.16).
The bias b;; is an important quantity. By combining Egs. (2.16), (2.23) and
(2.32) together, the expression of b;; can be obtained,

bij j— Ip,i _ Ip,j + ES(TO . Ts)(eﬁToJ secf 6"7—0‘1 secG)‘ (233)

Here, I,; and I,,; are the atmospheric correction terms at channels ¢ and j, respec-
tively, which are given by,

L = L+ (1= e)Ipem e’ (2.34)
_[p,], — Il,j 4 (1 . 65)12,]-6_2‘“)’] SecG. (2.35)

In the above expression of I, ; (I, ;), the second term in the right hand side represents
the correction for the downwelling atmospheric radiation and it is much smaller than
I; (I1;), the correction for the upwelling atmospheric radiation. This term will be
ignored henceforth. It is noticed that there is a term in the expression of b;;, which
contains the difference between the surface air temperature Ty and the surface skin
temperature T,. Since the continuity of temperature across the air-ice interface is
normally maintained, T is equal to Ty. Under these conditions, the expression of
by in Eq. (2.23) is simplified to

dT(z)

H
b:: 2o —70,i(2,H)secd ~79,5(2,H) sect
i R~ e —e ]
0 dz

dz. (2.36)

It can be seen that b;; is mainly determined by the vertical structure of temperature
and water vapor.
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2.2.3 The Ratio of Compensated BTD (RCBTD)

If there are three channels available on the flank of the water vapor absorption line
at 183.31 GHz and the surface emissivity at these three channels can also be taken
as equal, useful results can be derived from the BTDs between adjacent channels.

First of all, the case of a transparent atmosphere is considered, using the ex-
pression of BTD in Eq. (2.31). Let ATy;; and ATy ;i represent the BTDs between
channels ¢ and j and between channels j and k, respectively. The ratio between
ATy;; and ATy is then defined as a new quantity, which is represented by 7y and
has the following expression,

ATy

T = ATon

Koy i — Kopy 4 . {5y ;=& ,-)2-(~ kT8, )2
v, v,J e(n‘,,k—n‘,,,)(WseCQ)+ Bt ¥ 0l (WsecQ)Z. (237)
Koj — Ko,k

By taking logarithms at both sides, the above equation becomes
Inng = co + ¢y (W sec8) + co (W sec 6)?, (2.38)

where coefficients ¢y, ¢; and ¢y are given by

Kyi = Kuj

=1 2.39
Co n(f%,j - ( )
Ci = EKoyk — Kug (240)
- N2 _ )2
cy = (K/’U,] Kv,z) (ﬁv,k K’v,]) ) (241)
6
For a moderately opaque atmosphere, the ratio of BTDs is defined as
_ ATy (2.42
"= AT, 42)

and the relationship between 7 and W is not as simple as in Eq. (2.38), due to the
existence of a non-zero bias between AT}, and’ ATy ;;, as shown in Eq. (2.32). In
order to obtain a useful result for opaque cases, the definition of n must be modified.
The modified 7 is represented by 7, and has the form of,

_ AT by
T AT b (2.43)
7. 1s called Ratio of “Compensated” Brightness Temperature Differences (RCBTD).
By noting the relationship between AT;; and ATy ;;, it is immediately recognized
that 7. has the same form as 7, and it equals 7y as the atmosphere becomes fully
transparent, since in this case the biases b;; and b;; are zero. In this way, the
relationship between 7, and W becomes as simple as that in Eq.(2.38). Further, if
the three channels are selected in such a way that

Ky = Ry = Kok — Ky jj (244)
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then.
Cop — Cy — 0. (2—15)

As a result. the relationship between total water vapor ¥ and In . becomes a linear
one.
Inn. = (Kop — rui) (11 secd). (2.46)

It is very interesting to note that the surface emissivity e¢; and surface skin
temperature T, vanished in both Eq. (2.38) and Eq. (2.46). This means, if the
biases b;; and bj, can be reasonably well determined, the total atmospheric water
vapor can be inferred from the measurements of the three chanunels, without any
auxiliary information on the surface emissivity and surface skin temperature. This
is the basic idea of the proposed RCBTD method. Obviously, the biases b;; and b,
are key elements in the RCBTD method.

2.2.4 The Relationship between RCBTD and TWV

In order to further study the relationship between RCBTD and TWV, simulations
were done using the MWMOD module. For simplicity, the brightness temperatures
of SSM /T2 channels were simulated at their center frequencies and with artificially
created profiles of the atmosphere.

The temperature and water vapor profiles used are shown in Figure 2.3. The
temperature in the troposphere is assumed to decrease linearly with height from
the surface up to the tropopause at 9 km with a fixed lapse rate of 6.0 K/km; above
the tropopause, the temperature is assumed to be constant. The error induced by
this unrealistic temperature distribution is expected to be small, since the water
vapor amount in the atmosphere above the tropopause is negligible compared with
that in the troposphere. The water vapor profile is assumed to depend on pressure,

a(p) = g,(2)" (247)
Ds

in which ¢(p) stands for the specific humidity at pressure p; g, is the surface specific
humidity; v is the power coefficient, which controls the vertical distribution of water
vapor. As v increases, water vapor is increasingly concentrated near the surface for
a given amount of total water vapor. In view of the statistics given by Simmer
[1994], v takes the values of 1, 2 and 3 in this simulation. The surface pressure p,
is fixed at 1000 mb for all situations.

In Figure 2.4(a) a part of the simulated brightness temperatures at SSM /T2
channels is shown, as a function of the total atmospheric water vapor W. When W
is small, the measured brightness temperature generally increases linearly with W.
This feature has been used by Wang and Wilheit [1989] to retrieve the total water
vapor in dry atmospheres over open ocean. As the auxiliary information, the ocean
surface temperature and emissivity are needed in their retrieval scheme, in order to
estimate the ocean surface emission. With the increase of W, the relation between
Ty, and W beconies nonlinear and finally the measured T} runs into saturation. The
nearer the channel is located to the center of the absorption line, the niore sensitive
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Figure 2.3: The artificial profiles of temperature and humidity used in simulations. The
humidity profiles are examples for total water vapor W = 3.0 kg/m?.

it is and the sooner it reaches saturation. The saturation point W, ; of channel 7 is
defined here as the value of W, at which the following conditions

7’1‘_1 — 717/ = 0 When W = Ws‘i
Ti1—-1T;>0 when W > W,

are satisfied. According to this definition, points A and B in Figure 2.4(b) are sat-
uration points of channels 5 and 4, respectively. When the atmosphere contains
water vapor above the saturation point of a channel, this channel “sees” no longer
through the atmosphere. In this case, the measured 7} at this channel contains no
information on the water vapor content in the lower layers of the atmosphere; there-
fore, this channel is not suitable for retrieving the total amount of the atmospheric
water vapor. The saturation point defined here is used later as a criterion to indi-
cate which channels are used in the retrieval. It must be pointed out that the thus
defined saturation point changes with both the surface emissivity and the vertical
structure of the atmosphere, since the brightness temperature difference between
two channels, 7;_, — T3, is a function of these two factors.
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Figure 2.5(a) shows the effects of the total water vapor and the surface emis-
sivities on the brightness temperature differences when the vertical structure of
atmospheric temperature and humidity is fixed. Here, the simulated results at the
channels 2, 3 and 4 of SSM/T2 are exemplarily used. Each point in the plane of
BTD’s T3 — Ty and T, — T3 corresponds to a definite value of W and a definite value
of e;. As W and ¢, change, the trajectories of (T3 — Ty, T, —T3) ave almost orthogonal
with one another in a certain range of W. As a result, the effect of water vapor can
be isolated from that of the surface emissivity in the plane of the brightness temper-
ature differences between neighboring channels of SSM/T2. In Figure 2.5(a) some
vectors are also exemplarily shown. The start points of these vectors are located at
(b34, baz), which are biases corresponding to their W, while the end points of them
are exemplarily shown at (T3 — Ty, T2 — T3) corresponding to e, = 0.5. Clearly, the
angles between the abscissa and these vectors can be evaluated using the following
equation,

Ty T3 — by

T3 — Ty — bss
Comparing this equation with the definition of RCBTD 7, in Eq. (2.43), 1t is im-
mediately realized that

tan ¢ (2.48)

tan ¢ = 7. (2.49)

Because 7, is independent of the surface emissivity €., the angle ¢ must be
independent of ¢, too. This means, for a fixed W, all points of (T3 — Ty, T3 — T3)
are located in the same line no matter what value the surface emissivities ¢, takes.
Therefore, to retrieve total water vapor W, one just needs to calculate the angle ¢.
The relationship between tan ¢, 1.e. 1., and W is shown in Figure 2.5(b). Evidently,
the curve is in the form of a 2nd-order polynomial, as described by Eq.(2.38).
Now it is concluded that the model simulation confirms the theoretical analyses in
Section 2.2.3.

2.3 Influence of the Atmospheric
Vertical Structure

The preceding analyses and simulations were confined only to cases of fixed temper-
ature and humidity profiles of the atmosphere. In reality, however, the atmospheric
vertical structure is subject to great variation both spatially and temporally. This
variation will influence the retrieval of the total water vapor in the atmosphere
using RCBTD, since the temperature and pressure dependency of water vapor ab-
sorption has influences on the relationship between the total water vapor and the
RCBTD through the mass absorption coefficients contained in Eq. (2.38) and on
the compensation of the biases b;; and bjy.

2.3.1 The Mass Absorption Coefficients

As demonstrated in Section 2.2.3, the relationship between ln 7. and the total water
vapor W is in the form of a 2nd-order polynomial (see Eq. (2.38)), if the biases b;;
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different v. The arrow shows the direction of increasing ~y.
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Figure 2.7: The influence of air temperature on the relationship RCBTD 7. and total
water vapor W. The arrow shows the direction of increasing air temperature.

and bj, were perfectly compensated; and the coefficients cg, ¢; and ¢; in Eq. (2.38)
would depend only on the mass absorption coeflicients of water vapor, Ky, 5, ; and
Ky, as given by Eqs.(2.39)-(2.42). According to the definition in Eq. (2.25), the
mass absorption coefficient of water vapor is equal to the total absorption of the
water vapor at all levels of the atmosphere divided by the total amount of water
vapor. The temperature dependency of water vapor absorption is a complex function
of frequency, especially near the center of the absorption lines ( Gibbins, 1986). The
work of Westwater [1993] at frequencies of 20.6, 31.65 and 90.0 GHz showed that
the variations of the mass absorption coefficients at these frequencies are at most
15% in a time scale of one month, for typical mid-latitude clear conditions with
the total water vapor in the range of 5-20 kg/m? Up to now, no similar work
at frequencies above 100 GHz is reported in the available literatures. In order to
observe the effect of the atmospheric structure on the RCBTD 7, simulations were
done and the results are presented here.

The simulated results shown in Figure 2.6(a) are obtained when the vertical
structure of water vapor changes and the temperature and pressure profiles are fixed.
For clarity, just the results with W of 2.0 and 4.0 kg/m? are shown. Although the
points (T3 —Ty, To—T4) for a fixed v are still located on a line as the surface emissivity
€s changes, the slopes of lines with different v are different. In Figure 2.6(b), the
relationships between In 7, and W for different v are shown. The influences of water
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Figure 2.8: (a) Biases bzq versus baz. The arrows show the directions of increasing W, with
the step of 1 kg/m?. (b) Inn, versus total water vapor W, when the biases are compensated
using the values corresponding Yo v = 2. The arrow shows the direction of increasing -y.
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vapor vertical distributions in the atmosphere are significant. Similar effects are
also observed in Figure 2.7, when the air temperature changes while the profiles of
water vapor and pressure are fixed.

2.3.2 The Biases

The effects of the atmospheric vertical structure on the retrieval of total water
vapor using RCBTD can also be observed in the biases, b;; and b;;. As shown
in Eq. (2.36), the biases are mainly determined by the vertical structure of the
atmosphere. Figure 2.8(a) shows the biases bsq and bs3 as a function of v and
W for a fixed temperature profile. As expected, the biases changes nonlinearly
with v and W, and the vertical structure of water vapor plays an increasingly
important role with the increase of total water vapor . Because of this nonlinear
dependency of the biases on the total amount of the atmospheric water vapor and
on its vertical structure, a perfect compensation of the biases in calculating RCBTD
with Eq. (2.43) is difficult in reality. The effect of the imperfect compensation of
the biases in calculating RCBTD is exemplarily shown in Figure 2.8(b). Here, all of
the RCBTD 7, are calculated using the biases corresponding to v = 2. Significant
divergence appears when the total water vapor W is large. The effects of the surface
emissivity, which would have vanished if the biases were perfectly compensated,
show up again in this case.
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Figure 2.9 A part of Figure 2.5(a). The extended lines (thin lines) intersect with each
other at nearly the same point F.
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The difficulty in compensating the biases can be reduced. First, the retrieval of
the total water vapor using the RCBTD is performed regionally and seasonally. In
this way, the variation of the vertical structure of the atmosphere is limited to a
tolerable extent. Second, in constructing the algorithin, the work is done for certain
ranges of the ground surface emissivity and the total amount of atmospheric water
vapor, so that the divergence is limited to a small extent. At last, the problem due
to the dependency of the biases on the total water vapor amount in the atmosphere
can be solved, if the following fact is noted. In Figure 2.9 a part of Figure 2.5(a) is
reproduced in a larger scale. By extending the lines with constant W in the direction
of increasing ¢, the lines intersect with each other at nearly the same point F. As
proved in Section 2.3.3, RCBTD 7, is equal to tan¢. ¢ is the angle between the
abscissa and the line determined by points with constant W. If all the lines intersect
at one point, only the coordinates of this intersection is needed in calculating tan ¢,
1.e RCBTD 7. In practice, the temperature and humidity profiles measured with
radiosondes can be used to estimate the optimal position of this intersection.



Chapter 3

Surface Temperature and
Emissivity of Ice

In order to develop an algorithm for the retrieval of total water vapor in Antarctica
using the RCBTD method, the climatological and meterological conditions in this
region should be understood. After an abbreviated overview of the physical envi-
ronment in the Antarctica, algorithms for ice surface temperature using infrared
sensors are discussed in detail. Since there is a general lack of knowledge about the
‘emission properties of ice at frequencies above 100 GHz, satellite measurements are
used here to retrieve the surface emissivities of both land and sea ice. Therefore, a
simple approach is proposed to estimate the range of surface emissivities without
coincident measurements of the atmospheric profiles.

3.1 The Physical Environment in Antarctica

Antarctica comprises the area of the Earth south of 60°S and includes the ice
covered continent, isolated islands and a large part of the Southern Ocean. The
continent itself makes up about 10% of the land surface of the Earth with the
combined area of the ice sheets and ice shelves being about 18 x 10% km?. It lies
entirely within the Antarctic Circle, except for the northern part of the Antarctic
Peninsula and the region south of the Indian Ocean (see Figure 3.1).

The vast majority of the surface of the Antarctic continent is covered with ice,
which is formed through precipitation of snow that has built up and has been
compressed over thousands of years. The Antarctic ice sheet is on average about
2,500m thick with maximum values reaching 4,700 m. Due to this thick ice mass
Antarctica is, on average, the highest continent in the world. The most part of East
Antarctica is covered with a terrestrial ice sheet that rests on land which would
be above sea level if the ice were removed; the West Antarctica, in contrast, is
mainly covered with marine ice sheet resting on rock as much as 2,000m below sea
level. The ice that builds up in the interior of the Antarctic gradually flows down
to the edge of the continent in ice streams. When the ice streams reach the edge
of the continent they either form floating ice shelves or the ice breaks up, forming

29
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Figure 3.1: Map of Antarctica. Light shaded areas represent portions of the ice sheet
grounded on bedrock more than 500m below sea level, and represents a large proportion of
the marine ice sheet. Arrows indicate the major ice streams. Heavily shaded regions are
ice shelves, and solid areas represent the approzimate distribution of exposed rock. The
dashed line Tepresents the edge of the continental shelf. (From Massom [1991])

the tabular icebergs. The largest ice shelves are the Ross Ice Shelf and the the
Filchner-Ronne Shelf. Most ice shelves are 100-500 m thick.

In most time of the year, the Antarctic continent is enclosed by a belt of sea
ice that, at its maximum extent, reaches 60°S around most of the continent and
close to 55°S to the north of the Weddell Sea. Sea ice is formed from the freezing
of sea water. If sea ice would freeze extremely slowly, pure ice would result because
of rejection of all salts during the freezing process. However, the freezing rate is
normally too rapid to allow pure ice to form, thus brine is trapped in the lattice
structure of the ice. Both meltwater percolation and gravity expedite brine drainage.
Typical sea ice salinities are 10-15 parts per thousand (ppt) for newly formed sea
ice, 5-8 ppt for 1-2m thick first-year ice and 0.1-3.0 ppt for multiyear sea ice (Hall
and Martinec, 1985). It is found that most of the Antarctic sea ice is first-year ice
and relatively thin, but multi-year sea ice has also been observed in the western part
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of the Weddell Sea and along the coast of West Antarctica. Normally. the Antarctic
sea ice is covered with snow; but its regional and seasonal variability in terms of its
structure and thickness distribution is not well known. In situ observations during
expeditions to the Weddell Sea in the time period from1 1986 to 1992 obtained the
following results: (1) the mean snow thickness over the first-year ice in the central
and eastern Weddell Sea amounted 0.16 m, while that over the second-year ice in
the northwestern Weddell Sea was 0.53 m; (2) the mean density of the snow in the
Weddell Sea was 290 kg/m? (Eicken et al., 1994). Since the ice is constantly driven
by winds and ocean currents, the sea ice zone is highly dynamic. As a result, leads,
which are ice-free regions between ice floes, are commonly created within the pack
ice.

Antarctica is the coldest, windiest and driest continent on the Earth. The surface
air is intensely chilled by radiative cooling as heat is lost from the ice surface to
space. On the dome-shaped ice cap, the temperature decreases with the distance
from the coast, since the elevation of the continental interior increases in general
with the latitude. In most coastal regions the mean annual temperature is around
—12°C, at 1,000m —20°C, and in the highest parts near 4,000 m it falls to —60°C
(see Figure 3.2). In the vertical structure of the atmospheric temperature profiles
there is a temperature increase from the ice surface to about 700-1000m above
the ice surface. This phenomenon is known as the surface temperature inversion.
Although the inversion is strongest in the interior of the continent in the winter,
when the cooling of the surface is highest, significant inversions occur for much of
the year even in the coastal region. The inversion strength, which is defined as the
difference between the surface temperature and the highest temperature observed in
the lower troposphere, can reach 25°C in winter at the interior of East Antarctica,
as shown in Figure 3.3. Additionally, the katabatic wind regime is also one of the
most remarkable features of Antarctic climatology, which is mostly caused by the
strong radiative cooling of the ice sheet. The gravity driven flow moves very slowly
downwards from high elevation areas of the ice cap, accelerating as it moves towards
the coast. The configuration of the ice topography provides an extensive elevated
source of cold air and lower lying glacial basins which cause strong confluence of
airflows. As the katabatic winds move towards the coast the very cold, very dense
and high velocity airflow is confined to a layer about 600 m thick, with the fastest
winds at a height of about 200 m above the ice surface. Antarctic air is extremely
dry. Air in the upper levels of the atmosphere circulates towards Antarctica from
more northern latitudes. By the time the air descends over the polar central plateau
to approach the boundary layer of the atmosphere, most of the moisture has been
removed. The annual precipitation of snow, averaged across the continent, is about
100 mm of water equivalent. In some locations as little as 20 mm is recorded. Because
of the low temperatures, however, there is little or no melt. The knowledge of the
spacial distribution and seasonal variation of the precipitation over the Antarctic
continent is essential to our understanding of the stability and mass balance of the
Antarctic ice sheet, and consequently, essential to the prediction of global sea level
changes.
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Figure 3.2: Annual mean surface temperatures (in °C) over Antarctica, deduced from
10m snow temperature measurements. (From King and Turner, 1997)

Figure 3.3: Isolines of the average strength of the surface temperature inversion in the
winter. (From Schwederfeger, 1984)
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3.2 Surface Temperature of Ice
from Infrared Sensors

3.2.1 Physics Related to Infrared Sensors

Due to the hostile environment in Antarctica, the direct measurements of ice sur-
face temperatures are sparse. Hence, the observations made from the polar orbiting
satellites are valuable supplements. To measure the ground surface temperature
from satellite, infrared sensors are commonly used, since the peak of the emission
spectrum of the terrestrial surfaces is located near 10 gun wavelength and the atmo-
sphere is moderately transparent to radiation in the thermal infrared range. The
penetration depth of infrared radiation in geophysical materials (soil, ice, water,
snow etc.) is very small (of the order of microns), while their emissivities are gen-
erally high. Consequently, the measured radiation in the infrared range is mainly
emitted from the ground surface.

To interpret the measurements from infrared sensors, Planck’s Law is used. The
radiance By of a blackbody with the physical temperature 7" is described by the
Planck function,

2hc? 1

BA(T) = N5 enre/(WT) _ 17

(3.1)
where 7i is Planck’s constant; and k is Boltzmann's constant. The radiance B rep-
resents the radiant flux per unit solid angle in a given direction, per unit projected
area in that direction, within unit range of wavelength. B, has thus the unit of
W-m~3.sr7!. Generally, the radiant flux, L, received by a spaceborne radiometer at
local zenith angle 4 is directly related to the radiance of the Earth surface in that
direction (Robinson, 1985). By ignoring the effect of the intervening atmosphere, L
is simply given by

L =€(0,))B5\(T), (3.2)

where €(6, A) is the surface emissivity at local zenith angle 8§ and wavelength A. In
practice, however, a radiometer receives radiation only over a certain range of wave-
length and local zenith angles, which are deterinined by the receiver passband and
the antenna beamwidth, respectively. Consequently, the radiant flux I measured by
a radiometer is an integration over wavelength and local zenith angle. For simplicity,
however, Eq. (3.2) is still used, but with a modification that ¢(6, A) is replaced by &,
an average emissivity of the surface within the wavelength range determined by the
passband of the receiver and within the range of the local zenith angle determined
by the antenna beamwidth.

Since Antarctic ice is usually covered by snow, its emission in the infrared range is
determined by the emission property of snow. The emissivity of snow in the infrared
range of interest is quite insensitive to surface parameters, including density, grain
size, thickness, liquid water content, and impurity content, but it has an angular
and spectral dependency (Massom and Comiso, 1994). The directional emissivities
of snow at the thermal channels (channels 4 and 5) of the Advanced Very High
Resolution Radiometer (AVHRR) on board the NOAA series satellite, have been
modeled by Key and Haefliger [1992], and their results are shown in Figure 3.4.
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Figure 3.4: The modeled directional emissivities of snow at channels 4 and 5 of NOAA
AVHRR. (Data from Key and Haefliger [1992])

They also found that these emissivities do not change significantly over the range of
temperatures encountered in polar regions and therefore these values are applicable
to the snow type encountered through all seasons of the year.

3.2.2 Surface Temperature of Sea Ice from OLS Data:
An Algorithm

Much work has been done in retrieving the ice surface temperature using AVHRR
(Maslanik and Key, 1993; Yu et al., 1995). AVHRR has five channels, covering the
range of the electromagnetic spectrum from visible to thermal infrared. Using the
so-called “split-window” technique, the effects of atmospheric water vapor absorp-
tion can be corrected, based on the fact that atmospheric transmission is greater
at channel 4 than at channel 5. In analyzing the data of SSM/T?2, it is desirable
to use the images of the Operational Linescan System (OLS), because OLS is on
board the same spacecraft with the microwave sensor and therefore provides coin-
cident measurements. In comparison with AVHRR, OLS has the disadvantages of
fewer channels and wider bandwidth. OLS has only two channels, one in the visible
band (0.4-1.1 pm) and one in the infrared (IR) band (10.5-12.6 pm). Hence, the
algorithms of AVHRR cannot be directly used in processing OLS images and there
is a need to develop dedicated algorithms for OLS.
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Figure 3.5: OLS IR image over the Weddell Sea, Antarctica. Clouds and sea ice sur-
face are classified through visual inspection. The dashed curve through the Weddell Sea
represents the expedition route of R/V Polarstern in July 1992.

3.2.2.1 Cloud Masking

To retrieve the surface temperature using visible and infrared images, clouds have
to be detected and masked out at first. In polar regions the similar reflectances of
clouds and snow/ice surfaces make the separation difficult by using visible channels.
It is even more difficult in the long polar night, when only the infrared images are
available. Due to the prevailing temperature inversion, unambiguous classification of
clouds and ice surfaces is impossible using the simple threshold technique. In order
to solve these problems, Schlueter and Markus [1996] have used neural networks to
classify OLS infrared images through texture analysis, based on the statistical char-
acteristics of segments. To use this technique, the neural networks must be trained
using classified images, which are obtained commonly through visual inspection.
The human eye, combined with human experience, is a powerful tool. Visual in-
spection is based on the fact that sea ice surface temperature is usually warmer
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Table 3.1: Average Emissivities of Snow and Water at OLS IR Channel

| Averaged over ” £ (Snow) ‘ €w {Water) 1
[ X 10.5-12.6 pum; 6: 0-55° || 0.9954 | 0.9850 |

than —50°C and it looks rougher than cloud tops due to the existence of re-frozen
leads, ice ridges and open water pools. One of the problems for the visual inspection
is the influence of thin clouds, which can not be easily detected due to their low
opacity and may cause an error of a few Kelvin, Figure 3.5 shows an example of
thus classified OLS infrared images.

3.2.2.2 The Expression of the Surface Temperature of Sea Ice

In cloud-free cases the radiance measured by OLS represents the integrated radi-
ances of all the surfaces within the field of view, which is a mixture of ice and
open water. Usually, the measured radiance of OLS is expressed as the effective
brightness temperature 7, i.e. the temperature of a black body, at which it has the
same radiance as the measured one. In general, the surfaces of ice and water have
different temperatures. The surface temperature of sea water is assumed here to be
at its freezing point, i.e. —1.8°C. If the ice concentration within the OLS pixel is
Cice, the total radiant flux L received by OLS can be written as

L = By\(T) (3.3)
CicegsB/\(Tice) + (1 —' Cice)EwB)\(Tw))

in which T is the surface temperature of ice, T,, is the surface temperature of sea
water; € and €, are the emissivities of snow and water at the OLS IR channel,
respectively. Both DMSP and NOAA satellites are sun-synchronous orbiters at an
altitude lower than 1,000 km; the sensors AVHRR and OLS both observe the Earth
by cross-track scanning with nearly same swath width of 3,000 km (Kramer, 1996).
Since the bandwidth of the infrared channel of OLS covers the combined spectral
range of channels 4 and 5 of AVHRR, the emissivity of snow at the OLS IR channel,
is taken as the average of the emissivities at channels 4 and 5 of AVHRR. Sea
water has a smaller emissivity than snow. Here, the value given by Comiso [1994]
is adopted. The emissivities used for snow and sea water at the IR channel of OLS
are shown in Table 3.1.

By solving Equation (3.3), the ice surface temperature T}, can be obtained. In
order to get a simple expression for Ty, the Planck function By in Eq. (3.1) is re-
placed by an approximate expression. It is found that, for the wavelength range and
temperatures considered, B, can be approximated by a power law of temperature,

BA(T) & T™, (3.4)

and that m can be taken as constant (Price, 1989). Using this approximation, Ty,

is simply given by °

- (1~ Cice)EwT-gl)_l_ (3.5)
Cicegs ‘ .
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For the IR channel of OLS and for the temperature range encountered in polar
regions, m takes the value of 5.0. Thus, using the brightness temperature mea-
sured by the IR channel of OLS and the ice concentration obtained from SSM/I
measurements, the surface temperature of sea ice can be calculated using Eq. (3.5).

3.2.2.3 Correction of the Atmospheric Effect

In the above discussion, the effect of the clear atmosphere was ignored. Although
the polar atmosphere is reasonably transparent at thermal infrared wavelengths, it
has some effects on the measured T and this effect is not constant in the whole
Antarctic region. In regions near sea ice edges or in areas with low ice concentrations,
the water vapor content in the atmosphere is much higher than over the compact
pack ice or the continental ice sheet. Furthermore, the surface temperature inversion
in regions near sea ice edges is also weaker; accordingly, the average atmospheric
temperature can be considerably lower than the ice surface temperature. In this
case, the error of measured Ty can be large. In addition, the imperfect calibration of
the radiometer is also a source of error. To minimize the retrieval error, a correction
is derived by comparing the surface temperature of ice from in situ measurements
with those retrieved using Eq. (3.5).
The in situ measurements were made during the expedition of the research vessel
“R/V Polarstern across the Weddell Sea in July of 1992 (see Fig. 3.5). The measured
temperatures were not the surface skin temperatures of snow, instead, the stan-
dard 2-meter air temperatures. The surface skin temperatures are obtained here by
subtracting 1.4°C from the standard 2-meter air temperatures, to account for the
statistical cold bias of the snow surface relative to the 2-meter air (Schwederfeger,
1984; Yu et al., 1995). During the expedition the standard 2-meter air temperatures
were measured every 3 hours, with over 150 measurements. In the same time period
there were 41 OLS images available, but only 10 images under clear sky conditions.
In order to make the comparison meaningful, a reasonable amount of data is
needed. For this purpose, available data of AVHRR channel 4 in July 1992 are used
to infer the T, of OLS IR channel, when the OLS image was not available. The
relationship between the AVHRR 7T, and the OLS Ty is obtained through a linear
regression of the nearly coincident measurements of AVHRR and OLS. The time
differences of the compared data of AVHRR and OLS are less than 1 hour and are
projected onto the same grid with a spatial resolution of 5 km. Figure 3.6 compares
the coincident measurements of AVHRR and OLS. It is evident that the AVHRR
channel 4 gives in general higher brightness temperatures than the OLS IR channel.
This is consistent with the larger emissivity of snow and the higher transmittance
of the atmosphere at AVHRR channel 4 than at the OLS IR channel. The linear
equation describing the relationship between Ty from AVHRR and T}, from OLS is

T,(OLS) = 27.15 + 0.88T,(AVHRR Ch.4) (K). (3.6)

By including the AVHRR data, the number of intercomparisons between space-
borne and ground based measurements is expanded to 28, and most measurements
were done at regions with high ice concentrations, as shown in Figure 3.7(a). The
surface temperatures of sea ice, which are calculated using OLS data, are averages
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Figure 3.6: Coincident observations of OLS and of AVHRR. N is the number of samples,
R is the correlation coefficient, and o is the root-mean-square residual.

within an area of 45 x 45 km? surrounding positions of the in situ measurements.
Referring to Figure 3.7(b), the calculated surface temperatures are in general lower
than the in situ measured values, especially in warm regions. One of the reasons is
the absorption and emission of water vapor. The larger scatter in Figure 3.7(b) at
higher temperatures may be related to the larger error of ice concentration determi-
nation using SSM/I. Through linear regression, the relationship between measured
and calculated ice surface temperatures is obtained as

Tice(Measured) = —25.91 + 1.12T;.(OLS) (K). (3.7)

3.2.2.4 Procedures in retrieving the Surface Temperature of Sea Ice

In summary, the retrieval of surface temperatures of sea ice using the IR channel of
OLS is done by the following procedures:

e determining the ice concentration from SSM/I measurements,
e calculating the ice surface temperatures using OLS data with Eq. (3.5),
e correcting the atmospheric effects using Eq. (3.7).

This retrieval can also be done graphically in Figure 3.8, if the ice concentration
and the OLS thermal infrared brightness temperature are given.
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Figure 3.7: (o) Measured and calculated (using Eq. 8.5) surface temperatures of sea ice
versus ice concentration. (b) The relationship between the measured versus calculated ice
surface temperatures in the Weddell Sea in July 1992.
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Figure 3.8: Graphical retrieval of ice surface temperature. (a) Tice and (b) Tiee — To(OLS)
as o function of Cice and T(OLS).



3.2. SURFACE TEMPERATURE OF ICE FROM INFRARED SENSORS 41

o
w
—
e
[
r (a) ]
400 o e N
20 40 60 80 100
Sea lce Concentration C.. (%)
AT, (°C) [AT, (OLS): 1°C]
0 A L I S L
é\o * \ : \,
o © i b o
~10 _ _
:U\ ]
W _20f ]
o N
[
—40 [, . ; ! . : AW = | A ; .
20 40 60 80 100

Sea Ice Concentration C,, (%)

Figure 3.9: The error of Tice as a function of Cice and Ty(OLS), if (a) Cice is determined
with an error of §% and (b) T,(OLS) is determined with an error of 1.0 K.
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3.2.2.5 Error Analysis

The accuracy of retrieving the surface temperature of sea ice following the procedure
described above is determined by many factors, but mainly by the accuracies of the
QLS measurements and the SSM/I determination of ice concentration. Figure 3.9
shows how errors from these two sources influence the accuracy of Tj... Generally,
the retrieval error is small in regions with high ice concentration, and for the same
uncertainties in ice concentration determination and in OLS measurements, the
retrieval deteriorates as the ice concentration and the surface temperature becomes
low.

The influence of the atmosphere is another important error source. The effec-
tiveness of Eq. (3.7) in correcting the atmospheric effects depends on whether the
data set used to derive the coefficients is representative. Referring to Figure 3.7(a),
it is not fully convincing to argue that the data set used here is fully representative.
However, this correction formula can be demonstrated to be reasonable.

The sea ice surface temperature algorithms using AVHRR, given by Massom and
Comaso [1994], can be regarded as an algorithm for regions of 100% ice coverage,
since the resolution of AVHRR is much higher than that of SSM/I. This algorithm
is designed for the Arctic and uses AVHRR channels 4 and 5,

Tice = T4 + [1.246 — 8.717(T4 — T5)(sec 8 — 1.0)] (K), (3.8)

where T4 and T'5 represent the brightness temperatures for channels 4 and 5, re-
spectively, and 6 is the local zenith angle. The term in the square brackets represents
the correction due to the atmospheric absorption and ranges from 0 to 1.4K, with
an average of 0.7 K (Massom and Comiso, 1994). The algorithm developed in this
section for OLS can be changed into an algorithm for AVHRR, by making use of
the relationship (Eq. (3.6)) between brightness temperatures of the OLS IR chan-
nel and the AVHRR channel 4. If the ice concentration with the pixel is 100%, the
algorithm for AVHRR channel 4 is simply written as

Tice = 3.28 + 0.99T4 (K). (3.9)

In comparing this equation with Eq. (3.8), it is found that the maximum difference
between the two equations is 0.35 K for T} in the range of -50°-0°C. Note that, in
comparing the Egs. (3.8) and (3.9), the term in the square brackets of Eq. (3.8) is
replaced by its average of 0.7 K.

3.2.3 Surface Temperature of Land Ice:
Comiso’s Formula

The retrieval of ice surface temperatures from infrared data over the continental ice
sheet is simplified by its homogeneous snow coverage. The retrieval is also expected
to be more accurate than over sea ice due to the very low water vapor content
in the continental atmosphere. For convenience, the algorithm of Comiso [1994]
is adopted. He analyzed the thermal infrared data of the Temperature Humidity
Infrared Radiometer (THIR) on board the NIMBUS-7 satellite. NIMBUS-7 was
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also in a sun-synchronous polar orbit at an altitude of 955 km, which is close to the
DMSP orbit; and THIR had a swath width of 3,000 km (Kramer, 1996). Because the
thermal infrared channel of THIR worked in nearly same wavelength band (10.5-
12.5 pm) as the OLS IR channel, the correction formula derived for the THIR can
be directly used for OLS.

Comiso calculated the ice surface temperature using the equation,

Tie(THIR) = T3 (THIR) /(€)' (3.10)

in which T,(THIR) represents the brightness temperature at the thermal infrared
channel of THIR and €, is the snow emissivity with a value of 0.997. He compared the
ice surface temperatures calculated using the above equation with those measured
at Antarctic stations (see Figure 3.10). The station data include measurements in
both austral swmmer (January) and winter (July). He found that the THIR and
station temperatures were generally in agreement to within 3K through out the
year, with a correlation coefficient R of 0.997 and a standard deviation of 2.1, A
linear regression of the data set provided the relationship,

Tice(Station) = 14.2 + 0.946T;..(THIR) (K). (3.11)

Tice (THIR) is the ice surface temperature calculated using Eq. (3.10). It should be
pointed out that (1) the station data were the 1-3m surface air temperatures instead
of the skin temperature of the ice surface and (2) the comparison were done just
between the monthly means of both measurements. According to Comiso [1994],
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Figure 3.10: Comparison of the monthly mean surface temperatures over the Antarctic
ice sheet, measured ot stations and retrieved from THIR data. (From Comiso [199])
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the ice surface temperatures and the 1-3m surface air temperatures agree to within
1.0K over the Antarctic continent. Considering the relatively stable water vapor
content in the atmosphere over the Antarctic ice sheet, Eq. (3.11) shows the average
effects of the atmospheric absorption and the surface emissivity variation on the
retrieval of ice surface temperatures and is assumed to be valid for correcting these
effects in the instantaneous measurements of OLS.

3.3 Emissivity of Ice at SSM /T2 Frequencies

3.3.1 The Microwave Emission from Snow Covered Ice

Snow covered ice (including both sea ice and land ice) is a bulk emitting medium
at microwave frequencies below 300 GHz. According to Hall and Martinec [1985],
the microwave emission of a snow cover can emanate from a depth of 10 to 100
times the length of the wavelength, depending upon the density, the liquid water
content and the grain size of the snow. Figure 3.11 shows the approximate range
of the penetration depth of snow at frequencies below 300 GHz. The penetration
depth corresponds to a depth of the snow, over which radiation intensity reduces to
e (~14%) of its original value, and therefore, the radiation of the snow cover can
be regarded just from its top layer with a thickness of the penetration depth. At the
SSM/T2 frequencies the penetration depth of snow ranges from a few centimeter
to a few decimeter, which falls in the range of the snow cover depth commonly
encountered in the Antarctic oceans. The penetration depth of sea ice is much
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smaller than that of snow, less than one centimeter at frequencies above 100 GHz
(Ulaby et al., 1981), because the ice has a much higher density than snow and
contains brine, which is a good absorber for microwaves. Therefore, the radiation of
snow covered sea ice contains contributions from both the snow cover and the surface
layer of ice, as shown in Figure 3.12. Normally, the temperature at the snow surface
(T;) and at the snow-ice interface (T;) are different. This temperature difference is
due to the heat transfer through ice and snow, which is in turn determined by the
physical properties of ice and snow as well as by the meterological conditions at the
surface. The in situ observations in the winter Weddell Sea has revealed that the
snow surface temperature is always lower than the snow-ice interface temperature
and the temperature gradient within the snow cover could be up to 1.5 K/cm, and
this temperature gradient depends mainly on the snow surface temperature, the
colder the snow surface, the larger the gradient (Comiso et al., 1989).

First-Year Ice

smoolh surface

A e ns e ay
@ . N L
m{ °saline ic
l: P -;"O . ‘e

saline ice

Figure 3.12: The schematic diagram of the physical structure of first-year ice.

Due to this nonuniform temperature distribution within the emitting layer, the
effective emitting temperature of sea ice at microwave frequencies is in general
different from the snow surface temperature. If the ice surface temperatures derived
from measurements of infrared sensors are used to calculate the emissivities, the
estimated values will overestimate the effective emissivities of sea ice. Over the
Antarctic continent, however, the temperature gradient within the snow cover is
much smaller (less than 0.1K/cm (Zwally, 1977)), owing to the totally different
physical conditions of the ice sheet. Hence, the land ice can be regarded as a grey
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body with constant temperature at the SSM /T2 frequencies. The effective emissivity
of land ice can be exactly estimated using the surface temperatures from infrared
measurements.

Many authors have investigated the emission properties of ice in polar regions.
Comiso et al. [1989], Grenfell et al. [1994] and Johnsen et al. [1997] did in situ
radiometric measurements directly above the ice surface; Troy et al. [1981] observed
the polar ice using radiometers on board airplanes. Using satellite data, Chang et
al. [1976) and Comiso [1983] have retrieved the surface emissivities of land and
sea ice, respectively. But, these investigations were primarily done at frequencies
below 40 GHz, although some observations at frequencies as high as 90 GHz were
taken. Recently, measurements at frequencies up to 157 GHz over the Baltic sea
ice and snow sites were done using airborne radiometers and valuable results were
obtained (Hewisbn and English, 1998). Nevertheless, there is a general shortage of
observations of ice emissivities at frequencies higher than 100 GHz, especially in
Antarctica.

3.3.2 Methodology

Usually, the ground surface emissivity € is retrieved by solving the integral radia-
tive transfer equation (Eq. 2.12), when coincident measurements of the profiles of
atmospheric temperature and humidity and the brightness temperature 7; at the
top of the atmosphere are available. However, the sparse in situ measurements of
the atmosphere in Antarctica often limited the use of this direct method. Since
the range of surface emissivities of ice is needed in developing the algorithm for
retrieving the total water vapor using the RCBTD method, a simple approach is
proposed here to estimate the emissivities of ice, without coincident measurements
of atmospheric profiles. This simple approach is also based on the integral radiative
transfer equation, however, in a simplified form.

3.3.2.1 A Simple Expression of 7}

At first, the total transmissivity of the atmosphere at frequency f and local zenith
angle 9, T(f,9), is defined

H
Y(f,0) = e Jo calfiz)sectdz g o p g (3.12)

By substituting the expressions of the upwelling atmospheric radiation 7, (Eq.
(2.13)), the downwelling atmospheric radiation 7; (Eq. (2.14)) and the surface
emission T, (Eq. (2.15)) into Eq. (2.12) and ignoring the contribution of the cosmic
background, T; has the form,

Ti(£,0) = e(f,O)T.T(f,6)
+(1 = e (£,0))T(£,0) /OH au(f1 2)T(2)e™ o calliz)sectds e gy

H H
+/O oza(f;z)T(z)e*fz oalfiz)secldz go0 G (3.13)



3.3. EMISSIVITY OF ICE AT SSM/T2 FREQUENCIES 47

On the right hand side of Eq. (3.13), the first term is the contribution of the ground
surface emission and the next two terms are the contributions of atmospheric emis-
sion. By combining the atmospheric contributions together, T}, consists of two terms,
the surface term and the atmospheric term. The atmospheric term in T can be
further transformed into an integration, in which the integrand is a product of
the temperature profile T(z) and the so-called “temperature weighting function”
W (f. 6. z). Ty is then expressed as

To(f,0) = e(f, )T, Y + /OH Wr(f,0:2)T(2)d=. (3.14)
Wr(f,0;z) is given by

Wr(f,0:2) = [(1—e(f,0)T(f 0)aa(f; z)e Jo asllzlsectds (315
H
+aa(f;z)e‘f: aalfiz)sectdz] go0 .
The atmospheric term in Eq. (3.14) can be further simplified to a product of inte-

grated quantities. For this purpose, we define a quantity, the “equivalent tempera-
ture of the atmosphere”, Ty,

A w. : z)dz
= .fO IgT(f)e)z)T( ) ) (316)
.fO WT(f) 9» Z)dZ
If we further define the quantity W,(f, )
H
Wal£,6) = [ Wrlf6;2)dz (3.17)
0

as the atmospheric weight, the expression of T; then has the following simple form,
Tb(f)e) = Tes(fae)Ts + Wa(f)€>Ta- (318)

Clearly, the surface weight is equal to the atmospheric transmissivity .

If the integration in Eq. (3.17) is performed by using the expression of the tem-
perature weighting function Wr(f,6; z) in Eq. (3.15), it is found that the atmo-
spheric weight W, has the following simple algebraic form,

W, = (1-T)+(1—-¢€)(1-"T)T. (3.19)
In performing this integration, the condition
ao(f; H) =0 (3.20)

has been considered, which means that the atmospheric absorption becomes zero
at the top of the atmosphere. For clarity, the arguments f and § are omitted in
Eq. (3.19). Taking the simple algebraic form of W,, the expression of T} becomes

Ty =Te,Ts + [(1 = 1) + (1= e)(1 = T)Y|T.. (3.21)
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An interesting relation exists between the surface weight and the atmospheric
weight W,, i.e.
YT+W,=1+(1—-¢)(1-1)T. (3.22)

This relationship is also graphically shown in Figure 3.13. Clearly, the sum of T
and W, is very close to 1, since the second term on the right hand side of Eq. (3.22)
is small for the emissivities of commonly encountered surfaces. This relationship re-
veals an important fact for satellite radiometry. When the atmospheric absorption
increases due to the increase of water vapor content in the atmosphere or liquid wa-
ter content in clouds, the atmospheric transmissivity T will decrease; consequently,
the contribution of the surface emission in the measured T, will decrease. How-
ever, the reduced surface contribution in 7, tends to be compensated by almost
the same proportion of the atmospheric emission. As a result, the final change of
T, depends directly on the contrast (the difference) between the surface emission
e;Ty and the equivalent atmospheric temperature T,. If T, is very close to e,T%,
changing the atmospheric absorption has very little effect on the measured Tp; this
means, variations of the atmospheric parameter cannct be observed in the mea-
sured Tp. Therefore,‘a. sufficiently large contrast between the surface emission ¢,7}
and the equivalent atmospheric temperature 7, is the prerequisite to measure the
atmospheric parameters using satellite radiometry. Since both the ground surface



3.3. EMISSIVITY OF ICE AT SSM/T2 FREQUENCIES 49

emissivity and the equivalent atmospheric temperature are functions of frequency,
the operating frequencies of a radiometer must be carefully selected.

3.3.2.2 The Atmospheric Transmissivity T and the Equivalent Atmo-
spheric Temperature 7,

The simple expression of T;, in Eq. (3.21) is used to estimate the surface emissivity
of ice. Algebraic manipulation of this equation to solve for the surface emissivity
yields

R-ga-1)

T B(1- 1))

In this equation, T} is obtained directly from the measurements of SSM/T2 and
T, can be retrieved from OLS data in cases of clear sky. The quantities T and Ty,
however, need to be estimated. T depends on the absorption of gas in the atmo-
sphere, at SSM/T?2 frequencies, mainly water vapor. If the temperature dependency
of water vapor absorption is ignored, T is directly related to W, the total water
vapor in the atmosphere. The equivalent atmospheric temperature 7,, in contrast,
depends mainly on the vertical structure of temperature and water vapor in the
atmosphere (see Eq. (3.16)). Referring to Eq. (3.23), only the ranges of Y and :%
are needed in order to estimate the range of the surface emissivities. If the minima
and maxima of T and :% in a region for a given season can be estimated, the range
of surface emissivity is determined by the corresponding minimum and maximum

of €, in Eq. (3.23),

(3.23)

€ =

(Gs)min = ES|(Tm;n,(%)max) (324)
(€max = €l (B i) (3.25)

To estimate the ranges of T and :% in Antarctic winter, model simulations were
done using typical atmospheric profiles measured with radiosondes at representa-
tive locations. Figure 3.14 shows the atmospheric profiles used in this simulation,
which are expected to represent the typical conditions of the atmosphere in austral
winter at the continental interior, at the coast, and over the sea ice covered oceans.
In doing the simulation the relative humidity at all levels in the troposphere is
assumed to be same, changing from 0% to 100% in steps of 10%. The simulated
results of T as a function of the total water vapor W are shown in Figure 3.15.
Here, only the results at the three lower channels of SSM/T2 are shown. Due to
the strong absorption of water vapor for the 183.31 GHz channels of SSM/T?2, the
atmospheric transmissivity at these channels decreases rapidly with increasing total
water vapor. For example, for 4.0kg/m? of total water vapor the transmissivity is
only about 0.5 for the 183.31+7 GHz channel. In contrast, the transmissivity is at
least 0.8 for the two window channels of SSM /T2, even for total water vapor up to
8.0kg/m?. Because water vapor is the main absorber at SSM/T?2 frequencies, Y is
approximated as a simple function of the total water vapor W,

YT =W (3.26)
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Table 3.2: 74 and «, for SSM/T2 channels in the Antarctic winter

{ Channel Number “ 1 l 2 ] 3 l 4 1 5 |
Td 0.008 | 0.016 | 0.019 | 0.035 | 0.066
Koy 0.009 | 0.027 | 0.156 | 0.525 | 1.249

where &, is the mass absorption coefficient of water vapor defined in Chapter 2 and
74 stands for the total absorption of all the other gases except water vapor in the
atmosphere. Using the simulated results of T, &, and 74 can be determined with
regression procedures, and the corresponding values at the five channels of SSM /T2
are given in Table 3.2. At the same time, the ratio of % are also obtained from the
simulation and they are shown in Figure 3.16. )

In view of the significant difference in climatology over the Antarctic continent
and over the circumpolar oceans, they are treated separately. Using Eq. (3.26),
Y can be immediately calculated if the total water vapor W is given. Over the
continental ice sheet in austral winter, the total water vapor in the atmosphere
is assumed to be not more than 1.0kg/m?; but, the ratio %ﬂ could be large due
to strong surface temperature inversions and it is assumed to be in the range of
1.0---1.2, in view of the simulated results in Figure 3.16. The atmosphere over sea
ice generally contains more water vapor due to its evidently higher air temperatures.
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Figure 3.15: The atmospheric transmissivity T at the three lower frequency channels of
SSM/T2 versus total water vapor W. The symbols represent the simulated results based
on radiosonde data, while the solid lines represent the fits using Eq. (3.26).
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Table 3.3: Estimated ranges of W and % in the Antarctic winter

Region H W (kg/m?) » % ‘
Over Ice Sheet 00---1.0 {10 --1.2
Over Sea Ice 1.0---5.0 1.0 --1.1

Hence, W over sea ice is assumed to be in the range of 1.0- - -5.0kg/m? for clear
sky conditions. The ratio % in sea ice covered regions, in contrast, is expected to
be smaller than that over the continent, since the surface temperature inversion is
weaker. The simulated results of ZQ shown in Figure 3.16 give a rough guide-line in
estimating the range of L = Normally, most of the water vapor is constrained within
the lower and warm 1ayer of the atmosphere. Due to the prevailing surface temper-
ature inversion in Antarctica, especially in winter, the equivalent temperature of
the atmosphere is expected to be higher than the surface temperature. The rough
range of over sea ice is assumed to be within the range of 1.0---1.1. In summary,
the estlmated ranges of W and Iﬂ in austral winter are given in Table 3.3. These
values will be used to estimate the range ofwurface emissivity of ice using satellite
data.

3.3.2.3 The Relationship between Surface Emissivity ¢, and Ratio ;ﬂ

As stated above, given the ranges of T and ; the range of the surface emissivity
¢, can be immediately determined using Egs. (3.23), (3.24) and (3.25) for a given
value of ~'1 Because %ﬂ is assumed to be larger than 1 in the Antarctic winter, %ﬁ
always overestrmates the surface emissivity €,. Figures 3.17 shows the range of ¢ of
both land and sea ice at the two window channels of SSM /T2 for a given value of :_le
Clearly, the more sensitive a channel is to water vapor, the larger the uncertainty
in the estimate of €; at this channel will be. T gives the best estimate of €, at
92 GHz over the Antarctic continent and the worst estimate at 150 GHz over sea ice
regions. The error in estimating ¢, of sea ice using # L at the 150 GHz channel can
be larger than 0.1 (see Fig. 3.17). If the measurements at the 183.31 GHz channels
are used, much larger uncertainties are expected. These large uncertainties make
the estimation meaningless. Therefore, just the two window channels of SSM/T2
are used in the following discussions.

3.3.3 Results from Satellite Data

In general, the surface emissivity of ice is a function of both the satellite viewing
angle and the polarization state. As stated in Chapter 1, both the viewing angle and
the polarization state of SSM/T2 changes during a scan. Therefore, the equivalent
surface emissivity for SSM/T2 changes with the beam position, which should be
considered when estimating the surface emissivity. However, the surface emissivities
of the terrestrial surfaces at two orthogonal polarizations change differently with the
viewing angle. Figure 3.18 shows the theoretical emissivities of calm ocean surfaces
as a function of the local zenith angle 8, at vertically polarized (V) and horizontally
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Figure 3.18: The theoretical emissivity of calm ocean surfaces, calculated using the Fresnel
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Swift [1977].

polarized directions. The difference between ¢, at the two polarizations tends to
increase rapidly with increasing local zenith angle 8. However, the equivalent emis-
sivity of SSM/T2 changes much smaller with 8, due to the mixed polarization of
SSM /T2 receiver (see also Fig. 3.18 and Fig. 1.3). Based on this fact, the viewing
angle dependency of the equivalent SSM/T2 emissivities of ice are not considered
in the following discussions.

The coincident measurements of SSM/T2 and OLS at 25 and 26 of July 1995
are used for the following analysis. There is a total of 29 overpasses of spacecraft
F12 in these two days. Since the swath width of OLS is large, about 3,000km, two
consecutive images of OLS in polar regions overlap one another significantly. In ad-
dition, the period of the DMSP satellites is about 101 minutes. Hence, when these
images are shown consecutively, the movement of clouds can be clearly observed
and cloud-free regions are better recognized than with only one image. Over the
two days, most parts of Antarctica were covered by clouds, especially in the coastal
regions. Over sea ice, cloud-free patches were observed in the center Weddell Sea,
the Amundsen Sea and the Ross Sea. Over the Antarctic plateau, part of Queen
Maud land and part of Wilkes land were recognized as cloud-free. An example of
the coincident images of OLS and SSM/T2 is shown in Figure 3.19, in which the
rectangles represent regions recognized as cloud-free. The SSM/T2 pixels within
these rectangles will be selected to estimate the surface emissivities of ice. In calcu-
lating %, Ty is directly taken from the SSM/T2 measurements and T, is retrieved
from OLS measurements using the algorithms described in Section 3.2. The sea ice
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Figure 3.19: An ezample of the coincident measurements of SSM/T2 and OLS, used for
ice emissivity estimations. The rectangles represent the selected cloud-free regions.
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concentration in sea ice regions was obtained from the coincident SSM/I measure-
ments. It was found that, in most of the selected regions, the ice concentration was
higher than 95%. Since OLS has a much higher resolution (5 km) than SSM/T2, the
surface temperatures used to calculate % were averages over the SSM /T2 footprints.

The final results of the estimation of ice surface emissivities using satellite data
are shown in Figure 3.20. The emissivities of both land and sea ice at 92 and 150 GHz
are within the range of 0.65- - -:0.90. At 150 GHz, the emissivities of both types of
ice are lower than at the 92 GHz. The decrease of the ice surface emissivity with
increasing frequency is usually explained by volume scattering of snow that covers
the ice. However, the large difference between the surface emissivities at 92 GHz
and 150 GHz for sea ice cases may be also related to the large temperature gradient
within the snow cover of sea ice. Since the loss of radiation due to the volume
scattering and the absorption of the snow cover generally increases with increasing
frequency, a larger portion of the radiation received by a spaceborne radiometer
originates from the top layer of the snow cover at the higher frequency. Since the
top layer of the snow cover is always colder than the bottom layer for sea ice cases,
as pointed by Comiso et al. [1989], the effective emitting temperature of the snow
covered sea ice at 150 GHz is lower than at 92 GHz; consequently, lower surface
emission and smaller surface emissivity.



Chapter 4

Algorithm for the Antarctic
Region

Based on the knowledge of surface emissivity of ice as discussed in Chapter 3, an
algorithm is described in this chapter using the RCBTD method to retrieve the
atmospheric water vapor content in Antarctica. To determine the coefficients used
in the algorithm, a linear regression procedure is used based on the data set of total
water vapor obtained from radiosonde soundings, and the corresponding brightness
temperatures at SSM/T2 frequencies calculated using a radiative transfer model.
The sensitivity of the algorithm to errors in the SSM/T2 measurements is analyzed
and the algorithm is validated using independent radiosonde soundings. The effects
of clouds on the retrieval are examined through model simulations in the last section
of this chapter.

4.1 Data Set of Radiosonde Soundings

The vertical distribution of temperature, pressure and humidity in the polar atmo-
sphere up to an altitude of about 30 km are routinely measured by radiosondes, once
or twice per day, at Antarctic stations; most of these stations are located along the
Antarctic coast. Over the vast circum-polar oceans, the upper-air data are mainly
obtained from occasional soundings of radiosondes launched from research vessels
or ships supplying the Antarctic bases.

The available upper-air data in this study contain three groups of soundings. The
first group consists of soundings made in the Weddell Sea during June and July in
1992 from the research vessel R/V Polarstern during its expedition “Winter Weddell
Gyre Study” (WWGS) across the Weddell Sea. During the two months radiosondes
were launched four times a day producing a total to 156 usable soundings. The
second group is composed of soundings launched in June and July from 1990 to 1994
at the Antarctic station Georg von Neumayer (8.4°W, 70.7°3). This group contains
294 soundings. The soundings in the third group were made at the Amundsen-
Scott station at the South Pole (90°S) in 1993, using NOAA ozonesondes. Because
there were initially only 9 soundings in the third group, which were launched in the
period June and July, the soundings from March to October are include to expand
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Figure 4.1: The locations of the available radiosonde soundings in the Antarctica.

the number of usable soundings at the South Pole to 52. The locations of these three
groups of soundings are shown in Figure 4.1. The total of 502 available soundings,
measured in the sea ice covered ocean, the Antarctic coast and the continental
interior, should reflect the typical conditions of the Antarctic atmosphere in the
austral winter, with the exception of the soundings at the South Pole, which also
contain some soundings made in the austral spring and fall.

To develop the algorithm, the data set is divided into two groups: regression
group and test group. Each group has 251 soundings with equal numbers of sound-
ings from the mentioned three sources. The regression group is used to construct
the algorithm and the test group is used to validate it. The histograms of the total
water vapor, the surface air temperature and the surface pressure of the atmo-
spheres corresponding to the regression and test groups of soundings are shown
in Figure 4.2. The atmosphere over the Antarctic plateau differs distinctly from
the atmospheres over the coast and over the ocean by its low surface pressure and
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and surface pressure used for the regression group (left) and the test group (right).



62 CHAPTER 4. ALGORITHM FOR THE ANTARCTIC REGION

low surface air temperature. The atmosphere there is very dry; mostly it contains
less than 5.0 kg/m? water vapor. Given the temperature and humidity profiles, the
total water vapor W is calculated using Eq. (2.26), which is an integration of water
vapor density from the ground surface to the top of the atmosphere along a zenith
path. The water vapor density p, is calculated using the ideal gas equation,

€
= ki 4.1
ps = RH BT (4.1)

in which R, is the gas constant for 1kg of water vapor in unit of J-deg™! ‘kg™1; T
and RH are the local temperature (in Kelvin) and relative humidity (in percent)
of the atmosphere, respectively. The saturation water vapor pressure (in mb) e,
depends only on the temperature and is given by (Foerster, 1997),

4665.63 — 17.08T

e, = 6.1078 exp( 5508 _ T

) (4.2)

4.2 Algorithm Developed from Model Results

4.2.1 Virtual Measurements of SSM /T2

The virtual measurements of SSM/T?2, i.e. the brightness temperatures at all SSM/
T2 channels, corresponding to the data collected by radiosondes are calculated
using the radiative transfer model MWMOD. Given the atmospheric temperature
and humidity profiles, the brightness temperatures at all SSM/T2 channels are
calculated for a series of surface emissivities and local zenith angles. Since there were
no simultaneous measurements of the ice surface temperature, the air temperature
at the lowest level (normally 10m above surface) of each profile was used as the
ice surface temperature to calculate the surface emission in the model. The surface
emissivities of ice are assuined to change from 0.68 to 0.92 in steps of 0.04, based on
the knowledge learnt in Chapter 3. In Chapter 1 we have mentioned that SSM/T2
has 28 scan positions with 14 different scan angles. For simplicity, the simulations
were not done for every scan position, instead, they were done only at 6 typical
positions, with the local zenith angles of 1.7°, 8.49°, 18.73°, 29.13°, 36.22°, and
47.26°. As an example, the simulated brightness temperature differences between
neighboring channels of SSM/T2 with the local zenith angle of 1.7° are shown in
Figure 4.3. According to the discussions on the saturation point in Section 2.2.4,
we find that the corresponding saturation points at channels 5 and 4 in this case
to be about 1.5 kg/m? and 4.0 kg/m?, respectively. Clearly, this saturation point is
not constant, changing with surface emissivities. In Figure 4.4, the same simulated
results are shown again in the plane of brightness temperature differences T3 — T}
and Ty — T3. After the biases are exactly compensated, the relationship between
RCBTD 7. and total water vapor W is very close to logarithmic, as can be seen in
the bottom part of this plot. Once again, the simple relationship between 7, and W,
as given by Eq. (2.38) derived in Chapter 2, is demonstrated by these simulations
using radiosonde soundings.
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group.
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4.2.2 Development of an Algorithm to Retrieve Water Va-
por over Antarctica

The algorithm for retrieving the water vapor content of the atmosphere over Antarc-
tica is based on the simple relationship between In 7, and the total water vapor W,
as discussed in Chapter 2 and again shown in the previous section. In general, how-
ever, this relationship is not linear. Referring to Figure 4.4, the relationship for the
SSM/T2 channels 2, 3, and 4 is very close to a linear one in the range of Wsecd
from 1.0kg/m? to about 5.0kg/m? Therefore, a linear expression is used to relate
W sec 8 with lnn.,

Wsect =Cp+ Crlnne. (4.3)

The coefficients Cy and C; will be determined empirically below.

Since the SSM/T2 channels have different sensitivities to water vapor and a
channel can not be used if it is saturated, the algorithm should be accommodated
to different ranges of the water vapor burden in the atmosphere. Whether a channel
is saturated or not is judged using the saturation point defined in Section 2.2.4. Since
the saturation point changes with the surface emissivity, the retrievable range for a
given combination of channels will change accordingly. Normally, the combination
of channels 3, 4 and 5 is used for atmospheres with total water vapor less than
1.5kg/m?, and the combination of channels 2, 3 and 4 is used for atmospheres with
total water vapor less than 6.0kg/m? In calculating 7., the biases b;; and by, are
taken to be constants, i.e. b;; and by,

e Bkt - 4.4

e

This not only simplifies the algorithm but also is reasonable. As already discussed
in Section 2.3.2, Bij and Bjk are the coordinates of the “focal point” F in the plane
(T;—T) and (T;—T;) (see Fig. 2.9), and they are determined here by minimizing the
square mean distance between F and the lines determined by the brightness tem-
perature differences with different surface emissivities, based on all the radiosonde
soundings in the regression group.

In determining the constant biases, Bij and Bjk, and the coefficients Cy and C| for
the combination of channels 3, 4 and 5, only the simulated brightness temperatures
corresponding to soundings with total water vapor less than 1.6 kg/m? are used, as
shown in Figure 4.5. Of course, the soundings with T, — T5 greater than zero are
excluded, since channel 5 is saturated in these cases. Following the same way, the
biases and coefficients for the combination of channels 2, 3 and 4 are determined,
using the brightness temperature differences that correspond to the soundings with
total water vapor less than 6.0kg/m? and satisfying the condition Ty —T5 < 0
(see Fig. 4.6). Generally, the retrieval becomes worse when the total water vapor
in the atmosphere becomes larger. For the combination of channels 2, 3 and 4,
the retrieval becomes problematic when the atmosphere has very low water vapor
burden. The reasons are that, on the one hand, the absorption of oxygen becomes
important when the water vapor content in the atmosphere is very low; and on the
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Figure 4.5: The brightness temperature differences for the combination of channels 3, 4
and 5 over the full range of retrievals: (top) the simulated data used to determine the
biases bys and bsa, and the coefficients, Cy and Cy; (bottom) the relationship between the
total water vapor derived from radiosondes and that obtained from the relation given in
Eq. (4.8), for soundings in the regression group.
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Figure 4.6: The brightness temperature differences for the combination of channels 2, 3
and 4 over the full range of retrievals: (top) the simulated date used to determine the
biases, bzg and bz, and the coefficients, Cy and Cy; (bottom) the relationship between the
total water vapor derived from radiosondes and that from the relation given in Eq. (4.3),
for soundings in the regression group.
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Table 4.1: The Biases and the Coefficients for Channels 3, 4 and 5

Wsect (kg/m?) F(bgs, bas) (K) | Co Ch
Full Range: [0.0 - -1.5] || (2.556, 1.370) | 0.689 | 0.723
Subrange 1: [0.0---0.5] || (1.831, 0.901) | 0.685 | 0.690
Subrange 2: [0.5---1.0] || (1.378, 0.343) | 0.671 | 0.565
Subrange 3: [1.0---1.5] || (3.380, 3.027) | 0.693 | 0.753

Table 4.2: The Biases and the Coefficients for Channels 2, 3 and 4
Wsech (kg/m2) | Flbag,bas) (K) | Co | €1 |

Full Range: [0.0---6.0] || (4.066, 2.458) | 2.041 | 2.275
Subrange 1: [1.0---2.0] || (2.737, 1.980) | 1.907 | 2.030
Subrange 2: [2.0---4.0] || (5.591, 4.754) | 2.010 | 2.316
Subrange 3: [4.0---6.0] {| (3.525, 0.384) | 2.414 | 2.110

other hand, the soundings with very low water vapor content are mostly from the
South Pole, where the water vapor is at a much lower temperature than in the
coastal region. However, this is not a serious problem for SSM /T2, because another
combination of channels can be used in cases of very low water vapor burden.

To take advantage of the highest sensitivity to water vapor provided by channel 5,
channels 3, 4 and 5 are used in cases of total water vapor less than 1.5 kg/m?; and
channels 2, 3 and 4 are used for cases with W sec 8 larger than 1.5 kg/m?. To further
improve the retrieval, the full ranges of W sec corresponding to each combination
of channels can be divided into a few subranges, in which the biases, Bij and Ejk,
and the coeflicients, Cy and C, are determined separately. For each combination of
channels, three subranges are defined. Figures 4.7, 4.8 and 4.9 show the simulated
data used to determine the biases and coeflicients in the three subranges of total
water vapor for the combination of channels 3, 4 and 5, and Figures 4.10, 4.11
and 4.12 show the situation for channels 2, 3 and 4. The biases and coefficients
corresponding to both the full range and the subranges are given in Table 4.1 for
channels 3, 4 and 5 and in Table 4.2 for channels 2, 3 and 4.

In summary, the RCBTD scheme for the total water vapor retrieval using the
measurements of SSM/T2 is done in the steps as shown in Figure 4.13. (1) Calculate
sectl and the brightness temperature differences between neighboring channels. (2)
Calculate the atmospheric total wateér vapor Wsec as seen by the sensor at the
local zenith angle 8 using Eq. {4.3). Which combination of channels is used in the
calculation is determined by examining the saturation points. If the most sensitive
channel 5, is not saturated, channels 3, 4 and 5 are used. Otherwise, channels 2, 3
and 4 are used. If T5 — Ty > 0, channel 4 is saturated and the situation is classified
as a pixel where water vapor cannot be retrieved using SSM/T2. In calculating
W sec 6, the biases and coefficients corresponding to the full range are used at first,
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Figure 4.7: Subrange 1 for the combination of channels 3, 4 and 5: (top) the simulated
data used to determine the biases bys and bag, and the coefficients, Cy and Cy; (bottom,)
the relationship between the total water vapor derived from radiosondes and that obtained
from the relation given in Eq. (4.3), for soundings in the regression group.
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Figure 4.8: Subrange 2 for the combination of channels 3, 4 and §: (top) the simulated
data used to determine the biases bys and bya, and the coefficients, Cy and Cy; (bottom)
the relationship between the total water vapor derived from radiosondes and that obtained
from the relation given in Eq. (4.3), for soundings in the regression group.
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Figure 4.9: Subrange 3 for the combination of channels 8, 4 and 5: (top) the simulated
data used to determine the biases bys and by, and the coefficients, Cy and Cy; (bottom)
the relationship between the total water vapor derived from radiosondes and that obtained
from the relation given in Eq. (4.8), for soundings in the regression group.
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Figure 4.10: Subrange 1 for the combination of channels 2, 8 and 4: (top) the simulated
data used to determine the biases byg and boz, and the coefficients, Cy and Cy; (bottom)
the relationship between the total water vapor derived from radiosondes and that obtained
from the relation given in Eq. (4.8), for soundings in the regression group.
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Figure 4.11: Subrange 2 for the combination of channels 2, 3 and 4: (top) the simulated
data used to determine the biases byy and bys, and the coefficients, Cy and Ci; (bottom)
the relationship between the total water vapor derived from radiosondes and that obtained
from the relation given in Eq. (4.3), for soundings in the regression group.
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then the retrieval is improved by re-doing it using the biases and the coefficients
corresponding to the subrange at which Wsec8 lies. (3) Calculate W using the
results of Wsec and secd.

4.3 Error Analysis and Validation

4.3.1 Error Analysis of the Algorithm

The aim of the error analysis is to provide a quantitative estimation for the retrieval
errors caused by clouds and uncertainties in the modeling of gaseous absorption and
in radiometric measurements . The effects of clouds will be discussed in the next
section. The uncertainties of Liebe’s model, which is used in MWMOD to calculate
the oxygen and water vapor absorption, are taken to be insignificant. Hence, just
the effects of the uncertainties in radiometric measurements are considered in the
following.

Due to the limited bandwidth, limited integration time and imperfect calibra-
tion, the measurements of SSM/T2 contain uncertainties. Since the same cold and
warm loads are used to calibrate all SSM/T2 channels, the uncertainties of these
channels are to some extent correlated. However, just the brightness temperature
differences are needed in the algorithm, therefore, the uncertainty due to an imper-
fect calibration is strongly reduced. Referring to the NET of SSM/T2 channels in
Table 1.1, the uncertainty of the brightness temperature differences between two
neighboring channels is conservatively assumed to be Gaussian noise with a stan-
dard deviation of 1.0 K; and the uncertainties of T; — T; and T; — T}, are taken to be
uncorrelated. Under these conditions, the root-mean-square error of the algorithm,
i.e. the sensitivity of the algorithm to radiometric errors is calculated and shown
in Figure 4.14. Clearly, the smaller the brightness temperature differences between
neighboring channels, the larger the retrieval error. The brightness temperature dif-
ference becomes small in the following three cases: (1) the water vapor content in
the atmosphere approaches zero, (2) the atmosphere is so humid that one of the
used channels approaches saturation, and (3) the surface emissivity is large. Conse-
quently, it is reasonable to use different combinations of channels for different ranges
of total water vapor, by taking advantage of the different sensitivities of SSM /T2
channels to water vapor.

4.3.2 Validation of the Algorithm

To validate the algorithm, the radiosonde soundings in the test group are used to
simulate the measurements of SSM/T2. In retrieving the total water vapor, the
steps shown in Figure 4.13 are exactly followed. For clarity, only the results with
local zenith angle of 1.7° and 47.26°, which are the minimum and maximum of the
local zenith angle respectively, are given here. Figure 4.15 compares the values of
W sec 6 retrieved by the algorithm and obtained from radiosondes, when the surface
emissivity changes from 0.68 to 0.92. As the total water vapor in the atmosphere
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Figure 4.15: Comparison of the total water vapor from radiosonde soundings and retrieved
using simulated brightness temperatures of SSM/T2, with the surface emissivity in the
range of 0.68 - -0.92. The top plot shows the results with local zenith angle of 1.7° and
the bottom plot shows the results at 47.26°.
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Figure 4.16: Comparison of the total water vapor from radiosonde soundings and retrieved
using simulated brightness temperatures of SSM/T2, with the surface emissivity in the
range of 0.76- - -0.84. The top plot shows the results with local zenith angle of 1.7° and
the bottom plot shows the results at 4{7.26°.
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Figure 4.17: The locations of the Antarctic stations, where the seasonal mean of total
water vapor is compared with that retrieved from SSM/T2 data.

increases, the retrieval error increases, as expected by the theoretical analysis in
Chapter 2. If the retrievals are restricted to a smaller range of surface emissivities,
from 0.76 to 0.88, as shown in Figure 4.16, no significant improvements are observed,
indicating that the vertical structure of the atmosphere is the dominant factor to
cause errors in the retrieval.

To further validate the algorithm, the seasonal means of the total water vapor
measured by radiosondes at Antarctic stations are compared with the retrievals
using SSM/T2 data. The spatial distribution of the 16 stations is shown in Fig-
ure 4.17. Most of these stations are located along the Antarctic coast. The seasonal
means at these stations are obtained from radiosonde data in the time periods from
1988 to 1990 and from 1980 to 1982 (Connolley and King, 1993). Due to the lim-
ited amount of available satellite data, only the results in the austral winter (June,
July and August) ‘are analyzed: and the results of total water vapor derived from
SSM/T2 data are collected in June and July of 1995. In the comparison, SSM /T2
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results are averages in an area of 200x200km? around the stations. As shown in
Figure 4.18, the general trend of atmospheric water vapor with the latitude is repro-
duced by the SSM/T2 measurements. The general underestimation of the SSM /T2
results with decreasing latitude is related to the fact that the retrieval using SSM/T2
data is only done for cases of total water vapor less than 6.0kg/m? and the cases
with W secf larger than this value or with water clouds are classified as not re-
trievable, and therefore the retrieval results at these pixels are taken as missing
data. Referring to the bottom plot in Figure 4.18, the relative differences between
radiosonde results and SSM/T2 measurements are less than 20% at 9 out of the 16
stations. At 5 of the 7 remaining stations, which are operated by Russia, a so called
“goldbeater’s skin” humidity sensor is used, which is known to measure water vapor
values approximately 10% too high at low humidities (Connolley and King, 1993).
This and the fact that humidity sensors at low temperatures are not very reliable
might explain at least part of the differences.

4.4 Effects of Clouds on the Retrieval

4.4,1 Clouds over Antarctica

Clouds are disturbing the retrieval of water vapor content in the atmosphere. Before
analyzing their effects on the RCBTD algorithm, some basic features of Antarctic
clouds are summarized here.

The cloud distribution at high southern latitudes has been investigated during
the International Satellite Cloud Climatology Project (ISCCP) (King and Turner,
1997). Results (see Figure 4.19) indicate that the zone of greatest cloud covers
occurs over the ocean area near the ice edge, where synoptic-scale weather sys-
tems are most active. North and south of this band the amount of cloud decreases,
relatively little cloud cover is found over the interior of the continent. The distri-
bution of cloud types in Antarctica is also dependent on the latitude. At latitudes
higher than 70°S over the continental plateau, cirrus is the most common type of
clouds. Along the Antarctic coast at about 70°S, cirrus and altostratus are found
in about equal amounts. The most striking feature of cloud type distribution is
the large amount of stratus close to 60°S, which is associated with the large num-
ber of depressions at this latitude and is a feature of all seasons. Compared with
the large amount of satellite images and human observations on cloud amount and
cloud types, there are very little in situ measurements of microphysical parameters
of clouds in Antarctica. Only some measurements using radiometersondes at the
south pole (Stone, 1993} and using lidar at the French Dumont d'Urville station
(Del Guasta et al., 1993) provided valuable information on the cloud extent and on
the physical phase of water and the ice crystal habit in the Antarctic clouds at the
continental interior and at the coastal region. Because of the low temperature the
clouds over the continent are composed of small ice particle, with ice contents from
about 0.0003g/m® to 0.006 g/m? and contain little or no liquid water. They are
moderately thick, on average, extending to heights greater than 3km above the top
of the surface-based inversion layer. Overall, the clouds observed at the South Pole
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Figure 4.19: Mean cloud amount (percent) from the International Satellite Cloud Clima-
tology Project (ISCCP): (a) Summer; (b) Winter. (From King and Turner [1997])
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(b)) and high clouds ((c) and (d)).
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are similar to the high altitude cirrus found at mid-latitude. In the coastal re-
gion clouds are relatively warm and contain a significant amount of liquid water
droplets. The statistics based on lidar data showed that the high clouds at the
coast are thicker than those found at mid-latitudes (~3,000m). The uniformity
of depolarization of the lidar return signal suggested that there are no dramatical
changes in the ice crystal shape and the size distribution in the deep clouds that
had temperatures below —40°C.

4.4.2 Effects of Ice and Water Clouds

The effects of clouds on the total water vapor retrieval using the RCBTD method
are examined through model simulations based on the unfortunately limited knowl-
edge on Antarctic clouds. The drop-size distribution of cirrostratus clouds at mid-
latitudes given by Ulaby et al. [1981] is used in the simulation of Antarctic ice
clouds. Compared with the inferred effective radii of Antarctic ice clouds, which are
varied between about 4 pum and 16 pm, the model of Ulaby et al., which is a modi-
fied Gamma distribution with a mode radius of 40 um, overestimates the sizes of ice
crystals in Antarctic ice clouds. The simulated effects of ice clouds on the brightness
temperatures and the brightness temperature differences are shown in Figure 4.20.
Two types of clouds are examined, representing the typical situations of low and
high ice clouds. The scattering of ice crystals generally decreases the measured
brightness temperatures at SSM/T2 channels, by more than 2K at the 183.31 GHz
channels when the ice water path of the cloud reaches 30 g/mQ. However, the effect
of ice clouds on the brightness temperature differences between neighboring chan-
nels is not large, especially at the three channels near 183.31 GHz. The changes of
ATy and ATys ave less than 0.5K for ice water path lower than 30 g/m?. Such a
change is even smaller than the uncertainties in the SSM/T2 measurements. As
shown earlier, the total water vapor over the Antarctic plateau is expected to be
less than 1.5kg/m? throughout the year, allowing to use the three channels near
183.31 GHz for the retrievals in this region. Therefore, the effect of ice clouds on
the retrieval over the Antarctic plateau can be neglected. But, the effects of ice
clouds in the coastal region can be significant, because the ice water path of clouds
is expected to be larger. Furthermore, in coastal regions, channels 2, 3 and 4 have to
be used in the retrieval due to larger water vapor amounts in the atmosphere; and
since ATy3 is more strongly influenced by ice clouds than AT34 and ATy, as shown
in Figure 4.20(b) and (d), the total water vapor will be significantly underestimated
in coastal regions when strong ice clouds appear. Figure 4.21 shows an example.
The underestimation of the total water vapor due to ice clouds is large, changing
from 0.20kg/m? to 0.75 kg/m? as the surface emissivity increases from 0.65 to 0.90,
for an atmosphere with a total water vapor of only 1.73kg/m?.

The influence of water clouds on the RCBTD scheme will be investigated in
the next step. Normally, the measured brightness temperature increases distinctly
with the increase of liquid water amount in the cloud due to increased emissions
of the atmosphere if the effect of scattering is negligible, except at saturated chan-
nels. Consequently, the absolute value of brightness temperature differences between
neighboring channels decreases significantly with the increase of cloud liquid wa-



86 CHAPTER 4. ALGORITHM FOR THE ANTARCTIC REGION

ol R e S S I T
I Profiles from Station Georg von Neumayer ':

I TWV: 1.73 Kg/m’ ' b

[ Ice Cloud: ’I K A

[ 500..310 mb T é0m0 A

-10-  5.0..8.0 km L : S
20 ]
g —200 ]
E.1 L 4
< B ]
[t ]

=30 N
e 3 ' ]
a0

-40 -30 -20 -10 0

AT, (K)
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ter (see Fig. 4.22). However, the change of brightness temperature differences due
to water cloud has negligible effects on the total water vapor retrieval using the
RCBTD method, because the variations of ATy and AT; with increasing cloud
liquid water is along the line of constant total water vapor, as shown in Figure 4.23.
Obviously, the effect of water clouds to the RCBTD scheme is very similar to that
of a changing surface emissivity. This is a unique feature of the RCBTD method.
The key element in this method is the quantity RCBTD 7, as defined in Eq. (2.43),

e = ATI - bij
¢ ATjk b bjk.

By substituting the relation between AT;; and ATy ;; in Eq (2.32) and the expression
of ATy ;; in Eq. (2.23) into the above equation, n, takes the form of

—27g,58ec§d __ ,—27g,isecé

[ €
6—270,;.. secd __ e—-ZTO,J' secf’

e = (45)
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the simulated results in Figure 4.22. The full circles represent the clear sky conditions and
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The quantities 7p;, 75,; and 74 are the total opacities of the atmosphere in the
direction of nadir at channels 7, 7 and k, respectively. They represent the total
absorption of all the atmospheric constituents, in gaseous form and hydrometeors.
Since the center frequencies of these channels are very close to each other, the
absorptions due to liquid water droplets at the three channels are nearly equal.
As a results, the liquid water absorption term can be reduced from the fraction
expression of 7.. Of course, this analysis is only valid when the most sensitive one
in the three channels is not saturated due to the liquid water absorption.

In fact, the absorption and the scattering of liquid water droplets change with
frequencies, which will have some effects on the retrievals. Figure 4.24 shows the
simulated results using typical profiles of the atmosphere in the Weddell Sea. In this
simulation, water clouds with different base heights and thicknesses are considered.
The cloud liquid water content of the clouds changes from 0 to 0.3g/m3, with the
maximum liquid water path to be 0.6kg/m? for the cloud extending from 1 to
3km. Clearly, the existence of water clouds causes the RCBTD scheme to slightly
overestimate the total water vapor in the atmosphere; and this error increases with
the cloud liquid water path but decreases with surface emissivity. In all cases, the
errors induced by water clouds are less than 10% when the cloud liquid water path
is lower than 0.3kg/m?. In conclusion, the effects of water clouds on the retrieval
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of atmospheric water vapor using the RCBTD scheme are expected to be small, as
long as the liquid water content in clouds are not producing saturation in one of

the three channels.
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Chapter 5

Application and Future
Development

As an application of the proposed RCBTD method, the characteristics of the water
vapor distribution in Antarctica are analyzed based on the total water vapor derived
from SSM/T?2 data. The future developments to improve the retrieval accuracy and
to expand the retrievable range of water vapor are discussed in the last section of
this chapter.

5.1 Atmospheric Water Vapor in Antarctica

The RCBTD method is very suitable for retrieving the total water vapor amount of
the atmosplere over ice covered polar regions, using the measurements performed
by the water vapor sounder, SSM/T2, at frequencies near 183.31 GHz. The inde-
pendence of the ratio of compensated brightness temperature differences, 7., on the
surface emissivity €, minimizes the influence of the surface emission when retrieving
the total water vapor in the atmosphere. It has also been shown that clouds do not
pose a serious problem for the retrieval scheme. These unique features of RCBTD
method enables us to obtain information on total water vapor over Antarctica on
a daily scale, since the polar-orbiting satellites of the DMSP series pass over polar
regions 14-15 times every day and thereby provide a full coverage of Antarctica.
Figures 5.1 and 5.2 show examples of the average retrieved total water vapor
over Antarctica. The seasonal variation of water vapor content in the atmosphere is
clearly visible. In the short austral summer, from Noveimber to January, the Antarc-
tic atmosphere contains significantly more water vapor than in other seasons. This
is related to the high air temperatures in summer. Over the elevated plateau of
East Antarctica the total water vapor is much lower than over the coastal re-
gions and ice shelves. The Antarctic peninsula is one of the regions with large
water vapor burden in Antarctica throughout the year, a result of the relatively
warm and moist circumpolar westerlies. Unfortunately, only a limited amount of
SSM/T2 data is available. In addition to the data at the 12 days presented in
Figs. 5.1 and 5.2, three batches of data are available, two days in September of 1992
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Figure 5.1 Daily averaged total wa

er vapor (in kg/m?) over Antarctica (January to
June).



5.1 ATMOSPHERIC WATER VAPOR IN ANTARCTICA

93

97

L

Sep, 1B, 1987

Nov. 18, 19

Figure 5.2: Daily averaged total water vapor (in kg/m?) over Antarctica (July to Decem-
ber).
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Figure 5.3: The averaged total water vapor over the entire Antarctic continent (top) and
the area coverage of available SSM/T2 data (bottom) versus the Julian day.
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(F-11 spacecraft), from mid-January to the end of April of 1993 (F-11 spacecraft),
and from mid-April to the end of July of 1995 (F-12 spacecraft) . Since the data
spread over several years and there are large gaps, it is difficult to reach valid con-
clusions just using this data set. But, the general trend of Antarctic water vapor
distribution can still be obtained. Figures 5.3, 5.4 and 5.5 show the average total
water vapor over the whole Antarctic continent, East Antarctica and West Antarc-
tica, respectively. Generally, the water vapor content in the atmosphere starts to
decrease at about the end of January as the austral summer begins to lapse. This
trend continues till about the beginning of April. Later, there is no significant trend
at least until the end of July. The day-to-day variation of average total water vapor
over West Antarctica is significantly larger than over East Antarctica, an indication
that the physical process associated with precipitation and water vapor transport
to the continent is much more active in West Antarctica than in East Antarctica.
A remarkable feature is that, over West Antarctica, the total amount of water va-
por in the atmosphere is greater than over East Antarctica throughout most of the
time period of the available satellite data (see Fig. 5.6), compared with the fact
that West Antarctica comprises only 35% of the total area of the entire Antarctic
continent.

20— e — i e A
— B i O Over East Antarctica B
E - a
= i ® Over West Antarctica 7
8 15— —
o - i
o

> - |
= — -
L[]

2 = —
©

= 10 ]
Y= i —
o

- * —
[

5 | ~ ]
£ . ] i
< 6 O ]
= L i
5 f ’
H i —

0 L . L
0 100 200 300

Julian Day

Figure 5.6: The total amount of water vapor in the Atmosphere over East and West
Antarctica. Note, 1km® of water equals 10'% kg.
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5.2 Future Developments

With the RCBTD method it becomes possible to determine the atmospheric water
vapor content in polar regions from space. However, more work is needed. First of
all, the algorithm has to be further validated through direct comparisons between
instantaneous measurements of SSM/T2 and those of other instruments like ra-
diosonde and ground-based microwave radiometers. Comparing the daily averaged
total water vapor retrieved from SSM/T2 data with the results from the European
Center for Medium Range Weather Forecasts (ECMWF) may be another way to
validate the algorithm. In addition, the influences of clouds, especially strong ice
clouds, need to be examined quantitatively. Finally, a more detailed knowledge of
the emission properties of ice at the SSM/T2 frequencies can reduce the errors
introduced into the retrieval process.

Another important subject in the future is to extend the retrieval range of water
vapor. The high sensitivities of the 183.31 GHz channels to water vapor have limited
the retrievals to cases with total water vapor burden less than ~6.0 kg/m?2. Over sea
ice, the atmosphere is much humid than over the Antarctic continent and over pack
ice. In regions near sea ice edges, the total water vapor can reach up to 10kg/m?.
In these cases, channels with a lower sensitivity to water vapor have to be used.
However, due to the considerable differences between the surface emissivities of
sea ice at 91.655 GHz and at 150 GHz, the 91.655 GHz channel of SSM/T2 can
not be used successfully. Another approach might be to use the SSM/I instrument
flown simultaneously with SSM/T2. SSM/I has both vertically and horizontally
polarized channels at 85.5 GHz, which is very close to 91.655 GHz. The synergy of
SSM/T2 and SSM/I should be further explored, although ‘the two instruments have
different resolution, polarization and scan geometry (Wessel and Boucher, 1998).
Furthermore, it might also be an advantage to incorporate the measurements of
the Special Sensor Microwave/Temperature (SSM/T1), because it can provide the
information on the average air temperature in the troposphere.



Appendix A

Radiative Transfer Model
MWMOD

The microwave radiative transfer simulation program MWMOD (MicroWave
MODel) was originally developed by Simmer [1994]. Recently, this model was
further enhanced by incorporating a sea ice simulation package based on a program
developed by Grenfell (Fuhrhop et al., 1998). The enhanced version of MWMOD
allows the study of microwave signatures for polar regions including the effects of
sea ice, ocean and atmosphere.

Detailed descriptions of how to use MWMOD can been found in the user manual
(Fuhrhop and Simmer, 1996). Below, just the most important points related to the
simulations done in this thesis using MWMOD are summarized.

e MWMOD frequency selection. The user can set the desired frequencies in
the input file in section IAPGEN following the parameter “FRE". If the cal-
culation is desired to be done within a frequency band, MWMOD can be
programmed to run at a series of frequencies with a user defined stepsize. All
calculations presented in this dissertation were done at the center frequencies
of the SSM/T2 channels. The satellite viewing angle can also be specified in
this section using parameters “TANG” and “ANG”.

e MWMOD calculates the surface emission using the parameters given in sec-
tions ENVOCE and TAPOCE for oceans, and in sections ENVICE and IAPICE
for sea ice. This procedure can be simplified by just setting the ground sur-
face temperature and the ground surface reflectivity in sections ENVOCE
and TAPOCE. By setting “IREF=1" in section IAPOCE, the ground surface
is taken to be specular.

e The atmospheric temperature, humidity and pressure profiles can be set in-
ternally or read from an external file, which is determined by the parameter
“TATMOS” in section ENVATM. MWMOD includes standard atmospheric
profiles; but, it also allows to use profiles provided by the user. The atmo-
spheric profiles can be interpolated at user defined layers by selecting the
parameter “IMESH”. This feature is useful when clouds are included in the
calculation.

99



100

APPENDIX A. RADIATIVE TRANSFER MODEL MWMOD

By setting the parameter “IHYDFIX" to 1 in section ENVATM, clouds can be
introduced into the calculation according to the parameters given in section
FIXED CLOUDS. Cloud top and bottom heights are controlled by the pa-
rameters “ICT” and “ICB”; the phase of hydrometeors in clouds is controlled
by parameter “PHASE”; and the water content of clouds can be specified
by “LWH”. The different types of clouds are simulated using the dropsize
distribution models supported by MWMOD. In studying the effects of polar
clouds on SSM/T2 channels, the models of Ulaby et al. [1981] for midlatitude
cirrostratus and stratus were used for polar ice and low altitude water clouds,
respectively; the model of Chylek and Ramaswamy [1982] for altostratus was
used for high altitude water clouds in polar regions.

MWMOD can calculate brightness temperatures or weighting functions, which
are controlled by the parameter “IOPT” in section RADTRA. The scattering
effect of hydrometeors can be included or excluded in the calculation through
selecting the parameter “ISCAT”. The scattering effect was always taken into
account in the simulations presented in this thesis.

A Sample Input File of MWMOD

% K KKK
RT
IPR
NMOD

Fokok kK

* E N

* Par

* Par

* Par

*ok Kok K
EN
IPR
ITEM
TATM
IWV
ITOP
IPBL
IHYD
IMES
ENDG
ZMES
ZM =

0.
2.
6.

k% 3 3k % %k o % K ok ok ok % % K 3k K ok ok ok 3k ok % K 3 %k ok 5K 3K oK oK 3k 3k 3k ok K K K K K K ok ok % K K oK K K K K %k ok ok K K K K K K Kok ok ok K k kK
MW input specifications
= 1
1= 1 NMOD2= 156 NMODD= 1
ek o o o o o o ok ok ok ok o B ok o ok ok 3 ok ok ok Ok 3k ok ok ok ok ok K ok 3k 3k ok 3k K Rk ok ok ok ok 2k ok ok Kk kK ok ok ok ok 3k K ok ok Ok ok ok ok ok ok ok ok
V G EN input specifications
t 1 : Input for ENVATM
t 2 : Input for ENVOCE

t 3 : Input for ENVICE
K KK R o o koo K K ok o R R Ko ok sk ok of K o s o o ok K o o ok sk e s ok R ok sk ke ek o ok ok ok o

VATM input specifications
= 1 IRUN = 1
= 0 P0=1000.00 TO= 3.15 GAMT= 6.50 ZTINV=10.0 DTO = 1.00
0s= 1 IPROF= 1 FILE =../simu/ssmt2/input/polar.dat
= 0 RHS=010.00 PCO= 1.00 PWV= 05.00
= 0
= 0 HPBL=2.000 TP= 273.00 GPBL= 3.00 QPBL= 2.00
AN= O IHYDFX= 1 RHCL= 85.0
H = 2 NNZL =100 FZ= 0.000 DZ= 0.100
H

000 0.030 0.060 0.100 0.400 0.700 1.000 1.500
000  2.500 3.000 3.500 4.000 4.500 5.000 5.500
000 6.500 7.000 7.500 8.000 8.500 9.000 9.500
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10.000 11.000 12.000 13.000 14.000 15.000 16.000 17.000
18.000 19.000 20.000 25.000 30.000 40.000 50.000
ENDG

PROFILE
NL = 18

0.000 0.300 1.000 2.000 3.000 3.760 4.000 5.000
.000 8.000 9.000 9.930 10.000 11.000 12.000
13.000 14.000 15.000

(o)
O
O
O
~J

-99.999 -99.999 -99.999 -99.999 -99.999 -99.999 -99.999 -99.999
-99.999 -99.999 -99.999 -99.999 -99.999 -99.999 -99.999 -99.999
-99.999 -99.999 -99.999

290.000 287.600 284.800 280.700 276.500 273.100 271.900 267.100

262.000 256.500 250.600 244.200 238.000 237.400 229.400 221.400

221.400 221.400 221.400

RHL =

49.200 100.000 100.000 100.000 100.000 100.000 100.000 100.000

100.000 100.000 100.000 1€0.000 100.000 5.600 6.500 5.200

2.700 1.400

ENDG
sk ok ok sk ok sk sk ok Kk ok ok o KoK sk o ok ok sk sk K ok K K K Kk KK K K K K K K KoK Kok oK ok oK oK ok kK ko ok ok oK oK ok sk K KoK sk ko KoK ok ok ok

FIXED CLOUDS

NCL = 1

# ICT ICB LWH LWHT PHASEF XSECT PHASE SIZEDIS
30 11 00.300 1 4 2 1 12

ENDG

3k ko oKk ok k kK ok sk ok sk sk ok K sk sk kK ok 3k ok Ok 3k kK 3k ok 3K ok sk ok K K K 3k ok 3K 3k 3K sk sk K 3 K 3K s ok K K 3K K o ok oK 3K K 3K ok 3K K K X ok sk ok

ENVOCE input specifications

IPR. = 1 IRUN = O
SAL= 33.00 WND= 14.00 SST=273.15 DST= 0.00 IWND = 0 ISST =0
ENDG
R R e R L LR R
ENVICE input specifications
IPR. = 1 IRUN = O
IICE = 0 ICEPRO= 1 FILE =..
ENDG
ook s ok ok Ko KK sk kR o ok Rk ok kKR sk kR sk ok ok R Sk R sk koK ks R sk SRk sk ok sk s sk ok Rk sk R R K o K KoK
ICEPROFILE
NLICE = 13
# Z T RHO DSN  FWFR DG DBUB SI THETB BRAT N
-2.500 269.9 1.000 0.00 1.000 0.00 0.0 32.0 0.0 O0.000E+00 1
-1.580 266.1 0.870 0.00 0.000 10.00 1.2 3.0 24.0 O0.250E-04 2
-1.020 265.7 0.870 0.00 0.000 10.00 1.2 2.4 24.0 0.250E-04 3
-0.970 265.4 0.83%0 0.00 0.000 10.00 1.2 1.9 24.0 0.250E-04 4
-0.870 265.1 0.890 0.00 0.000 10.00 1.2 1.4 24.0 O0.250E-04 5
-0.770 264.8 0.835 0.00 0.000 10.00 1.2 1.2 24.0 0.250E-04 6
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-0.630 264.5 0.895 0.00 0.000 10.00 1.2 0.7 24.0 0.250E-04 7
-0.460 264.1 0.895 0.00 0.000 10.00 1.2 0.3 24.0 0.250E-04 8
-0.380 263.7 0.895 0.00 0.000 10.00 1.2 0.1 24.0 0.250E-04 9
-0.200 263.5 0.728 3.00 0.000 0.00 3.0 0.0 54.7 0.100E+01 10
-0.150 263.3 0.460 6.00 0.000 0.00 5.0 0.0 54.7 O0.100E+01 11
-0.100 263.1 0.100 6.00 0.000 0.00 1.2 0.0 0.0 O0.100E+01 12
-0.000 263.1 0.100 6.00 0.000 0.00 1.2 0.0 0.0 O0.100E+01 13

ENDG

KoKk K K K oK KR K KoK oK K K K o KK R o K oK o oK o K o K o K K K oK sk oK o K s o ek sk s sk sk ok Kk oK Sk KRR K R K sk

* I AP GEN input specifications *

* Part 1 : Input for IAPATM *

* Part 2 : Input for IAPOCE *

* Part 3 : Input for IAPICE *

o o R o K K K oK o K KoK SR R K K K o KoK R o KoK K R K K K o KK K oK K o K K R K K oK oK o S Rk o o ek ok e ok s sk ok sk bk e ok s ko

IAPGEN input specifications

IPR. = 1 IRUN = 1

IFRE = 1 NFRE = 5 FN= 00.000 DN= 00.000
IANG = 2 NANG = 3 FA= 01.700 DA= 00.000

FRE =

91.655 150.00 176.31 180.31 182.31

ANG =

01.700 08.490 18.730 29.130 36.220 47.260

ENDG

sk sk o e sk o o ok sk sk s o ok sk s sk o ok sk SRR K K sk R R o R R R K R oK oK o oK K K o K K o oK o S K ok o o K ok K sk R ks s ek sk ok e ok o ok ok

IAPATHM input specifications

IPR. = 1 IRUN = 1

MODHYM= 2 IPHAMA= 2

TWV=001.00 T02=001.00 THY=001.00

ENDG

KKK K K S K KK K KKK KKK R K K K 3K KoK K K K K oK K K KK KK K K K R R K K KR K K K KK KKK K K K KoK oK K KK 3K oK oK ok K

I APOCE input specifications

IPR = 1 IFLAG = 1

IREF = 1 IEPSIL= -2 FEPV=0.100 DEPV=0.050 FEPH=0.250 DEPH=0.050
IFOAM = 4

ENDG

REFV

0.024 0.026 0.035 0.033 0.500 0.500 0.500 0.500 0.500 0.500

ENDG

REFH

0.060 0.060 0.060 0.051 0.500 0.500 0.500 0.500 0.500 0.500

ENDG
koo s ook ok ok ok ok ok ok s o ok R R R R K KoK Sk KR K ok oK oK oK Sk K K 3K 3K KK 3K KK KK K K KK KKK R KK K KK K K KKK KK K oK

IAPICE input specifications

IPR = 1 IFLAG = 0

ITEMIS= 6 IELEV = 6 TEMPE = 273.13
IIREF = 1

ENDG

EMISTEMP

272.13 271.13 270.13 269.13
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3K ok ok ok ok K K b K Kk ok K ok K K R ok ok kK K i K ok K K k3K K K ok 3Kk K R ok K ok ok ok ok Ok K K K i kO K K ok K ok K ok K K kK K K ok K K ok XKk K ok K

RADTRA
IPR = 1 IRUN
I0PT = 1 IWFT
ICOV = 0 COVI

1
11 ISCAT =
0.00

input specifications

1 IPHAC =

1 IPHA

= 2 TBSP= 2.70 DMX=0.010

3K ok ok ok ok ok oK K K ok K 3 ok K K K Kk ok ok ok K K i K KK k3K R K K K K K ok K R R K R K KK ok KK iR R K K K K R OR R OK K KK K R ik K K K R K ok ok
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“ Heft Nr. 5/1982 - “Joint Biological Expedition on RRS ‘John Biscoe’, February 1982"
by G. Hempel and R. B. Heywood
“ Heft Nr. 6/1982 —  Antarktis-Expedition 1981/82 (Unternehmen Eiswarte')"
zusammengestellt von Gode Gravenhorst
Heft Nr. 7/1982 — ,Marin-Biologisches Begleitprogramm zur Standorterkundung 1979/80 mit MS ,Polar-
sirkel' (Pre-Site Survey)* — Stationslisten der Mikronekton- und Zooplanktonfange sowie der Bodenfischerei
zusammengestellt von R. Schneppenheim
Heft Nr. 8/1983 - “The Post-Fibex Data Interpretation Workshop™
by D. L. Cram and J.-C. Freytag with the collaboration of J. W. Schmidt, M. Mall, R. Kresse, T. Schwinghammer
* Heft Nr. 9/1983 - "Distribution of some groups of zooplankton in the inner Weddell Sea in summer 1979/80"
by I. Hempel, G. Hubold, B. Kaczmaruk, R. Keller, R. Weigmann-Haass
Heft Nr. 10/1983 -, Fluor im antarktischen Okosystem” ~ DFG-Symposium November 1982
zusammengestellt von Dieter Adelung
Heft Nr. 11/1983 - “Joint Biological Expedition on RRS ‘John Biscoe’, February 1982 (I1)"
Data of micronecton and zooplankton hauls, by Uwe Piatkowski
Heft Nr. 12/1983 -~ ,Das biologische Programm der ANTARKTIS-I-Expedition 1983 mit FS ,Polarstern'*”
Stationslisten der Plankton-, Benthos- und Grundschleppnetzfange und Liste der Probennahme an Robben
und Vogeln, von H. E. Drescher, G. Hubold, U. Piatkowski, J. Plétz und J. VoB
* Heft Nr. 13/1983 - , Die Antarktis-Expedition von MS ,Polarbjorn’ 1982/83" (Sommerkampagne zur
Atka-Bucht und zu den Kraui-Bergen), zusammengestellt von Heinz Kohnen
* Sonderheft Nr. 2/1983 — Die erste Antarktis-Expedition von FS ,Polarstern’ (Kapstadt, 20. Januar 1983 -
Rio de Janeiro, 25. Marz 1983)", Bericht des Fahrtleiters Prof. Dr. Gotthilf Hempel
Sonderheft Nr. 3/1983 - , Sicherheit und Uberleben bei Polarexpeditionen®
zusammengestellt von Heinz Kohnen
* Heft Nr. 14/1983 - ,Die erste Antarktis-Expedition (ANTARKTIS 1) von FS ,Polarstern’ 1982/83"
herausgegeben von Gotthilf Hempel
Sonderheft Nr. 4/1983 - “On the Biology of Krill Euphausia superba” — Proceedings of the Seminar
and Report of the Krill Ecology Group, Bremerhaven 12.-16. May 1983, edited by S. B. Schnack
Heft Nr. 15/1983 —~ "German Antarctic Expedition 1980/81 with FRV ‘Walther Herwig” and RV ‘Meteor’" ~
First International BIOMASS Experiment (FIBEX) — Data of micronekton and zooplankton hauls
by Uwe Piatkowski and Norbert Kiages
Sonderheft Nr. 5/1984 — “The observatories of the Georg von Neumayer Station”, by Ernst Augstein
Heft Nr. 16/1984 — “FIBEX cruise zooplankton data”
by U. Piatkowski, |. Hempel and S. Rakusa-Suszczewski
Heft Nr. 17/1984 —  Fahrtbericht (cruise report) der ,Polarstern’'-Reise ARKTIS |, 1983"
von E. Augstein, G. Hempel und J. Thiede
Heft Nr. 18/1984 —  Die Expedition ANTARKTIS Il mit FS ,Polarstern' 1983/84",
Bericht von den Fahrtabschnitten 1, 2 und 3, herausgegeben von D. Fltterer
Heft Nr. 19/1984 — Die Expedition ANTARKTIS Il mit FS ,Polarstern* 1983/84",
Bericht vom Fahrtabschnitt 4, Punta Arenas—Kapstadt (Ant-11/4), herausgegeben von H. Kohnen
Heft Nr. 20/1984 —  Die Expedition ARKTIS Il des FS ,Polarstern’ 1984, mit Beitragen des FS ,Valdivia'
und des Forschungsflugzeuges ,Falcon 20° zum Marginal Ice Zone Experiment 1984 (MIZEX)"
von E. Augstein, G. Hempel, J. Schwarz, J. Thiede und W. Weigel
Heft Nr. 21/1985 - "Euphausiid larvae in plankton samples from the vicinity of the Antarctic Peninsula,
February 1982" by Signd Marschall and Elke Mizdaisk:
Heft Nr. 22/1985 - "Maps of the geographical distribution of macrozooplankton in the Atlantic sector of
the Southern Ocean” by Uwe Piatkowski
Heft Nr. 23/1985 -  Untersuchungen zur Funktionsmorphologie und Nahrungsaufnahme der Larven
des Antarktischen Krills Euphausia superba Dana” von Hans-Peter Marschall



*

*

*

Heft Nr: 24/1985 - Untersuchungen zum Periglazial auf der Konig-Georg-Insel Stdshetlandinseln/
Antarktika. Deutsche physiogeographische Forschungen in der Antarktis. - Bericht uber die Kampagne
1983/84" von Dietrich Barsch, Wolf-Dieter Blimel, Wolfgang Fiugel, Roland Mausbacher, Gerhard
Stablein, Wolfgang Zick
* Heft-Nr. 25/1985 — , Die Expedition ANTARKTIS lll mit FS ,Polarstern” 1384/1385”
herausgegeben von Gotthilt Hempel.
*Heft-Nr. 26/1985 - "The Southern Ocean”; A survey of oceanographic and marine meteorological
research work by Hellmer et al.
Heft Nr. 27/1986 - . Spatpleistozane Sedimentationsprozesse am antarktischen Kontinentalhang
vor Kapp Norvegia,-ostliche Weddell-See" von Hannes Grobe .
Heft Nr. 28/1986 ~ .Die Expedition ARKTIS il mit ,Polarstern* 1985
mit Beitragen der Fahrtteilnehmer, herausgegeben von Rainer Gersonde
Heft Nr. 29/1986 ~ .5 Jahre Schwerpunktprogramm Antarktisforschung'
der Deutschen Forschungsgemeinschaft.” Rickblick und Ausblick.
Zusammengestelit von Gotthilf Hempel, Sprecher des Schwerpunktprogramms
Heft Nr. 30/1986 - "The Meteorological Data of the Georg-von-Neumayer-Station for 1981 and 1982”
by Marianne Gube and Friedrich Obleitner
Heft Nr. 31/1986 -, Zur Biologie der Jugendstadien der Notothenioidei (Pisces) an der
Antarktischen Halbinsei” von A, Kellermann
Heft Nr. 32/1986 — ,Die Expedition ANTARKTIS IV mit FS Polarstern' 1985/86"
mit Beitragen der Fahrtteilnehmer, herausgegeben von Dieter FUtterer
Heft Nr. 33/1987 -  Die Expedition ANTARKTIS-IV mit FS ,Polarstern‘ 1985/86 -
Bericht zu den Fahrtabschnitten ANT-1V/3-4" von Dieter Kari Fitterer
Heft Nr. 34/1987 - ,Zoogeographische Untersuchungen und Gemeinschaftsanalysen
an antarktischem Makroplankton” von U. Piatkowski
Heft Nr. 35/1987 — Zur Verbreitung des Meso- und Makrozooplanktons in Oberflachenwasser
der Weddell See (Antarktis)" von E. Boysen-Ennen
Heft Nr. 36/1987 ~ . Zur Nahrungs- und Bewegungsphysiologie von Salpa thompsoni und Salpa fusiformis*
von M. Reinke
Heft Nr. 37/1987 - "The Eastern Weddell Sea Drifting Buoy Data Set of the Winter Weddell Sea Project
(WWSP)" 1986 by Heinrich Hoeber und Marianne Gube-Lehnhardt
Heft Nr. 38/1987 ~ "The Meteorological Data of the Georg von Neumayer Station for 1983 and 1984"
by M. Gube-Lenhardt
Heft Nr, 39/1987 - ,Die Winter-Expedition mit FS ,Polarstern’ in die Antarktis (ANT V/1-3)"
herausgegeben von Sigrid Schnack-Schiel
Heft Nr. 40/1987 - "Weather and Synoptic Situation during Winter Weddell Sea Project 1386 (ANT V/2)
July 16-September 10, 1986” by Werner Rabe
Heft Nr. 41/1988 — , Zur Verbreitung und Okologie der Seegurken im Weddellmeer (Antarktis)* von Julian Gutt
Heft Nr. 42/1988 - “The zooplankton community in the deep bathyal and abyssal zones
of the eastern North Atlantic” by Werner Beckmann
Heft Nr. 43/1988 - “Scientific cruise report of Arctic Expedition ARK 1V/3"
Wissenschaftlicher Fahrtbericht der Arktis-Expedition ARK IV/3, compiled by Jorn Thiede
Heft Nr. 44/1988 - “Data Report for FV 'Polarstern’ Cruise ARK [V/1, 1987 to the Arctic and Polar fFronts”
by Hans-Jurgen Hirche
Heft Nr. 45/1988 - , Zoogeographie und Gemeinschaftsanalyse des Makrozoobenthos des Weddelimeeres
(Antarktis)” von Joachim VoB
Heft Nr. 46/1988 - “Meteorological and Oceanographic Data of the Winter-Weddell-Sea Project 1986
(ANT V/3)" by Eberhard Fahrbach
Heft Nr. 47/1988 ~ , Verteilung und Herkunft glazial-mariner Gerdlle am Antarktischen Kontinentairand
des dstlichen Weddelimeeres® von Wolfgang Oskierski
Heft Nr. 48/1988 ~  Variationen des Erdmagnetfeldes an der GvN-Station” von Arnold Brodscholl
Heft Nr. 49/1988 ~ ,Zur Bedeutung der Lipide im antarktischen Zooplankton” von Wilhelm Hagen
Heft Nr.50/1988 —  Die gezeitenbedingte Dynamik des Ekstrom-Schelfeises, Antarktis” von Wolfgang Kobarg
Heft Nr.51/1988 -, Okomorphologie nototheniider Fische aus dem Weddellmeer, Antarktis” von Werner Ekau
Heft Nr. 52/1988 - , Zusammensetzung der Bodenfauna in der westlichen Fram-StraBe"
von Dieter Piepenburg
Heft Nr. 53/1988 — , Untersuchungen zur Okologie des Phytoplanktons im sudostiichen Weddellmeer
(Antarktis) im Jan./Febr. 1985" von Eva-Maria Nothig
Heft Nr. 54/1988 - , Die Fischfauna des ostlichen und sudlichen Weddellmeeres:
geographische Verbreitung, Nahrung und trophische Steliung der Fischarten®” von Wiebke Schwarzbach
Heft Nr. 55/1988 - "Weight and length data of zooplankton in the Weddell Sea
in austral spring 1986 {Ant V/3)" by Elke Mizdalski
Heft Nr. 56/1989 — "Scientific cruise report of Arctic expeditions ARK IV/1,2 & 3"
by G. Krause, J. Meincke und J. Thiede



*
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Heft Nr. 57/1989 - , Die Expedition ANTARKTIS V mit FS ,Polarstern’ 1986/87"

Bericht von den Fahrtabschnitten ANT V/4-5 von H. Miller und H. Qerter

Heft Nr. 58/1989 - , Die Expedition ANTARKTIS VI mit FS Polarstern 1987/88"

von D. K. Futterer

Heft Nr, 59/1989 - , Die Expedition ARKTIS V/1a, 1b und 2 mit FS ,Polarstern* 1988

von M. Spindier

Heft Nr. 60/1989 - ,Ein zweidimensionales Modelt zur thermohalinen Zirkutation unter dem Schelteis™
von H. H. Helimer

Heft Nr. 61/1989 - Die Vulkanite im westlichen und mittleren Neuschwabenland,
Vestfiella und Ahimannryggen, Antarktika” von M. Peters

Heft-Nr. 62/1989 - "The Expedition ANTARKTIS VII/1 and 2 (EPOS 1) of RV 'Polarstern’
in 1988/89", by |. Hempel

Heft Nr. 63/1989 -, Die Eisalgenflora des Weddellmeeres (Antarktis): Artenzusammensetzung und Biomasse
sowie Okophysiologie ausgewahlter Arten" von Annette Bartsch
Heft Nr. 64/1989 - "Meteorological Data of the G.-v.-Neumayer-Station (Antarctica)” by L. Helmes
Heft Nr. 65/1989 - Expedition Antarktis VII/3 in 1988/89" by |. Hempel, P. H. Schalk, V. Smetacek
Heft Nr. 66/1989 - ,,Geomorphologisch-glaziologische Detailkartierung
des arig-hochpolaren Borgmassivet, Neuschwabenland, Antarktika* von Karsten Brunk

Heft-Nr. 67/1990 - |dentification key and catalogue of larval Antarctic fishes”,
edited by Adolf Kellermann
Heft-Nr. 68/1990 - , The Expediton Antarktis VIi/4 (Epos leg 3} and VII/5 of RV 'Polarstern’ in 1989,
edited by W. Arntz, W. Emnst, |. Hempel
Heft-Nr. 69/1990 - ,Abhadngigkeiten elastischer und rheologischer Eigenschafien des Meereises vom
Eisgefiige”, von Harald Hellmann
Heft-Nr. 70/1990 - Die beschalten benthischen Mollusken (Gastropoda und Bivalvia) des
Weddelimeeres, Antarktis®, von Stefan Hain
Heft-Nr. 71/1990 - ,Sedimentologie und Paldomagnetik an Sedimenten der Maudkuppe (Nordostliches
Weddellmeen)", von Dieter Cordes.
Heft-Nr. 72/1980 - ,Distribution and abundance of planktonic copepods (Crustacea) in the Weddell Sea
in summer 1980/81", by F. Kurbjeweit and S. Ali-Khan
Heft-Nr. 73/1990 -, Zur Friihdiagenese von organischem Kohienstoff und Opal in Sedimenten des sudlichen
und dstlichen Weddellmeeres”, von M, Schiliter
Heft-Nr. 74/1990 — ,Expeditionen ANTARKTIS-VII/3 und VIII/4 mit FS ,Polarstern’ 1989"
von Rainer Gersonde und Gotthilf Hempel
Heft-Nr. 75/1991- ,Quartdre Sedimentationsprozesse am Kontinentalhang des Sud-Orkey-Plateaus im
nordwestlichen Weddelimeer (Antarktis)", von Sigrun Grinig

Heft-Nr. 76/1990 -, Ergebnisse der faunistischen Arbeiten im Benthal von King George Island
(Stidshetlandinseln, Antarktis)”, von Martin Rauschert
Heft-Nr. 77/1990 - ,Verteilung von Mikroplankton-Organismen nordwestlich der Antarktischen Halbinsel
unter dem EinfluB sich andernder Umweltbedingungen im Herbst”, von Heinz KlGser
Heft-Nr. 78/1991 - Hochaufidsende Magnetostratigraphie spatquartdrer Sedimente arktischer
Meeresgebiete”, von Norbert R. Nowaczyk

Heft-Nr. 79/1991 - ,Okophysiologische Untersuchungen zur Salinitits- und Temperaturtoleranz
antarktischer Grinalgen unter besonderer Berdcksichtigung des B-Dimethylsulfoniumpropionat

(DMSP) - Stoffwechsels”, von Ulf Karsten

Heft-Nr. 80/1991 -, Die Expedition ARKTIS VII/1 mit FS ,Polarstern’ 1980",

herausgegeben von J&érn Thiede und Gotthilf Hempel

Heft-Nr. 81/1991 — , Paldoglaziologie und Paldozeanographie im Spatquartdr am Kontinentalrand des
stdlichen Weddelimeeres, Antarktis“, von Martin Melles

Heft-Nr. 82/1991 - ,Quantifizierung von Meereseigenschaften: Automatische Bildanalyse von
Ddnnschnitten und F’i’arametrisierung von Chlorophyll- und Salzgehaltsverteilungen®, von Hajo Eicken
Heft-Nr. 83/1991 - Das FlieBen von Schelfeisen - numerische Simulationen

mit der Methode der finiten Differenzen®, von Jirgen Determann

Heft-Nr. 84/1991 - Die Expedition ANTARKTIS-VHI/1-2, 1989 mit der Winter Weddell Gyre Study
der Forschungsschiffe ,,Polarstern® und ,Akademik Fedorov®, von Ernst Augstein,

Nikolai Bagriantsev und Hans Werner Schenke

Heft-Nr. 85/1991 -, Zur Entstehung von Unterwassereis und das Wachstum und die Energiebilanz
des Meereises in der Atka Bucht, Antarktis®, von Josef Kipfstuhi

Heft-Nr. 86/1991 -  Die Expedition ANTARKTIS-VIll mit ,FS Polarstern® 1989/90. Bericht vom
Fahrtabschnitt ANT-VIil / 5%, von Heinz Miller und Hans Qerter

Heft-Nr. 87/1991 —“Scientific cruise reports of Arctic expeditions ARK Vi / 1-4 of RV “Polarstern”
in 1989", edited by G. Krause, J. Meincke & H. J. Schwarz

Heft-Nr. 88/1991 -, Zur Lebensgeschichte dominanter Copepodenarten (Calanus finmarchicus,
C. glacialis, C. hyperboreus, Metridia longa) in der FramstraBe“, von Sabine Diel



Heft-Nr. 89/1991 - Detaillierte seismische Untersuchungen am &stlichen Kontinentalrand

des Weddell-Meeres vor Kapp Norvegia, Antarktis“, von Norbert E. Kaul

Heft-Nr. 90/1991 - ,Die Expedition ANTARKTIS-VIII mit FS ,Polarstern“ 1989/90.

Bericht von den Fahrtabschnitten ANT-VIII/6-7", herausgegeben von Dieter Karl Fltterer

und Otto Schrems

Heft-Nr. 91/1991 - “Blood physiology and ecological consequences in Weddell Sea fishes (Antarctica)®,
by Andreas Kunzmann

Heft-Nr. 92/1991 ~ ,Zur sommerlichen Verteilung des Mesozooplanktons im Nansen-Becken,
Nordpolarmeer”, von Nicolai Mumm
Heft-Nr. 93/1991 — Die Expedition ARKTIS Vil mit FS ,Polarstern®, 1990.
Bericht vom Fahrtabschnitt ARK VII/2“, herausgegeben von Gunther Krause
Heft-Nr. 94/1991 -, Die Entwicklung des Phytoplanktons im &stlichen Weddellmeer (Antarktis)
beim Ubergang vom Spatwinter zum Frihjahi“, von Renate Scharek
Heft-Nr. 95/1991 — , Radioisotopenstratigraphie, Sedimentologie und Geochemie jungquartéarer
Sedimente des 6stlichen Arktischen Ozeans", von Horst Bohrmann
Heft-Nr. 96/1991 ~ , Holozdne Sedimentationsentwicklung im Scoresby Sund, Ost-Grénland®,
von Peter Marienfeld
Heft-Nr. 97/1991 —  Strukturelle Entwicklung und Abkuhfungsgeschichte der Heimefrontfiella
(Westliches Dronning Maud Land/Antarktika)”, von Joachim Jacobs
Heft-Nr. 98/1991 ~ ,Zur Besiedlungsgeschichte des antarktischen Schelfes am Beispiel der
Isopoda (Crustacea, Malacostraca)”, von Angelika Brandt
Heft-Nr. 99/1992 - “The Antarctic ice sheet and environmental change: a three-dimensional
modelling study”, by Philippe Huybrechts

* Heft-Nr. 100/1992 — ,Die Expeditionen ANTARKTIS IX/1-4 des Forschungsschiffes ,Polarstern®
1990/91¢, herausgegeben von Ulrich Bathmann, Meinhard Schulz-Baldes,
Eberhard Fahrbach, Victor Smetacek und Hans-Wolfgang Hubberten
Heft-Nr. 101/1992 — Wechselbeziehungen zwischen Schwermetallkonzentrationen
Sgd, Cu, Pb, Zn) im Meewasser und in Zooplanktonorganismen (Copepoda) der

rktis und des Atlantiks“, von Christa Pohl

Heft-Nr. 102/1992 — , Physiologie und Ultrastruktur der antarktischen Grlnalge
Prasiola crispa ssp. antarctica unter osmotischem StreB und Austrocknung®, von Andreas Jacob
Heft-Nr. 103/1992 - ,Zur Okologie der Fische im Weddelmeer®, von Gerd Hubold

Heft-Nr. 104/1992 - ,Mehrkanalige adaptive Filter fir die Unterdriickung von multiplen Reflexionen
in Verbindung mit der freien Oberflache in marinen Seismogrammen®, von Andreas Rosenberger
Heft-Nr. 105/1992 -~  Radiation and Eddy Flux Experiment 1991

(REFLEX )¥, von Jorg Hartmann, Christoph Kottmeier und Christian Wamser

Heft-Nr. 106/1992 - ,Ostracoden im E ipelagtial vor der Antarktischen Halbinsel - ein Beitrag zur
Systematik sowie zur Verbreitung und Populationsstruktur unter Berlicksichtigung der Saisonalitat”,
von Rudiger Kock

Heft-Nr. 107/1992 - ,ARCTIC ‘91: Die Expedition ARK-VIIIi/3 mit FS ,Polarstern” 19917,

von Dieter K. Flitterer

Heft-Nr. 108/1992 — ,Dehnungsbeben an einer Stérungszone im Ekstrom-Schelfeis nordiich der
Georg-von-Neumayer Station, Antarktis. — Eine Unterstichung mit seismologischen und geodatischen
Methoden”, von Uwe Nixdorf.

Heft-Nr. 109/1992 -  Spatquartdre Sedimentation am Kontinentalrand des stdostlichen
Weddellmeeres, Antarktis”, von Michael Weber.

Heft-Nr. 110/1992 -  Sedimentfazies und Bodenwasserstrom am Kontinentalhang des
nordwestlichen Weddellmeeres”, von Isa Brehme.

Heft-Nr. 111/1992 -  Die Lebensbedingungen in den Solekanéichen des antarktischen Meereises”,
von Jirgen Weissenberger.

Heft-Nr. 112/1992 ~ ,Zur Taxonomie von rezenten benthischen Foraminiferen aus dem

Nansen Becken, Arktischer Ozean"”, von Jutta Wollenburg.

Heft-Nr. 113/1992 — , Die Expedition ARKTIS VIII/1 mit FS “Polarstern” 1991%,

herausgegeben von Gerhard Kattner.

* Heft-Nr. 114/1992 - Die Grindungsphase deutscher Polarforschung, 1865-1875%,
von Reinhard A. Krause.

Heft-Nr. 115/1992 —  Scientific Cruise Report of the 1 i iti
of RV “Polarstern” (EIBOS 1)”, by Eike Racﬁgr. of the 1991 Arctic Expedition ARK VIIl/2

Heft-Nr. 116/1992 —  The Meteorological Data of the G - - - i i
for 1988, 1989, 1990 and 1991”, by C?ert Ki)'nig-Langlo.eorg von-Neumayer-Station {Antarctica)

Heft-Nr. 117/1992 - Petrogenese des metamorphen Grundgebi i j
(westliches Dronning Maud Land / Antarktis)”, vo% Peter Schglezel.rges der zentralen Heimefrontijella

Heft-Nr. 118/1993 -, Die mafischen Gange der Shackleton Range / Antarktika: i
Geochemie, Isotopengeochemie und Palgomagnetik”, von Rudié]eer Honttggﬁtlka. Petrographle,

* Heft-Nr. 119/1993 — ,Gefrierschutz bei Fischen der Polarmeere”, von Andreas P.A. W&hrmann.

* Heft-Nr. 120/1993 -, East Siberian Arctic Region Expedition '92: The Laptev Sea - its Signifi
'\AArcggaSrgg-é%% l;org)nastié)g ﬁndk"rranspéolarc?te_ lmtenrzJ lux”, by D. Dethleff,pD. N(Jrnbel"gS E'.gggilr(‘:nar?i?ze for
. ! . P, chenko. - ,Expedition to j j 1 d wi '
RV.'Dalnie Zelentsy"™, by D. Niirmberg gnd E. Groth.ovajal Zemija and Franz Josef Land with



* Heft-Nr. 121/1993 - Die Expedition ANTARKTIS X/3 mit FS "Polarstern’ 1992”, herausgegeben von
Michael Spindier, Gerhard Dieckmann und David Thomas.

Heft-Nr. 122/1993 - , Die Beschreibung der Korngestait mit Hilfe der Fourier-Analyse: Parametrisierung
der morphologischen Eigenschaften von Sedimentpartikeln”, von Michael Diepenbroek.

» Heft-Nr. 123/1993 ~ | Zerstorungsfreie hochauflésende Dichteuntersuchungen mariner Sedimente”,
von Sebastian Gerfand.

Heft-Nr. 124/1993 - Umsatz und Verteilung von Lipiden in arktischen marinen Organismen unter
besonderer Ber{icksichtigung unterer trophischer Stufen”, von Martin Graeve.

Heft-Nr, 125/1993 - ,Okologie und Respiration ausgewahiter arktischer Bodenfischarten”,
von Christian F. von Dorrien.

Heft-Nr. 126/1993 -, Quantitative Bestimmung von Paldoumweltparametern des Antarktischen_
Oberflachenwassers im Spatquartédr anhand von Transferfunktionen mit Diatomeen®, von Ulrich Zielinski

Heft-Nr. 127/1993 —  Sedimenttransport durch das arktische Meereis: Die rezente lithogene
und biogene Matetialfracht®, von Ingo Wollenburg.

Heft-Nr, 128/1993 ~ ,Cruise ANTARKTIS X/3 of RV 'Polarstern’: CTD-Report”, von Marek Zwierz.

Heft-Nr. 129/1993 —  Reproduktion und Lebenszyklen dominanter Copepodenarten aus dem
Weddelimeer, Antarktis”, von Frank Kurbjeweit

Heft-Nr. 130/1993 —  Untersuchungen zu Temperaturregime und Massenhaushalt des
Filchner-Ronne-Schelfeises, Antarktis, unter besonderer erlicksichtigung von Anfrier- und
Abschmelzprozessen”, von Klaus Grosfeld

Heft-Nr. 131/1993 —  Die Expedition ANTARKTIS X/5 mit FS 'Polarstern’ 1992”,
herausgegeben von Rainer Gersonde

Heft-Nr. 132/1993 -  Bildung und Abgabe kurzkettiger halogenierter Kohlenwasserstoffe durch
Makroalgen der Polarregionen®, von Frank Laturnus
Heft-Nr. 133/1994 - "Radiation and Eddy Flux Experiment 1993 g?EFLEX i,
by Christoph Kottmeier, J6rg Hartmann, Christian Wamser, Axel Bochert, Christof Lipkes,
Dietmar Freese and Wolfgang Cohrs

« Heft-Nr. 134/1994 - "The Expedition ARKTIS-IX/1", edited by Hajo Eicken and Jens Meincke

Heft-Nr. 1356/1994 —  Die Expeditionen ANTARKTIS X/6-8”, herausgegeben von Ulrich Bathmann,
Victor Smetacek, Hein de Baar, Eberhard Fahrbach und Gunter Krause

Heft-Nr. 136/1994 -, Untersuchungen zur Erndhrungstkologie von Kaiserpinguinen (Aptenodytes forsteri)
und Kénigspinguinen (Aptenodytes patagonicus)”, von Kiemens Plitz

» Heft-Nr. 137/1994 -  Die kdnozoische Vereisungsgeschichte der Antarktis”, von Werner U. Ehrmann
Heft-Nr, 138/1994 — ,,Untersuchun%/e‘n stratosphérischer Aerosole vulkanischen Ursgrungs und polarer
stratosphérischer Wolken mit einem Mehrwellentangen-Lidar auf Spitzbergen (79°N, 12°E)”;
von Georg Beyerle
Heft-Nr. 139/1994 — Charakterisierung der Isopodenfauna (Crustacea, Malacostraca)
des Scotia-Bogens aus biogeographischer Sicht: Ein multivariater Ansatz”, von Holger Winkler.

Heft-Nr. 140/1994 —  Die Expedition ANTARKTIS X/4 mit FS ‘Polarstern' 1992”,
herausgegeben von Peter Lemke

Heft-Nr. 141/1994 -  Satellitenaltimetrie Uber Eis — Anwendung des GEOSAT-Altimeters Uber dem
Ekstrémisen, Antarktis”, von Clemens Heidland
Heft-Nr. 142/1994 - “The 1993 Northeast Water Expedition. Scientific cruise report of RV'Polarstern’
Arctic cruises ARK 1X/2 and 3, USCG ‘Polar Bear’ cruise NEWP and the NEWLand expedition®,
edited by Hans-Jdrgen Hirche and Gerhard Kattner
Heft-Nr. 143/1994 - Detaillierte refraktionsseismische Untersuchungen im inneren Scoresby Sund
Ost-Grénland”, von Notker Fechner
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