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Abstract—Measurements of water vapor and clouds in the po-
lar regions are difficult, because conventional instruments show
little sensitivity (∼1.3 K/mm) to low amounts. On the other
hand, millimeter- and submillimeter-wavelength radiometry of-
fers greatly enhanced sensitivity (up to 51.4 K/mm, depending
upon frequency). For this reason, the National Oceanic and At-
mospheric Administration’s Physical Science Division designed a
new instrument, the Ground-Based Scanning Radiometer (GSR),
for continuous and unattended observations at millimeter and
submillimeter wavelengths (50–380 GHz). The GSR was deployed
for the first time during the Arctic winter radiometric experiment
in March–April 2004. In this paper, we discuss the GSR calibration
procedure, which allows for accurate measurements during clear
and cloudy skies. Error-budget analysis and comparison with
independent measurements show an absolute accuracy on the
order of 1–2 K. Examples of multifrequency and multiangle GSR
observations are illustrated, representing a valuable new data set
for the study of water vapor, clouds, and atmospheric absorption
models in the Arctic.

Index Terms—Arctic atmosphere, ground-based remote
sensing, radiometry, water vapor.

I. INTRODUCTION

THE STUDY of the polar atmosphere is extremely im-
portant for understanding the climate of our planet. In

fact, water vapor and clouds in the Arctic play a key role in
controlling the Earth’s climate, through greenhouse trapping
of radiation and the feedback on global ice-coverage and sea-
surface temperature [8]. Therefore, accurate measurements of
the atmospheric water-vapor and cloud properties in the Arctic
are essential for the improvement in modeling the energy
budget of the Earth system.

Although the polar regions are frequently covered by satellite
overpasses, the temporal (hours to days) and spatial (order
of kilometers) resolutions provided by satellite-based remote
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sensing are rather coarse for microphysical studies. On the
other hand, ground-based remote sensors provide continuous
and accurate monitoring of the atmosphere microphysics on a
local scale [29]. For example, hydrometer characteristics can
be defined with greater confidence with surface-based sensors
compared to current satellite instruments [35].

In spite of this need, there is a lack of continuous mea-
surements in the polar region due to the extreme and remote
conditions, leading to great uncertainty in the radiative proper-
ties of the Arctic atmosphere [33]. In addition, measurements
of atmospheric integrated water vapor (IWV) and liquid water
path (LWP) during cold and dry conditions are very difficult,
because conventional instruments show little sensitivity to such
low amounts [23]. Therefore, the accuracy of existing instru-
mentation is limiting the development of theory and modeling
for the radiative process of the atmosphere.

For this reason, the Microwave System Development Branch
of the National Atmospheric and Oceanic Administration’s
Physical Science Division (NOAA/PSD) developed a new
instrument called the Ground-Based Scanning Radiometer
(GSR). The GSR is based on an original design [17], which
takes advantage of the experience collected from previous
Arctic experiments [32] and from the development of NOAA
aircraft instrumentation [11]. The GSR provides features that
are very appealing for atmospheric research in very dry and cold
environments, such as the poles and high-altitude regions. The
main characteristics are the following.

1) Observations at 26 channels, from microwave to in-
frared wavelengths, including millimeter and submillime-
ter channels that are very sensitive to low contents of
vapor and liquid water.

2) Observations at multiple elevation angles (continuous
scan from 15◦ to 165◦).

3) Three stages of calibration for accurate measurements
during clear and cloudy conditions.

4) Information on cloud depolarizations (four polarimetric
channels).

5) Capability of simultaneously monitoring the main ther-
modynamic properties of the atmosphere (temperature,
humidity, and liquid water).

The GSR was deployed for the first time during the Arctic
Winter Radiometric Experiment 2004 [34]. The major goal
was to demonstrate that millimeter-wave radiometers could
substantially improve observations of low vapor and liquid
water. Secondary goals included the demonstration of recently
developed calibration techniques and the study of atmospheric
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Fig. 1. (Left) Diagram of the GSR without its protective cover. (Right) Picture during the deployment at the ARM site in Barrow, AK.

absorption models over a broad frequency range. The ultimate
purpose of the GSR deployment was to measure temperature,
water vapor, and cloud properties, at cold (−20 ◦C to −55 ◦C)
and dry (IWV < 5 mm) conditions.

In this paper, we first illustrate the GSR design (Section II)
and the experimental setup during the first deployment
(Section III). In Section IV, we focus on details of the GSR
calibration procedure, while in Section V, we compare GSR
data with measurements from independent remote and in situ
sensors. Finally, in Section VI, we summarize the achievements
and discuss plans for future work.

II. SYSTEM DESIGN

The GSR system is depicted without its protective cover in
Fig. 1(a). The core of the GSR consists of a cylindrical metal
drum (called scanhead), which is able to spin 360◦ around its
axis. The scanhead is mounted on a sliding trolley that can be
moved in and out of the main housing. Inside the housing are
located the boxes for radiometer and power control (bottom)
and two external targets for calibration purposes (top). A picture
of the GSR during the first deployment is shown in Fig. 1(b).
The whole system is enclosed in a protective cover, leaving
clearance for the scanhead to come out of the housing on the
sliding trolley.

A. Scanhead

The scanhead contains six independent radiometers, receiv-
ing radiation through separate lens antennas located on the
same plate, as pictured in Fig. 2. Thus, while the scanhead is
rotating, all the antennas are pointing in the same direction, and
the radiometers observe the same scene simultaneously. Each
radiometer uses filter banks to split the radiation into different
channels (as illustrated in Figs. 4 and 5), resulting in 11 chan-
nels in the 50–56-GHz region, two dual-polarization channels
(H and V) at 89 GHz, seven channels around the 183.3-GHz
water-vapor-absorption line, two dual-polarized channels at
340 GHz, and three channels around the strong water-vapor
line at 380.2 GHz. Gaussian optics lens antennas [12] are used

Fig. 2. Picture of the GSR scanhead with the lens antennas indicated for
each radiometer. The lens antennas were designed to have approximately 3.5◦

beamwidth for 55- and 89-GHz radiometers and 1.8◦ for 183-, 340-, and
380-GHz radiometers.

to minimize the size of the horns; the diameters were chosen
to have approximately 3.5◦ beamwidth (full-width at half-
maximum) for the first two radiometers (50–89 GHz), while
1.8◦ for the remaining three (183–380 GHz). Antenna patterns
have been simulated considering the antennas’ specifications,
resulting in first sidelobes lower than −27-dB level and main
beam efficiencies within 98.9 ± 0.2 (slightly depending upon
the channel). The remaining radiometer operates as an infrared
broadband channel at 10.6 µm.

B. External Targets

The two external targets (Fig. 1) are identical and were
specially designed for the GSR [26]. Each target has an aperture
of approximately 67 × 43 cm and consists of a roof-shaped
aluminum frame internally lined with absorbing foam. The
foam is shaped in pyramids with two different scales of rough-
ness to provide less than 0.1% reflection in the 18–500-GHz
range, which covers the entire set of GSR frequencies. Heating
(and, respectively, cooling) elements are placed behind the
foam of the hot (cold) target, together with fans operating to



CIMINI et al.: GSR: A POWERFUL TOOL FOR STUDY OF THE ARCTIC ATMOSPHERE 2761

TABLE I
NOMINAL CENTRAL FREQUENCY FOR GSR CHANNELS

Fig. 3. Atmospheric opacity computed for a standard Arctic winter at-
mosphere (IWV = 0.45 cm), using the absorption model in the study in [27].
The dash-dotted line represents the opacity due to atmospheric water vapor. The
dotted line represents the opacity due to oxygen, while the solid black line is the
total opacity. The vertical lines indicate the spectral location of GSR channels.

maintain a steady air flow within the enclosure and so reduce
thermal gradients. The temperature of each target is continu-
ously measured by 16 thermistors distributed along the volume,
and a closed-loop controller is used to keep the target nominally
within 0.1 K with respect to the set temperature. The target,
heaters, fans, and thermistors are enclosed in a polystyrene box,
insulating the system from the surrounding environment [24].
The microwave-emission temperature of the targets is, thus,
precisely calculable using measurements of the physical tem-
perature of the foam. When mounted on the GSR housing, the
absorbing side of each target faces toward the scanhead, as in
Fig. 1. During operation, the two boxes are kept at different
temperatures, providing the two reference points needed for
complete calibration.

C. GSR Channels

The complete set of GSR microwave channels, listed
in Table I, was selected for the simultaneous retrieval of
atmospheric-temperature profile, water-vapor content, cloud
liquid path, and cloud-depolarization ratio. In particular, refer-
ring to the spectrum of the atmospheric opacity (τ) in Fig. 3,

the 50–56-GHz channels are located in the strong oxygen-
absorption band and allow for atmospheric-temperature esti-
mates [31]. The 183- and 380-GHz channels are located on the
sides of two strong water-vapor absorption lines (corresponding
to different opacity depending upon distance from the line
center) and allow for accurate observations of low water-vapor
contents typical of the Arctic [23]. The horizontal (H) and ver-
tical (V) polarization channels at 89 and 340 GHz are located
in fairly transparent atmospheric regions (windows) and thus
allow the study of cloud properties through the measurement
of the emission and depolarization ratio. The radiometric sen-
sitivity at 1-s integration time (as defined in the study in [30])
for GSR microwave channels was measured in the laboratory at
room temperature (∼25 ◦C) before the experiment and is listed
in Table II.

III. EXPERIMENTAL SETUP

The first deployment of the GSR occurred during the Arctic
Winter Radiometric Experiment 2004 [34], held from March 9
to April 9 at the Department of Energy Atmospheric Radiation
Measurement (ARM) Program’s North Slope of Alaska (NSA)
site in Barrow, AK (71◦ N, 156◦ W).

A. Arctic Winter Radiometric Experiment 2004

The Arctic Winter Radiometric Experiment was carried
out by the Microwave System Development Division of
NOAA/PSD, in collaboration with ARM, the Argonne National
Laboratory, and Montana State University. The experiment was
based on the deployment of the principal instrument, the GSR,
at the operational ARM NSA site. At this site, ARM operates
a variety of remote and in situ sensors, which includes, but is
not limited to, a dual-channel microwave radiometer (MWR), a
12-channel MWR profiler (MWRP), and a radiosonde-
launching facility. Further information about the ARM NSA
site with a detailed description of the operational instrumen-
tation is available online at http://www.arm.gov/. The GSR
was installed on March 9, 2004, and collected continuous
observations until April 9, 2004, yielding about a month of data.

B. Mode of Operation

The GSR was mounted on the northeast corner of the
skydeck, which is the platform supporting the operational
ARM NSA instruments [Fig. 1(b)]. With this experimental
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TABLE II
SENSITIVITY (IN KELVIN) AT 1-S INTEGRATION TIME FOR GSR MICROWAVE CHANNELS

setup, the GSR scanhead had a completely unobstructed view
along the west–east direction. The GSR has a flexible and
software-programmable angular scanning sequence. During
the experiment, the following cycle was repeated every 2 min.
The sequence starts with the scanhead inside the calibration
house, viewing the calibration targets. Then, the trolley slides
out of the housing and moves to the atmospheric scanning
position. In this position, the scanhead rotates from 15◦ to
165◦ elevation angle, stopping at selected angles (dwells)
corresponding to 3, 2.5, 2.0, 1.5, and 1.0 air masses (the air
mass at any elevation angle is defined as the atmospheric
opacity at that angle normalized by the atmospheric opacity at
zenith). Between the dwells, the scanhead moves to the next
scan position while continuously collecting data. Thus, during
one complete cycle, the radiometers acquire both continuous
and dwell observations of the atmosphere plus two-point
calibration data. The basic A/D sample time is 0.6 ms, and data
are averaged to get a recorded sample each 14 ms.

IV. CALIBRATION

A. Background

Calibration is a key issue for MWRs, because the quantity
that is intended to be measured—the natural emission of a given
body—is usually smaller than the thermal noise produced by
the instrument itself. A standard calibration method consists
of moving the antenna to observe alternately two external
reference loads, whose emission is known to high accuracy, and
determining the calibration coefficients (gain and offset) based
on the difference of the instrument output. Unfortunately, the
antenna movements are much slower than the time scale with
which high-frequency gain fluctuations occur, and thus, such a
method cannot account for them.

Another conventional method [9], [13] is based on a switch
placed between the antenna and the receiver which quickly
alternates the receiver input between the external scene and two
internal reference loads. This method accounts for internal-gain
fluctuations, but part of the instrument (such as the antenna,
lens, and waveguides) necessarily remains out of the calibration
loop; therefore, temperature variations in these components are
not monitored.

Another way to obtain calibration is the so-called
“tipping-curve” method [14], which consists of sky observa-
tions at different elevation angles, that relies on the assumption
of a plane-parallel horizontal stratified atmosphere. It has been

demonstrated that this method provides high absolute accuracy
[3], [23], although it presents some limitations. In practice,
it can be applied only to channels with low opacity during
clear-sky conditions. Moreover, the tipping-curve method may
provide just one of the two coefficients needed for complete
calibration. Therefore, this method is used only as a correction
applied to one of the two coefficients obtained from some other
method.

B. GSR Calibrations

As discussed, none of the above-listed methods alone is able
to establish accurately the complete end-to-end calibration of
a MWR. For this reason, MWRs are usually calibrated using a
combination of the described methods. In particular, the GSR
design allows all three methods introduced above, as discussed
in the following sections.
1) Internal Calibration: Each GSR is equipped with an

independent switch, located between the lens and the receiver.
During normal operation, the input of each receiver is alter-
nately switched between the external scene and two internal
references. In the case of 55- and 89-GHz radiometers, we
use a triport ferrite circulator as a switch, a termination (noise
attenuator) as cold reference, and a noise diode as hot reference
(shown in Fig. 4 for 55 GHz). However, for frequencies above
150 GHz, no suitable electric switch exists. Thus, for 183-,
340-, and 380-GHz radiometers, an electromechanical system
using a rotating mirror in front of the horn antenna and two
blackbody targets was developed at NOAA/PSD (as shown in
Fig. 5 for 183 GHz).

A time series of a few internal cycles for the 51.76-GHz
channel is depicted in Fig. 6. The top panel shows the ferrite-
switch state, which alternates between scene (0) and calibration
(1) position about every 140 ms. As illustrated in Fig. 4, a
two-port switch, a p-i-n diode, is located between the noise
generator and the attenuator. When the p-i-n diode is OFF,
the switch is open, and the available power corresponds to
the thermal noise emitted by the attenuator (indicated as the
cold load). Conversely, when the p-i-n diode is ON, the switch
is closed, and the available power is a combination of the
physical temperature of the attenuator and the power emitted by
the noise generator (hot load). The combination of the ferrite-
switch state (top panel) and the p-i-n-diode state (second panel)
generates the calibration state, or Cal state (third panel), which
can assume the following three values: one (hot load), two
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Fig. 4. Block diagram of 55-GHz GSR . The same diagram applies for the 89-GHz radiometer except that an orthomode transducer is located between the
antenna and the internal calibration switch to separate the horizontal and vertical polarizations.

Fig. 5. Block diagram of 183-GHz GSR. A similar diagram applies for the 380- and 340-GHz radiometers, except that, for the latter, an orthomode transducer is
located between the antenna and the internal calibration switch to separate the horizontal and vertical polarizations.

(cold load), and seven (scene observation). The effect of the
internal calibration switching on the output signal is shown in
the bottom panel. Only periods indicated by S (scene) are used

for atmospheric study, while periods indicated by H (hot) and
C (cold) are only used for the calibration. A two-point calibra-
tion is available every 420 ms, while a complete cycle takes
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Fig. 6. Time series of internal calibration cycles. Only the 51.76-GHz channel
is shown here.

about 560 ms. The same internal calibration cycle is used for the
89-GHz radiometer.

For 183-, 340-, and 380-GHz radiometers, rotating mirrors
are used instead of electric switches [10]. In order to obtain
a short switching time, we used a vibration-free servomotor
with a high angular acceleration and velocity (2410 rad/s). An
alignment tool was designed and fabricated at NOAA/PSD
to precisely locate the position of the mirror along the motor
shaft. Two high-emissivity pyramidal iron-epoxy blackbodies
are used as references for each radiometer. The hot calibration
target includes the blackbody, a thermal conductor in the form
of an aluminum plate, two thermistors to monitor the target
temperature, a heating element, and insulating foam. The cold
calibration target includes the blackbody, a thermoelectric
cooler, two thermistors, and the insulating foam. The complete
cycle takes about 1288 ms.

For each of the GSR channels, the brightness temperature
(Tb) of the scene view is estimated via the standard hot–cold
method [30] by using the voltages measured during the internal
calibration. The periods for typical internal calibration cycles
and the percentage of time spent for each position are listed in
Table III, while a summary of the used equations is given in
Appendix I-A.
2) External Calibration: The internal calibration discussed

in the previous section does not include any contribution by the
components that are located before the input switch, such as
the lens and waveguides. The contribution of these components
can be measured in the laboratory but might vary during the
deployment for a variety of reasons, including temperature
fluctuations and small particles over the lens. Thus, such contri-
butions need to be monitored and taken into account during the
overall calibration; this can be done by pointing the radiometers
toward external references that include all the components in
the calibration process. Therefore, the GSR system includes
two external reference targets [Fig. 1(a)]. During normal op-
eration, the GSR scanhead points alternately toward the sky,
and the two targets, providing a complete end-to-end calibration
every cycle, are set to 2 min during the experiment. The thermal

stability of the external targets is typically within 0.1 K over
2-min periods due to the large heat capacity of the aluminum
frames behind the absorber and thick layer of foam insulation.
The thermodynamic temperature of the antennas is measured
and stored, and during the experiment, 2-min fluctuations were
found to be smaller than 0.1 K. The time intervals, with per-
centage value, spent on various positions per each scan cycle
are given in Table IV, while the used equations are given in
Appendix I-B.
3) Tipping-Curve Calibration: The tipping-curve method

relies on a linear relationship between atmospheric opacity (τ)
and air mass (a) under the assumptions of low absorption and
a horizontally stratified atmosphere. By relating τ , which is
estimated by measurements of Tb, to a at two or more elevation
angles, the tipping-curve method can provide a correction to
a single calibration parameter, as carefully discussed in the
study in [14]. This last step might seem somewhat redundant,
since the complete end-to-end calibration is provided by in-
ternal and external calibrations. Conversely, it is extremely
useful in correcting for other effects that might have been
neglected, such as detector nonlinearity or uncertainties in the
external target radiative temperature. In general, the tipping-
curve method is used as a compound correction that adjusts
for departures of the system from the ideal model. However,
this method presents two major limitations: first, it can be used
only under the assumption of homogeneous and horizontally
stratified atmosphere, meaning clear sky with no significant
horizontal gradient; second, mapping Tb into τ involves an
error that in first approximation increases as Tb approaches the
mean radiative temperature Tmr [30]. Therefore, the tipping-
curve method is applicable only to those channels that exhibit a
relatively low Tb. Fortunately, these are the channels that need
it the most, because their Tb fall much below the range covered
by the calibration references (see Section IV-D). Nevertheless,
even for relatively opaque channels, we can select a subset of
angles at which Tb is low enough to guarantee a maximum
tolerable error in τ and apply the tipping-curve method to
this subset.

During the sky observations, the GSR antennas scan the
atmosphere from 15◦ to 165◦ in elevation, thus allowing the
tipping-curve correction every cycle (2 min). The quality of
the tip curves is checked, discarding cases in which either
the correlation coefficient of the linear fit [20] or the standard
deviation of the equivalent zenith Tb [3] fails the comparison
with a threshold (whose value depends upon the channel).
The set of tipping curves that passed the quality checks was
used to compute the correction factor. In the case of chan-
nels with relatively low attenuation (50.3, 51.76, 89, 183 ±
7/12/16, and 340 GHz), we apply the correction instanta-
neously, i.e., every time a good tip is available. At some other
channels (52.625–53.845, 183 ± 0.5/1.0/3.0/4.7, and 382.2 ±
4/9/17 GHz) for which a subset of eligible angles was found
only occasionally, we determined a statistical value for the
correction coefficient and we use it throughout the experiment.
For the remaining channels (54.4–56.325 GHz) for which the
measured Tb approaches Tmr, no scan was found eligible for
tipping curve; however, at these channels, Tb is close to the cold
reference, and we can accurately rely on the external
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TABLE III
TYPE OF INPUT SWITCH AND TYPICAL PERIODS OF TIME (PERCENTAGE) SPENT ON THE SCENE

AND INTERNAL LOADS OBSERVATION FOR ONE INTERNAL CALIBRATION CYCLE

TABLE IV
TIME INTERVAL, AND PERCENTAGE VALUE, SPENT IN VARIOUS POSITIONS PER EACH 2-min SCAN CYCLE. CONSIDERING THE

SWITCHING FOR THE INTERNAL CALIBRATION, THE DUTY CYCLE REDUCES BY 1/2 FROM THAT GIVEN IN THIS TABLE

TABLE V
TYPICAL TEMPERATURES OF THE INTERNAL REFERENCES DURING THE EXPERIMENT

calibration. The equations and other details of the tipping-curve
method are given in Appendix I-C.

C. Settings

During the deployment of the GSR at the Arctic Winter
Radiometric Experiment, the following settings were adopted.
The temperature of the internal references was controlled to
guarantee a large difference between hot and cold loads; typical
values are reported in Table V. The temperature of the external
cold target was left floating with ambient temperature (from
−40 ◦C to −20 ◦C), while the external hot target temper-
ature was set to 70 ◦C, covering about a 100 ◦C dynamic
range. A typical time series of GSR observations is shown
in Fig. 7 for the 51.76-GHz channel; raw voltages have been
calibrated following the steps discussed in Section IV-B, while
the measurements taken during internal reference observations
are not shown. The top panel shows Tb measured during a
period covering approximately two complete scans, while in the
bottom panel, we find the hardware-trigger (HT) signal, which
assumes a different integer value for each scanhead position.
Referring to Fig. 7, the following is a complete cycle.

1) A new scan begins with the scanhead inside the housing,
observing the external hot target for 1 s (H). The corre-
sponding HT value is one, as shown in the bottom panel.
The observed Tb is about 343 K, which corresponds
roughly to the physical temperature of the target (70 ◦C).

2) The scanhead moves toward the next position. The HT
value is three, which means the scanhead is rotating while
inside the housing.

3) The scanhead observes the external cold target for 4 s (C),
indicated with a two by the HT. The observed Tb is about
250 K (−23 ◦C).

Fig. 7. (Top) Times series of GSR observations at 51.76 GHz. (Bottom) HT
value indicating angular position.

4) The scanhead moves to the next position (HT = 3),
while the trolley moves out of the housing.

5) The trolley reaches the sky-scan position. The scanhead
starts to scan the west side (indicated by HT = 6), stop-
ping at selected dwell positions (HT = 11) for 2 s. The
dwell positions indicated by a, b, c, d, and e correspond-
ing to 3.5, 3.0, 2.5, 2.0, and 1.5 air masses, respectively.
The observed Tb’s are fairly constant during each 2-s
dwell position, while they decrease with decreasing
air masses. Note that while moving from one dwell
position to the next, the scanhead collects continuous
observations.
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6) The scanhead reaches the zenith position, indicated by f ,
and dwells for 2 s. Zenith position corresponds to one air
mass, and the observed Tb shows a minimum.

7) The scanhead starts the east scan (HT = 9), stopping at
five selected dwell positions (HT = 11), corresponding
to 1.5, 2.0, 2.5, 3.0, and 3.5 air masses (g, h, i, j, and k).
The observed Tb increases with the increasing air mass.

8) The scanhead moves toward the next position, while the
trolley slides back into the housing (HT = 3). The ob-
served Tb shows a sharp decrease due to the scanhead
rotation outside the housing and, then, a rapid increase
when the scanhead is finally back to initial position
(HT = 1), corresponding to hot target observation (H).

During the Arctic Winter Radiometric Experiment, the period
required to complete the entire cycle was set to 2 min.

D. Expected Accuracy

The implementation of the three steps of calibration in cas-
cade is expected to provide high accuracy during both clear
and cloudy conditions. The internal calibration is basically used
to monitor high-frequency gain fluctuations and to compensate
for the effect of convective flows within the scanhead that may
modulate the calibration during the scan. The stability of inter-
nal loads depends on their physical temperature, which does not
change significantly during the internal calibration cycle (∼1 s).
Allan variance [1] analysis of the radiometers’ output showed
expected decreasing variance out to averaging intervals of at
least 10 s, indicating that the instrument parameters were stable
within the calibration cycle [25]. However, internal calibration
is not required to provide high absolute accuracy, since its
output is then fully calibrated with external and tipping-curve
methods. Therefore, estimating the absolute accuracy of GSR
measurements means an analysis of the error sources involved
with the combination of external and tipping-curve calibration.

Several factors introduce errors in a two-point external cali-
bration, as carefully discussed in the study in [22]. In the case
of GSR, these reduce to uncertainties in target temperatures, de-
tector nonlinearity, and radiometer noise. Regarding the target
temperatures, the 12 thermistors distributed within the volume
of the foam usually agreed within 0.1-K rms for the cold target
and 0.3-K rms for the hot target. These would cause an error
in Tb smaller than 0.3 K in the range covered by the hot and
cold references, but for lower Tb, the error would increase from
0.1 to 0.8 K as it gets farther from the cold reference. The
detector nonlinearity was checked in the laboratory using a two-
attenuator method in a power range from −35 to −15 dBm and
found to be within 1%. This uncertainty would cause negligible
error within the calibration range, but for lower Tb’s, the error
increases to as much as 0.6 K. This number represents a worst
case value, as it is slightly dependent upon the channel through
the system noise temperature. The radiometer noise contributes
to the calibration error with random components on different
time scales. The radiometric sensitivities in Table II were
measured in the laboratory with the radiometers observing a
stable target at room temperature (∼25 ◦C), and do not account
for additional noise due to internal switching, scanning, and
environmental conditions during deployment. The budget for

random errors due to gain, voltage, and target-temperature fluc-
tuations experienced during the experiment is given in Table VI.
For most GSR channels, the random component is within
0.4–1.2 K, which is comparable to the ones in the study in [22].
Nonetheless, there are a few undesired exceptions. In particular,
183 ± 0.5, 183 ± 1, and 183 ± 7 channels show larger
noise than expected, subsequently identified as due to radio-
frequency interference. Furthermore, the 340-GHz radiometer
was affected by excessive noise, probably related to hardware
problems in the front end. Currently, some aspects of the GSR
are being redesigned to eliminate these problems.

In summary, besides random errors, the external calibration
is quite accurate for Tb close to the calibration range, although
it involves errors of the order of 1 K for lower Tb’s due
to target temperature uncertainties and detector nonlinearity.
However, by applying tipping-curve correction to rather trans-
parent channels (corresponding to low Tb), we virtually add
a calibration point at 2.7 K (the cosmic radiation), limiting
the uncertainty to a few tenths of a degree. The error sources
involved in the tipping-curve method are carefully discussed
in the study in [14] and are here adapted to the GSR (see
Appendix I-C). The air-mass–angle relationship (32) assumes
plane-parallel atmosphere and involves an error due to the
curvature of the Earth. This effect can be largely accounted for
by introducing a correction based on an effective height H ,
which has been determined for each GSR frequency. After
applying this correction, the residual error due to the Earth’s
curvature should be less than 0.1 K. The effect of finite antenna
beamwidth is accounted for assuming a Gaussian beam and
using the correction suggested in the study in [14] to the Tb

calibrated with external references, before the tipping curve
is applied. Considering this correction, the calibration error
arising from finite antenna beamwidth should be on the order of
0.1 K. Errors associated with uncertainties in pointing angle can
be substantially reduced by using tipping-curve data taken on
both sides, as we do with GSR scans. Since the pointing angle
is known within ±0.5◦, we estimate this uncertainty to be on
the order of 0.1 K. The effect of uncertainty in the radiometric
equation offset [in our case, the spill-over radiance Bν,A in
(29)] can be estimated by performing a tipping curve on the
original data and on the data that have been shifted artificially
by adding an increment to the offset. It was found that the
tipping curve effectively compensates for the shift, such that the
resulting error is much smaller than the artificial increment. As
long as the temperature corresponding to Bν,A is known within
±5 K, this effect remains within 0.1–0.3 K, slightly dependent
upon the channel. Random noise also affects the accuracy of the
tipping-curve method. Considering the numbers in Table VI and
about 71 samples per 2-s dwell interval (14-ms samples with
a duty cycle of 0.5), and propagating the resulting noise into
the tipping-curve-calibration equation, the contribution remains
within 0.1 K (0.2 K for 340-GHz channels). The concept of
mean radiating temperature [see (30)] is used in the tipping-
curve calibration to map Tb into opacity τ . For low brightness
temperatures, uncertainties in Tmr result in small uncertainties
in τ . As Tb becomes larger, uncertainties in Tmr significantly
affect the estimate of τ and, thus, the accuracy of tipping-curve
calibration. Han and Westwater [14] showed that uncertainties
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TABLE VI
RANDOM NOISE (IN KELVIN) FOR GSR MICROWAVE CHANNELS DURING THE ARCTIC WINTER RADIOMETRIC EXPERIMENT 2004

in Tmr can be reduced by a factor of two by predicting it from
simultaneous measurements of surface air temperature (Ts).
However, they admit that Tmr prediction from Ts is often poor
when large temperature inversions occur. During the experi-
ment, temperature inversions as large as 10 K in the lowest 2 km
were observed by radiosondes and MWRP. Using Ts from
the surface sensor on the MWRP and Tmr at GSR channels
simulated from radiosonde data, we found an accuracy of Tmr

prediction from Ts within 2–4 K rms, depending upon the
frequency and considered air mass. As a further step, Han and
Westwater [14] suggest that the Tmr estimate can be improved
by considering boundary-layer temperature profiles observed
by a remote-sensing instrument, such as an MWR operating
in the 50–60-GHz band. More directly, Tmr can be predicted
through linear regression based on Tb observations. Consider-
ing that the GSR has 11 channels (50.3–56.325 GHz) in that
band, we could use Tb calibrated with the external targets to
estimate Tmr. Unfortunately, the 50–56-GHz GSR experienced
hardware problems during the experiment that made a consider-
able part of the data unavailable. On the other hand, the MWRP
operated for the entire period only a few meters from the GSR.
Thus, we selected Tb at four MWRP channels (54.94, 56.66,
57.29, and 58.80 GHz) in the oxygen band plus the surface
air temperature as predictors. The most opaque channels were
chosen in order to keep the estimate valid during both clear- and
cloudy-sky conditions. Furthermore, we performed an empiri-
cal orthogonal function (EOF) analysis of the set of predictors
to optimize the training despite the relatively small sample
size (109). Of the original five predictors, only three EOF were
found to be significant over the considered level of MWRP
random noise (0.3 K). As expected, uncertainties in the Tmr es-
timate are significantly reduced with respect to prediction based
on Ts only. By using the described approach, the accuracy of the
Tmr estimate for the set of GSR channels is within 0.5–1.5 K,
depending upon the frequency and considered air mass. Equiv-
alent results are expected when using GSR channels as predic-
tors. This accuracy should limit the calibration error associated
with Tmr uncertainties to a contribution on the order of 0.1 K.

Finally, the total uncertainty for a single observation would
result from the combination in quadrature of all the system-
atic and random components. For most of the GSR channels,
the resulting total uncertainty is within 1 K and for all but
three channels is within 1.5 K. Random error is the dominant
component for the three channels showing the highest un-
certainty (2.5–3.0 K). These large errors were due to radio-

frequency interference for the 183 ± 0.5-GHz channel and
to problems with the design of the front end for 340-GHz
(H and V) channels. These problems are expected to be elim-
inated with the current upgrade of the scanhead, eventually
keeping the total uncertainty for all channels within 1.5 K.

V. RESULTS: SELECTED EXAMPLES

During the Arctic Winter Radiometric Experiment, observa-
tions were collected for about one month. The GSR and the
ARM NSA operational instrumentation (MWR and MWRP)
worked almost continuously with a small percentage of down-
time. The atmospheric conditions varied over a fairly large
range of surface temperature, water vapor, and cloud LWP.
The expectations of encountering very dry and cold conditions,
possibly with extreme periods of IWV and Ts lower than
0.1 cm and −30 ◦C, respectively, were satisfied.

A. Angular and Spectral Signature

During normal operation, the GSR continuously performs
cycles, as in Fig. 7, acquiring measurements at 26 channels.
As shown in Fig. 3, across the GSR channels, the atmospheric
opacity differs by about two orders of magnitude. For this
reason, we expect to see Tb as low as 15 K for trans-
parent channels (e.g., 89 GHz), while as high as saturation
(∼250 K) for very opaque channels (e.g., 56.6, 183 ± 0.5, and
380 ± 4 GHz).

As an example, Fig. 8 illustrates a time series of three con-
secutive atmospheric scans as observed by the GSR channels.
For clarity, we plot the measurements from each individual
radiometer in a different panel: 1) 55; 2) 89; 3) 183; 4) 340;
and 5) 380 GHz. In Fig. 8, we can see both the spectral and
the angular signature of the different GSR channels. Let us
consider, for example, the 50–56-GHz channels [Fig. 8(a)]. For
each atmospheric scan, Tb’s at the 11 channels are symmetric
with respect to the half-scan position, which corresponds to
zenith. This is consistent with the assumption of a homoge-
neous atmosphere; in such a case, the atmosphere is symmetric
with respect to the azimuth angle, and thus, the west scan is
equivalent to the east scan.

Concerning the spectral signature, Fig. 3 shows that, in the
50–56-GHz band, we move from relatively low absorption to
very high absorption as we approach the center of the 60-GHz
absorption band. For frequencies located away from the center,
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Fig. 8. Angular and spectral signature of GSR observations. (Top) The 55- and 89-GHz channels. (Middle) The 183- and 340-GHz channels. (Bottom) The
380-GHz channels. (Both sides) For each cycle, the antennas scan from 15◦ to 165◦ elevation angle, stopping at selected dwell positions corresponding to 3, 2.5,
2.0, 1.5, and 1.0 air masses.
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the corresponding channels are rather transparent. In this case,
as the elevation angle increases from 15◦ to 90◦ (zenith), the
observed Tb comes from atmospheric levels at increasingly
high altitude. If we consider that in the first approximation,
then the temperature of the atmosphere decreases with height
at 6.5 K/km, the Tb measured by a transparent channel has its
minimum at zenith. This explains the behavior of transparent
channels (e.g., 50.3 GHz) in Fig. 8(a). As the frequency gets
closer to the center of the 60-GHz absorption band, the channels
become increasingly more opaque, showing less variation with
the elevation angle. For high-frequency channels (55 GHz and
higher), the opacity is so high that the observed Tb comes
entirely from the first levels (height is < 1 km). Particularly
in the Arctic, these levels often present a temperature inversion.
In the presence of a temperature inversion, the opaque channels
would show the opposite angular trend (i.e., maximum Tb at
zenith) compared to the transparent channels; because of the
relatively short path, they can penetrate into the atmosphere.
This explains the behavior of 55–56-GHz channels in Fig. 8(a).

Similar considerations apply for the other GSRs shown in
Fig. 8(b)–(e). In particular, channels corresponding in Fig. 3 to
low absorption (e.g., 89, 183 ± 16, 340, and 380 ± 17 GHz)
show a large dynamic range during the atmospheric scan, with
a Tb minimum at zenith. For channels with moderate absorption
(e.g., 183 ± 3 and 183 ± 4.7 GHz), there is a substantial
decrease in the dynamic range, although the minimum Tb is
still at zenith. For very opaque channels (e.g., 380 ± 4 GHz),
the absorption is so strong that almost no angular variation is
observed.

Note that the 183.3- and 380.2-GHz water-vapor-absorption
lines are so strong that they would be saturated, i.e., unusable, in
moister environments, for example, other ARM sites at middle
or tropical latitudes. However, in extremely dry environments,
such as the polar or mountain regions, these frequencies are
usually not saturated and offer their greatly enhanced sensitiv-
ity. This is indeed the reason why submillimeter-wave radiome-
try is well suited for deployment in very dry environments, such
as the polar and high-altitude regions.

B. Comparison With Radiosonde Observations

In order to validate the GSR observations, we show a com-
parison with independent measurements from balloon-borne
radiosonde observations (RAOBs). During the experiment, four
RAOBs per day were launched from the facility hosting the
personnel and one per day from the site hosting the instrumenta-
tion. A standard way to compare RAOBs and radiometric mea-
surements is to process the atmospheric temperature, humidity,
and pressure profiles with a radiative-transfer model (RTM) in
order to compute the simulated Tb illuminating the antennas.
The simulated Tb’s depend on the assumptions underlying
the RTM, which in clear-sky conditions, mainly involves the
parameterization of the spectroscopy used to resolve the gas-
absorption coefficient. Several microwave absorption models
are available in the literature, including the ones described in
the study in [18], [19], [21], and [27], and a concise analy-
sis of their different parameterizations is given in [15]. The
study of gas absorption models through comparison with well-

calibrated data is indeed one of the major goals of the Arctic
Winter Radiometric Experiment. The scope of this paper is
to describe the technique for obtaining well-calibrated data,
while a thorough comparison with different absorption models
is currently ongoing. Nevertheless, to give a sense of the
uncertainty associated with model parameterization and, at the
same time, to keep our validation unbiased, we compare GSR
data with RAOBs processed with all the absorption models
aforementioned. This comparison is shown in Fig. 9 for 24-h
time series of zenith views. Again, we divided the obser-
vations from the five radiometers into five different panels
[Fig. 9(a)–(e), same order as in Fig. 8]. The GSR measurements
are shown in dots, while the simulated Tb’s, computed from
RAOBs at GSR frequencies, are interpolated with a solid line
just to highlight the diurnal trend. Although this is just a qual-
itative comparison, we note significant differences between the
models, leading to different agreement with the GSR observa-
tions. These are in fact the basis for an analysis of atmospheric
absorption models. In general, we see that GSR data usually fall
within the range covered by RAOBs simulations, with the ex-
ception of four channels in the oxygen band and both channels
(H and V) at 89 GHz. In fact, the four high-frequency channels
of the 55-GHz radiometer (55.520–56.325) show a consistent
2.5-K positive bias with respect to simulations (which agree
within 0.1 K regardless of the absorption model). This issue
was subsequently identified as a hardware problem; in fact,
these four channels are physically separated from the other
seven (Fig. 4) and subject to poorer temperature stabilization
that exposed them to temperature variations during scanhead
rotation. Upgrades currently being made on the GSR hardware
should eliminate this problem for future deployments. For
89-GHz H/V channels, the situation is not as clear. Depend-
ing upon the absorption model, measurements show a 2–4 K
positive bias with respect to simulations, although the two
polarizations agree well with each other. At the present time,
we are not able to identify this bias as related to hardware
problems. Note that the bias remains consistent throughout the
experiment, and thus, it cannot be caused by direct solar radia-
tion; moreover, the sun usually appeared low over the horizon
in the south direction, while the antennas were scanning along
the west–east direction. In addition, the contribution caused by
galactic emission is low (∼mK) at these frequencies. However,
there are indications in the open literature that oxygen coupling
coefficients are not accurately known at low temperatures [2],
which may cause atmospheric absorption at this frequency
to be underestimated in cold environments [15]. Nonetheless,
the GSR is currently undergoing further characterization to
check for unexpected hardware characteristics. For example,
in the case of unexpected large antenna backlobes, emission
from the ground would contaminate the sky radiance, affecting,
particularly, transparent channels such as 89 GHz.

C. Comparison With Ancillary Data

An interesting feature of the GSR is definitely the contin-
uous in-angle scan of the atmosphere. This feature gives the
possibility of comparing measurements with observations at
different elevation angles, opening a new prospect for the study
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Fig. 9. Comparison of simulated and measured zenith Tb. Simulations are based on absorption models in (squares) [18], (circles) [19], (upward triangles) [27],
(stars) [28], (downward triangles) [21]. (Top) The 55- and 89-GHz channels. (Middle) The 183- and 340-GHz channels. (Bottom) The 380-GHz channel.
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Fig. 10. Comparison of simulated and measured Tb during a series of elevation scans. Only the two GSR channels that overlap in frequency with two MWRP
channels are shown. The black solid line indicates the simulations (absorption model in [21]) based on the RAOB launched on April 2, 2004 at 2300 UTC, and
the gray and black dots represent simultaneous GSR and MWRP measurements. Standard deviation of MWRP and GSR measurements during the first 30 min of
the balloon ascent are shown with black bars and gray solid line, respectively.

Fig. 11. (Left) MWR 23.8 and 31.4 Tb with RAOB simulations (symbols as in Fig. 9). (Right) MWR-retrieved IWV and LWP with radiosonde-derived IWV
(black line). The sharp drop in IWV at around 91.5 jd was used for quantitative estimate of the sensitivity of GSR, MWR, and MWRP channels to changes in low
water vapor contents.

of absorption models. Because a comprehensive analysis is
beyond the scope of this paper, here, we want to show just
two GSR channels (53.845 and 54.95 GHz), selected for their
frequency overlap with two channels (53.85 and 54.94 GHz)
operating on the MWRP. Thus, in Fig. 10, we compare Tb

simulated from a RAOB with GSR and MWRP measurements
at these two pairs of channels in the range of elevation angles
scanned during the experiment. It is evident that measurements
and simulations all agree within the total uncertainty. Note that
the GSR scan provides a wealth of information compared to the
MWRP, whose scan is limited to three dwell positions per side.
Not considering angles lower than 3.5 air masses, where the
effect of sidelobes might become important, the GSR continu-
ous in-angle scanning provides as much information as the one

simulated from the RAOB profiles. In other words, each GSR
channel provides the maximum angular information content
obtainable by a single ground-based radiometric channel.

The spectrum of atmospheric opacity in Fig. 3 shows that
there are at least two orders of magnitude between absorption
in the 22-GHz water-vapor line and higher frequency lines,
as 183 and 380 GHz. Therefore, in the dry Arctic conditions,
we do expect small variations in IWV to cause much larger
response at 183 and 380 GHz than at 20–30 GHz. In Fig. 11,
we show Tb at 23.8 and 31.4 GHz as measured by the ARM
dual-channel MWR for the same day considered in Fig. 9. In
addition, we show the IWV and LWP operational retrievals,
obtained by ARM, processing the MWR Tb with statistical
regression [31]. Note that a GPS receiver was also located at
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the same site. IWV from GPS and MWR agreed within 0.03 cm
over the WVIOP2004 period, although GPS data were affected
by a substantial scatter, mostly associated with multipath propa-
gation due to low satellite orbits and high surface reflectivity [4]
and, thus, are not shown in Fig. 11. As observed by the
MWR, during the 24 h in Fig. 11, IWV ranges from 0.15 to
0.30 cm, with an average value and a total variation of 0.22
and 0.15 cm, respectively. For the same 24 h, the total variation
of Tb does not exceed 1.5 K for both MWR channels. On
the other hand, the total variation of Tb at millimeter- and
submillimeter-wave channels can be as high as 40 K, as shown
in Fig. 9. In particular, let us consider the sharp IWV drop of
about 0.07 cm that occurred around 91.5 Julian day (jd). This
IWV drop causes Tb at 23 GHz to decrease about 0.9 K, while
at 183 ± 7, 340, and 380 ± 17 GHz, Tb decrease about 27,
31, and 36 K, respectively. By simply dividing the variation
in Tb by the variation in IWV, we can give a rough estimate
of the sensitivity of these channels to small changes in IWV.
Using these data, we find 12.8, 385, 442, and 514 K/cm for 23,
183 ± 7, 340, and 380 ± 17 GHz, respectively, which agree
with simulations reported in the study in [23]. However, as
discussed in the study in [23], millimeter- and submillimeter-
wave channels show a nonlinear response for higher values of
IWV. Thus, these sensitivity estimates are intended only for the
range of linearity, which differs from one channel to the other
depending upon the corresponding opacity.

VI. DISCUSSION

The GSR data presented in Figs. 8–10 were obtained
with the calibration procedure described in Section IV-B and
Appendix I-A–D. Since the GSR is a research unit and further
hardware characterization is ongoing, future upgrades to the
calibration procedure may be made in order to achieve the
best possible accuracy with this instrument. Nevertheless, a few
results are worth discussing.

As expected, Fig. 8 shows that all of the GSR channels are
suitable for atmospheric observations in the cold dry Arctic
environment. The fact that, in those atmospheric conditions,
very sensitive channels such as 183 ± 0.5, 183 ± 1, and
380 ± 4 GHz are not saturated makes them very appealing for
the accurate retrieval of very low water vapor content in the
Arctic. On the other hand, window channels, such as 89 and
340 GHz, have great potential for the accurate retrieval of low
LWP. Moreover, the dual-polarization gives an opportunity to
study the depolarization ratio caused by ice particles forming
ice and mixed-phase clouds. The characteristic of observing
both angular and spectral signatures is very important, as
they provide information on the atmospheric thermodynamic
state. The ability to retrieve temperature and humidity profiles
from ground-based multichannel and multiangle observations
is described in the study in [31] by means of the incremental
weighting functions for 20–60-GHz channels and was later
extended in frequency up to 190 GHz by Racette et al. [23] and
to GSR channels by Cimini et al. [4] and [5]. Furthermore, the
information content of the continuous elevation scans provides
a new prospect for the study of absorption models because of
the large dynamic range we span with each frequency.

The time series of zenith Tb presented in Fig. 9 are very
promising. All the water-vapor channels are highly correlated
and show large sensitivity to change in water-vapor content. As
an example, the 0.07-cm drop in IWV estimated by the dual-
channel MWR (Fig. 11) is detected by some GSR water-vapor
channels as a change in Tb of more than 20 K. In the 20–
30-GHz band, operationally used by ARM to retrieve water-
vapor content, the same IWV drop corresponds to a Tb change
of less than 1 K. Thus, some GSR channels were shown to be
more than 20 times more sensitive to small changes in IWV
than the conventional instruments used by ARM. Of course,
we need to consider that calibration uncertainties are smaller
for 20–30 GHz than for 183–380-GHz channels. Neverthe-
less, even considering 0.3-K error at 23.8 GHz and 3 K in
the 183–380-GHz region, the corresponding error in retrieved
IWV would be three to six times smaller using 183–380 GHz
instead of 20–30-GHz channels [23]. It is worth mentioning that
millimeter and submillimeter wavelengths may be affected
by non-negligible scattering by hydrometers during cloudy
conditions. Thus, scattering contributions and nonlinear Tb

response could potentially affect the retrieval performances, if
not properly handled. A detailed discussion of these effects is
given in the study in [5].

VII. SUMMARY, CONCLUSION, AND FUTURE WORK

This paper describes the calibration and the first deployment
of a new instrument, the GSR. The GSR was designed, devel-
oped, and deployed by the Microwave System Development
Branch of NOAA/PSD, using an original architecture that
allows for continuous whole-sky accurate observations. The
principal advantages of the GSR are its effective calibration
procedure and the rich information provided.

The GSR calibration procedure consists of three stages that
rely on internal references, external targets, and sky symme-
try, which corresponds to three techniques commonly used
for ground-based radiometers. The three stages together are
demonstrated to provide a high level of accuracy under both
clear and cloudy skies. This is extremely important for the study
of Arctic cloud properties, because the accuracy of instruments
without this feature becomes questionable under prolonged
cloudy periods.

The GSR data provide unprecedented information. The sky
is observed simultaneously at 25 microwave and one infrared
channels during continuous elevation scanning. The channels
were selected for the retrieval of atmospheric temperature and
humidity profiles, integrated content of vapor and liquid water,
and cloud-depolarization ratio. In particular, 12 submillimeter-
wave channels were specially chosen for the retrieval of very
low content of water vapor and liquid, conditions typical of
the Arctic winter. The atmospheric scans are performed con-
tinuously at angles from 16◦ to 165◦ in elevation, stopping at
dwell positions corresponding to multiples of the atmospheric
air mass. The GSR was deployed for the first time during
the Arctic Winter Radiometric Experiment 2004, collecting
atmospheric scans under a large variety of conditions. Selected
results were discussed, confirming expectations about the GSR
performances.
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The large spectral and angular information provided by the
GSR provides a new perspective in ground-based microwave
remote sensing. The use of GSR data for the retrieval of at-
mospheric properties is currently in progress [4], [5]. Our future
research will be focused on the study of atmospheric absorption
models, the development of retrieval techniques with millimeter
and submillimeter waves, and finally, the comparison and the
integration of GSR data with measurements from other remote-
sensing instruments.

APPENDIX I
CALIBRATION EQUATIONS

A. Internal Calibration

In the case of electronically switched radiometers (55 and
89 GHz), the radiance available from the internal references
is computed by using the nominal values for the attenuation
of the noise attenuator (NA) and for the equivalent noise ratio
(ENR) of the diode noise generator (NG). For the mechanically
switched radiometers (183, 340, and 380 GHz), the radiance
emitted by the blackbody targets (bb) is computed using the
Planck function Bν(T ) = (2hν3/c2)[1/(ehν/kT − 1)] (where
h is the Planck’s constant, k is the Boltzmann’s constant, c is
the speed of light, and ν is the frequency) evaluated at their
physical temperature, assuming unit emissivity. Therefore, the
radiances used in the internal calibration are

BINT
ν,C =

{
Bν(TNA), for 55 and 89 GHz
Bν(Tbb,C), for 183, 340, and 380 GHz

(1)

and

BINT
ν,H =



Bν(TON)α
+ Bν(TNA)(1 − α), for 55 and 89 GHz
Bν(Tbb,H), for 183, 340,

and 380 GHz

(2)

Bν(TON)=Bν(T0)(1 + 10ENR/10) (3)

ENR= ENR(T0) + β(TNG − T0) (4)

where TNA, TNG, Tbb,C , and Tbb,H are the physical tempera-
tures of NA, NG, cold bb, and hot bb, respectively, TON is the
equivalent brightness temperature of the injected noise, α is the
nominal value of NA attenuation (−24.6 dB for 55 GHz and
−18.6 dB for 89 GHz), ENR(T0) is the ENR at the reference
temperature T0 = 290 K (23 dB for 55 GHz and 17 dB for
89 GHz), while β is the correction coefficient (0.03 dB/K) that
accounts for thermal drift in the ENR. The values of Tbb,C and
Tbb,H come from an average of the temperatures measured by
two thermistors mounted close to the center and to the edge of
each target. The output voltage (V ) detected by the radiometers
at each separated channel is then converted into radiance via the
following:

BINT
ν =(V −OINT)/GINT (5)

GINT = (VHINT − VCINT)/
(
BINT

ν,H −BINT
ν,C

)
(6)

OINT =
(
VCINTB

INT
ν,H −VHINTB

INT
ν,C

)
/
(
BINT

ν,H −BINT
ν,C

)
(7)

where VCINT and VHINT are the detected voltages during the
observation of internal cold and hot references, respectively,

while GINT and OINT represent the internal (from the input
switch to the output) gain and the offset and have the units of
V · m2 · sr · Hz/W and V, respectively.

Due to nonideal hardware when the radiometers inputs are
switched to the internal references, there is leakage from the
signal coming from the antenna. Considering in first approx-
imating the switch as a lossless nonreflecting triport device
(i.e., the S-parameter coefficients are reduced to |S2,3|2 = 1 −
|S2,1|2 = λ), when the radiometers are looking to the internal
references, we have

VHINT = ĜINT
(
BINT

ν,H |S2,3|2 +BINT
ν,S |S2,1|2

)
+ ÔINT

= ĜINT
(
BINT

ν,H λ+BINT
ν,S (1 − λ)

)
+ ÔINT (8)

VCINT = ĜINT
(
BINT

ν,C |S2,3|2 +BINT
ν,S |S2,1|2

)
+ ÔINT

= ĜINT
(
BINT

ν,C λ+BINT
ν,S (1 − λ)

)
+ ÔINT (9)

where ĜINT and ÔINT are the internal gain and offset that
account for the leakage of the switch, and BINT

ν,S is the scene
radiance, initially determined using (5). We remember that
“scene” refers to both hot and cold external targets as well as
to the atmosphere. As described in the study in [7], the leakage
factor λ can be estimated from the output voltages. In fact, using
the notation in which VSINT |HEXT

indicates the detected voltage
when the radiometer input is switched to scene with the antenna
looking at the external hot target and calling BINT

ν,HEXT
as the

internal calibrated radiance during this period, we have

∆VH = VHINT |HEXT
− VHINT |SEXT

= ĜINT
(
BINT

ν,HEXT
−BINT

ν,SEXT

)
(1 − λ) (10)

∆VS = VSINT |HEXT
− VSINT |SEXT

= ĜINT
(
BINT

ν,HEXT
−BINT

ν,SEXT

)
. (11)

Combining (10) and (11), it results that ∆VH = (1 − λ)∆VS .
Thus, we estimate the leakage factor λ for each channel by
fitting a sample of realizations of ∆VH and ∆VS with a first-
order polynomial.

Finally, inserting (8) and (9) in (6) and (7) and solving for
ĜINT and ÔINT, we obtain

ĜINT =GINT/λ (12)

ÔINT =OINT − 1 − λ
λ
GINTBINT

ν,S (13)

and the leakage-corrected BINT
ν,S is finally

BINT
ν,S =

(
VS − ÔINT − (1 − λ)ĜINTBINT

ν,C

)
/λĜINT (14)

from which we determine the scene brightness temperature
T INT

b,S , solving the inverse of the Planck function

T INT
b,S = B−1

ν

(
BINT

ν,S

)
=

hν/k

log
(
1 + 2hν3/c2

BINT
ν,S

) .
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B. External Calibration

The radiance calibrated with the internal references can be
converted into absolute radiance via the following:

BEXT
ν =

(
BINT

ν −OEXT
)
/GEXT (15)

GEXT =
(
BINT

ν,HEXT
−BINT

ν,CEXT

)
/
(
BEXT

ν,H −BEXT
ν,C

)
(16)

OEXT =
(
BINT

ν,CEXT
BEXT

ν,H −BINT
ν,HEXT

BEXT
ν,C

)
/
(
BEXT

ν,H −BEXT
ν,C

)
(17)

where BINT
ν,CEXT

and BINT
ν,HEXT

are the internal calibrated radi-
ances during the observation of external cold and hot targets, re-
spectively, while BEXT

ν,C and BEXT
ν,H are the radiances emerging

from the external cold and hot target, respectively. The values of
BEXT

ν,C and BEXT
ν,H are estimated from the physical temperature

of the absorbers (TEXT
C and TEXT

H , measured by 12 thermistors
distributed in the volume of each target’s foam), the emissivity
of the absorbers (ε̂ = 0.995) and the spill-over radiance Bν,A.
This radiance results from emission by the components within
the protecting cover, and thus, its value is estimated from the
physical temperature inside the GSR housing. Hence

BEXT
ν,H = ε̂Bν

(
TEXT

H

)
+ (1 − ε̂)Bν,A (18)

BEXT
ν,C = ε̂Bν

(
TEXT

C

)
+ (1 − ε̂)Bν,A. (19)

Note that GEXT is unitless, while OEXT has the units of
watts per square meter per Steradian per hertz [W/(m2 · sr ·
Hz)]. The radiance calibrated with the external targets can
be expressed with the respect to the original voltage as the
following:

BEXT
ν =

(
BINT

ν −OEXT
)
/GEXT

=
(V − ÔINT)/ĜINT −OEXT

GEXT

=
V − ÔINT − ĜINTOEXT

ĜINTGEXT

=(V −OINT+EXT)/GINT+EXT (20)

GINT+EXT = ĜINTGEXT (21)

OINT+EXT = ÔINT + ĜINTOEXT (22)

where GINT+EXT and OINT+EXT have the units of volts per
square meter per Steradian per hertz [(V · m2 · sr · Hz)/W] and
volts (V), respectively.

C. Tipping-Curve Calibration

In the case of GSR, we choose the emissivity of the external
targets as the compound factor to be tuned with the tip-curve
method. From (16) and (17), we extract the following:

G0 =
(
BINT

ν,HEXT
−BINT

ν,CEXT

)
/
(
Bν

(
TEXT

H

)
−Bν

(
TEXT

C

))
(23)

O0 =
(
BINT

ν,CEXT
Bν

(
TEXT

H

)
−BINT

ν,HEXT
Bν

(
TEXT

C

))
/
(
Bν

(
TEXT

H

)
−Bν

(
TEXT

C

))
(24)

such that

GEXT =G0/ε̂ (25)

OEXT =O0 −G0 1 − ε̂
ε̂
Bν,A. (26)

Note that (23) and (24) would correspond to the ex-
ternal gain and offset assuming perfect unitary emissivity.
Thus, the radiance calibrated with the external targets can be
expressed as

BEXT
ν =

(
BINT

ν −O0 +
1 − ε̂
ε̂
G0Bν,A

)
/(G0/ε̂)

= ε̂
(
BINT

ν −O0

G0
−Bν,A

)
+Bν,A. (27)

This represents the estimate of the radiance with the assump-
tion of a constant target emissivity. The tipping-curve method is
then used to refine this assumption by introducing a correction
factor r that accounts for departures of the GSR system from
our ideal model. Thus, (27) becomes

BTIP
ν (r) = rε̂

(
BINT

ν −O0

G0
−Bν,A

)
+Bν,A

= r
[
ε̂

(
BINT

ν −O0

G0
−Bν,A

)
+Bν,A −Bν,A

]
+Bν,A

= r
(
BEXT

ν −Bν,A

)
+Bν,A (28)

which leads to the equation we use with the tip-curve method
to determine the factor r

BTIP
ν (r) = r

(
BEXT

ν −Bν,A

)
+Bν,A. (29)

Following [14], we introduce the mean radiating temperature
Tmr, the atmospheric opacity τ , and the air mass a (all func-
tions of the elevation angle ϑi) as

Bν (Tmr(ϑi)) =Bν(Tmr,i) =

∞∫
0

Bν(T )e−τ(ϑi)dτ(ϑi)(
1 − e−τ(ϑi,∞)

) (30)

τ(ϑi, r) = ln
(
Bν(Tmr,i) −Bν(Tbg)
Bν(Tmr,i) −BTIP

ν (r)

)
= τi(r) (31)

a(ϑi) = τ(ϑi)/τ(ϑz) = 1/ sin(ϑi) = ai,

where ϑz = 900 (i.e., zenith). (32)

We determine the factor r by solving the following least square
problem:

Q(r) =
1
N

N∑
i=1

(ti(r) − t̄(r))2 (33)

where

ti(r) = τi(r)/ai t̄(r) =
1
N

N∑
i=1

ti(r). (34)



CIMINI et al.: GSR: A POWERFUL TOOL FOR STUDY OF THE ARCTIC ATMOSPHERE 2775

Minimization with respect to r yields

F (r) =
N∑

i=1

(ti − t̄)(zi − z̄) = 0 (35)

where

zi =
1

ai

(
Bν(Tmr,i) −BTIP

ν,i (r)
) ∂BTIP

ν,i (r)
∂r

=
BEXT

ν,i −Bν,A

ai

(
Bν(Tmr,i) −BTIP

ν,i (r)
)

z̄(r) =
1
N

N∑
i=1

zi(r). (36)

Finding the zero of F (r) is a well-posed problem, as shown
in the study in [14]. Thus, the gain [(V · m2 · sr · Hz)/W] and
offset (V) as corrected for the target emissivity are

GEXT+TIP =G0/rε̂ = GEXT/r (37)

OEXT+TIP =O0 −G0 1 − rε̂
rε̂

Bν,A

=OEXT −GEXT 1 − r
r
Bν,A. (38)

D. Overall Calibration

Considering (21), (22), (37), and (38), the three steps of
calibration can be combined and applied all at once by using
the following equations:

BTIP
ν =(V −OTOT)/GTOT (39)

GTOT = ĜINTGEXT+TIP

= ĜINTGEXT/r = GINT+EXT/r (40)

OTOT = ÔINT + ĜINTOEXT+TIP

= ÔINT + ĜINT

(
OEXT −GEXT 1 − r

r
Bν,A

)

=OINT+EXT −GINT+EXT 1 − r
r
Bν,A (41)

where GTOT and OTOT have the units of (V · m2 · sr · Hz)/W
and V, respectively. Finally, this calibrated radiance is converted
into brightness temperature TTIP

b , solving the inverse of the
Planck function

TTIP
b = B−1

ν

(
BTIP

ν

)
=

hν/k

log
(
1 + 2hν3/c2

BTIP
ν

) . (42)
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