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Abstract

The app lication of time-series radar mcasurciments to accurately invert the thickness of

saline ice is presented in this study. Wedescribe briefly some experimental observations
from the CRRELIEX 93 campaign of sca ice. It indicates that the voluime scattering of brine
inclusions is animportant contribution to the backscatter response of saline ice. Irom the

experimental findings and the thermophysics of ice growth, we develop aninversion algorithm

for theice thickness based ona dynamic-clectromagnetic scattering model of saline ice,

'T'his inversion algorithm uses a parametric estimation approach where the radiative transfer

cquation is used as the direct scattering miodel to calculate the backscattering signatures

fromice medium, and the Levenberg-Marquardt method is cinployed to retrieve ice thickness

iteratively. Additionalinformation provided by the salineice thermodynamics is applied to

constrain the clectromagnetic inverse problem to achicve a more ace urate reconstruction.
The inversion results using this algorithm and the data from CRRILIEX 93 experiment arce
presented. The demonstrated accurate thickness retrieval suggests the potential usage of

this algorithin for satellite remote sensing of sca ice.



LINTRODUCTION

The large coverage of scaice in polar regions has a greal impact on the Iarth’s climate
system (1], The thickness of scaice is animportant factor inunderstanding the dynamnics of”’
sca ice cover and the heal excha nge between the occa nand the atmosphere. In particular,
thewinter flux of occanic heat tothe atinosphere throughthe thinice cover canbe two 01°(J(>"S
of magnitude g reater than from the adjacent areas of thickice ['2]. Thercfore, information
about thinscaice is cssential, at least regionally, to the heat budget balance. Although the
spaccborne synthetic aperture radar (SAR) images has been successfully applied in mapping
the extent andidentifying the types of scaice [3], it still remains arudimentary issue for
direct determination of scaice thickness fromspace. This is particularly important in view
of the present Furopean Remote Sensing Satellite (1R S) and Canadian RADARSAT which
hiave been orbited inmonitoring the polar regions [4,5]. Recently, some work has been done
using airborne radar mecasurements to retrieve sca ice thickness.  YFor example, Kwok el
al. [(i] have applied the neural network approach to estimate the ice thickness dist ribution
using multiple-frequency polarimetric SAR data, and Winebrenner el al. [7] have studied
refreezing leads from asingle frequency polarimetric SAR data with aradar signatu re modecl

based 011 the rough air-ice interface scattering,

L goneral, the dynamic environmental conditions and the susceptive 1ce physical and
morphological characteristics complicate the interactions of clectromagnetic waves with the
sca ice medium. As a result, the divect usage of asimple empirical model for sea ice thickness
retrieval bhecomes limited. In the past two decades, several scaice direct scattering mod-
cls have been developed and verified by various experiments [8- 12]. Usually these models
arc complicated and are diflicult to find closed-form solutions for dircct inversion. To uti-
lize these developed scattering models for ice thickness retrieval, the paramctric estimation
method offers a greater flexibility in the choice of direct scattering models, the parameters
to be inverted, and the data to be employed [1 3]. HHowever, such anapproach usually comes
with the problems of non-unique solutions and inversion stability with noisy data. Although
it is possible to reduce the effects of these uncertainties by using diversified data like mult -
frequency, multi-angle, and polarimetric data, the cost of such extensive m casurcments may
be prohibitive for satellite remote sensing of sca ice. On the other hand, orbited satel-
lites repeat their passes at a fixed time interval; it is natural for themnto mnake til]lc-series
obscrvations.  With these incasurciments, more data become available which may be help-

ful for resolving the non-uniqueness and stability problems, and useful for the geophysical .

parameter reconstruction.

Theuse of ti]]lc-series data intheinverse scattering problem has been theoretically inves-
tigated by Veysogluetal. [1 4,15] with applications to the passive microwave remote sensing
of scaice. Their studies have demonstrated that, by incorporating a Stefan’s growth modcl



[ 16] into the inversion algorithm, the th ickness estimation can be constrai ned sufliciently

to predict more accurately the evolution of scaice growth using passive microwave mea-
surements. Inwhat follows we develop a thickness retrieval algorithim based on a dynamic-
clectromagnetic scattering model of saline ice and the tiime-series active rer note sensing
data. Thisinversion algorithin is then applied to reconstruct the growth of a sheet of thin
saline ice by using C- band polarimetric radar scquential mecasurements from CRRE 1LEX
93 experiment. This experiment was conducted at the U, S. Army Cold Regions Rescarch
and Fngincering Laboratory (CIRREIL ) in September 1993, The experimental findings are
briefly described in Section 11, and details are referred to Nghiem et al. [1 7]. In Section 111,
adynamic-clectromagnetic scattering modcl of salincice is developed. This direct, scattering
modecl consists of asalineice physical model describing the dynamic variation of ice charac-
teristics coupled with an clectromagnetic scattering model accounting for wave P! opagation
and scattering in random medium. Interpretations of experimental are also demonstrated
here. The inversion algorithin using tilllc-series data based onthis direct scattering model
and a parametric estimation approach is described in Section 1V, The inversion results for
salinc ice thickness retrieval and comparisons with ground truth arc givenin Section V. The
advantage of using tilllc-series data for the inversion is also discussed in this section. The
surmmary is presented in Section VI.

11. DESCRIPTIONOF SALINE 1CE GROWTH EXPERIMENT

In order toinvestigate the clectromagnetic scattering mechanisms involved inthin scaice,
to relate polarimetric backscattier signatures 1o ice physical characteris tics, and to assess the
fecasibility of thicknessinversion, a saline ice experiment was conducted by the Jet Propulsion
Laboratory (.11' 1,) andthe Massachusectts Institute of Technology (MIT), i conjunction with
the U. S, Army Cold Regions Rescarch and Ingineering Laboratory (CRRICL). This saline
ice growth experiment inan indoor refrigerated facility was carried out during September
1993 at CRREL inHanover, New Hampshire. Inthis section the evolution of measured C-
hand polarimetric backscatter signatures and physical characteristics of salineice during its
growth are briefl y described and discussed. The detailed experimental set up, p rocedu res,

and findings have been reported by Nghiem el ol [1 7]

I the experiment, theice sheet was grown from open saline water with a salinity of
32 ®/oo under guicscent conditions. The air and water temperatures were kept constantly
at aboutl -21.8 °C' and -2.0 °C, respectively, to mimic the Arclic sea ice growth conditions.
During theice growth, a C-band polarimetric scatterometer was used to collect backseat ter
data at various incident angles. T'he measurcin ents were made at an interval about cvery
centimeter of icegrowthup to 11.2 cminice thickness. At the same time, ice samples were

taken from the pond to characterize their physical properties such as thickness, temperature,
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Figure 1 : CRRELIEX93 thinice growth. [ 1 represents measured ice tiickness. Solid line is

the simulation of ice growth using thermodynamic model

and salinity. The evolution of ice thickness during the two-day growth is shown in Figure 1.
The growth rate is about ().23 cn/hir. The symbol represents incasured thickness and the
continuous curve is obtained from anice growth siimulation which will be described in the
next section. Increasing ice thickness is accompanied by the desalination of ice sheet. Figure
2 rCveals a roughly 30% reduction in the bulk salinity S (V/,) as a function of thickness 4
(cm). The experimental data have been fitted by alincar curve witha correlation cocflicient
about (). {)0,

Si:16.0 - 0.532% (1)

for 1 e < h < 10 cm. The desalination may clue mainly to the processes of brine migration
and gravity drainage under the controlled laboratory conditions [1 7]. Both the thickness
growlh and the desalination rates of saline ice are compared quite well with those from sca

ice experiments[18,1 9.

Measured polarimetric backscatteri ng cocflicients are shown in Figures 3 and 4 for 25°
and 30° incident angles, respectively. It is noted that there is alarge increase of 8 10 dB
for al three polarizations (VV, 1111, anl1V) as ice grows from 3 cimto 11.2 cm. Although
the backscatter from sea ice may be caused by sceveral possible mechanisins including the
surface scatiering from both air-ice and icc-water interface roughiness, and scattering from
britie inclusions within the ice sheet. However, the large incrcase of backscatter is hardto
he explained by the commonly used surface scattering models, since the air-ice interface is
mecasured very simmooth and unchanged during the experiment and the icc-water interface
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Figure 2: CRRELEX93 saline ice bulk salinity. [1 represents the mcasured salinity data.
Solid line is the limear fit of these data.

under t he lossy ice layer has a dendritic structure with a relatively constant brine layer
spacing [17]. This suggests that volume scattering from brine inclusions may be the dominant
contribution for this large backscatter increase. Nevertheless, in view of volume scattering,
without including the absorption and scattering loss, a four times increase of ice thickness
canonly account for at most 6 dB incrcase, and thie losses will further decrease this value.
Thus, thickness only can not explain this experimental observation, some other dynamic
processes have to be considered. A's we know, the scattering from Rayleigh scatterers, in
our case the brine inclusions are much smaller than the wavelength, is proportional to the
sixth power of particle size.  Thercfore, the increase of size can contribute a lot to the
backscatter. Plausible explanations for brine size changing withice growth are side-wal]
melting inbrine features and brine interconnections [17]. Both the dynamic desalination
and size varying will be considered i the discus ston of saline ice scat tering model in the
next section.

111. DYNAMIC-ELECTROMAGNETICSCATTERINGMODLEL,

Yor remote sensing of geophysical media, a physically- based clectroma gnetic scattering
mo delnot only provides insights into the import ant scattering mechanisms but also re nders
a useful too] inanalyzing mecasurements and ret rieving physical parameters.  Geometric
strut.turcs of carth terrain arc generally very complex and electromagnetic wae interactions

with geop hysical imedia are fur her complic ated by their tiime-varying physical propertics. As
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Figure 3: CRRELEX?93 mcasured backscatter and the simulation of backscattering cocf-
ficients from the radiative transfer equation.Incident angle is 25°. V, 11, and X stand for
mecasured datain VV polarization, 1111 polariz ation, and 1V polarization, respectively. The
corresponding simulation results arc epresented by solid line, dashed line, and dot-d ashed

line, respectively.

an example, sca 1ce char acteristics, such as t hi ckness, saliniity, and brine size, are dynamic
with its growth. These ice properties strongly aflect radar signatures of sca ice. In this
seclion, a salincice physical model describing the dynamics of ice characteristics coupled
with an clectrom agnetic scaticring model accounting for the wave propagation and scattering
is developed. This dynamic-clectromagnetic scattering model is employed to interpret the
evolution of thickness and polarimetric signatures during ice growth and is applied in the
inversion algorithim to retrieve ice thickness inthe later scction.

A. Electromagnetic Scattering Model

Various clectromagnetic scattering models of sca ice have been developed and applicd
in the study of sca ice remote sensing [8-1'2]. Inaccordance with the laboratory observa-
tions described in Section 11 complexities in the ice structure such as rough interfaces and
Shiowcoverareignoredhere. A layered scattering medium of salineice with flat interfaces is
considered here and the model configuration is depicted inFigure 5. The uppermost medium
is air with permittivity ¢,, the layer of thickness hrepresents thesalineice and the lower hall
space is saline water with complex permittivity ¢2- Within the ice layer, the background is

pure ice with complex permittivity ¢, brineinclusions arc modeled as randomly distributed

6
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IFigure 4: CRRIEI.1NX’93 mcasured backscatter and the simulation of backscattering cocf-
ficien ts from the radiative transfer equation. Incident angle is 300V, 11, and X stand for
mecasureddatain VV polarization, 1111 polarizat ion, and HV polarization, respectively. The
corresponding simulation results are represented by solid line, dashied line,anddot-dashed

line, respectively.

but vertically oriented spheroids with complex permittivity .. Thethree scll]i-axes of the
particle are denoted as U, b, and ¢ with b= ¢. Thie total fractional voluine of brine pockets is
Jo- The model parameters are subject to the dyn amic change s of ice physical characteristics
during the growth process.

With the configuration described above, the radiative transfer equation is applied to
describe wave propagation and scat tering through anice layer [9],

COS -d] (0’¢’ 2) - "‘E( d)) ( ) d)a Z) A ‘//M ([Q/:])(()’ d); 01’ ¢l) . 7(017 d),3 Z) (?)

dz
where g <0 < n and 0 < ¢ <22, The quantity I represents the Stokes vector, ke is the
extinction matrix which includes both scattering and absorption losses, and :]’(0, ¢, 0, ¢")
denotes the phase matrix which describes how particles scatier radiation from the direction
(0, ¢')into the direction (O, ¢). Given boundary conditions, the specific intensity 7 is solved
using the iterative or the discrete cigen-analysis techniques [9]. Inthisstudy, a first-order
iterative solutionof radiative transfer equation(2) is usedto calculate the clectromnagnetic

scattering fromsaline ice. The explicit solution form is given as

16 (00, ¢0) = Ta(0) - [T+ M(0,)-1°(0, ) - T13(0) - N(0, 6) - Rso(0)]

-~
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Figure 5: Electromagnetic scattering model of sca ice.

S, (0,¢) -1 32(0,4)]
170(0) [ M0, ¢) - 1°(0,8) . T12(0)]
[Sa(n - 0,4) -:34(71 - 0,¢)] (3)

1 pmrmammy

where (0o, ¢o) denotes the observation direction inthe region O, and (0, ¢) is the scattering
direction inside thie scaice layer (region 1), Incident angle Oy is related to 0 by Snell’s law
and ¢g is cqual to ¢. Ig, is the observed Stokes V(:(:t()r,:] is the identity matrix, and a'ij
and 15 are the respective transmission and reflection matrices for the boundary between
regions i and 7 [9]. The four terms Sy (0, ¢), Sa(0, $), Sz (7 - 0,¢),and S4( - 0, ) describe
four major volume and surface interactions: a single upward scattering by the particle,a
refllection by the boundary at z:= - hand followed by a single upward scattering by the
particle, a single downward scatiering by the particle and then followed by a reflection off
the boundary at z = - h, and arcflection by the boundary at z= - I, fol lowed by a single
downward scattering by the particles and further followed by a reflection ofl the boundary
a z: -h,respectivel y [9]. Matrices :]"(0, @), 7\4(0, ¢), and 7\’(0, @) are related to the
zeroth-or der scattering solution which accounts for scattering and absorption losses at the
specular direction. Detailed expressions for these matrices arc given in the Appendix. T'he
hackscattering cocflicient is talclllat,cd as

](gl};(opi,d)oi 4 7)

0pa(00i) =+ 47 cos Og; -

4
]om(ﬂ - 00:',%{) ( )

where o, ff can be v for vertical or /i for horizontal polarization, and the subscripts i and s

denote theincident and scattered waves, respectively.



B. Thin Salinc: lce Growth Model

Theformation and growth of scaiceisacomplex 1)1'0C(ss. 1 general, the ice growth rate
is influenced by various environmental elements suchas the air-sea temperature difference,
wind, humidity, snow, sca current, and occanmic heat flux [20-22]. However, it is possible to
obtain a rcasoniable estimation 011 ice growth by usin g a heat and mass balance equation
[23,24]

dh 17, -7,
) - N ] ©)
dt = pl 1
R -| _]1‘
C v
where I is the jce thickness, 4% is the growth rate, 7, is the air temperature, and 1), i's
the ice melting temperature. The thermal conductivity of saline ice ki in W/m/°C can be
talc.ulatd from an cinpirical formulation given by Maykut [20]

. . 97 15;

l“i - 9828(' 0005((11 I }1/3) _I 1[7' (6)
where Si is the bulk salinity in*/ ., 7% is thie ice temperature in * C, and the constant
B:0.13W/m/(°/ ao). It is noted that 75 can not be 0 °C unless S; approaches zero [20]. L
is the latent heat of freezing in J/kg; an approximate exp ression for I has been obtained
by Fukusako as [25),

S

8 X 10" S0, 009’1',3) (7)

1 -4.187%10° (9.68- 0.5057,,70.02735; -4 4.31 ]5-,16

where 75, is in °C'. The quan tity ¢ in (5) is the heat transfer coefficient between ice and
air which accounts for contributions from both ccmvcc.tie]) and radiation. A typical value of
cis11.6 W /2 /°Cat -40 ‘C under the still air condition [23). p is the density of the ice.
The density of g;as-free saline ice canbe related to temperature and salinity through the
following cquation [26]
L ) .
PN ST (8)
where pi is the pure ice density, and th ¢ functional forms of Iy and I can be found from
the work of Clox and Weeks [26].

The growth p rocess of sca ice!l also accompanies the desalination process. As the ice
thickness increases, there is a continuous decrease in the ice salinity by mechanisins such
as brine migration and gravity drainage. From the experimental observations presented in
the previous section, the bulk salinity of thin salineice is approximated by a monotonic

decreasing function of ice layer thickness h and a desalination factor d; as
Si= Sio- dsh (9)

9



forlTem < < 10 em. 1t is plausible that, inthe desalination processthe  drainage  mecha-
nism causes once brine to combine or imterconnect with another one to form a larger brine
feature [] ‘i]. Morcover, the temperature gradient between the brine and the surrounding ice
background gives rise to the side-wall melting. Thus,a further assumption is madehere of a
lincar increase of the brine inclusion size a with the thickness hand a size expansion factor
s as

a-ag-{ . 1/ (1o)

withlem < h <10 em. The difficulty is that thercare 110 quantit at iveinsitumecasureimnents,
to the best of our knowledge, on how the brine size changes with the growth of ice. However,
the assumption made here will be tested by comparing the theoretical results with the

experimental data o11 radar backscatter signatures.
C. Comparison of Model Results with Fxperimental Data

‘111 growthof ice is related to the density, thermal properties and air temperature
according to cquation (5). Irom equations (6) (8), we can sc(r that p, ki and 1, are
dependent on the ice temperature 75 which generally assumes a linear profile within the ice
layer.In order to simplify the ice growth simulation using (5), we let 7; be the mean of
melting temperature 75, (at the interface of ice and saline water) and the air-ice interface
temperature 1. The surface temperature 75 is determined from the balance of the net heat
flux at the surface [23],

. L]: T, T,
s - : (ll)

Since ki is an implicit function of 7, equation (11 ) is solved using an iterative tcechnique.
The required salinity information at cach growth stage is obtained from equation (9). A
finite difference schemne is employed in solving (5), a best-fit value of ¢= 85W/m?/°C has
becnused. The simulated thin saline ice growth, as indicated by the conti nuous curve in

Figure 1, agrees with the measured ground truth

InFigures 3 and 4, we also present the comparison between model siimulations and the
radar mecasurements with differentincident angles for the whole period of ice growth. The di-
electric, propcertics of theice medium used intheoretical simulations include the background
ice permittivity with a typical valuc ¢; = (3.1 5170.002)¢,, the saline water permittivity calcu -
lated from the equation given by Kleinand Swift [27], andthe brine permittivity determined
from the empirical formulas given by Stogryn and Desargant [28]. Other parameters like ice
thickness is from cquation (5) with the thermal parameters as given in Section 111 AL The

fractional volume of biine inclusions is calculated based on Cox and Weeks [26], which is

10



related with the ice tom perature and salinity. The salinity is computed from equation (9).
For the size and shape of brine inclusions, we assume a value with b = ¢ and ¢/a = 3.5,
The assumption of uniform shape is based on the observation of the app roximately constant
ratio between the co- and cross- polarization returns as illustrated in experimental imcasure-
ments. A lincar size growth with aninitial value @ 0.012 cin and size expansion factor
Gs: 0.00185 arcused (1. The good agreement between simulation and me asured dat a also

showsthe validity forthis two layer salincice nmiodel.
IV. INVERSION AL.GORITHM USING SEQUENTIATL MEA SUREMENTS

FFor the growth of saline ice considered in this study, the ice systein follows the set of
cquations (5), (9) and (10), sue]) that the state of icc at acertain stage can be estimated
from previous states. With electromagnetic measurements made ina tiime series, it is helpful
to uscthese correlations toimprove theretrieval of relevant physical paramecters.

The radiative transfer scattering model described inthe previous section provides a
rclationship botween the expected backscatter measureme nts to the radar parameters and

the saline ice characteristics. Let this relationship be expressed as
0i -]“(li,é,:”l?) ARG (12

where 05 is the m casurem ent data vector WILTOSC clem ents consi st of backscattering cocef-
ficients, I (ti,%,%) is the model response, and @ represents the discrepancy between the
observation and the model result, The index i is used to denote the measurciment time at 4.
The array z denotes the set of known radar parameters such as the frequency, polarization,

and looking direction. The vector 2 contains the pertinent model parameters of saline ice:
2= [ho, Sio, ds, ag, gs, C] (13)

here 11(,= h(lo) is theice layer thickness at time{g at which the reference time for the first
set of data taken. ‘I'he othier parameters Sios ds, ag, ge, and ¢ have been defined in Section

111.13.

In the retrieval analysis, model paramcters T are to be determined. A common approach
to the estimation of paramecters is to measure the data @ and inverse the relation (12), i.e.
express the parameter 2 interms of 0. In principle, the accuracy of the estimation is de-
pendent onthe accuracy of modeland measurements. A least-square optimizationapproach
is app lied inthis Paper to study theinversion problem of saling ice. T'he minimization of
the sum of squares of the difference between the measured data and the model response is

performed by using the Levenberg- Marquardt algorithin [29-31 1. The inversion algorithin

1
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Iigure 6: Block diagram of the inversion algorithin with time series measured data.

using tine-serics measurements is summarized in Figure 6. At the j-th iterative step, the
estimated parameters 0 consists of ice parameters at a specific time including the initial
ice thickness, initial salinity, initial brine size, desalination factor, brine size growth factor,
and the heat transfer cocflicient. The subsequent thicknesses, salinity, and brine sires at
different growth stages arc calculated according to the salineice growth model described in
Section 111.B and the clapsed time between cach mcasurements. This set of ice paramcters is
then substituted into the electromagnetic scattering model which solves the radiative trans-
fer equation and generates a simulated tilnc-series of backscatters which arc compared with
the real mecasurements. T'hus, the object function contains the whole tilllc-series mcasured
and model data, incontrast to the results atl onc specific time. If the predicted results do not
match with measured data, the guessed model paraincters are to be adjusted. Inorder to
minimize the Imst-squares object function, the entire series of simulation and experimental
results must be matched. In this way, the range of possible retrieved thickness from an ini-
tial trial thickness can be reduced and the retiieval may be more robust to the discrepancy
between miodel responses and measurcinents. T'he procedure is then repeated until the error
threshold is reached. The inverted initial thickness is finally applied back to equation (5) to
reconstruct the ice thickness for the whole growth stage.

V. INVERSION RESULTS AN]) DISCUSSION

The sets of scquentially measured radar data shownin¥Figures 3 and 4 arc appliedto

12
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Figure 7: Thickness retrieval without time series information. The circle shows possible
combinations of thickness, brine size; and brine volume whichnay give similar backscattering
cocflicients at a specific time. Filled triangle represents inversion results with one unknown
and without time series information. The ground truth of icc thickness is represented in
('1oss.

the inversion algorithin developed in the previous sectiori. We first consider the thickness
retrieval without incorporating the tilllc-series information. For this case, cach 25° incident
angle data set al a specific time is inverted separately. The open circles shown in Figure
7indicate the possible solutions of thickness corresponding to the backscatier at that spe-
cific time, while the cross symbols represent the measured thickness. This is as expected,
since diflerent combinations of thickness, brine vohune,and brine size may give a similar
backscattering coeflicient. In other words, the clectromagnetic scattering model only dots
not provide suflicient information to reconstruct the ice thickness uniquely. We further let
thickness be the only unkniown model parameters and assume salinity and brine size to have
their values the saine as those used in Section 111, C. Phe same set of backscatter data at
25% incident angle is applied to invert ice thickness. The retrieved thickness, as denoted by
the filled tri angles in Figure 7, still shows a large fluctuation from the measu red data. The
rea son is that, as shown in Figure 3, although the radiative transferimodel results follow
the trend of measured data for the wholeice growth stage, the peak deviations between
them can still be as large as 2 dB which mmay be caused by some measurement uncertaintics
and the inaccuracy of simplified saline ice scattering model. This example demonstrates an

unsuccessful inversion even with only thickness being the unknown paramecter.

To circumvent the non-uniqueness and noise problems, the inversion with tilnc-series

13



model mitial | lower | upper final aue
paramcters | guess | limit | himit 25° 30°
ho (cin) 1.0 1.0 8.0 2.87 3.58
o (cm) 0012 | 0.012 | 0.015 | 0.0128 | 0.0121
s 0.002 | 0.0015 | 0.002 | 0.00169 | 0.00163
Sio (% 00) 20) | 150 | 200 | 1555 | 15.08
dy(“Joofem) | (.5 0.5 0.8 0.5 0.54
c(W/m?/°C) | 100 8.0 12.0 8.0 8.0

‘Table 1: Initial guesses, constraints, and inverted model parameters.
mcasured data is considered next.  Thie inttial thickness is a pertinent parameter to be
inverted. Since the growth rate of ice is not apriori information, the heat transfer cocflicient
¢ is dso included as an unknown model paramecter. Instead of letting @l parameters changed
freely, which will make the inversion algorithim to be ineflicient as well as susceptible to
some local minimum attrac tions or divergence, we set unk nown model paramcters to be
constrained within some physical ranges. Table 1 gives the initial guesses, constraints, and
the inverted values of model paraineters for this inversion. The reconstructed ice thicknesses
arc showninIFigures 8and 9 for two different incident angles 2.5° and 30°, respectively It is
noted that the retrieved ice thicknuess agrees very well with the micasuredice g rowth by using
this time-series inversion algorithm. Theretrieved thickness for the 25° data set looks hetter
than the one for 30° which may be due to the larger deviation between model simulation

and measured data in cross-polarization at 30° incident angle.

The above cases use the full set of radar icasurcments with multi-polarization to per-
formthe thickness retrieval. In view of the present available remote sensing sensors with
cither VV polarization (IXRS) or 11 polarization (RAD ARS AT) only, we further apply this
algorithim to retrieve ice thickness by using single polarization tilnc-series data. The un-
kunown parameters and limits arc the same as the above polarimetric case. ‘J able 2 lists
the final inverted results of these paramcters. Migures 10 and 11 illustrate the respective
inversion results using cither HI or VV polarization data at 25° and 30° incident angles.
In general, the retrieved ice thickness still shows reasonable agreement with the measured

ground truth.

V1. SUMMARY

In this paper, we have developed an inversion algorit hin for the thickness of thin saline
ice based on the radiative transfer theory,ice g rowth physics, and parametric estimation
mecthod.  ‘1'ilt)c-series mcasured data are used instead of multi-frequency or multi-angle
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Figure 8: 1 Tiickness retrieval with polarimetric time-series data. 11 js the measured ice
thickness. Solid line represents thickness retrieval with six unknowns a1,d with time series
data. lncdentangle is 25°.
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Figure 9: Thickness retrieval with polarimetric liltlc-series data. (1 is the measured |
thickness. Solid line represents  hickness retrieval with six unknowns and with time series
data. Incident angle is 30°.




1001 (1 25° 25° 30° 30°

parameters 111 A\YAY 111 VvV

ho (cm) 2,19 4.31 2.39 3.33
ao (1) 0.012 | 00127 | 0012 | 0.0128
s 0.00176 | 0.00160 | 0.00178 | 0.00173

Sio (0/00) 15.0 15.0 15.0 18.1
ds (°/oo/cm) | 0.611 0.5 0.5 0.789

c(W/m?/°C) 8.0 8.0 8.0 9.19

Table 2: Final inverted values of model parameters for different incident angles and different
polarizations.

hickness (cm)

-

-0 10 20 30 40
Relative lime (hour)
Figurc1 (): Thickness retricval with single polarization ti]llc-series data.[1is the mcasured
ice thickness. Solid line represents thickness retrieval using VV polarization tilllc-series data,

and dashed line is the result using HH polarization till)c-series data. Incident angle is 25°.
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Figure 11: Thickness retrieval with single polarization time-series data. (1 is the measured
ice thickness. Solid line represents thickness retrieval using VV polarization time-series data,

and dashed line is the result using 111 polarization time-series data. Incident angle is 30°.

data to reduce the effects of uncertainty and noise. e saline ice growth model provides
more mformation to constrain the parameters. Since the ice growth rate is a function of
thickness, diflerent guesses of the initial thickness will produce different growth conditions
in the subsequent growth stages and the backscatter response will be affected concomitantly.
In order to minimize the least-squares objective function, the entire time-series simulation
results must match the whole tiine-series measurements. Therefore, the range of possible
retrieved thicknesses from an initial trial thickness is reduced and the retrieval also becomes
more robust to noise at individual data points. As a result, a better retrieval of thickness
15 achieved by wtilizing these time-series measurements in this method. The demonstrated
accurate thickness retrieval, as shown in Section V, suggests the potential usage of this

algorithn for satellite remote sensing of sca ice.
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APPENDIX

The matrices ”\EQ, ?), M/RP é), w:g, ¢), and the vectors S0, ¢), S2(0,¢), Sa(x - 0, ¢),
Sa(m- 0,¢) used in the first-order solution of the radiative transfer cquation are given here:
M(0,¢) = 120,¢)- D BO,$)scc0h) - 12 (0, ) (A1)

N(0,¢) = B(n- 0,) D( Bn  0,d)sccOh)- T '(x  0.4) (A.2)

In the equations (A1) and A2 _ the diagonal 1141 ix D is

1 f(0,¢)sccOh) -

¢ £1(0, ¢)sccOh 0 0 . -
) ¢ B2(0,8)sccOh 0 . |
0 0 o P(0,¢)sccOh 0 (A3
0 0 0 o B0, ) sccO0h

where f1,(0, ¢) is the cigenvalue of the zeroth-order solution of radiative transfer cquation,
and their associated cigenvectors form the matrix £2(0,¢). For an azimuthally symmetric
medium, the cigenmatrix can be simplified as

I 00 0
= 01 0 0
Iy = A4
0 01 1 (A4)
0 0 « -1
The vectors Sy, Sa, Sy, a1d Sy are
4 4 4 _
S(0.6 = DI [sec0 B(0,9)]
o 3 1 ks 111 &I
1. . Br(x  Oyiy i) secOyih B;(0, ¢)sec 0
Bi(0,¢)sccO 1 Bi(x 01; ¢y;)scely; "
i ik
[- -1 H =
1 (0,8) - PO, 51 - Oviy i) - 1o(m - Oriy i) §
| ik
[ -1 = =
i ? 01 A\:L OAP?&: .Q_EAQEV il
- (o cos Oy; ‘
Ado |l - - <
ﬁ S_N ¢y cos 0y; (A-5)



4 Rl 1

;A;Fuﬂyﬂﬂ¢”_
1

]}

]
o PO, @) secOyile - Bi(0, @) secOh
( i

—
"

B3i(0, ¢)scc 0 - Bi(04i, ¢y} sec Oy,

[ 0,01 100, 6500000 (0w, )]

e
7 0010 1O 1) 12000 N (Ot 1) - Tr (001

- o cos Oy;
' [IOi]l y

ki

¢ cos Oy; (A.6)
) 4 a4 4 .
{.5'3(71 - O,Qf))] : D> [sccO F(n - 0,(7))] ,
@ J=1k=11=1 @d
[ Bi(m - Oy i) see Oyl Bi(n - 0,¢)sccOh
) Bi(m- 0,¢)sccl- Bi(m - 054, dni)sccly; \
- J
= -1 H =
Al (n- 0,0) P(r- 0,71 - 04y ¢:) - Fo(m - 01,-,4/)1,»)] §
ik
B - -
[ 0 GO ) Tt
- (o cos Og; .
. []01]1 ' ('1 cos Uy (A7)
) 4 4 4
[W”“MQ:LLLVW”“MM
J=1k=11=1
,Bk (014, 1i)secOy;h - Bi(n -~ 0,¢)sccOh
Bi(n - 0 d)) scc 0 - ﬂ;\(Oh,d)“)S(COI, \
j
? V 7( "0 d) ] (ﬂ -0 QJ) Olnff)]t)“ (0113 ¢)11)1
ik
[]’/ 011’4)11 ] (011,4’11) :]fn(on) N(Olnd’h) ()](001)] N
- 0o "
]0 ¥ . (](()S 0() (A8)
._ cjcos Ui
wl 1ere o represents the a - th component Of th ¢ vector, (01i, #1:) is th ¢ incident direction

insidethesca ice layer (region 1), and ¢} represents the real part. Of the permittivity ¢;. The
maltrices I and G are

10, @) = [1-T012(0) . N(0,8) . Tto(0) - M(0,¢)] (A.9)
?mmﬁ-umjmmﬁMWWmMW (A.10)
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