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Abstract—This study is concerned with the development of a model
to describe microwave emission from terrain covered by wet snow. The
model is based on the radiative transfer theory and the strong fluctu-
ation theory. Wet snow is treated in the model as a mixture of dry
snow and water inclusions. The shape of the water inclusions is taken
into account. The effective permittivity is calculated by using the
two-phase strong fluctuation theory model with nonsymmetrical inclu-
sions. The phase matrix and the extinction coefficient of wet snow
for an anisotropic correlation function with azimuth symmetric are
used. The vector radiative transfer equation for a layer of a random
medium was solved by using Gaussian quadrature and eigen analy-
sis. The model behaviour is illustrated by using typical parameters
encountered in microwave remote sensing of wet snow. Comparisons
with emissivity data at 11, 21 and 35 GHz are made. It is shown that
the model predictions fit the experimental data.
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1. INTRODUCTION

Snow can be divided into two categories: dry snow and wet snow.
Refrozen snow is dry snow that has gone through several melt-froze
cycles. Passive microwave remote sensing of dry snow has been studied
extensively by using semi-empirical models [1, 2] or theoretical models
including strong fluctuation approach [3-5], radiation transfer with
discrete scatterers [6-8] and dense media radiation transfer equations
[9, 10]. However, the experimental and theoretical studies of wet snow
are still very limited [3, 11-14]. The purpose of this study is to develop
a model to describe microwave emission from wet snow, based on the
radiative transfer theory and the strong fluctuation theory.

When melting begins, snow wetness becomes the major parameter
defining the emission properties of the soil-snow-atmosphere system
[12]. The brightness temperature of wet snow is strongly influenced
by its free water content. Therefore, wet snow can be treated as a
two-phase mixture by considering the water particles as inclusions em-
bedded in dry snow that is the background medium. Under this as-
sumption, it is important to consider the shape of the water inclusions.
In this study, an anisotropic and azimuth symmetric correlation func-
tion is used which correspond to sphere, needle or disk-like shape, when
the two correlation lengths are treated with different values [4, 15].

A good summary of the semi-empirical dielectric models of wet snow
is found in Hallikainen et al. [16]. The effective permittivity of wet snow
can also be calculated by using the strong fluctuation theory. Jin and
Kong attempted to use the strong fluctuation theory with a three-phase
mixture (air, spherical ice particles, and spherical water particles) to
calculate the permittivity of wet snow [17]. Our previous work has
shown that consideration of the shape of inclusions is important and
the two-phase model with nonsymmetrical inclusions provided better
results than that three-phase model with spherical inclusions for the
effective permittivity of wet snow [18].
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In this paper the phase matrix and extinction coefficient of wet snow
are calculated by using the strong fluctuation theory for an azimuthally
symmetric correlation function [4, 15]. Unfortunately, the expressions

for the effective permittivity and the coefficient S of the delta function
in mean dyadic Greens function are not identical in [4] and [15]. The
key point is that they used a different method to evaluate the principal
value of the dyadic Greens function. We will adopt the coefficient S
according to [4] in our model.

We solve the vector radiative transfer equation for a layer of a ran-
dom medium by using Gaussian quadrature and eigen analysis. Com-
parisons with literature-based brightness temperature data [14] at 11,
21 and 35 GHz are made.

2. THE EFFECTIVE PERMITTIVITY OF WET SNOW

The effective permittivity tensor g5 of wet snow has been studied in
our previous paper [18]. For easy reference, we give the main formula-
tions of our wet snow effective permittivity model in this section.

In our model, wet snow is treated as a two phase-mixture by con-
sidering the water particles as inclusions embedded in dry snow that
is the background material as shown in Fig. 1. The permittivity of
the scatterers is €5 = €yqter and the permittivity of the background
medium is €, = €4y _snow- The fraction volume occupied by the water
inclusions is f, and the fraction volume occupied by the dry snow is
1 — f,. The shape of the water inclusions is considered by using an
anisotropic and azimuthally symmetric correlation function [4, 15]:

Dry snow Water inclusion

/ /

Figure 1. Wet snow as a two-phase mixture.
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2,2
ACF(r) = exp (—Q; l—gy - |li|) , (1)
p z

where [, = [, = [, is the correlation length in horizontal direction and
[, is the correlation length in vertical direction.

The elements of the uniaxial effective permittivity tensor E.pp =
diag [€cffp Ecffp Eeffz] for an anisotropic and azimuthally symmetric
correlation function are given by [15, 19-21]:

g0011(f1 + S
Ceffp =g+ 1= 551(1(]1 +)S) (2)
0033(13 + S>) 3)
1 —S.033(I3 + S.)
where £, and ¢4, are the quasi-static permittivity in horizontal and

vertical direction, respectively. They are the solutions of two non-linear
coupled equations [4]:

Eeffz = €gz T

. GsTC _fy.__fp7C&
Iy g0+ S(es — g4) -5 g0+ S(ep — &4) ’ @
for e (1)) e =0, (5)
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S and S, in equations (2) and (3) are the dyadic coefficient of the
Dirac delta part in the dyadic Greens function of an anisotropic
medium [4],

1/2
60 . bl
S=——— (6)
1/2
Eg (21)1/ + 1)
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_ &g 12
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The variances 017 and d33 in equations (2) and (3) are deduced from
g4 and g4, [15]:
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The integrals [; and I3 in equations (2) and (3) for the correlation
function (1) can be written as [15]:

V€gz€0 / tand tan? 0
I, = dfsin Otan? 6 - —
T sinftan0 - Vi =7 e Ty

tan 6 psgz /2 . tan? 6
erfc<2h\/, }—l— 5 0 df sin 0 cos 0 exp 17

4
tan 6 512 tan? 0
- erfe ( an > + p d9tanc9€xp <i>

=

4h?

Zk?’l l k3121,
- erfc anf + Sg + 2 Zg (11)
12 \E€g€0 3 €0

g 1 [T/? tan 6 tan? 6
877 JegEg mh /0 {ﬁ Tonvs P\ anb

tan @ k212 pm/2 tan2 6
-erfe <22I\l/l—)> } + %/0 df sin® tan 0 exp (%)

C“

tan 6 ikd 5, [e
- erfe + 202, /L 12
4 <2h\/5 3 7"V eo (12)
where b = ;ng’ = ﬁ—p; and erfc is an incomplete error function with
complex arguments:
erfe(z) =1 — erf(z —1——/ —2*dt. (13)

3. THE BRIGHTNESS TEMPERATURE OF WET SNOW

Our microwave emission model for wet snow is based on the solution
of the radiative transfer equation inside the snowpack by taking into
account the boundaries at the soil and atmosphere interfaces, as shown
in Figure 2.

Inside an inhomogeneous medium, let 7,,(6,z) and Ty(6, z) denote
brightness temperatures at vertical and horizontal polarisation. The
radiation transfer equations for passive remote sensing can be written

as [6]:

st L0 — i [0

[ 08 e o) 0
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Figure 2. Geometrical configuration of a three-layer medium.

where k, is the absorption coefficient, kep = kg + ksp (p = v, h)
is the p-polarised extinction coefficient and kg, is the scattering co-
efficient. 6 is the incidence angle, ¢ is the scattering angle, Ti(z)
is the temperature profile of the inhomogeneous layer, and Pi1(6,6"),
P15(0,0") Py1(6,0") and Pya(6,6') are the phase matrix elements.

The absorption coefficient k, is expressed as [22]:

Ko = 2kolm Lsé{fetj , (15)
where ko is the wave number in free space, and eg4uet is the quasi-
static value of the dielectric constant of wet snow. The scattering coef-
ficients kg, and kg, are deduced from the phase matrix components

PO, ¢; 6, ¢') [4]:

Ko (0) = /0 " 46 sin [P11(6,6") + P (6,6)] (16)
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o (0) = /0 "0/ sin @ [Pra(6,6) + Pa(, )] (17)

The elements of the phase matrix for the transverse isotropic correla-
tion functions (1) can be written as [4]:

P16, 0")=Q(0—0") exp(—A) {[533 sin?0 sin®0'+ %511 cos? ) cos® 9’]]0 (4)

1
+2813sin 0 sin 0’ cos § cos ' 11 (A) 5(511 cos?0 cos?0'I(A) } (18)

1
Pyy(8, 0') = 5511Q(9, 0') exp(—A) cos? O[I(A) — I(A)] (19)
1
P12(0, 0’) = 5511@(9, 9/) exp(—A) COS2 el[Io(A) — IQ(A)] (20)
1
P(6, 0') = 501Q(0, 0') exp(—A)[Io(A) + I2(A)], (21)
where
k4 l, l2 k2,1 (sin @ —sin 0')?
9 9/ wet wet’p
Q. )= 4 l—i-kwet(cosﬁ—cosﬁ’)QlQ xp[
(22)
k2,12 sin 0sin 0
A= £ (23)

2 )
where I,,(A) is the modified Bessel Function of the first kind of n-th
order, and k¢ is the wave number in wet snow

[Eeff
wet = W/ HUEeff = kO ﬁ (24)

where e.r; is the effective permittivity of wet snow.

The radiative transfer equation (14) can be solved by using Gaus-
sian quadrature and eigenanalysis technique subject to the following
boundary conditions, for 0 < § < 7/2 [23]:

Tp(e, z = —d) = T‘lgp(e)Tp(ﬂ' — 0, z = —d) + tlgp(e)Tsoil (25)
Tp(ﬂ' — 0, Z = 0) = mlp(é’)Tp(G, z = 0) + tOlp(Q)Tskyp(GO)a (26)
where 712, 701, are reflectivities, t12,, to1, are transmissivities, and

tinp = 1 — Trmp - 0 and 0p, and 0 and 0y are related by Snells law,
respectively.
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In the calculation of the reflectivity, the effective permittivity of dry
snow, wet snow and soil should be known. In this study, the Stogryn’s
model in [24] and [25] is used to calculate the effective permittivity of
dry snow. The measured permittivity and dielectric loss factor of soil
as a function of frequency and with temperature as a parameter can
be obtained from [26].

The sky radiation is approximated by [23]:

Tskyp(00) = Tair[1 — exp(—koq - t - secfp)] (27)

with T,;- denoting the air temperature, kg, the absorption coefficient
of the air, and t the thickness of the atmosphere.

Once the radiation transfer equation (14) is solved subject to the
boundary conditions (25) and (26), the brightness temperatures are
given by [23]:

TB(eo) = t01p(9)Tp(9, zZ= O) + TOlp(QO)Tskyp(GO)- (28)

To find a possible effect due to the small roughness of the surface, we
simply modify the reflectivity 7, according to [4]:

Tmnpl = €xp (—h cos? 0) Tmnp, (29)

where h is the effective roughness.

It should be noted that the quasi-static permittivity £, and the
effective permittivity .5y of wet snow are uniaxial tensors as we dis-
cussed in Section 2. For simplicity, we use an isotropic value of the
quasi-static permittivity egyper instead of g, in the equations of the
absorption coefficient (15), and an isotropic value of the effective per-
mittivity e.¢y instead of Z.f in the phase matrix element (18) to
(24). In the calculation of the reflectivities r12p, 701, and the trans-
missivities t12p, to1p, an isotropic value of the effective permittivity
geff 1s also used instead of the uniaxial tensor Z.¢s. In the case of wet
snow, the vertical direction is dominant. In the following calculation,
we set:

Egwet = Egz (30)

Eeff = Eeffz- (31)

The model needs to be further studied concerning the use of the uni-
axial tensors g, and E.ss throughout the calculations.
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4. PERFORMANCE OF THE MODEL

In order to illustrate the model behaviour, we shall consider the de-
pendence of the emissivity of wet snow on the input parameters in this
section.

The model flow chart is shown in Figure 3. The input parameters of
our emission model for wet snow are the measurement frequency f, the
temperature of wet snow 7T, the depth of wet snow H, the mean grain
size of ice particles Dj., the volume fraction of ice particles f, jce,
the volume fraction of water inclusions f,_yater and the correlation
lengths in vertical and horizontal direction of water inclusions I,, [..
In the model, the ice permittivity e;c is calculated from the model
[27] or [28]. The dry snow permittivity €gry—snow is calculated from
the model [24] and [25]. The complex permittivity of free water with
no salinity eyqter can be described by Debye equation [29]

e — &
Ewater = Eoow T ﬁ‘m (32)

if | for’

where the static permittivity gy, the optical permittivity eoo and
the relaxation frequency for of liquid water at T' = 0° C are chosen
(Esw = 88, €oow = 4.9 and for, = 9GHz). The permittivity of soil
Es0il 18 obtained from [26].

The basic set of input parameters for the calculations of this sec-
tion is listed in Table 1. The volume fraction of water inclusions is set
to be fu_water = 0.05. The correlation lengths of water inclusions are
often selected to match the theoretical results into the observations.
However, here we used the correlation lengths of water inclusions ac-
cording to our previous study of wet snow permittivity [18]; the values
of the correlation lengths of water inclusions in vertical and horizontal
direction are [, = 0.11mm and [, = 0.43mm. These values provide a
good match between the results of the permittivity model of wet snow
and the observations when the volume fraction of water inclusions is
fv_water = 0.05. Later we will show that these values for the correla-
tion lengths enable the results of the brightness temperature model of
wet snow to match the observations as well.

Table 1. The basic set of input parameters.

f(GHZ) | T (K)| H (mm) | fu_ice | Dice (mm) | fu_water | lp (mm) | I, (mm)
11,21,35 | 273 810 0.3 0.8 0.05 0.11 0.43
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Input parameters

O
|
fuficc Dice T f : $II Wetn%: fhwa,f,er lﬂv lZ H
1
1 and soil type |
I ,I—ll
Permittivity Permittivity Permittivity
of ice of water of soil
Eice Ewater Esoil
v
»| Permittivity
of dry snow
Edry_snow Egs. (2) and (3)
A v
Permittivity
of wet snow
EweL snow

Egs. (18) to (24)

v

| Phase matrix elements l—

lEqs (16) and (17)

v

Absorption coefficient xa | Scattering coefficients Ksp

J

Extinction coefficients K., = Ko+ Ksp

Radiation Transfer Equations (14) and the boundary conditions (25) and (26) |'—

Gaussian quadrature and
 €igenanalysis technique

Brightness temperature T

Figure 3. Model structure. See the text for detailed descriptions of
input parameters and various modules.

The mean grain size and the volume fraction of ice particles are used
only to calculate the effective permittivity of dry snow, and the realistic
values of the grain size of ice particles D;.. = 0.08 mm and the volume
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Figure 4. Theoretical wet snow emissivity as a function of the correla-
tion length in vertical direction [,. The correlation length in horizontal
direction [, is set to be 0.4mm and the observation angle is 50°. See
Table 1 for other input parameters.

fraction of ice particles f,_jce = 0.3 are used in the model.

Figures 4 to 6 show the effect of the size and shape of water inclu-
sions on wet snow emissivity. In Figure 4, the correlation length in
horizontal direction [, is set to be 0.4mm, the correlation lengths in
vertical direction [, changes from 0.1mm to 0.9mm. The observa-
tion angle is 50°. Figure 4 shows that when the water inclusions are
disk-like or spherical in shape, [, < 1,(0.4mm), wet snow emissivity
decreases with increasing frequency. With the water inclusions turned
to be cylinder-like in shape, [, > {,(0.4mm), the decrease in wet snow
emissivity with increasing frequency becomes smaller. However, when
the correlation length in horizontal direction [, is very small and the
water inclusions are cylinder-like in shape, I, > [,(0.1 mm), the wet
snow emissivities at all three frequencies are almost same, and the ef-
fect of changes in the correlation lengths in vertical direction [, in
negligible, as shown in Figure 5.
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Figure 5. Theoretical wet snow emissivity as a function of the correla-
tion length in vertical direction [,. The correlation length in horizontal
direction [, is set to be 0.1 mm and the observation angle is 50°. See
Table 1 for other input parameters.

In Figure 6, the correlation length in vertical direction [, is set to be
0.4mm, the correlation lengths in horizontal direction I, changes from
0.1mm to 1mm. The observation angle is 50°. Figure 6 shows that
wet snow emissivity decreases with increasing the correlation length in
vertical direction [,. With increasing frequency, wet snow emissivity
decreases.

Figure 7 shows the theoretical results of wet snow emissivity as a
function of the volume fraction of water inclusions (the liquid water
content). The observation angle is 50°. According to [16], the water in-
clusions in wet snow appear needle-like in shape for the volume fraction
below f, = 0.03. However, they become disk-like for f, > 0.03. This
change in shape appears to be due to the transition from the pendular
regime to the funicular regime. But in this paper, water inclusions are
disk-like in shape for the volume fraction below f, = 0.04. The corre-
lation lengths are selected to be [, = 0.0l mm and [, = 0.4mm when
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Figure 6. Theoretical wet snow emissivity as a function of the cor-
relation length in horizontal direction [,. The correlation length in
vertical direction [, is set to be 0.4mm and the observation angle is
50°. See Table 1 for other input parameters.
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Figure 7. Theoretical wet snow emissivity as a function of volume
fraction of water inclusions (liquid water content). The observation
angle is 50°. See Table 1 for other input parameters.
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Figure 8. Theoretical wet snow emissivity as a function of snow depth.
The observation angle is 50°. See Table 1 for other input parameters.

fr £0.02, I, = 0.0lmm and [, = 0.2mm when f, < 0.04. In the
calculation, water inclusions become needle-like when f, > 0.04. The
correlation lengths are selected to be [, = 0.43mm and [, = 0.11 mm
when f, > 0.04. Figure 7 shows wet snow emissivity decreases with
increasing frequency when f, < 0.04. When f, > 0.04, there are little
differences in wet snow emissivity for all three frequencies. In Figure
7, the discontinuous appears when f, = 0.02 and f, = 0.04. This
is due to we do not know details about the shape changing of water
inclusions. It is clear that there is a contradiction between our results
and the reference [16] about the shape of the water inclusions. This
will be studied in the future.

Figure 8 shows the theoretical results of wet snow emissivity as a
function of the snow depth. The observation angle is 50°. For 21
and 35 GHz, Figure 8 indicates there are no effect on the wet snow
emissivity when the snow depth change. For 11 GHz, the wet snow
emissivity increase with the increasing snow depth.
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Figure 9. Observed emissivity versus incidence angle for wet snow
at an Alpine test site, Weissfluhjoch, Davos, Switzerland, on June 20,
1955 [14].

5. COMPARISON WITH EXPERIMENTAL DATA

Here we show the results for interpretation of experimental data col-
lected for wet snow [14] by using the microwave emission model de-
veloped in this study. In [14], a set of three microwave radiometers
at frequencies 11, 21 and 35 GHz was used to measure the brightness
temperatures of melting snow. The observed emissivity versus inci-
dence angle for wet snow at an Alpine test site, Weissfluhjoch, Davos,
Switzerland on June 20, 1995 are shown in Figure 9. Only limited
ground-truth information is given in [14]: the snow depth is 81 cm,
the air temperature is 8° C, the snow temperature is 1° C at the top
of snow layer, and 0.0° C on the ground. Wet snow in Figure 9 shows
high emissivities at all frequencies. The emissivities at vertical polar-
isation show a maximum at 50° incidence angle, whereas emissivities
at horizontal polarisation decrease with increasing incidence angle, as
can be expected. The polarisation difference increases with decreasing
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Figure 10. Comparison of the predictions from the wet snow model
with experimental emissivity values given in [14] at 11 GHz. Input

parameters for the theoretical model are given in Table 1.

0.95

0.9

0.85

Emissivity
o
~ o
ul (o<}

o
3

0.65

0.6

0.55

0.5

10

Figure 11. Comparison

data-vv
data-hh
model-vv
model-hh

20

Observation Angle (degree)

80

of the predictions from the wet snow model

with experimental emissivity values given in [14] at 21 GHz. Input

parameters for the theoretical model are given in Table 1.
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Figure 12. Comparison of the predictions from the wet snow model
with experimental emissivity values given in [14] at 35 GHz. Input
parameters for the theoretical model are given in Table 1.

frequency.

The angular dependence of the emissivity was calculated by using
the microwave emission model of wet snow. The input parameters are
shown in Table 1. Comparisons of the predictions from the present
wet snow model with experimental emissivity values given in [14] at
11, 21 and 35 GHz are shown in Figures 10 to 12, respectively. The
results show that the agreement between the model predictions and
measurements is good.

6. CONCLUSIONS

In this study an emission model for wet snow is derived by using radia-
tive transfer equations and the strong fluctuation theory. The input
parameters of our emission model for wet snow are the measurement
frequency, the temperature of snow, the depth of snow, the mean grain
size of ice particles, the volume fraction of ice particles, the volume frac-
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tion of water inclusions and the correlation lengths of water inclusions
in vertical and horizontal direction.

Interpretation of experimental data collected for wet snow [14] was
made. It is shown that the model predictions agree well with the
experimental data. The input parameters of the present microwave
emission model for the values the correlation lengths of water inclusions
in vertical and horizontal direction [, = 0.11mm and [, = 0.43mm
provide a good match between the results of the wet snow permittivity
model and the observations as well [18].
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