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Improved Retrieval of Total Water Vapor Over Polar
Regions From AMSU-B Microwave Radiometer Data
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Abstract—The polar regions are among those where the least
information is available about the current and predicted states
of surface and atmosphere. We present advances in a method to
retrieve the total water vapor (TWV) of the polar atmosphere
from data from spaceborne microwave radiometers such as the
Advanced Microwave Sounding Unit B (AMSU-B) on the polar-
orbiting satellites of the National Oceanic and Atmospheric
Administration (NOAA), NOAA-15, -16, and -17. The starting
point of the retrieval is a recently proposed algorithm that uses
the three AMSU-B channels centered around the 183-GHz water
vapor line and the window channel at 150 GHz, and that can
retrieve the TWV with little dependence on the surface emissivity.
This works up to TWV values of about 7 kg/m2. We extend the
retrievable range toward higher TWV values by including the
window channel at 89 GHz. However, now, the algorithm needs
information on the surface emissivity, which we have extracted
from emissivity measurements over sea ice and open water dur-
ing the Surface Emissivities in Polar Regions-Polar Experiment
campaign. The resulting algorithm can retrieve TWV up to about
15 kg/m2, with reduced accuracy as compared to the original
algorithm. It now allows the monitoring of the TWV over the
central Arctic sea ice and over Antarctica, and the surrounding
sea ice during most of the year with a spatial resolution of about
50 km. Such TWV fields can show details which might be missed
out by standard weather model analysis data.

Index Terms—Microwave radiometry, polar regions, water
vapor.

I. INTRODUCTION

WATER vapor, which comprises about 1% to 4% of
the volume of the Earth’s atmosphere, has a key role

in the global climate system [1], [2]. Water vapor 1) is the
most abundant and the most radiatively important greenhouse
gas, 2) can transport large amounts of latent heat and, thus,
strongly influences the dynamics of the atmosphere, and 3) is
an important link connecting the various components of the
hydrological cycle.

Therefore, there is a need for continuous global data of
water vapor in the atmosphere, if possible as a function of
height (water vapor profiles), or at least the vertically integrated
water vapor content of the atmosphere, called column water
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vapor, precipitable water, or total water vapor (TWV). There
is a global network of meteorological stations that regularly
measure vertical profiles of atmospheric humidity (among other
variables) by radiosondes (RS). Such measurements are, how-
ever, just point measurements, and moreover, there are regions
where the station network is very sparse, notably the Arctic and
Antarctic.

Therefore, over the past 30 years, numerous methods have
been developed in order to retrieve such atmospheric water
vapor data on a global scale from satellite data. Such methods
typically use radiometers that measure the radiance either in the
infrared (IR) or in the microwave wavelength range.

In IR, the water vapor absorption band around a wavelength
of 6–7 µm is used, e.g., with data from the IR instruments
of the Television Infrared Observation Satellite Operational
Vertical Sounder (TOVS) or its successor Advanced TOVS
(ATOVS), onboard the polar-orbiting satellites of the U.S.
National Oceanic and Atmospheric Administration (NOAA)
(see [2] and references therein). Data from the Visible and
Infrared Spin Scan Radiometer Atmospheric Sounder on the
geostationary satellites of NOAA have also been used [3]. A
more recent method is based on Differential Optical Absorption
Spectroscopy with optical/near-IR data from the Global Ozone
Monitoring Experiment sensor and from the Scanning Imaging
Absorption Spectrometer for Atmospheric Chartography [4]–
[6]. A related method uses the visible band near 600 µm of the
same sensor [7].

However, all methods based on visible and IR radiances for
water vapor retrieval only work when the atmosphere is cloud-
free. On average, cloud-free conditions are associated with less
humidity than cloudy conditions; therefore, the retrieved water
vapor data have a dry bias. When there are clouds, such methods
can only sense the water vapor above the clouds.

In contrast, water vapor retrieval methods based on mi-
crowave wavelength radiances are not hampered by clouds.
Such methods are based on the weak water vapor absorption
line at 22.32 GHz or the strong absorption line at 183.31 GHz.
They typically use data from the Microwave Sounding Unit
(MSU) or its successor Advanced MSU (AMSU) on the polar-
orbiting satellites of NOAA [8], or data from the Special Sensor
Microwave Imager (SSM/I) or SSM Temperature and Water
vapor Profiler (SSM/T) on the Defense Meteorological Satellite
Program (DMSP) satellites [9], [10]. A general difficulty in the
retrieval of vertically integrated atmospheric parameters with
down-looking satellite sensors is the inevitable contribution
of thermal emission of the ground to the measured signal.
Therefore, the method using SSM/I, e.g., works only over ice-
free oceans as it needs an accurate estimate of the surface
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emissivity. While the emissivity of the ocean surface is well-
known and can be modeled accurately, the emissivity of sea ice
is poorly understood and highly variable [11], [12]; the same
applies to snow-covered land surfaces [13].

Sensors such as the AMSU-B on the new generation
polar-orbiting satellites of NOAA, NOAA-15, NOAA-16, and
NOAA-171 are designed and operationally used for humidity
sounding [14]. They use several channels with different sen-
sitivity to water vapor. This, however, fails over polar regions
since there, 1) the TWV content of the atmosphere is so low
that the contribution caused by surface emission is substantial,
and 2) the surface emission is poorly known and highly variable
because of its strong dependence on the ice type [13], [15]
and because of the variable ice cover of the seas. The method
described here which retrieves TWV is complementary in that
it works exactly where the atmosphere is dry enough for the
ground to be “seen” by the sensor, and it is mostly independent
of the surface emissivity. The basic idea was first developed by
Miao [16], [17] for the similar sensor SSM/T2 for the Antarctic;
similar methods were explored by Wang et al. [18], [19]. It
uses several channels where the surface emissivity is similar,
but the water vapor absorption is different, namely the three
water vapor channels near the 183.31 GHz water vapor absorp-
tion line and the window channel at 150 GHz of SSM/T2 or
AMSU-B. When the TWV is above about 7 kg/m2, two of these
channels are saturated, i.e., their signal comes from the upper
troposphere only (in other words, their weighting function
peaks above the ground, “they do not see the ground”), and the
algorithm does not work correctly anymore. Using the second
window channel at 89 GHz violates the assumptions underlying
the algorithm, namely that ground surface emissivities in all
channels are equal. In order to extend the algorithm to higher
TWV, this emissivity problem has to be dealt with. The aim is,
of course, to be able to retrieve TWV without the need to know
or determine the surface emissivity (at 89 and 150 GHz) for
every single satellite footprint.

The next section briefly reviews the version of the radiative
transfer equation on which the algorithm is based. Sections III
and IV deal with the derivation of the retrieval algorithm, in-
cluding the description and treatment of the emissivity problem.
Section VI presents various validation studies of the algorithm.
Section VII shows some sample results. Section VIII summa-
rizes the results and gives implications and outlook.

II. CONTRACTED RADIATIVE TRANSFER EQUATION

We start with the radiance measured above the atmosphere by
a down-looking microwave radiometer. Hereafter, we express
all radiances as brightness temperatures in the sense of the
linear Rayleigh–Jeans approximation. We use the contracted
form of the radiative transfer equation derived in [20] and get
for the brightness temperature Tb recorded by the radiometer

Tb(θ) = mpTs − (T0 − Tc)(1 − ε)e−2τ sec θ (1)

1On the latest operational satellite of this series, NOAA-18, AMSU-B has
been replaced by the Microwave Humidity Sounder (MHS) with very similar
characteristics.

where θ denotes the satellite zenith angle (also called view-
ing angle), mp contains the influence of the temperature
lapse rate on up- and downwelling radiation, takes into ac-
count the reflection and scattering properties of the ground,
and the possible difference between skin temperature of the
ground and atmospheric temperature at ground level (details see
Appendix II, and [16], [17], and [20]). Ts is the ground surface
temperature, Tc is the brightness temperature of the cosmic
background, T0 is the atmospheric temperature at ground level,
ε is the ground surface emissivity, and τ = τ(0,∞) is the nadir
opacity of the whole atmospheric column, which is related to
the atmospheric absorption coefficient α by

τ =

∞∫
0

α(z)dz (2)

where z is the height above the ground. The parameter mp is
unity if the atmosphere is isothermal, the ground is a specular
reflector, and there is no difference between skin temperature
of the ground and atmospheric temperature at ground level.
In [20], it is shown that for realistic scenarios in the Earth’s
atmosphere, in the microwave wavelength range, mp devi-
ates from unity by a few percent. Here, we assume that the
ground is a specular reflector, which is only an approximation.
Snow-covered surfaces, in particular, show some degree of
Lambertian behavior. According, however, to the analysis in
[13], the specular reflection approximation is usually sufficient
in microwave wavelength remote sensing with satellites.

If we use brightness temperature measurements at three
different channels, where the ground surface emissivity is equal
but the water vapor absorption coefficient is different, it is
possible to derive an equation that links the three brightness
temperatures with the TWV and that is independent of the
ground surface emissivity, as shown in [16] and [17]. We shall
call this relation the retrieval equation. This will be the subject
of the next section. After that, we shall derive a similar relation
for the case that one of the three channels has a different ground
surface emissivity. This relation, of course, is not independent
of the ground surface emissivity. Note that in the following, by
“emissivity” we always mean the ground surface emissivity.

III. TWV RETRIEVAL ALGORITHM FOR THREE

CHANNELS WITH EQUAL EMISSIVITIES

The setup is the following.

1) We have microwave wavelength satellite radiometer
(SSM/T2, AMSU-B) measurements of the brightness
temperature at three different channels (i.e., frequencies)
i, j, k.

2) No channel is saturated, i.e., the emitted radiation comes
from the whole atmosphere and from the ground.

3) The ground emissivity ε is similar in all three channels,
but the water vapor absorption (namely the mass absorp-
tion coefficient) is different: κi < κj < κk.

4) The frequencies of the three channels i, j, k are
183.31 ± 7, 183.31 ± 3, and 183.31 ± 1 GHz; or 150,
183.31 ± 7, and 183.31 ± 3 GHz. This corresponds to
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AMSU-B channels 20, 19, 18, or 17, 20, 19, respec-
tively; or to SSM/T channels 3, 1, 2, or 5, 3, 1 (see
Appendix I). The surface emissivity of the first channel
triple (the three channels centered on the water vapor
line) can be considered equal because the frequencies are
close enough. At the frequency of 150 GHz, we shall
assume the emissivity as being still the same, although,
depending on the surface type, this assumption is not
exact. Miao et al. [17], who used SSM/T data to retrieve
TWV over Antarctica, argued that the error caused by
this assumption is not significant when compared to
other errors. However, Wang et al. [18], Selbach [15],
and Selbach et al. [21] have shown that this assumption
causes a positive bias in TWV retrieval of up to about
0.5 kg/m2, depending on ice type. Therefore, when as-
suming the emissivities at 150 and 183.31 GHz to be
equal, we always have to keep in mind the bias it causes
which depends on the surface type.

A. Deriving the Retrieval Equation

Note that the following derivation is essentially what is de-
scribed in [16] and [17], but we repeat it here for completeness
because it is the base for deriving the retrieval equation for the
case of one differing emissivity.

For the brightness temperature difference of two different
channels (frequencies) i, j (with equal emissivity ε), we get
from (1)

∆Tij ≡Tb,i − Tb,j

= (T0 − Tc)(1 − ε)(e−2τj sec θ − e−2τi sec θ) + bij (3)

where τi is the nadir opacity of the atmosphere at the frequency
of channel i, and bij is what we call the “bias” and is related to
the terms mp from above for the channels i and j

bij = Ts(mp,i − mp,j). (4)

As shown in Appendix II, the bias can here be approximated as

bij ≈
∞∫

0

[
e−τj(z,∞) sec θ − e−τi(z,∞) sec θ

] dT (z)
dz

dz (5)

where T (z) is the atmospheric temperature profile. The ex-
pression with channels j and k is similar and has the same
emissivity ε according to our setup.

Before going on, let us briefly examine the behavior of ∆Tij

in (3). We have sorted the channels according to increasing
sensitivity to water vapor, thus

τi < τj (6)

and, hence

e−2τj sec θ − e−2τi sec θ < 0. (7)

Therefore, the first term on the right-hand side of (3) is neg-
ative. With increasing emissivity ε, the positive factor (1 − ε)
decreases; therefore, the first term on the right-hand side of

(3) increases with increasing emissivity from negative values
toward zero. Adding the bias bij , this means that ∆Tij < bij

for ε < 1 and increases with ε until reaching bij for ε = 1.
The same applies to the analogous expression with channels j
and k.

The so-called ratio of compensated brightness temperature
differences is then

ηc ≡
∆Tij − bij

∆Tjk − bjk
=

e−2τi sec θ − e−2τj sec θ

e−2τj sec θ − e−2τk sec θ
. (8)

The opacities τ are now expressed by water vapor mass
absorption coefficients κi and TWV W , and the oxygen con-
tribution to the opacity

τi = κiW + τoxygen
i . (9)

For AMSU-B channels near the 183-GHz water vapor line, the
oxygen contribution can be neglected with respect to the water
vapor contribution, the differences of exponentials on the right-
hand side are approximated by products,2 and we get

ηc = exp
[
B0 + B1W sec θ + B2(W sec θ)2

]
. (10)

The three constants B0, B1, and B2 depend on the different
κ; the term quadratic in W can be neglected [15], [17], as can
be seen when log ηc is plotted against W (see Figs. 3 and 4 in
Section VI-A). Taking the logarithm, we get an equation linear
in W

log ηc = B0 + B1W sec θ. (11)

This can be solved for W to yield our retrieval equation

W sec θ = C0 + C1 log ηc. (12)

B. Determining the Calibration Parameters

Examining ∆Tij and ∆Tjk, we see that typically both are
negative (see, e.g., [17, Fig. 2]), and that both increase with ε.
The quantity ηc does not depend on ε (which cancels in the
ratioing) but on W . Rearranging the terms in the definition of
ηc (8), we can write

∆Tij(ε) = bij + ηc(W ) (∆Tjk(ε) − bjk) . (13)

In a plot with ∆Tjk as abscissa and ∆Tij as ordinate, for
constant W and varying ε, this is a straight line with slope
ηc(W ), running through point (bjk, bij). Since the biases de-
pend only weakly on W and ε, all straight lines for different
W run through almost the same point F = (Fjk, Fij) which is
called focal point in [16] and [17].

The focal point F is found by simulating brightness temper-
atures for different ε and W ; ε is just set to 11 different values
between 0.6 and 0.96, input atmospheric profiles and W are
from RS profiles, and the surface temperature is taken to be the

2e−a1x − e−a2x ≈ A1xe−(A2x2+A3x), from comparison of the Taylor
expansions up to third order [16].
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ground-level atmospheric temperature (which makes the small
emissivity dependence of the biases vanish; see Appendix II).
We then fit lines to ∆Tij versus ∆Tjk, one line for each TWV
value W (i.e., for each RS profile). The fitted lines match very
well, with χ2/(N − 2) of the order of 10−4. The point of least
square distance from all these lines is the focal point. Its error
can be estimated from the mean of the squared distance from
all the fitted lines.

All radiative transfer simulations were carried out using the
Atmospheric Radiative Transfer Simulator (ARTS) (see [22]).

Having determined the focal point, we can use the simulated
brightness temperature differences and the corresponding TWV
values from the RS profiles to fit (12) and get the “calibration
parameters” C0 and C1.

Thus, together with the two focal point coordinates Fjk and
Fij , there is a total of four calibration parameters in the retrieval
equation which are derived by regression.

Using AMSU channels 20, 19, and 18 (183.31 ± 7, 183.31 ±
3, and 183.31 ± 1 GHz), TWV values up to about 1.5 kg/m2

can be retrieved. For higher TWV, channel 18, the channel most
sensitive to water vapor, becomes saturated, i.e., its brightness
temperature does not increase with TWV anymore.

Using AMSU channels 17, 20, and 19 (150, 183.31 ± 7, and
183.31 ± 3 GHz), TWV values up to about 7 kg/m2 can be
retrieved; for higher TWV, channel 19 becomes saturated.

In this paper, we use the term “saturation” in the following
sense. When we measure a quantity T in order to determine a
parameter W , this of course implies that T does really depend
on W , i.e., T = T (W ). In reality, this often applies only to
a limited range of W . Typically, when W reaches a certain
threshold, T does not change with increasing W anymore.
This is generally called saturation. In our case of T being
the brightness temperature at one of the AMSU-B channels
and W being TWV, T first increases with W , then levels off
and starts to decrease slowly [16]. This means that at low
TWV, the brightness temperature is dominated by the thermal
emission of the water vapor and, hence, increases with the water
vapor content. Beyond a certain TWV value, the atmosphere
becomes opaque, and the brightness temperature comes from
the upper part of the atmosphere. The higher the TWV con-
tent, the higher—and colder—the portion of the atmosphere
that contributes to the brightness temperature; hence, the
brightness temperature decreases with increasing water vapor
content.

For practical purposes, the saturation point of channel k was
originally defined here [16] as the TWV value beyond which
Tb,j ≥ Tb,k, i.e.,

Tb,j − Tb,k > 0. (14)

In principle, it is possible to relax the condition when
the algorithm is not applied anymore from originally
Tb,20 − Tb,19 ≥ 0 (“saturation cutoff” = 0) to Tb,20 −
Tb,19 ≥ F20,19 (“saturation cutoff” = F20,19), where F20,19

is typically a few kelvins. As long as both numerator and
denominator of the log argument are negative, the algorithm
works. This could increase the range of retrievable values
by about 1 kg/m2. A drawback of this is that the retrieval

error increases when the channel is close to saturation. The
error contributions from the radiometric error of brightness
temperature differences and from the error of the focal point
are, approximately, inversely proportional to the compensated
brightness temperature differences (see the detailed error
analysis in Appendix IV). The sensitivity of the retrieved
TWV to the error of the brightness temperature difference
becomes, therefore, large if one of the compensated brightness
temperature differences becomes small, which is the case close
to saturation, or for high emissivity. As long as ∆Tjk − Fjk

is below about −10 K, the retrieval error using channels 17,
20, 19 (TWV about 1.5 to 7 kg/m2) is below 0.4 kg/m2, and
using channels 20, 19, 18 (low TWV, 0 to about 1.5 kg/m2), it
is below 0.2 q. This means that the lowest TWV that can be
retrieved is about 0.2 kg/m2. Closer to the focal point, the error
becomes considerably larger (see Table VIII in Appendix IV).

IV. TWV RETRIEVAL ALGORITHM FOR THREE CHANNELS

WITH TWO UNEQUAL EMISSIVITIES

If the TWV is above about 7 kg/m2, channel 19 becomes sat-
urated, i.e., Tb,20 − Tb,19 ≥ F20,19, and the algorithm sketched
above does not work anymore because ηc, the argument of
the logarithm in (12), becomes negative. We, therefore, have
to rederive the algorithm, starting from the same point as
for the original algorithm, but with the following changed
premises.

1) The channels i, j, k denote AMSU-B channels 16
(89 GHz), 17 (150 GHz), and 20 (183.31 ± 7 GHz),
respectively (or SSM/T channels 4, 5, 3).

2) For the surface emissivities: εi �= εj , εj = εk. This means
that we assume the emissivities at 150 and 183.31 GHz to
be equal, which is an approximation as already previously
mentioned (Section III).

A. Deriving the Retrieval Equation

We get, for the two channels i, j with different emissivities

∆Tij ≡Tb,i − Tb,i

= (T0 − Tc)(rje
−2τj sec θ − rie

−2τi sec θ) + bij (15)

where r = 1 − ε is the reflectivity, ε is the emissivity of the
surface, and bij is defined as above in (5) because it does not
contain any term with ε (more exactly, such terms in bij can be
neglected as above). This starting point is almost the same as
the starting point of the approach presented in [15] and [21].
However, the latter approach was intended to correct for the
effect of different emissivities at 157 and 183.31 GHz in the
original (equal-emissivity) algorithm for 157, 183.31 ± 7, and
183.31 ± 3 GHz, whereas here, we intend to develop a new al-
gorithm that includes the 89-GHz channel. Therefore, there are
important differences between the algorithm for two unequal
emissivities in [15] and [21] and the algorithm developed here,
as will be pointed out below.

The brightness temperature difference for channels j and k
(same ε) is the same as above in (3), but with indices j and k
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instead of i and j, respectively, so we now get for the ratio of
compensated brightness temperature differences

ηc =
∆Tij − bij

∆Tjk − bjk
=

rie
−2τi sec θ − rje

−2τj sec θ

rj(e−2τj sec θ − e−2τk sec θ)
. (16)

Rewriting in order to make it resemble the original form [see
(8)], we get

ηc =
∆Tij − bij

∆Tjk − bjk

=
ri

rj

e−2τi sec θ − e−2τj sec θ

e−2τj sec θ − e−2τk sec θ

−
(

1 − ri

rj

)(
e−2τj sec θ

e−2τj sec θ − e−2τk sec θ

)
︸ ︷︷ ︸

C(τj ,τk)

. (17)

If we rearrange this equation and use as above the product
approximation for e−2τi sec θ − e−2τj sec θ, we get

ηc =
∆Tij − bij

∆Tjk − bjk

=
ri

rj
exp

[
B0 + B1W sec θ + B2(W sec θ)2

]

−
(

1 − ri

rj

)
C(τj , τk). (18)

While in [15], the above equation was rearranged using the
calibration constants C0, C1, Fij , and Fjk derived for the stan-
dard algorithm (three equal emissivities), we follow a different
philosophy. We rearrange the above equation in such a way
that after taking the logarithm the right-hand side only has a
constant term, a term linear in W and a term quadratic in W ,
just like the original algorithm

log η′
c = B0 + B1W sec θ + B2(W sec θ)2 (19)

where the additional terms involving the reflectivities and the
function C(τj , τk) have entered into a modified ratio of com-
pensated brightness temperature differences η′

c defined as

η′
c =

rj

ri
[ηc + C(τj , τk)] − C(τj , τk). (20)

Neglecting again the term quadratic in W (see Section VI-A),
we get the following retrieval equation:

W sec θ = C0 + C1 log η′
c (21)

which looks like the retrieval equation (12), except for replacing
ηc by η′

c = rj/ri(ηc + C) − C. It is not independent of the
surface emissivities anymore. Before we can proceed, we have,
therefore, to examine the behavior of the surface emissivities at
89 and 150 GHz, εi and εj , respectively.

B. Emissivities at 89 and 157 GHz

Ideally, we would need the instantaneous surface emissivity
at 89 and 150 GHz or at least the ratio of the corresponding

reflectivities for each footprint of the AMSU-B data in order to
use the retrieval method just derived. However, it is not possible
to get the emissivity from AMSU-B data without knowing the
atmospheric conditions and the surface temperature. Therefore,
the best we can do is to parameterize the emissivity and get a
fixed reflectivity which, of course, depends on the surface type.
This means we also need information if the surface was sea
ice, open water (OW), or land. Here, we concentrate on sea ice
only because we want to test the feasibility of the approach, and
because sea-ice-covered regions are the most data sparse. The
needed sea ice emissivity data were taken during the airborne
measurement campaign Surface Emissivities in Polar Regions-
Polar Experiment (SEPOR/POLEX; see [15] and [21]) that took
place in the Arctic (Svalbard area) in March 2001. The in-
strument used, the Microwave Airborne Radiometer Scanning
System, uses frequencies close to those of AMSU-B; the ones
of interest here are 88.992 GHz (AMSU-B: 89.0 GHz) and
157.075 GHz (AMSU-B: 150.0 GHz). The difference of about
7 GHz of the latter is unfortunate, but cannot be avoided as
no comparable measurements of sea ice emissivity at 150 GHz
are available. The emissivity difference between 150 and
157.075 GHz can be either positive or negative, depending
on the ice type, and can be roughly estimated to be within
about ±0.01 from the measurements reported in [13] and [15];
whereas according to the same measurements, the emissivity
variability of each ice type is larger than that.

The SEPOR/POLEX emissivity measurements are from
nadir-looking data (−5.5◦ < θ < 5.5◦ because of finite beam
width) at linear polarization. In contrast, the AMSU-B data
have a viewing angle between 0◦ and ±48◦ (off-nadir). The
orientation of the linear polarization of AMSU-B depends on
the viewing angle, which means that the emissivity AMSU-B
effectively sees is a mixture of emissivity at horizontal and ver-
tical polarization. As shown in [11] and [23], the consequence
is that up to |θ| ≈ 35◦, there is almost no dependence of the
AMSU-B emissivity on θ.

The results of the emissivity measurements at 157 and
89 GHz from two flights of the SEPOR/POLEX campaign are
shown as a scatter plot in Fig. 1. The flights were not only
mainly over first-year and multiyear sea ice (green dots, 4657
measurements), but also over OW (black dots, 273 measure-
ments) and land ice (red dots, 470 measurements). The linear
correlation coefficient is 0.80 for sea ice, 0.98 for OW, and 0.75
for land ice. As previously mentioned, we shall concentrate
here on sea ice only. As we try to develop an algorithm
that does not need external information (except a distinction
sea ice–OW–land), we do not distinguish between different
ice types. For the same reason, we try to approximate the
needed reflectivity ratio by a constant. Therefore, we do a linear
regression which yields εi as a function of εj

εi = a + bεj . (22)

The regression was constrained in such a way that εi(εj = 1) ≈
1 which results in a + b ≈ 1 and, thus, for the reflectivity ratio

rj/ri ≈
1
b
. (23)



2312 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 46, NO. 8, AUGUST 2008

Fig. 1. Scatter plot of emissivities at 89 (εi) and at 157 GHz (εj), from
SEPOR/POLEX data. Black: OW. Green: Sea ice. Red: Land ice (on Svalbard).
Lines: Result of linear fit.

For the data measured over sea ice, the regression resulted in

a = 0.1809 b = 0.8192 (24)

with uncertainties of

σa = 0.06 σb = 0.06 (25)

which leads to a reflectivity ratio of

rj/ri = 1.22 σrj/ri
= 0.09. (26)

Note that this treatment of emissivity (reflectivity) is far from
complete. The measurements were done in the winter season,
yet the surface melt in summer can alter the emissivities con-
siderably [24]; the same applies to refreezing. For the lack of
comprehensive measurements or models, however, the current
approach is the best we can do under these circumstances.

C. Determining the Calibration Parameters

As above, the two parameters C0 and C1 in (12) have to
be determined from a regression fit. However, the term η′

c

contains, in addition to the focal point coordinates, the ratio of
reflectivities and the function

C(τj , τk) =
e−2τj sec θ

e−2τj sec θ − e−2τk sec θ
(27)

which depends on the opacities and, thus, on TWV. A plot of
the dependence of C(τj , τk) on TWV (Fig. 2) shows that for
the opacities expected here, at TWV above 7 kg/m2 (for lower
TWV, we can use the original algorithm), C(τj , τk) turns out to
be almost constant. Moreover, the regression fit for determining

Fig. 2. C(τj , τk) versus TWV.

C0 and C1 is not very sensitive to C(τj , τk): varying it from a
constant of 1.0 to 1.2 results in changes of C0 and C1 in the
third significant digit.

Whereas for the retrieval, only the reflectivity ratio is needed,
which is approximated by the constant 1/b [see (23)], the
full functional relationship εi = a + bεj has to be used for
the AMSU-B brightness temperature simulation calculations
which are needed to get the four calibration parameters, C0,
C1, Fij , and Fjk. The same procedure can also be used with
the reflectivity ratio for OW in order to retrieve TWV over OW.
However, our main focus here is to retrieve high TWV (above
7 kg/m2) over ice from microwave wavelength data because this
is new, while there are other methods to retrieve TWV over OW,
e.g., from SSM/I data (see Section I).

The focal point and the two remaining calibration constants
C0 and C1 in (21) are determined as in the algorithm with
equal emissivities (Section III-B), with the difference that here
we have to use η′

c instead of ηc [see (20)] which in addition
to the ratio of brightness temperature differences also contains
the ratio of reflectivities, and the—rather benign—function
C(τj , τj) ≈ 1.1. During the whole process of determining the
calibration parameters, the emissivities for each set of simulated
brightness temperatures are known (as they are part of the input
for the simulations). For the retrieval, however, a constant ratio
rj/ri, as derived above, is needed.

While the algorithm is not very sensitive to changes in
C(τj , τk) of the order of 0.1, it is more sensitive to rj/ri

[see the detailed error analysis in Appendix IV, in particular
(39) and (40)]. The uncertainty σrj/ri

= 0.09 [see (26)] can
cause an uncertainty of the retrieved TWV of almost 3 kg/m2.
In addition, radiometric error of the brightness temperature
differences and the error of the focal point have a large impact;
e.g., if the distance from the focal point is only about 2 K, the
error can even exceed the retrieved values (see Table VIII in
Appendix IV), thus making the retrieval questionable.

V. SYNTHESIS: PUTTING BOTH ALGORITHMS TOGETHER

Now, we have in principle three “subalgorithms” for retriev-
ing TWV from AMSU-B (or SSM/T) brightness temperatures
in three channels:
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1) low-TWV algorithm, using AMSU-B channels 20, 19,
and 18 (SSM/T2: 3, 1, 2) which works for TWV below
about 1.5 kg/m2;

2) mid-TWV algorithm, using AMSU-B channels 17, 20,
and 19 (SSM/T2: 5, 3, 1) which works for TWV below
about 7 kg/m2;

3) extended algorithm, using AMSU-B channels 16, 17, and
20 (SSM/T2: 4, 5, 3) and surface emissivity information
at 90 and 150 GHz which works for TWV between about
7 and 15 kg/m2.

For each of the three subalgorithms, we derive the set of
four calibration parameters, which we shall distinguish in the
following, where necessary, by the superscripts L—for low
TWV, M—for mid TWV, and X—for extended algorithm.
Note that, for lack of reliable sea ice and land-ice emissivity
measurements in the Antarctic, we have not derived the ex-
tended algorithm for the Antarctic. Details and values of all
calibration parameters for AMSU-B are listed in Appendix III.

We have combined those subalgorithms in order to retrieve
TWV over the Arctic and Antarctic from AMSU-B data.3

Given a set of AMSU-B brightness temperatures in the
five channels, we first check where Tb,19 − Tb,20 < FL

19,18 and
Tb,20 − Tb,19 < FL

20,19. Where this is fulfilled, we apply the
low-TWV algorithm.

Where this is not fulfilled, we check the applicability of the
mid-TWV algorithm, i.e., Tb,20 − Tb,19 < FM

20,19 and Tb,17 −
Tb,20 < FM

17,20, and apply it.
The remainder is checked for the condition Tb,17 − Tb,20 <

FX
17,20 and Tb,16 − Tb,17 < FX

16,17 where the extended algo-
rithm can be applied. Since the calibration parameters for the
extended algorithm have been derived based on the emissivities
of sea ice, we have to exclude data that were measured over
open water or land. This is done by comparing with sea-
ice charts retrieved from SSM/I data by the ARTIST Sea Ice
algorithm [25].

VI. VALIDATION

In order to see the possible range of TWV that is retrievable
from the different channel combinations, we consider the shape
of the weighting functions of the AMSU-B channels as a func-
tion of TWV (as shown, e.g., [26, Fig. 6.31], actually over land).

The weighting function at channel 18 (183.3 ± 1 GHz)
peaks near 0.5 kg/m2 and decreases to 25% of the peak value
at about 2 kg/m2. This means, roughly, that the channel is
sensitive to water vapor up to about 2 kg/m2, which corre-
sponds to the upper limit of the low-TWV algorithm. Above
that TWV value, channel 18 can be said to be saturated. The
weighting function for channel 19 (183.3 ± 3 GHz) peaks near
2.5 kg/m2 and decreases to 25% at about 8 kg/m2, roughly
corresponding to the upper limit of the mid-TWV algorithm
(and, thus, the original algorithm). The weighting function
of channel 20 (183.3 ± 7 GHz) peaks near 8 kg/m2 and

3Note that the same would work with SSM/T2 data. This would require,
of course, to derive the three sets of calibration parameters for SSM/T2; in
particular, the brightness temperature simulation calculations would have to be
adapted, as the channel characteristics of SSM/T2 are slightly different from
AMSU-B, mainly different bandwidths of the channels.

Fig. 3. TWV versus log ηc, for the low-TWV algorithm, near-nadir looking.
Darker color means higher density of points; the three contour lines enclose
99% (outermost), 90% and 10% (innermost) of all points. Number of samples:
14 770. Bias: −7.0 · 10−7 kg/m2. RMS deviation: 0.1 kg/m2. Correlation
coefficient: 0.96. Also shown: Fitted straight line.

decreases to 25% at about 25 kg/m2 TWV—so we can expect
the extended algorithm to retrieve water vapor roughly up to
that value. Note, however, that the weighting functions also
depend on the temperature profile and surface emissivity, so the
numbers derived from the weighting function plot over land can
only give rough guidelines.

We have done several checks in order to validate the
algorithm.

1) Check the linearity of the relation between log ηc or log η′
c

and the TWV [see (12) or (21)]—“linearity check.”
2) Compare TWV retrieved with the algorithm from

simulated AMSU-B measurements with TWV from
RSs—“regression check.”

3) Compare TWV retrieved from real AMSU-B data with
concurrent TWV data from reanalysis data.

4) Compare TWV retrieved from real AMSU-B data with
concurrent RS data acquired from a ship.

A. Linearity Check

The calibration parameters C0 and C1 are determined
from a linear fit of log ηc (original algorithm) and log η′

c

(extended algorithm)—calculated from simulated brightness
temperatures—against TWV, where both the simulated bright-
ness temperatures and the TWV are based on RS data. Figs. 3–5
show the TWV calculated from the RS data plotted against the
corresponding log ηc or log η′

c from the simulated brightness
temperatures (“corresponding” here means simulated bright-
ness temperatures based on the same RS profile from which
the TWV was calculated).

The figures show a linear cloud, centered well along the
regression line. The correlation is above 0.96 for all three
subalgorithms. The bias (mean difference between TWV and
the fitted straight line) is very small, at most 1.1 · 10−4 kg/m2

for the extended algorithm (see figure captions). The root-
mean-square (rms) deviation from the fitted line is 0.1, 0.23,
and 0.60 kg/m2 for the low-TWV, mid-TWV, and extended
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Fig. 4. TWV versus log ηc, for the mid-TWV algorithm, near-nadir looking.
Darker color means higher density of points; the three contour lines enclose
99% (outermost), 90% and 10% (innermost) of all points. Number of samples:
68 172. Bias: 4.4 · 10−5 kg/m2. RMS deviation: 0.23 kg/m2. Correlation
coefficient: 0.99. Also shown: Fitted straight line.

Fig. 5. TWV versus log η′
c, for the extended algorithm, near-nadir looking.

Darker color means higher density of points; the three contour lines enclose
99% (outermost), 90% and 10% (innermost) of all points. Number of samples:
65 531. Bias: 1.1 · 10−4 kg/m2. RMS deviation: 0.60 kg/m2. Correlation
coefficient: 0.99. Also shown: Fitted straight line.

algorithm, respectively. This justifies the neglecting of the
quadratic term in (10) and (19).

B. Regression Check

For this check, we have divided the RS data randomly into
two groups: the regression group and the test group. The RS
data from the regression group are used to determine the four
calibration parameters, as described in Sections III-B and IV-C.
From RS data from the test group, we directly calculate TWV
(“RS-TWV”), and we simulate AMSU-B brightness tempera-
tures. From them, we retrieve TWV using the algorithm with
calibration parameters determined from the regression group
(“AMSU-TWV”). Then, we compare RS-TWV and AMSU-
TWV, shown in Figs. 6–8. The correlation is high, above 0.95,
for all three subalgorithms. The rms deviation of the retrieved
TWV from the RS TWV is 0.1, 0.24, and 0.95 kg/m2 for

Fig. 6. TWV retrieved from simulated AMSU data versus RS TWV, low-
TWV algorithm, near-nadir looking. Darker color means higher density of
points; the three contour lines enclose 99% (outermost), 90% and 10% (inner-
most) of all points. Number of samples: 14 970. Bias: 2.6 · 10−3 kg/m2. RMS
deviation: 9.5 · 10−2 kg/m2. Correlation coefficient: 0.95. Solid line: Identity.

Fig. 7. TWV retrieved from simulated AMSU data versus RS TWV, mid-
TWV algorithm, near-nadir looking. Darker color means higher density of
points; the three contour lines enclose 99% (outermost), 90% and 10% (in-
nermost) of all points. Number of samples: 66 318. Bias: −9.3 · 10−3 kg/m2.
RMS deviation: 0.24 kg/m2. Correlation coefficient: 0.99. Solid line: Identity.

the low-TWV, mid-TWV, and extended algorithm, respectively,
which amounts to roughly 10% in the center of the respective
retrievable ranges. The bias, i.e., the mean deviation, is rela-
tively largest for the extended algorithm.

C. Comparison With Reanalysis Data

For validation purposes, the TWV data retrieved from
AMSU-B data were compared to collocated European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis
(ERA-40) data [27]. Starting from the gridded ERA-40 data,
TWV values from the AMSU-B footprints within a spatial
window of 1◦ by 1◦ and a time window of ±3 h were taken
and averaged in case more than one was found. For a typical
winter month, February 2002, the result is shown in Fig. 9. The
maximum TWV value in the ECMWF data is 4.7 kg/m2, the
maximum retrieved value is 6.2 kg/m2. This means that only
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Fig. 8. TWV retrieved from simulated AMSU data versus RS TWV, extended
algorithm, near-nadir looking. Darker color means higher density of points;
the three contour lines enclose 99% (outermost), 90% and 10% (innermost) of
all points. Number of samples: 66 172. Bias: −0.72 kg/m2. RMS deviation:
0.95 kg/m2. Correlation coefficient: 0.99. Solid line: Identity.

Fig. 9. AMSU-B-derived TWV versus ECMWF (ERA-40) TWV. February
2002, North of Greenland (83–90◦ N, 0–90◦ W). Darker color means higher
density of points; the three contour lines enclose 99% (outermost), 90% and
10% (innermost) of all points. Number of samples: 19 703. Bias: 0.28 kg/m2.
RMS deviation: 0.42 kg/m2. Correlation coefficient: 0.91. Mean: 1.6 kg/m2

(ECMWF) and 1.9 kg/m2 (AMSU-B). Solid line: Identity.

the standard (low-TWV and mid-TWV) algorithm has been
used. The correlation is 0.91, and the bias, i.e., the mean differ-
ence AMSU-derived minus ECMWF-reanalysis TWV, is about
0.31 kg/m2, the rms difference is 0.42 kg/m2, which amounts
to a relative error of roughly 10% in the center of the retrieved
range. The bias and rms difference are comparable to the ones
reported in [15] for ALGO157 (corresponding to the mid-TWV
algorithm here). A positive bias was also observed in [17] for
TWV values above 4 kg/m2 retrieved from SSM/T. The most
probable cause is the assumption of equal emissivities at 150
and 183.31 GHz, which, as previously mentioned, has been
shown [15] to cause positive biases up to 0.5 kg/m2.

The same comparison, but for a late summer month, August
2002, with minimum sea ice cover and probably maximum
humidity, is shown in Fig. 10. Here, all values above 7 kg/m2

Fig. 10. AMSU-B-derived TWV versus ECMWF (ERA-40) TWV. August
2002, North of Greenland (83–90◦ N, 0–90◦ W). Darker color means higher
density of points; the three contour lines enclose 99% (outermost), 90% and
10% (innermost) of all points. Number of samples: 16 404. Bias: 2.9 kg/m2.
RMS deviation: 3.9 kg/m2. Correlation coefficient: 0.61. Mean: 1.6 kg/m2

(ECMWF) and 1.9 kg/m2 (AMSU-B). Solid line: Identity.

(i.e., 99% of all values) have been retrieved using the extended
algorithm. The correlation is only moderate (0.61), and the
mean difference and rms difference are much higher than for
February 2002, about 2.7 and 3.9 kg/m2, respectively. The
most likely reason is that the constant reflectivity ratio based
on the regression analysis of SEPOR/POLEX data are too
crude an approximation, and very likely changes over time.
As previously mentioned (Section IV-B), the summer melt,
as well as subsequent refreezing, alters the emissivity of sea
ice considerably [24]. The fact that the TWV is overestimated
could mean that the assumed reflectivity ratio rj/ri of 1.22 is
in fact too high. A portion of leads, i.e., open water for which
the reflectivity ratio is less than one can cause a reduction of the
reflectivity ratio averaged over one footprint.

D. Comparison With RS Data

Comparison with TWV data derived from RS measurements
during cruises of the research vessel and ice breaker Polarstern
is difficult because there are very little concurrent data, except
for the cruise ARK XIX-1 (March–April 2003). We have
selected a period when, according to the log, the sea was
ice covered. For each RS measurement, we have looked for
retrieved TWV data within a spatial window of 1◦ by 1◦ and a
time window of ±3 h. The result of this comparison is shown in
Fig. 11. Here, the correlation is 0.89, and the bias is positive as
well, 1.3 kg/m2, i.e., the AMSU-derived TWV values are higher
than the ones derived from the RS measurements, and the rms
difference is 2.4 kg/m2. If we exclude data points above TWV
of 7 kg/m2, the bias reduces to 0.8 kg/m2 and the rms difference
reduces to 1.1 kg/m2, while the correlation stays almost the
same (0.88). At least part of this positive bias can be explained
by the fact that the RS type used on Polarstern is Vaisala RS80.
This RS type is known to have a dry bias in cold conditions [28],
[29], i.e., it then underestimates humidity. The underestimation
of TWV in polar conditions can be expected to be about 20%
(V. O. John, private communication, May 2007). In addition,
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Fig. 11. AMSU-B-derived TWV versus Polarstern RS TWV, March–April
2003 (cruise ARK XIX-1). Number of samples: 174. Bias: 1.3 kg/m2. RMS de-
viation: 2.4 kg/m2. Correlation coefficient: 0.89. Mean: 3.0 kg/m2 (Polarstern)
and 3.8 kg/m2 (AMSU). Solid line: Identity.

the mid-TWV algorithm can overestimate TWV by up to about
0.5 kg/m2 because of the assumption of equal emissivities. The
marked scatter above TWV (from Polarstern) of 6 kg/m2 is
likely to be caused by sea ice emissivities (89 and 150 GHz)
that do not show the behavior which is assumed in the extended
algorithm. In particular, ice types like nilas and pancake ice are
suspected to behave in a considerably different way [15]. These
latter two ice types are also the ones with highest emissivity
(above 0.9) which can, as mentioned at the end of Section III-B,
cause a large error in the retrieved TWV. Nilas and pancake ice
are, however, of limited spatial and temporal importance.

VII. RESULTS AND APPLICATIONS

As the sensors AMSU-B on each of the two operational
NOAA polar-orbiting satellites cover the whole Earth once
daily, we can produce daily TWV maps of the Arctic and
Antarctic since 1999. Any particular location in the polar region
is covered at least twice daily per satellite, at different times.
Such data have been used and are being used in Arctic mon-
itoring projects such as Integrated Observation and Modeling
of Arctic Sea ice and Atmosphere [30] and Developing Arctic
Modeling and Observing Capabilities for Long-term Environ-
mental Studies.

Two examples of the daily TWV maps of the Arctic and
Antarctic are shown in Figs. 12 and 13, respectively. They
were produced by combining all AMSU-B overpasses (satellite
NOAA-16) of one day, and gridding the retrieved TWV data to
a half-degree grid, which corresponds roughly to the coarsest
resolution of AMSU-B (at the outer edge of the swath). Low
TWV values are shown in blue, higher ones in red (see legend
in the figures). Note that the color gray means that the algorithm
could not retrieve TWV, either because TWV was too high (i.e.,
above about 7 kg/m2 over land and open ocean, and above about
15 kg/m2 over sea ice), or because of lacking data. Fig. 12
shows the Arctic, on January 26, 2004. Dry and cold air lies
over part of the Arctic Ocean, northern North America, Siberia,
and Greenland, and moist air has apparently entered the inner
Arctic from the European seas and through the Bering Strait.

Fig. 12. AMSU-B-derived TWV, Arctic, January 26, 2004 (NOAA-16).

Fig. 13. AMSU-B-derived TWV, Antarctic, July 13, 2001 (NOAA-16).

Fig. 13 shows the Antarctic on July 13, 2001. Note the three
“tongues” of dry air extending outward from Antarctica near
30◦ W, 70◦ E, and 170◦ E. These are outflows of very cold and
dry continental polar air.
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Fig. 14. Maps of TWV over the Arctic. Comparison of (left) TWV retrieved from AMSU-B data with the full (including extended) algorithm and (right) TWV
from reanalysis data of NCEP. March 18, 2002. Note the intrusion of moist air (TWV > 10 kg/m2) through the Bering Strait (between center and upper edge of
the maps).

An example for the usefulness of the extended algorithm is
shown in Fig. 14; the left panel is a map of the TWV over the
Arctic, retrieved from AMSU-B data with a combination of all
three algorithms, including the extended algorithm. The right
panel shows, for comparison, a TWV map from the National
Centers for Environmental Prediction (NCEP) for the same
day—March 18, 2002. Note that the color scale is different
from the previous maps. The TWV maps show an intrusion
of moist air (TWV > 10kg/m2) through the Bering Strait (be-
tween center and upper edge of the maps). With the original al-
gorithm, TWV in the moist air tongue cannot be retrieved at all.

VIII. SUMMARY AND OUTLOOK

We have refined and extended an algorithm that directly
retrieves the TWV over polar regions from the three water vapor
channels and the two window channels of a passive microwave
sensor like AMSU-B. The algorithm uses three sets of four bulk
calibration parameters each that have to be derived using RS
data from the selected region (Arctic or Antarctic) and sim-
ulated satellite measurements (brightness temperatures). The
TWV then results from a simple algebraic calculation that takes
the satellite measurements at the aforementioned five channels
as input.

As has been shown before [17], up to TWV values of about
1.5 kg/m2, the retrieval algorithm is independent of the ground
surface emissivity and for TWV between 1.5 and 7 kg/m2,
the algorithm weakly depends on ground surface emissivity
causing a positive bias of up to 0.5 kg/m2 (this can be re-
duced using the approach in [15]). Including information on
the ground surface emissivities at 89 and 150 GHz (from the
SEPOR/POLEX measurement campaign), we could extend the
range of retrievable TWV value beyond 7 kg/m2 up to about
15 kg/m2, if we restrict our domain to the ice-covered Arctic
Ocean. The accuracy of this “extended algorithm,” however,

is considerably reduced, with a retrieval error of the order of
3 kg/m2 because of the uncertainty of the reflectivity ratio, plus
a bias that depends on the sea ice emission properties and can
reach 4 kg/m2. In view of the sparsity of TWV over sea ice in
this TWV range, even data with such a low accuracy are useful.
Note that whenever one of the channels used for the retrieval is
close to saturation, or when the emissivities are close to unity,
the radiometric error of the satellite brightness temperatures
and the error of the focal point (two of the four calibration
parameters) is greatly amplified, making retrieval questionable.

The performance of the extended algorithm is not entirely
satisfactory because the emissivity measurements during the
SEPOR/POLEX campaign were restricted to winter, whereas
the sea ice emissivity has seasonal changes which are not well
known. Therefore, the method would benefit from example,
measurements or models of sea ice emissivity during summer
melt. Moreover, a distinction of the sea ice type might improve
the performance as sea ice emissivity depends strongly on the
ice type, but this would require additional data in the retrieval.
More validation and testing of the extended algorithm would
be useful. Moreover, measurements of the surface emissivity
of Antarctic sea ice, and of Arctic and Antarctic land ice
would be useful to extend the algorithm further. In view of
the complexity of the present algorithm and its calibration,
one might also consider other algorithm types, e.g., a simple
regression algorithm that uses the five AMSU-B brightness
temperatures and the viewing angle as input. However, training
such an algorithm would require realistic surface emissivities of
sea ice. Another alternative might be a variational approach (op-
timal estimation method following [31] and [32]) that uses the
AMSU-B brightness temperatures and tries to retrieve TWV as
well as emissivity, possibly using a priori emissivities retrieved
with the method in [11] and [23]. The extended and refined
TWV retrieval method allows to get year-round daily TWV
maps of the Arctic and of Antarctica, at the spatial resolution of
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the AMSU-B sensor, i.e., 50 km. This is not possible with most
other methods which are either seriously hampered by clouds
(IR, visible), need sunlight (visible, near-IR), or are restricted
to the open ocean (microwave: SSM/I).

The algorithm was developed here for AMSU-B data, but it is
in principle applicable to a number of similar sensors. All that
has to be done is to adjust the simulation calculations for the
different channel characteristics and rederiving the calibration
parameters. Similar sensors are:

1) SSM/T2 (for which the original algorithm was first devel-
oped), onboard the DMSP satellites and operational since
1992, having a considerably coarser spatial resolution;

2) MHS [33],4 the successor of AMSU-B on the polar-
orbiting satellites of NOAA starting with NOAA-18 (op-
erational since August 2005);

3) SSMIS (SSM/I/Sounder) [34] on the newer DMSP satel-
lites, a combination of SSM/I, SSM/T1, and SSM/T2,
launched in 2003, with a considerably higher resolution
of less than 20 km in the channels used by this algorithm.

In particular, the latter sensor is interesting because it can
retrieve sea ice cover (SSM/I-based) and temperature profiles
(SSM/T1-based) simultaneously with TWV.

Using SSM/T2 data, daily TWV fields (resolution about
100 km) of the polar regions can be calculated since 1992,
and with the new sensors SSMIS and MHS, this capability will
continue in the future (resolution 50 km and finer). This can be a
useful contribution to monitoring and understanding the global
weather and climate system.

APPENDIX I
SENSORS AMSU-B AND SSM/T-2

The AMSU-B [35]5 is part of the ATOVS, a collection of
sensors flown on the polar-orbiting satellites of NOAA since
the satellite NOAA-15 (operational since December 1998).
AMSU-B is a cross-track scanning radiometer with five chan-
nels, listed in Table I. The imaged strip (swath) is about
2000-km wide, and the resolution on the ground is between
about 15 and 50 km, increasing from the center to the edge
of the swath. The outward edge of the swath corresponds to a
maximum scanning angle of 48.95◦ off-nadir. Because there are
about 14 sun-synchronous, near-polar satellite passes a day, the
whole globe is covered once daily, with many overlap in the
polar regions.

AMSU-B is designed as a humidity sounder. The first two
channels, 16 (89 GHz) and 17 (150 GHz), are window channels,
while the remaining three are centered around the strong water
vapor absorption/emission line at 183.31 GHz. Starting with
satellite NOAA-18 (launched 2005, operational since August
2005), AMSU-B has been replaced by the MHS which has
similar channels, but better performance.

The SSM/T2 [36] is carried by the satellites of the DMSP
since 1992 (satellite F-11) and is very similar to AMSU-B,
except for a significantly lower resolution of 50 to 100 km and

4See also the corresponding chapter in “NOAA KLM User’s Guide”:
http://www2.ncdc.noaa.gov/docs/klm/html/c3/sec3-9.htm.

5See also “NOAA KLM User’s Guide,” http://www2.ncdc.noaa.gov/
docs/klm/.

TABLE I
CHANNELS OF AMSU-B AND SSM/T2, SORTED ACCORDING TO

INCREASING WATER VAPOR ABSORPTION COEFFICIENT

a narrower swath width of about 1500 km. For the channels, see
Table I.

APPENDIX II
ANALYSIS OF BIAS TERMS

For the development of our retrieval algorithms, the bias term
bij that first occurs in (3) has to be analyzed for all pairs of
“neighboring” channels.

The full definition of the factor mp,i for a channel i that
occurs in the definition of the bias in (4) is [16], [17], [20]

mp,i = 1 + (1 − εe−τi sec θ)
T0 − Ts

Ts
+

Sp,i − Ip,i

Ts
(28)

where the variables are the same as in (1), with the additional
subscript i for frequency-dependent terms. Note that the sub-
script p denotes polarization dependence. The term Sp,i stands
for corrections concerning diffuse scattering by the surface and
can be neglected because, as mentioned in Section II, the spec-
ular reflection approximation is usually sufficient for satellite
microwave remote sensing. The term Ip,i is an atmospheric
correction containing upwelling radiation and ground-reflected
downwelling radiation

Ip,i = I1,i + (1 − ε)I2,ie
−2τi sec θ (29)

where

I1,i = −
H∫

0

[
1 − e−τi(z,H) sec θ

] dT (z)
dz

dz (30)

I2,i =

H∫
0

[
1 − eτi(z,H) sec θ

] dT (z)
dz

dz (31)

where H is the orbit height of the satellite (hereafter, as usual,
written as ∞ because the portion of the atmosphere above typ-
ical orbit heights of several hundred kilometers is negligible),
T (z) is the atmospheric temperature profile. The second term
on the right-hand side of (29) is small here as compared to the
first term [16] and is neglected.

The resulting bias bij for channels with equal emissivities ε
is then

bij =

∞∫
0

[
e−τj(z,∞) sec θ − e−τi(z,∞) sec θ

] dT (z)
dz

dz

+ ε(T0 − Ts)(e−τj sec θ − e−τi sec θ). (32)
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The second term on the right-hand side contains the emis-
sivity, and we have to assess its sensitivity to emissivity
changes.

For the AMSU-B channel pair (19, 18), (20, 19), and (17, 20),
the difference of the transmission factors (e−τj sec θ − e−τi sec θ)
deviates from zero by at most 0.25, 0.4, and 0.6, respectively.

The difference between the ground-level air temperature T0

and the surface temperature Ts can be assessed from [11] and
[23]. Ts, often called the skin temperature, has actually to
be taken as the temperature of the effective emitting layer of
the sea ice. The thickness of this layer depends strongly on
frequency. For the 150- and 183-GHz channels, it is about 1
and 2 cm for first-year ice (FYI) and multiyear ice (MYI),
respectively, and its temperature is close to the ground-level
atmospheric temperature according to the findings in [11] and
[23]. For FYI, the |T0 − Ts| is at most (air temperature −30◦)
about 5 K, and for MYI, it is between 0 and 2 K. For the
89-GHz channel, the emitting layer is hardly thicker (about 1
and 4 cm for FYI and MYI, respectively). In summer, which is
when the extended algorithm is mainly used, the sea ice temper-
ature gradient with depth practically vanishes and the difference
between emitting layer temperature and air temperature is at
most a few kelvins.

Noting that sea ice emissivities range from about 0.6 to 0.9
(i.e., ∆ε ≤ 0.3), we can now estimate the maximum variation
of the emissivity-dependent term in (32) as

∆bij ≤ 0.3 · 5 K · 0.6 = 0.9 K (33)

which is of the same order as the radiometric error of the
brightness temperature differences.

For the channel pair 16 and 17, where we have to assume
unequal emissivities (ε89 and ε157), the emissivity-dependent
term in the bias, i.e., the second term on the right-hand side of
(32), is

(T0 − Ts)(ε157e−τj sec θ − ε89e
−τi sec θ) (34)

and when varying emissivities in the same range (observing the
relation between the emissivities, i.e., (22), it varies by at most
0.1 K with a maximum absolute value of 0.2 K.

Following this analysis, the second term on the right-hand
side of (32) is neglected.

APPENDIX III
CALIBRATION PARAMETERS

Tables II–VI list the calibration parameters C0, C1, Fjk, and
Fij for the TWV retrieval algorithm for the Arctic and the
Antarctic, for 15 viewing angles that span the range of the
viewing angles of AMSU-B. The retrieval equation is, from (8)
and (12), the following:

W sec θ = C0 + C1 log
[

∆Tij − Fij

∆Tjk − Fjk

]
(35)

where ∆Tij = Tb,i − Tb,j , the AMSU-B channels i, j, k are
1) 20, 19, 18 for the low-TWV algorithm;
2) 17, 20, 19 for the mid-TWV algorithm;

TABLE II
CALIBRATION PARAMETERS, ARCTIC, LOW-TWV ALGORITHM

TABLE III
CALIBRATION PARAMETERS, ARCTIC, MID-TWV ALGORITHM

TABLE IV
CALIBRATION PARAMETERS, ARCTIC, EXTENDED ALGORITHM

and, from (20) and (21)

W sec θ = C0 + C1 log
[
rj

ri

(
∆Tij − Fij

∆Tjk − Fjk
+ 1.1

)
− 1.1

]
(36)

where i, j, k are 16, 17, 20 for the extended algorithm.
The calibration parameters for the Arctic (Tables II–IV) were

derived using RS data from those WMO stations in the Arctic
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TABLE V
CALIBRATION PARAMETERS, ANTARCTIC, LOW-TWV ALGORITHM

TABLE VI
CALIBRATION PARAMETERS, ANTARCTIC, MID-TWV ALGORITHM

that are located on the coast or on islands (29 stations), from the
years 1996 to 2002, which amounts to about 27 000 RS profiles.

The calibration parameters for the Antarctic (Tables V and
VI) were derived using RS data from the BADC, from 15
stations in the interior and on the coast of Antarctica from the
years 1997–2002 which amounts to about 5400 profiles.

For calculating the TWV from the RS data, the formula for
the equilibrium water vapor pressure from [37] was used. The
radiative transfer calculations were done with ARTS, version
1.0.166 [22], using the water vapor (line and continuum) ab-
sorption model by Rosenkranz [38], [39] and the oxygen ab-
sorption model, and the nitrogen continuum absorption model
by Rosenkranz [40].

APPENDIX IV
ERROR ANALYSIS

Sensitivity of Retrieved TWV to Input Parameters

In order to estimate the sensitivity of the retrieved TWV to
various input parameters and the error caused by this, we need
the corresponding partial derivatives of the right-hand side of
(35) and (36).

For the low-TWV and mid-TWV algorithm

∂W sec θ

∂∆Tij
= −∂W sec θ

∂Fij
=

C1

∆Tij − Fij
(37)

TABLE VII
ERRORS OF INPUT PARAMETERS, FOR THE THREE SUBALGORITHMS

(analogously for j, k instead of i, j).

∂W sec θ

∂C0
= 1

∂W sec θ

∂C1
= log ηc. (38)

For the extended algorithm (abbreviating rj/ri as rji and
C(τj , τk) as C)

∂W sec θ

∂rji
=

C1

rji

(
1 +

C

η′
c

)
(39)

∂W sec θ

∂C
= C1

rji − 1
η′
c

(40)

∂W sec θ

∂∆Tij
= − ∂W sec θ

∂Fij
=

C1rji

η′
c

1
∆Tjk − Fjk

(41)

∂W sec θ

∂∆Tjk
= − ∂W sec θ

∂Fjk
=

C1rji

η′
c

∆Tij − Fij

(∆Tjk − Fjk)2
. (42)

The contribution to the squared error of the retrieved TWV
because of the error σ2

x of an input parameter x is then

σ2
W sec θ =

(
∂(W sec θ)

∂x

)2

σ2
x. (43)

Errors of Input Parameters

The radiometric error of the measured brightness tempera-
tures, i.e., the noise-equivalent temperature uncertainty NE∆T ,
can be found in Table I. To get the error of brightness tem-
perature differences, one has to multiply by

√
2, resulting in

roughly 1 K.
The mean square error of the focal point (Fjk, Fij) can,

as previously mentioned (Section III-B), be estimated from
its mean-square distance to the fitted straight lines. The mean
square error of each component is then half of that. The result-
ing errors σ2

Fij
and σ2

Fjk
for the three subalgorithms as well as

the errors of the other parameters can be found in Table VII.
The errors of the calibration parameters C0 and C1 were di-

rectly estimated from the regression that yielded the parameters,
the error of the reflectivity ratio rji = rj/ri is also from the
regression for the emissivities [see (26)].

Retrieval Error

Now, we can finally estimate the sensitivity of the retrieval
to the individual parameter errors by looking at the error
contributions according to (43). In order to evaluate the partial
derivatives in (37)–(42), we still need estimates of ηc, η′

c and
their logarithm, as well as ∆Tij − Fij for all subalgorithms.
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TABLE VIII
ESTIMATED MAXIMUM CONTRIBUTIONS OF PARAMETER

ERRORS TO RETRIEVAL ERROR

From Figs. 3 and 4, we get log ηc as −0.5 to 2.0 and, thus, ηc as
0.6 to 7.2. From Fig. 5, we get log η′

c as −0.7 to 0.5 and, thus,
η′
c as 0.5 to 1.6. The lower values correspond to low TWV.

The compensated brightness temperature difference ∆Tij −
Fij occurs in the denominator of several sensitivities [(37) and
(41)–(42)], so here its minimum value is critical. In order not
to make the corresponding errors in the retrieved TWV exceed
the retrieved values, we need at least ∆Tij − Fij ≤ −2 K
and for the extended algorithm, rather ∆Tij − Fij ≤ −10 K.
Table VIII lists the estimated maximum contribution of the
individual parameters to the retrieval error.

From Tables VII and VIII, we see that the error of the
calibration parameters C0 and C1 is small and has very little im-
pact, while the radiometric error of the brightness temperature
differences and the error of the focal point are of comparable
magnitude and have large impact if ∆Tij and/or ∆Tjk is close
to the focal point, even making retrieval with the extended
algorithm in the vicinity of the focal point useless. This is the
case close to saturation, or for emissivities close to unity. The
error of the reflectivity ratio has considerable impact as well.
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