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Multi’Scat—A Helicopter-Based Scatterometer for
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Abstract—A helicopter-based Doppler scatterometer
(Multi3Scat) is described. It allows simultaneous measurements
of the surface radar backscatter at five different frequencies
at co- and cross-polarization at incidence angles of 20°-65°
from an altitude of 30-300 m. Video and infrared (IR) cameras
simultaneously sense the surface in the scatterometers’ footprint.
The Multi®Scat is calibrated using measurements carried out over
corner reflectors. The stability of the Multi®Scat’s signal is found
to be, on average, better than 0.5 dB. Typical signal-to-noise-ratio
values for sigma-0 range between 10 and 20 dB for cross-
polarization and between 15 and 25 dB for copolarization over
snow and ice surfaces. The potential of the Multi®Scat to acquire
multifrequency multipolarization radar backscatter data and
coincident video and IR temperature observations at different
incidence angles over remote terrain such as the Arctic Ocean or
the Alps is demonstrated.

Index Terms—Infrared (IR) imaging, radar cross section, radar
measurements, sea ice, snow.

I. INTRODUCTION

CCURATE knowledge of the distribution and thickness

of thin ice is mandatory to quantify the wintertime
ocean—atmosphere heat exchange in polar regions. Different
single-frequency approaches to obtain the thickness of thin ice
exist, which are mainly based on airborne synthetic aperture
radar (SAR) data at C- [1] or X-band [2]. However, the maxi-
mum ice thickness which can be retrieved spans over one order
of magnitude, 10-100 cm, and is thus apparently uncertain.
This uncertainty could be explained with the highly variable
physical properties of thin ice depending on its growth history,
which determines its surface roughness, salinity, and tempera-
ture. This variability could cause ambiguous radar backscatter-
ing intensity changes with increasing ice thickness. Adding a
second frequency [3] or using fully polarimetric data [4] could
reduce effects caused by these ambiguous intensity changes on
the retrieval of the thickness of thin ice. The optimal approach
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TABLE 1
FREQUENCIES, WAVELENGTHS, AND ANTENNA
BEAMWIDTHS OF THE MULTI3 SCAT

Frequency Band L S C X Ku
Frequency [GHz] 1.0 24 5.3 10.0 15.0
Wavelength [cm] 30.0 12.5 5.7 3.0 2.0

Antenna Beam width

(2-Way; 3dB) [°] 17.2 7.2 3.3 1.7 12

for this might involve a not yet considered combination of
frequencies, polarizations, and incidence angles.

Accurate knowledge of the variability of snow accumulation
and depletion is an asset for determining the onset of snowmelt
runoff. The mapping of the required snow depth or snow water
equivalent (SWE) is merely based on spaceborne microwave
radiometry [5]. These products suffer from the coarse spatial
resolution of a few tens of kilometers and the limited maximum
snow depth to be retrieved. Using an active instead of a passive
satellite microwave sensor would help to mitigate these short-
comings as has been demonstrated by [6], particularly when
combining X- and Ku-band data [7]. Such a sensor, a dual-
frequency SAR, called CoReH»O, operating at X- and Ku-
bands, is currently planned by the European Space Agency [8].

This letter introduces a scatterometer capable of obtaining
surface-radar-backscatter data simultaneously at five different
frequencies, four polarization combinations, and various inci-
dence angles. Data obtained with this sensor could help to find
the optimal approach needed to unambiguously identify thin
ice and retrieve its thickness based on active microwave data.
Its data could aid in the evaluation of CoReH5O data and in
the development of SWE retrieval algorithms based on its data.
We describe the scatterometer, data processing, and quality and
give examples of data obtained during two different campaigns.

II. MULTI>SCAT INSTRUMENT

The Multi®Scat (Multi-cubed-Scat; Multi® stands for mul-
tipurpose, multifrequency, and multipolarization) sensor is a
monostatic Doppler scatterometer with direct frequency con-
version developed and built at the Institute of Oceanography,
University of Hamburg (Table I and Fig. 1). Previous versions
of this instrument were successfully used during campaigns in
the North Sea [9] and the Arctic [10].

The system comprises a microwave unit, a control unit, a
Direct Digital Synthesizer (DDS) module, and a data storage
unit [Fig. 1(a)]. The radar signals are generated in the mi-
crowave unit in five identically designed separate modules (one
per frequency; Fig. 1(b) shows the Ku-band module) using two
phased-locked oscillators (PLOs), a transmitter and a receiver

1545-598X/$26.00 © 2009 IEEE
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Fig. 1. Overview of components of the Multi®Scat. See text for further details.
Note that the frequency and factor given (15 GHz and 1500) are for Ku-band.

PLO, which upconvert two 10-MHz signals offset by 7 Hz,
received by the DDS. The resulting frequency offset is 672,
1680, 3556, 6706, and 10080 Hz at the L-, S-, C-, X-, and
Ku-bands, respectively [Fig. 2: intermediate frequency (IF)
peak in the spectral power density (SPD) plot]. Only the signal
of the transmitter PLO is transmitted.

Microwave switches are triggered by the control unit and
switch between transmission and reception. For each frequency
band, the signal of the transmitter PLO is transmitted via the
circulator of this module into a filter bank, where the signals
of all bands are coupled [Fig. 1(b)]. The signal is subse-
quently fed into a broadband parabolic dish antenna via a dual-
polarization broadband feed after decomposition into horizontal
(H) or vertical (V) polarization using a switch [Fig. 1(b)].
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Fig.2. Scheme of the radar data processing. See text for a detailed description.

This switch realizes the four polarization combinations by
first transmitting and receiving at H-polarization (HH), then
transmitting at H-polarization and receiving at V-polarization
(HV), and then, accordingly, VV- and VH-polarization. One
cycle through these combinations takes 1/PRF (PRF =
pulse repetition frequency) seconds.

The received signal is decoupled into the five frequencies
via the filter bank and is fed into each separate module via the
circulator of this module. It is amplified by a narrowband low-
noise amplifier and then mixed with the signal of the receiver
PLO. The resulting low-frequency signal is again amplified and
filtered with a sixth-order low-pass Bessel filter with a 2-MHz
cutoff frequency. Then, it is sampled at 10 MHz in a fixed-
length reception window (1.3 us), averaged over 12 samples,
and saved.

The maximum PRF covering one full cycle of the trans-
mission and reception of the signal at the four polarization
combinations is 117.6 kHz. The minimum length of the trans-
mitted pulse (for each polarization combination) is 0.5 us. The
pulselength can be changed to achieve a maximum overlap
of the received filtered signal and the reception window for
different flight altitudes. Typical values of pulselength and
PRF during HeliSnow 2007/08 (ARKXXII/2) are 2.9 us and
55.6 kHz (1.4 ps and 82.6 kHz); the values are larger for
HeliSnow 2007/08 because of the larger flight altitude.

The components of the Multi®Scat are mounted in an alu-
minum frame, which fits into a Messerschmitt—Bdlkow—Blohm
BO-105 helicopter. A lever at the end of the frame carries
the antenna and video and infrared (IR) cameras, all looking
into the same direction [Fig. 1(c)]. This lever enables us to
change the surface incidence angle between 20° and 65° on
flight. A gyro measures the helicopter’s pitch and roll angle,
which typically took values of about 2° and less than 2° during
measurement conditions, respectively. The flight altitude is
measured by the helicopter’s radar altimeter. Two GPS receivers
complement the system. The Multi®Scat is operated via a
graphical user interface.
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The IR camera (VarioCAM Hr 384 M, JENOPTIK) uses a
microbolometer focal plane array. The temperature resolution
is about 0.1 K for a detector array of 384 x 288 pixels. The
spectral range is 7.5-14 pm. The accuracy of the measured
IR temperature is 1.5 K (or £2% of the IR temperature) for
—40 °C to 120 °C. It is equipped with a 50-mm telephoto
lens with a viewing angle of 15° x 12°. The video camera
(VC-722-48012, VC Germany) uses a 1/4” Sony Super hole-
accumulation diode charge-coupled device chip (480TVL) to
obtain color video images with 752 x 582 pixels. The spectral
range is 380-800 nm. It uses a standard lens with a viewing
angle of 30° x 24°. Both cameras are heated and can be oper-
ated at outside temperatures as low as —20 °C (IR) or —25 °C
(video). Their data are streamed at 10 Hz onto the operator’s
notebook hard disk.

III. DATA PROCESSING AND QUALITY

Fig. 2 shows a schematic overview about the Multi®*Scat
data processing. Each data file contains data of ¢ seconds of
flight time. These data are first split into the four polariza-
tion combinations (see Fig. 2, upper right, for an example of
a part of Ku-band HH-polarized raw data) and further into
1/8-s-long subperiods. For each subperiod, an FFT is run to
obtain the SPD (Fig. 2). This spectrum shows the IF, the signal
peak at the Doppler frequency fp, and the noise peaks, which
are subsequently filtered out. The received power P, is obtained
as the integral of the topmost 6 dB of the SPD of the signal peak
in a frequency interval of 2 A f centered around fp (Fig. 2, red
lines and letters).

For the calibration, Multi®Scat flights are carried out repeat-
edly over a chain of five quasi-trihedal (quadratic base plate)
and two trihedal corner reflectors (CRs) put on a runway made
of concrete. Flight altitudes and speeds are the same as during
the campaigns; the incidence angle was 45°. Coincident video
imagery aids to identify those CR overpasses where at least
one CR is hit optimally. Copolarized Multi®Scat data of these
(eight) overpasses are taken to calculate the calibration factors
E separately for each frequency band. The normalized radar
cross section (o) is subsequently computed using (derived
from [11])

0 4
0 ocr R
—_gp. = Rt p
o PerRER A

R and RcR are the distances to the surface and the CRs (cal-
culated from the incidence angle and the helicopter’s attitude
data), A is the footprint size at the surface (calculated using
R and the antenna beamwidths), Pcr is the power received
from the CRs (it is assumed that the background signal can
be neglected for the used frequencies at 45° incidence angle),
and o2y, is the radar cross section of the CRs. Cross-polarized
data are calibrated using the average of E obtained for both
copolarizations (difference is, on average, smaller than 0.2 dB).

Table II exemplifies the average overall signal-to-noise ratio
(SNR) and the average minimum SNR (average of those SNR
values, which are smaller than the mean SNR minus two
standard deviations) for ¢° obtained with the Multi®Scat at
C-, X-, and Ku-bands during HeliSnow2007-08 at Leutasch,
January 14, 2008 (values for L- and S-bands are similar to those
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TABLE 1II
(BOLD) AVERAGE SNR AND AVERAGE MINIMUM SNR (SEE TEXT) FOR
% VALUES OBTAINED AT C-, X-, AND KU-BANDS AT LEUTASCH
JANUARY 14, 2008. ALL VALUES ARE GIVEN IN DECIBELS

7IGHZ] 53 10.0 15.0
195/ 10712 | 12.2/45512 | 13.9/72+12
Co-Pol- [dB] - =387 78.0:00 | 16.2/8.051.4 | 18.6/ 12.041.1
10.8/ - 53/ - 11.3/3.651.1
Cross-Pol [dB] =772 0i70 8.0/ 16.0/93=1.2

shown for C-band). Evidently, the SNR of the copolarized o°
values is fine but could hit the noise floor at cross-polarization,
particularly at shallow incidence angles and/or at X-band. The
noise floor itself has a standard deviation of 1.5-2.0 dB at
X- and Ku-bands and 0.5-1.5 dB otherwise.

IV. RESULTS
A. Multi®Scat Observations During Helisnow2007-08

The campaign HeliSnow2007-08 took place in the Alps
close to Innsbruck, Austria. The aim was to obtain radar
backscatter observations of the snowpack for different typical
snow properties. Multi®*Scat measurement flights were carried
out at same heading, speed (about 30 m/s), and altitude (about
180 m) along flight lines (length: 2—7 km) at five different
locations on December 14-15, 2007 and January 14, 2008. At
each location, four overpasses (two with 25° and two with 45°
incidence angle) were completed. In situ measurements of snow
physical properties complement these data [12]. Fig. 3 shows
an example of the data (Multi®Scat, video and IR cameras)
obtained at Leutasch on January 14, 2008. The snow depth (five
snow pits distributed along the flight line) was 45 + 4 cm, and
the SWE was 128 £ 12 mm. The snowpack comprised coarse-
grained (average grain size: 2 mm) snow in multiple (ice) layers
with about 5 cm of new snow on top (T. Nagler, 2008, personal
communication).

Table III summarizes the preliminary o® values averaged
over 10-s flight time (300 m) for meadows and a spruce forest
at Leutasch, January 14, 2008. The standard deviation of these
values is 1-2 dB. According to model studies, such an error
would translate into an uncertainty in retrieved SWE of about
100 mm at X-band and 40 mm at Ku-band [8]. Note that the
values shown in Table III are based on 1) a limited data set and
2) a preliminary data processing, which, at the time of writing,
was optimized to identifying small leads in the sea-ice cover.
The usage of a longer subperiod At to calculate P, (see Fig. 2)
would substantially reduce the standard deviation.

The 0¥ values obtained with the Multi*Scat at C-band for
spruce forests (Table III, 45°) agree within one standard devia-
tion with observations carried out in Finland under similar con-
ditions (Alasalmi et al. in [13]): —8 dB at HH-polarization and
—14 dB at HV-polarization and an incidence angle of 50°. Val-
ues of ¢° for snow-covered agricultural land are about 3—4 dB
lower (Alasalmi et al. [13]) than our values for snow-covered
meadows (Table III, 45°). This could be explained with a
different soil surface roughness. Typical " values obtained
for the forest canopy in Finland during summer are —8.5 dB
at HH-polarization and —15 dB at HV-polarization at C- and
X-band (Hallikainen et al. [13]). These values are quite similar
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Fig. 3.
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Values of 0¥ obtained at Leutasch on January 14, 2008 (altitude:

TABLE III
TYPICAL ¢® VALUES (IN DECIBELS) OBTAINED AT (BOLD) HH- AND
(ITALIC) HV-POLARIZATION FOR SNOW-COVERED MEADOWS AND
FORESTS AT LEUTASCH, JANUARY 14, 2008 (SEE FIG. 3, FRAMES 1
AND 3). THE STANDARD DEVIATION IS ON THE ORDER OF 1-2 dB.
VV-POLARIZATION VALUES ARE SIMILAR TO HH-POLARIZATION
VALUES WITHIN THE GIVEN STANDARD DEVIATION

25° - Meadows - 45° 25° - Forest - 45°
S -12/-25 | -17/-28 | -8/-14 9/-15
C -8/-21 -14/-23 | -7/-14 9/-15
X 5/-16 9/-18 =7/-15 9/-16
Ku 3/-8 -6/-11 -8/-12 | -10/-13

to those reported by Alasalmi et al. [13] for C-band and agree
also with our results.

B. Multi’Scat Observations During ARKXXII/2

The expedition ARKXXII/2 of the German research ice-
breaker Polarstern into the Arctic Ocean took place from
July 28 to October 7, 2007 [14]. The focus of the involved
Multi®Scat measurements was on improved melt-pond and
thin-ice identification. About 24 measurement flights were
completed. Ten of these occurred along tracks of which a sub-
section was marked on the ice prior to the overpass. The flights
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Fig. 4. (a) o© values obtained with the Multi®Scat at (blue) C-, (green)
X-, and (red) Ku-bands at 35° incidence angle from an altitude of 30 m to-
gether with (black) coincident IR temperature observations during ARKXXII/2,
September 16, 2007. See text for more details. (b) Peak copolarization ratio at
S-, C-, and X-bands as a function of the incidence angle for a lead covered with
2-cm-thick dark nilas observed with the Multi®Scat on August 24.

TABLE IV

LINEAR CORRELATION COEFFICIENT BETWEEN IR TEMPERATURE AND
(BoLD) 6% VALUES FOR C-, X-, AND KU-BANDS FOR SEPTEMBER 16,

2007, TOGETHER WITH TYPICAL VALUES OF ¢¥ (IN DECIBELS) AT

HH- AND VV-POLARIZATION FOR INCIDENCE ANGLES OF 35° AND

50° FOR (NORMAL) LIGHT NILAS/GRAY ICE AND (ITALIC) BROKEN
ROUGH FIRST-/SECOND-YEAR ICE. VALUES (IN DECIBELS) GIVEN IN

COLUMNS ON35 AND ONS50 ARE FOR HH-POLARIZATION
AT 35° AND 50° TAKEN BY ONSTOTT IN [15]

HH35 |ON35| VV35 HH50 |ON50]  VV50
083 20.75 20.83 051
C [T25227 10512 | 159222 104+13
82416 | 15 | 74119 | 8319 | -I6 | 8138
0.87 20.82 0.87 086
X [ 16.6£2.0 143=13 | -18.7433 16.0=1.4
700519 | 9 | 93415 | 97122 | 9 | 8920
093 -0.91 -0.90 -0.90
Ku m7871537 20.1=4.7 | -19.7£10.8 2255100
73214 | 6 | 94213 | 66121 | 6 | -862.0

were carried out using five different incidence angles (20-60°)
with the same heading, speed (about 40 m/s), and altitude (30
or 60 m). From ice cores drilled along the subsections and
scaled digital photography, sea-ice physical properties were
obtained. More measurement flights took place as long-distance
underflights of a scheduled satellite radar image or as short-
distance flights over specifically selected ice areas.

Fig. 4(a) shows a 20-s (700-m)-long subset of Multi*Scat
data and IR-temperatures (71r ), which have been averaged over
the size of the radar footprint on the ground, for a measurement
flight on September 16, 2007. A patch of light nilas/gray ice
(thickness: 10-15 cm) embedded in a matrix of broken thicker
ice floes was overpassed two times [altitude: 30 m, speed:
35 m/s, incidence angles: 35° and 50° (not shown)]. Data
are smoothed with a 1-s-long (35 m) moving average. Cross-
polarized data are not shown because of a too low SNR over
dark nilas.

The o values are inversely correlated with the IR temper-
atures, particularly at HH-polarization (Table IV). The lowest
o values [between —23 and —27 dB, Fig. 4(a)] are observed
for dark nilas (T1gr > 269.5 K, approximate thickness: 3 cm).
These 0¥ values agree with backscatter measurements carried
out at C- and X-bands over thin ice grown in an outdoor tank
(Winebrenner et al. [15]). The highest 0¥ values [Fig. 4(a) and
Table IV] are observed for the broken rough first-year ice at
the transition to second-year ice (Ig < 268.0 K). Such ice
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has already radar backscattering properties similar to those of
multiyear ice (Onstott [15]). Because it is broken and rough,
its 0¥ values at C-band are larger than those typically observed
over multiyear ice under freezing conditions (Table IV, ON35
and ONS50). The ¢ values observed for light nilas/gray ice
[Fig. 4(a), Tir around 269.0 K] depend strongly on the fre-
quency and polarization combination (Table IV). Compared
with laboratory-based radar backscatter measurements over
light nilas/gray ice, the o values presented here are too
high: C-band VV-polarization, 35°: —11 dB versus —22 dB
(Swift et al. [15]). This could be explained 1) by differences
in the environmental conditions and 2) by the high surface
temperature encountered during our measurements (—2 °C),
which could cause ¢ values higher by 3—6 dB compared with
those of cold conditions [15].

The copolarization ratio (CPR), i.e., 0¥ at VV-polarization
divided by ¢° at HH-polarization increases with increasing
incidence angle. This is visible in Table IV for C-band (35°:
3.5 dB; 50°: 5.5 dB) and is shown in Fig. 4(b) in agreement
with that of Onstott [15]. The larger CPR shown in Fig. 4(b) at
C-band compared with the one given in Table IV is caused by
the smaller ice thickness: August 24: 2 cm and September 16:
10-15 cm.

One possible application of this multifrequency data would
be an improved two-step thin-ice thickness retrieval algorithm.
First, the larger o0 difference between thin and thick ice at
Ku-band compared with that of C-band could yield a more
accurate identification of thin ice. Subsequently, the CPR at
C-band (or a lower frequency [10]) could be used to obtain the
ice thickness.

V. SUMMARY

The helicopter-based Doppler scatterometer Multi®Scat has
been described. It can be used for radar backscatter mea-
surements of the surface at five different frequencies (L- to
Ku-band), both co- and cross-polarization combinations, and
incidence angles of 20°-65° from altitudes of 30-300 m. Video
and IR cameras simultaneously sense the surface within the
scatterometers’ footprint. The data processing is described. The
Multi®Scat is calibrated with radar backscatter measurements
over CRs. The stability of the emitted radar signal is found to
vary by 0.25 dB (L- to X-band) and 0.8 dB (Ku-band). Typical
SNR values for o¥ range between 10 and 20 dB (15 and 25 dB)
for cross (co-)-polarization over snow and sea ice; they reduce
by about 10 dB over new level sea ice.

Values of ¢ obtained with the Multi®Scat during the cam-
paign HeliSnow2007-08 in the Alps on January 14, 2008 agree
with results from previous studies under similar environmen-
tal conditions. Changes in ¢ can be quantified for different
frequencies at a glance and can be associated unambiguously
to the respective surface properties by the combination with
coincident video and IR imagery. The latter could particularly
help in interpreting Multi®Scat data by providing surface tem-
perature estimates.

Values of ¢ obtained with the Multi®*Scat during the ex-
pedition ARKXXII/2 of the R/V Polarstern into the Arctic
Ocean in the fall of 2007 are discussed in relation to results
of previous studies. The potential of the Multi®Scat to identify
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changes in ¢ as a function of incidence angle and polarization

combination over similar surface types similarly at C-, X- and
Ku-bands is demonstrated. It is shown that the magnitude of
the copolarization ratio observed at C-, X-, and Ku-bands over
light nilas/gray ice with 10-15-cm thickness increases with
incidence angle but shows an opposite sign at Ku-band.
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