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Simulation of ASIRAS Altimeter Echoes for
Snow-Covered First-Year Sea Ice

Marko P. Mikynen, Member, IEEE, and Martti T. Hallikainen, Fellow, IEEE

Abstract—We have developed a simulator for the European
Space Agency’s Airborne SAR/Interferometric Radar Altimeter
System (ASIRAS) altimeter echoes from snow-covered first-year
sea ice. The simulated echoes are used to investigate how mea-
surements are affected by the snow and ice characteristics. Our
simulations show that when the snow cover is dry, the echo from
the upper ice surface typically dominates. The simulated echoes
prove to be very sensitive to the presence of liquid water in snow
and the small-scale roughness of the ice surface. The accurate
estimation of the ice freeboard is likely possible only under dry
snow conditions and when the snow load is known. The ASIRAS
simulator concept can also be used for the CryoSat altimeter.

Index Terms—CryoSat, radar altimetry, sea ice.

I. INTRODUCTION

HE AIRBORNE SAR/Interferometric Radar Altimeter

System (ASIRAS) of the European Space Agency (ESA)
was designed to support the CryoSat satellite mission, whose
aim is to accurately determine the trends in sea ice and conti-
nental ice fields [1], [2]. Within the CryoSat cal/val activities,
the CryoVex 2005 campaign was carried out in the Bay of
Bothnia in March 2005. In this campaign, ASIRAS was oper-
ated in low-altitude mode (LAM) with the altitude varying from
300 to 1100 m. The LAM allowed simultaneous measurements
with a 3-D Airborne Laser Scanner (ALS) instrument which
provides cross-track scans of sea ice surface topography [3].
ASIRAS level 1B data are used to classify altimeter echoes
according to various ice types and to evaluate the estimation
of the ice freeboard.

An ASIRAS simulator has been programmed in Matlab
for studying the behavior of the ASIRAS echoes from snow-
covered Baltic Sea level and deformed ice (DI). The simulation
of the ASIRAS echoes is based on the results in [2] and
[4]. The simulator allows studying the contribution of snow
and sea ice surface and volume echoes to the total echo, and
the effect of various snow and sea ice parameters. Pending
publication on all ASIRAS technical data, certain assumptions
regarding the antenna and synthetic beam patterns have been
made. By using the ASIRAS simulator, normalized simulated
and measured echoes can be compared, and the results are used
for the development of range retracking algorithms, which are
the basis for the ice freeboard estimation.
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TABLE I

SOME CHARACTERISTICS OF THE ASIRAS LAM [1], [7]-[9]
Parameter Value
Center frequency f; 13.5GHz
Bandwidth B 1 GHz
Transmitted peak power Py, SW
Pulse repetition interval 7} 1/3000 s
Range resolution AR 11 cm

9.7° along track

3 dB antenna beamwidth 229 across track

Angular resolution of the beams &, 0.904°

. . 300, 500, 700 or
Aircraft altitude H 1100 m
Mean number of beams in the multi-looked | 76 at 300 m
echo 280 at 1100 m
Beam look angle 8, 0°to 5.1°

Recently, the simulation of Ku-band altimeter echoes from
sea ice has been studied in [5] and [6]. In [5], a radiative
transfer model is used to simulate the variability of sea ice
effective scattering surface as a function of snow depth and
density. The depth of the effective scattering surface forms the
basis for the ice-thickness estimation, and the results show that
the snow cover has a significant impact on the estimated ice
thickness. However, this model does not account for antenna
gain or pulse shape effects. In [6], a simulator is developed
that calculates D2P radar (Delay/Doppler Phase-monopulse
Radar Altimeter) echoes using a triangular surface facet model
constructed from laser elevation data, where the facet power
response is described by a simple exponential function. The
antenna gain and synthetic beam parameters are included in
the D2P simulator, and the difference between measured and
simulated echoes is used to estimate snow thickness.

II. ASIRAS ALTIMETER

ASIRAS uses the synthetic aperture radar technique to en-
hance the spatial resolution of the radar in the flight path direc-
tion [1]. Some characteristics of the ASIRAS LAM are shown
in Table I. In the LAM, ASIRAS transmits a burst of N = 32
pulses with a pulse repetition interval 77 [7], and the return
echoes are processed to 32 equally spaced beams. A number of
beams from different bursts are steered to the same location on
the ground and then slant-range corrected (i.e., time differences
between beams with different look angles are compensated
for) and finally summed together to form a multilooked echo.
During the multilooking, a weighting function may be applied
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across the beams such that the central beams are more heavily
weighted than those near the edges. The number of beams in
the multilooked echo is a function of aircraft elevation (H ) and
speed (V'), aperture length, and wavelength (\g)—the value
varies and is stored in the ASIRAS data product [8]. The
angular resolution of the beams is (same as the beam separation
angle) [2], [7]

Ao

& = INVT;

6]

The ASIRAS beam gain function is assumed here to
be 2], [7]

sin(NAkox

= P Wi (&)

2

where Dy is the maximum beam gain, z = sin~y cos A — 0, v
and A are the polar and azimuthal angles measured with respect
to the antenna boresight, and 6, is the beam look angle. The
along-track sampling interval A and the polar angle y (i.e., the
incidence angle) are

A=VTy
vy & coT/H

3)
“)

where 7 =t — 2H /¢ and ¢ is the two-way time to the surface.
It is assumed that the steered beams for a multilooked echo
come from the consecutive bursts, and thus, the beam look
angles are

6, = tan* ((ZI)(NA)> i=1,...,N/2.

- 5)

The beams forward and backward of the flight track are
assumed to have equal beam look angles. The slant-range
correction is obtained from the zero value of the beam gain
function argument z

H o

Tsl — igb .
€o

(6)

The system impulse response can be approximated with the
sinc function [7]

p(t) = |sine(t/s,)|” Q)

where s, = t3qp/0.886 and t3q4p is the 3-dB time width of the
impulse response. An equation for the range resolution is given
in [8].

An equation for the ASIRAS antenna pattern has not yet
been published; the values of the maximum gain and 3-dB
beamwidths are given in [9]. Here, the antenna pattern is
assumed to follow that of a general planar antenna

A B
G(, \) =Gpsinc? 27 Gin ycos A | sinc? 27 sin ~sin A
Ao Ao
3)

where Gy is the maximum gain and A and B are the antenna
dimensions in the along and across directions, respectively.

III. SIMULATION OF ASIRAS ECHOES

In the following, we discuss the calculation of surface and
volume echoes for various snow-covered sea ice types. The
total echo is the sum of surface and volume echoes according
to the first-order radiative transfer solution (see, e.g., [10]).
Calculations are simplified by ignoring the effects of aircraft
attitude errors, radar speckle, and noise. Thus, the simulated
echoes represent averages of the measured ones.

A. Surface Echoes for SLI

Smooth level ice (SLI) is here a level ice type which is
unaffected by deformation. The small-scale surface rms height
o of SLI is typically within the validity limits of the IEM
single scattering model [11]. The simulation of the snow and
ice surface echoes for SLI starts with the calculation of the flat-
surface impulse response [4]

7)) /@%

where R is the measurement range. The altitude H is that
of ASIRAS above the ocean. There is no need to calculate
P (7) separately for snow and sea ice surfaces as their distance
difference to the ocean is so small. Now, it is also possible to
form a database of the impulse responses at various altitudes for
fast calculation of the multilooked echoes.

Next, the following steps are taken: 1) impulse responses are
multiplied with the surface backscattering coefficient (c°) as a
function of 7; 2) convolution of this product with the system
impulse response p(t) consisting of the main lobe and the first
sidelobes; 3) convolution with the surface-roughness proba-
bility density function (pdf) fi (7) assumed to be Gaussian;
4) slant-range correction of the echoes; 5) summation of the
echoes without weighting to form multilooked echoes for snow
and ice surfaces; and 6) time corrections to the multilooked
echoes due to the ice freeboard, snow thickness, and slower
speed of electromagnetic field in the snow medium. Before
slant-range correction, the backscattered echo power as a func-
tion of y can be calculated. The steps 1)-3) can be formulated as

Pfs( )— dA

2
Ao Pr ( ©)

(4m)?

Py(7) = fau(7) % p(7) * (Pis(7) - 0°(7)) (10)
where
1 2
fa(T) = mexp (_2(20/00)2) . an

Surface o° is calculated here using the single scattering IEM
model for surfaces with small to moderate o [11]. The single
scattering IEM model is valid when ko < 2 [10]; at 13.5 GHz,
this means that o < 0.71 cm. A coherent backscattering model
has been presented in [12]. The coherent model accounts for
the sphericity of the wavefront, small-scale o, and p(t). It
was derived using a Gaussian antenna beam, and it is valid
for a traditional pulsewidth-limited altimeter. In the case of a
beamforming altimeter like ASIRAS, its validity needs further
considerations.
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The effect of the snow medium to sea ice ¢° is obtained by

0° = T2(0°) exp(—2keshs )o° (bare sea ice) (12)
where T is the power transmission coefficient of the snow
surface, ks 1S the volume extinction coefficient of snow, and
h is snow thickness.

B. Surface Echoes for RLI and DI

Rough level ice (RLI) is an ice type which has protruding
ice blocks and floe edges and low uneven surface areas, and it
has typically broken and frozen several times. DI consists of,
for example, ice ridges, brash ice, and RLI areas with highly
variable area fractions.

Here, as a first approximation, the simulation of echoes for
RLI and DI is carried out using ice freeboard pdfs derived from
the ALS data [13]. These pdfs were calculated for windows of
200 m by 200 m with a resolution of 2 cm. The ice surface
is assumed to consist of small horizontal ice facets at different
elevations whose occurrence density is determined with the ice
freeboard pdf. The ice facets have superimposed small-scale o,
and it is assumed that only incoherent scattering occurs (i.e.,
no specular reflections from the facets) which is quantified
with the IEM model. Multilooked echoes are calculated as
for the snow-covered SLI. The resolution of the ice freeboard
pdfs is interpolated to that used in the echo calculations. The
interpolated pdfs are moved in time so that their means are at
zero while the original measured mean ice freeboards are used
for the time correction of the multilooked echoes.

C. Volume Echoes

Snow and ice volume multilooked echoes are obtained start-
ing with a distribution function v(7), which describes the
volume scattering cross-section per unit volume as a function of
depth when only the two-way vertical path within the volume
needs to be considered [4]. For homogenous medium, v(7) is
given as

L
v(r) = §T (0)kscexp(—kecr),

T>0, T<2h/c

(13)

where k4 and k. are volume scattering and extinction coeffi-
cients, respectively, ¢ is the wave speed in the medium, and A is
the medium thickness. For layered snow and ice media, the total
v(T) is obtained by taking into account attenuations of different
layers and ignoring reflections between layers of same medium.
Next, the total v(7) is convolved with the flat-surface impulse
responses, and then, steps 2)-6) in Section III-A are carried out.

Another way is to start from the calculation of volume
impulse responses, which require integration over v and A [14].
However, their calculation is very time-consuming. In addition,
the differences between these two methods for homogeneous
media were small. Snow and sea ice k,’s are obtained from the
Rayleigh scattering theory with spherical ice crystals in snow
and spherical air bubbles in sea ice [10]. k. is a sum of kg
and volume absorption coefficient x, based on the effective
dielectric constants [15]-[18].
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Fig. 1. ASIRAS echoes for SLI covered with (a) dry snow and (b) moist snow
(volumetric wetness 1%). Snow thickness is 20 cm. Freeboard is 4.1 cm. Range
0 m corresponds to an altitude of 300 m.
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Fig. 2. ASIRAS total echo for SLI as a function of snow thickness. Snow
cover is dry. Range 0 m corresponds to an altitude of 300 m.

D. Time Resolution in Simulations

All calculations are carried out using a time resolution
sp/100 which is around 90 times better than the ASIRAS
resolution of 0.73 ns, and both the total echo and individual
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Simulated and measured mean ASIRAS echoes [(a) and (b)] for RLI and [(c) and (d)] for DI. (a) and (c) are examples of good match between the echoes,

and (b) and (d) are examples of the poor match. Mean ice freeboards are 3.1, 6.3, 19.6, and 12.9 cm in (a), (b), (c), and (d), respectively. Altitude is 300 m.

snow and ice echoes are integrated to the ASIRAS resolution in
the end.

IV. SIMULATION RESULTS

In the following, the effects of various parameters to the
simulated ASIRAS echoes for SLI are first discussed, and then,
simulated and measured echoes are briefly compared to each
other. The following basic values for the snow and sea ice media
are used: snow density p, = 0.25 g/cm®, snow volumetric
wetness W = 0%, snow temperature Ts = —5 °C, ice crystal
diameter dg = 1 mm, snow surface roughness o, = 0.2 cm,
snow surface correlation length Ly = 2 cm, ice thickness h; =
60 cm, ice density p; = 0.85 g/cm?, ice salinity S = 1%, ice
temperature T; = —1.5 °C, diameter of air bubbles d; = 2 mm,
ice 0; = 0.2 cm, ice L; = 2 cm, and exponential autocorrela-
tion function for both snow and ice surfaces. These values are
based on the CryoVex 2005 field campaign data and ground
truth data measured in the Bay of Bothnia in [19]. An altitude
of 300 m is used in the simulations.

A. Effect of Snow Wetness and Thickness

An example of ASIRAS multilooked echoes for SLI covered
either with dry or moist (W = 1%) snow layer (thickness
hs = 20 cm) is shown in Fig. 1. Under dry snow conditions,
the ice surface echo clearly dominates and the volume echo is
negligible. When the 20-cm-thick snow cover becomes moist,
the snow surface echo is the largest one, and the power level

of the total echo is greatly decreased due to the increased
attenuation of snow.

The contribution of the volume echo increases with increas-
ing snow and sea ice albedo. For example, when h increases to
30 cm and dg to 2 mm, the snow volume echo has a noticeable
effect on the leading edge of the total echo.

When snow wetness increases, the change of contributions
of snow and sea ice surface echoes to the total echo depends
greatly on h, and surface roughness. If snow and ice surfaces
have equal roughness (o and L), the snow surface echo never
reaches the power level of the ice surface echo because the
dielectric contrast on the snow surface is always much smaller
than on the ice surface, even when snow is very wet. Increasing
W results in an increase in retrieved ice freeboard.

The effect of variable hg, from 1 to 30 cm, to the total echo
is shown in Fig. 2. The corresponding variation of ice freeboard
is from 8.9 to 1.6 cm. When h increases, the total echo moves
slowly to larger range values and the contribution of the snow
cover becomes more visible, but the overall variation of the
echo is rather small.

In summary, the simulation results suggest that the accurate
estimation of ice freeboard is possible from the ASIRAS data
only under dry conditions, and even then, it is a difficult task if
the snow load is unknown.

B. Effect of Surface Roughness

The level of ¢° with the IEM model is very sensitive to
the surface roughness at incidence angles close to 0°, e.g., ice
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surface ¢° is +1.4 and —9.2 dB when o, is 0.2 and 0.4 cm,
respectively (L; is 2 cm). By varying only slightly the snow and
ice o and L parameters, it is possible to obtain very different
surface echo contributions to the total echo. In modeling the
ENVISAT altimeter echoes for ice sheets, a high echo sensi-
tivity to small-scale surface roughness has been observed [20].
Consequently, ground truth data on snow and ice surface rough-
ness are needed for more realistic ASIRAS echo simulations.

C. Comparison of Simulated and Measured Echoes

A brief comparison of simulated echoes to those measured
in CryoVex 2005 has been conducted. To simplify the echo
simulation, the effect of a very thin dry snow cover was ignored.
Fig. 3 shows examples of simulated echoes and averages of
five measured echoes for RLI and DI. Only a small number
of measured echoes can be averaged due to the rapidly varying
altitude of the aircraft. In many cases, there was a very good
match between the echo shapes for both RLI and DI; however,
we include in Fig. 3 examples of worse agreement between
the simulations and measurements. The degree of the echo
match depends besides on selected scattering and geometric
models for sea ice also to some degree on attitude errors of
the aircraft and approximations currently used for the ASIRAS
beam function and antenna gain.

V. CONCLUSION

A simulator has been written in Matlab for the calculation
of ASIRAS multilooked echoes for snow-covered first-year
sea ice. The simulator is a useful tool for understanding the
relationships between the snow and ice characteristics and the
measured echoes.

The simulation results suggest that when the snow cover
is dry, the ice surface echo typically dominates. Accurate
estimation of ice freeboard is likely possible only under dry
snow conditions and when snow load is known. Simulated
echoes are very sensitive to the snow and ice surface roughness.
For realistic ASIRAS echo simulation, ground truth data on
surface roughness are therefore needed. There was typically a
rather good match between the normalized simulated echoes
and measured average echoes. However, this match depends on
the selected scattering and geometric models for the sea ice,
and further studies with other models are needed before we
can quantify how accurately the ASIRAS simulator can model
measured echoes.

Topics for further research include a more realistic scattering
model for both level ice and DI which includes also coherent
scattering, and more realistic parameterization of layered snow
and sea ice media.

The ASIRAS simulator concept can also be used for the
CryoSat altimeter. Needed CryoSat characteristics can be found
in [2].
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