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Radar Measurements of Snow:
Experiment and Analysis

John R. KendraMember, IEEE Kamal Sarabandi§enior Member, IEEEand Fawwaz T. Ulabyfellow, IEEE

Abstract—This paper considers two specific types of exp-
eriments conducted to improve our understanding of radar
backscatter from snow-covered ground surfaces. The first
experiment involves radar backscatter measurements at C- and
X-band of artificial snow of varying depths. The relatively simple
target characteristics, combined with an exhaustive ground
truth effort, make the results of this experiment especially
amenable to comparison with predictions based on theoretical
methods for modeling volume-scattering media. It is shown
that both conventional and dense-medium radiative transfer
models fail to adequately explain the observed results. A direct
polarimetric inversion approach is described by which the
characteristics of the snow medium are extracted from the
measured data. The second type of experiment examined in
this study involves diurnal backscatter measurements that
were made contemporaneously with detailed measurements of
the snow-wetness depth profiles of the observed scene. These
data are used to evaluate the capability of a recently proposed

through analysis of the character of the target Mueller
matrix [4], [5]. Such techniques have reportedly been
successful in demarcating areas consisting of primarily
urban targets, slightly rough targets like oceans and lava
flows, and parks and vegetated areas. It has also been
shown that such a method may allow discrimination
between relatively younger and older lava flows [6].
These techniques have also lately been suggested as a
means for determining wetness levels in snow [7], [8].
Level 3: At this level, tools from the previous two may
be used, but the central characteristic is the use of a
theoretical model that is assumed to generate reasonably
high fidelity predictions of sensor responses for a given
set of physical parameters that is assumed to constitute an
accurate description of the target. An example of this type

algorithm for snow wetness retrieval from polarimetric synthetic

aperture radar (SAR) measurements, which has hithertofore
been applied only to data from very complex and extended
mountainous terrains.

of approach is a neural-net-driven inversion algorithm
intended to allow retrieval of snow parameter from radar
and radiometer sensor responses which is trained using a
dense, medium radiative transfer (DMRT) model [9].

It is obvious from the descriptions that, where greater un-

) , derstanding of the electromagnetic interaction with a material

AGREAT deal of experimental and theoretical work hag present, the potential for information retrieval through
been done pertaining to the radar response of SNOW Qlr, el sensed data is greater. The critical issue becomes

by extension dense random medim the theoretical realm, o, esting the validity of theoretical models through careful
for which snow is perhaps the most representative natu@!periments

example. The aim of this work, and what is true of any remote-

. . o -~ In the present study, an attempt is made to address this
sensing research, is to develop the capability to charactqug e, with respect to the radar response of snow. There

:‘? f::ﬂe Wiy’ trora gr(ra]ater orllensse\;\/deng]]reeiatr:ﬁi retrrr:rote ltavr ists already numerous experimental studies of snow in the
° € sensor response(s) alone. We may identify three N flatesrature, both at microwave frequencies [10]-[14], and at

of such characterization, which we list in order of increasmr%illimeter-wave frequencies [15], [16]. Using such experi-

power of characterization but decreasing level of reliability. . :
- ) mental data for the purpose of evaluation of models is very
* Level 1. Empirical models are used to infer or pregigic it hecause of the need to carefully characterize the
dict information about the target characteristics. Receplya Even with precise characterization, substantial obstacles
o . Pmain. A complex target can be described down to the
discriminating wet snow-covered terrain from other YP&hest details, but this still leaves the problem of correctly

of terrain [1], a hybrid empiricalitheoretical approach fanodeIing the behavior of all of these features, electromag-

estimating ra(_jar clutter at millimeter wave dug to Certalrrlletically speaking, and all of their interactions with each
types of terrain [2], and an approach for classifying snow,

cover states (dry/wet/refrozen) [3] other.
) ' Consider a typical target of snow-covered ground. Parame-

* Level 2 Classmcat}on IS performt_ad based on the gpparﬁgtrs that must be potentially considered include the following.
scattering mechanisms inherent in the target, as identified

« Parameters associated with the top surface of the snow
(rough surface).
The snow itself: density and particle size distribution; ver-

I. INTRODUCTION
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tical distributions of these properties within the snowpack.
Snow wetness, when present, may be a very complex
function of time and depth. Examples of this are presented
in later sections of this paper.
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e The ground beneath: its dielectric constant, roughness 10.0 , , .

parameters, and local slope.
. e . 50 —
For experiments at millimeter-wave frequencies, the num-

ber of parameters may be somewhat reduced. The careful
experiments in [17] demonstrate that the rate of attenuation
is relatively large, and therefore, properties of the underlying
ground are unimportant, except when the snow layer is dry
and the snow depth only a few centimeters [18]. Thus, at
millimeter-wave frequencies, the snow may often be approx-
imated as a half-space. The price for this, however, is that
sensitivity to snow microstructure and other smaller scale 200 ¢ e o 1020M
features is heightened, for which accurate characterization may 250 . , ,

be very difficult. 16 21 26

3
Microwave frequencies offer the most potential for the (FEB) DAY (MAR)

retrieval of gross snow properties, such as depth or water LT ations during h the rad _

H H H g. 1. emperature variations during the course of the radar experiments on
equwajlent’ pa.ram.eters that _are espeC|aIIy |mp_0rtant for Hyrtificial snow. “Lo” (dashed curve) indicates daily low temperatures; “HI”
drological applications. For microwave frequencies, generallgolid curve) indicates daily high temperatures.
most of the parameters mentioned above need to be considered.

Thus, it is in practice difficult to address theoretical predictions ) ,
Two types of experiments were performed. The first con-

in an unambiguous fashion with field experiments. isted of back incid | ;
The present study describes radar backscatter experimeified of backscatter measurements at incidence angles o
60 on bare ground, which were then repeated for three

on snow at C- and X-band. In these experiments, the use X N
artificially produced snow allowed an unusually high degree 8fo9ressively deeper layers of artificial snow over the ground.
is sequence was performed over a six-day period from

confidence in the exact character of the target snowpack. W8 ) ,
different kinds of experiments were conducted: experimerfi€Pruary 24 to March 1. A major goal of the experiment was

of the angular response of dry snow at various depths aiSimPplify, insofar as was possible, the nature of the target to
experiments at a single angle over a partial diurnal cycf@loW as unambiguous a comparison with theory as possible.
during which complete profiles of water content as a functidd"® 9oal we had was insuring that there would be no wetness
of depth and time were recorded using the Snow ProBEeSent in the target snowpacks, so that we would not have
[19]. A complete description of the experiment is presentdf deal with this complicating factor_ in our interpretation. We
in Section II. In Section Ill, the results of the backscattdferefore conducted all of the experiments during the night. As
experiments are presented and analyzed, with respect to cerfafly be seen from the daily temperatures plotted in Fig. 1, the
models. In Section IV, the results of this diurnal experimefgmperature during the data-takes averagd® °C and was
and another previous diurnal experiment are presented &H@§ays below—10°C. Snow probe measurements verified that

discussed, with respect to a proposed inversion algorithm #h€re was, to the accuracy of the measurement, essentially no
snow wetness. liquid water present in the snowpack. An additional fortuitous

circumstance, which may also be observed in Fig. 1, was
that the temperature was very low in the week preceding
the experiment, leading to a generally frozen environment
[l. EXPERIMENT DESCRIPTION that was unrelieved during the entire experiment, as even the

This section describes scatterometer experiments that wig@perature highs did not go above the freezing mark until the
performed at C- and X-band (5.3 and 9.5 GHz, respectivel§fy following the final experiment.
on snowpacks comprised artificial snow. The experimental siteThe bare ground target was prepared by using earth-moving
was the Mt. Brighton Ski Area, Brighton, MI, during Februangquipment to remove all of the existing snow, natural and
and March of 1993. The radars used were truck-mounteffificial, and then to scrape away any grass or other vegetation
fully polarimetric, network-analyzer-based systems using hoém the target plot. The dielectric constant of the ground was
antennas. Detailed descriptions of the systems are availasieasured using a microwave field-portable dielectric probe
elsewhere [20], [21]. [23] operating at C-band. The average dielectric was found,
The target was an area of ground covering approximatdlpm 25 separate measurements to be#4 51 (the imaginary
18 x 30 m. On the average, 60 independent spatial megzart is not estimated accurately through this technique). The
surements were taken with each angular measurementb&se ground roughness was measured using a laser profilome-
reduce the variance due to fading in the estimate of the mdan Seven 95-cm linear transects were measured; the step size
backscatter. Additional frequency averaging was availableas 3 mm. The average rms height of the surface was found
from the bandwidths used in the channels, 400 and 500 Mz be s = 0.32 + 0.08 cm, and the correlation length was
in the C- and X-band channels, respectively. Calibration wisund to bel = 2.09 £ 1.6 cm.
performed using a 14-in sphere and a differential Mueller The artificial snow was added in three progressively deeper
matrix algorithm suitable for measurements of distributddyers. No chemical additives were used in the production of
targets [22]. the snow, as is commonly done to increase production, which

TEMP (°C)

60 CM
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TABLE |
DRY SNOW PHYSICAL PROPERTIES
Ground Snow Volume Snow Surface Snow Depths
s=0.32cm d=027+£0.11mm | s =0.45¢cm dy =20+ 6cm
=2.09 € =1.9-0.015 £ =197 d> =60+ 10cm
g, = 4.7 (C-band) | p, = 0.48 g/cm’ Period: 3.2 cm dy=102+9cm
Amplitude (p-p): 1.27 cm |

Fig. 2. Photograph of artificial snow particles. Major divisions of ruler shown are millimeters.

might have caused the dielectric constant of the particles reported for Alpine snowpacks in [7]; neither is the particle
depart from that of water ice. The snow, once produced, wsige outside of reported ranges [17], [24]. All of the target
spread into a uniform layer using a grooming machine (pistqysical properties for the dry snow backscatter experiments
bully) with extra wide treads to reduce the pressure exerted &ye summarized in Table I.
the weight of the machine on the snowpack. A consequencdt deserves to be emphasized that there were a number of
of this process was that a characteristic groove pattern welsments present in this experimental effort that make it un-
imparted to the top of the snow, having a period of 3.2 cm andually well—and simply—characterized. The snow machines
a peak-to-peak amplitude of 1.3 cm, corresponding to an rpoduced very uniform “snow” over the course of the experi-
height of 0.449 cm. The correlation length of such a surfacerigent, and this was recorded and photographed. From Fig. 2, it
dependent on the direction with which it is computed relativis evident that the snowpack was in fact composed of discrete
to the grooves. particles having a high degree of sphericity. Furthermore,
The three different depths of snow deposited were 20, @Bere was little or no variation from this snow composition
and 102 cm, with the standard deviations shown in Tableds a function of vertical position within the snowpack. This
The nature of artificial snow is that it consists of very smalast point is owing not only to the uniform way in which
particles and has a very high density. The average densitytlo¢ particles were produced, but also to the unbroken cold
the snow was 0.48 g/ctnand the average particle diameteconditions that persisted throughout this experimental phase
was found to be 0.27 mm. This combination of particle sizend therefore prevented any metamorphic activity associated
and density are at the extreme ends of what would be founith melting and refreezing within the earliest deposited snow.
in nature, but not to the point of being unreasonable. Wanally, the action of the grooming machine on the top surface
note, for example, that the density is very comparable to thaftthe snow guaranteed that virtually identical roughness was
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Ill. DRY SNOW BACKSCATTER RESULTS AND DISCUSSION

A. Bare Ground

To model the backscatter from the dry (artificial) snow,
it is first necessary to account for the contributions of the
soil surface below the snowpack as well as the top surface
of the snowpack. In [21], it is shown, as the result of an
extensive experimental effort, that classical models, such as
the small perturbation model and the physical optics and
geometric optics solutions of the Kirchhoff approximation,
do not accurately predict the copolarized and cross-polarized
backscatter from bare soil surfaces. The result of that study
is a simple semiempirical model (and inversion algorithm)
for copolarized and cross-polarized backscattering coefficients,
which uses two parametergs, the surface roughness, and
m., the soil moisture content.

The value ofm, for the soil is found to be 0.085, based on
our measured soil dielectric at C-band in conjunction with
empirical expressions relating these two quantities, which
are provided in [25]. Using this value, along with the soil
rms heights (Table I), we may compute predictions of the
soil backscatter using the semiempirical model from [21].
Using these exact values, the X-band response is somewhat
underestimated; however, a small adjustment of the rms height
from the measured value of 0.32—0.37 cm gives close simulta-
neous agreement for both frequencies for both copolarized and
cross-polarized responses, as shown in Fig. 3. These values,
m, = 0.085 ands = 0.37 cm will be used to compute the

_ _ _ _backscatter for the snow-covered ground. The semiempirical
Fig. 3. (a) Measured (discrete marks) at C-band and (b) predicted (“nesSL}Irface scatterina model from [21] will also be used to
backscatter from bare ground at X-band. g : )
compute the backscatter contribution from the top surface of
o the snow. In this case, the raw measurements were first filtered
_presen_t fpr all targef[ realizations. Th"?‘t the surface was 1y tremove points that would correspond to Bragg scattering
isotropic is not a desirable characteristic, but as we will ShOWOm the periodic disturbance on the surface. For the geometry

the surface, havmg_ such a small_d|e_|ectr|c constant, do this surface, these would occur at incidence angles of 27.8
not make an especially large contribution to the backscattéa d 60.2 for C- and X-band, respectively, at look angles

anyway. What is most important is that it cannot be invoke erpendicular to the direction of the furrows. Beyond this, it

L%ric?(gpd?;r:i:gerences in the responses of the various tar §tassumed that the backscatter surface response, averaged as

Th dt f . t perf q f tg}(s over a wide range of look directions (on the order of)60
_'he second type ol experiment periormed was ot a partigy, 14 resemble a randomly rough surface having the same
diurnal cycle. This experiment took place on March 6, fiv

fielectric constant andms height.
days after the last experiment in the dry snowpack sequence. g

In this intervening period, the daily high temperatures had

been consistently above freezing, getting as high 86.9as B- Dry Snow Backscatter

a result, the snowpack had experienced considerable metafhe results from the angular measurements made on three
morphosis. In addition, there had been deposited about 15 difierent depths of artificial snow are shown in Fig. 4. Also
of new snow. Thus, the snowpack had begun to resemilgown, to better illustrate the snowolumecontribution, are

a natural one, complex and difficult to characterize, argimulations of thesurface backscatter from 1) the snow-
mainly unsuitable for comparison with rigorous modelingovered ground alone and 2) the snow-covered ground plus
approaches. However, since copious data on wetness, akeacontribution from the top snow surface. These are shown
function of both vertical position and time were recordedeparately to illustrate the relative importance of the top-
along with the polarimetric backscatter at°4hcidence, it surface term.

provides an excellent opportunity for direct evaluation of One obvious characteristic of the data is the relatively small
a recent algorithm [7], [8] for inversion of snow wetnesslynamic range of the copolarized responses corresponding
levels from target Mueller matrices. A second data set thiat different depths. Indeed the copolarized response for the
was recorded on March 1, 1993, in Cadillac, MI, also ahallowest (20 cm) depth can be attributed to the effects of
40° incidence and with complete wetness data, will also e two rough surfaces alone. Still, there is an upward trend
considered. apparent, as the 60- and 102-cm depths are on the order
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5.0 . . T . T The dynamic range of the cross-polarized response is seen
to be considerably greater than that of the copolarized and
ol \ - ] @s unquestionably increased with snow depth, exhibiting an

J W increase on the order of 7 dB. Here too is observed an apparent

T oen saturation, as in the case of the copolarized response for the

= G0cm

250 b — S N two deepest layers.
T T o gdsiop sim Comparison with Discrete Particle-Based Theori€Ehe
o gndsm well-defined nature of the artificial snowpack allows direct
£ 8 ] comparison with theories that are based on discrete particles.
Since intuition suggests that, for particles of this size=(0.27
450 ‘ | : : ' mm) the scattering will be small, we will start by considering
10.0 20.0 30.0 40.0 50.0 60.0 70.0 . . . I . .
an independent scatterer formulation since it is simpler. Since
Incidence Angle (deg.) it has been found both experimentally [26] and theoretically
(@) [27] that correlated dense medium scattering is less than
independent scattering at low frequencies, the solution will
represent an upper bound on what DMRT solution techniques
may predict.
}vv* For a comparison with theory, the complex dielectric con-
—— zem stant of the ice particlesj,e must also be known. For the
“ooo Soem real partsiC , we use 3.15. The imaginary part is computed
—————— 20cm . . .
using the fo?lowmg formula [28], which compares very favor-
o andsm ably with published data and also accounts for temperature
350 ‘ dependance:

&° (dB)

S350

-5.0 T T T T T

-15.0 |

o’ (dB)
3
<
T

) gnd + top, sim.

-45.0 1
10.0 200 10.0 40.0 S0.0 60.0 700

elee = 57.34(% +2.48 x 1071 ﬁ) exp (3.62 x 10727
Incidence Angle (deg.) (1)
(b) where f is in Hz and? is in K. For particles of this size, the

Fig. 4. Backscatter measurements (VV and VH) made of three differeﬁ?attering albeda,, as computed using the Mie solution, is
snow (artificial) depths at (a) C-band and (b) X-band. Also shown for refereneily 5.2 x 10~3 for C-band and 2.3« 10~2 for X-band. The
are simulations of the pure ground scattering expected and the contributig@sattering albedo is the ratio of the scattering cross section to
from the ground and the snow top surface. L . .

the total extinction cross sectidiz;/%.). That it is so small

in this case indicates that volume scattering may be treated as

a perturbation on the reduced (by extinction) coherent wave
of 3-dB higher than the 20-cm case. The backscatter curyasthe medium. Thus, a first-order radiative transfer solution
associated with the 60- and 102-cm depths criss-cross eaghppropriate for the solution of a layer of these particles.
other, which is attributed to spatial nonuniformities of th¢f this solution is computed for a layer of particles (having
physical characteristics of the target. The fact that the levelssmooth surface) over a smooth dielectric half-space, having
are comparable for the two depths implies thatapproaches the same dielectric constant as the soil in the present study, an
a saturation level corresponding to a half-space condition @simate of the contribution of the snow volume is obtained.
the depth exceeds 60 cm. When we performed this calculation, as a function of depth

It is worth comparing these results qualitatively with whagnd angle for the two frequencies, we found that the maximum

has been experimentally observed before for snow in thigpolarizeds° produced was-48 dB at C-band ane-32 dB
frequency range. One issue that has been debated in #h&-band. The contribution to the total scattering represented
literature is that of whether snow is observable at all at X-banigly these levels does not appear as a visible increase relative
Several investigators have claimed that it is not, based on thgitthe curve in Fig. 4, which corresponds to the backscattering
measurement campaigns [12], [13], whereas, in another cas@tributions of the two rough surfaces, top and bottom, alone.
[11], evidence to the contrary is reported. A critical elemerthe cross-polarized response corresponding to the first-order
that must be taken into account in considering this questionsislution for spherical particles is identical to zero. Use of a
the magnitude of the ground scattering. For example, in [1&jore sophisticated radiative transfer solution [18] that uses
and [13], the reported rms roughness of the bare ground whe discrete ordinate method and so accounts for all orders of
2 cm. Accordingly, the average bare ground scattering lewvaattering gives, not surprisingly, essentially identical results
is as high or higher than the maximum levels measured fior the copolarized cases; the cross-pol estimate is on the order
our present experiments. In the dry snow-pile experiments @ff —80 dB for C-band and-70 dB for X-band.
[11], the bare ground characteristics are not reportedgBut It is obvious that the behavior of the target cannot be
levels for the shallowest snow depths (from Fig. 4 in [11]) arexplained in terms of the particles of which the snowpack
suggestive of a relatively smooth surface, probably similar teas observed to be comprised. There has appeared in the
that of the present study. literature recently work that considers “sticky” particles [29],
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Fig. 5. Comparison of measured backscatter results for dry (artificial) snow at [(a) and (b)] C-band and [(c) and (d)] X-band with optimal RT grediction
obtained by treating the particle size as a free parameter. Optimal snow particle diameters are 1) C-band: 1.7 mm and 2) X-band: 0.9 mm. Measured
snow particle diameter is 0.2%& 0.11 mm.

that is, particles that come together to form an aggregaiephysical features, including the characteristics on top of the
particle, effectively much larger than the individual particlesnowpack and beneath it, will be duplicated elsewhere.
Obviously, this could have a profound effect upon the scat- A potentially very useful result may be obtained, however, if
tering behavior of a medium, recalling that in the Rayleigthe intrinsic quantities that specify the extinction and scattering
regime, scattering increases (on a per unit volume basis)dmsracteristics of this snow material can be retrieved. This
r3. If the particle size is treated as a free parameter in teencept is illustrated in the following section.
conventional RT formulation, a value can be obtained thatDirect Characterization of the Snow MediunThis section
gives the optimal agreement with the measured results. Tdescribes an approach for retrieving extinction and scattering
results of such a process are shown in Fig. 5. As showpgrameters for the snow used in this study. A major assumption
reasonable agreement—for the copolarized responses—cathia¢ is made is that dense media scatterbehavior can
obtained if an effective particle diameter of 1.7 mm (morbe described by a first-order radiative transfer formulation.
than six times larger than the measured average diametefThE familiar four terms that result from such a formulation
0.27 mm) is used for C-band and a diameter of 0.9 mm (moaee depicted in Fig. 6. We have intentionally represented the
than three times larger than the measured value) is usedsedttering elements as clusters to underscore the point that
X-band. Even in this case, however, the radiative transfee are considering “effective” particles in this treatment,
(RT) formulation fails completely to predict the substantialvhich may comprise correlated groups of individual physical
cross-polarized response observed in the measurements. particles and/or multiple scattering effects. The validity of such
Faced with the failure of existing particle-based theories tm assumption, that is, that dense media scattering can be
explain the experimental observations, we turn to the questionderstood in terms of a first-order radiative transfer model,
of what useful informatiorcan be extracted from this data.has been demonstrated in [30].
A record of the snowpack target that was measured adds, irA second assumption that will be made, which will greatly
itself, very little to the study and practice of remote sensingimplify the analysis, is that only the direct backscatter term
of snow. There is a low probability that the same combinatidterm (B) in Fig. 6] in the volume scattering formulation is
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describes the distributiom,;, — ¢+, the phase difference of
the copolarized complex scattering amplitudes. Oh’s formula
is given as

o =

[1 — 0.2(sin Q)A(ks’r")} (cos Q)B(ks’ro) (3)

N =

where

A(ks,Is) = (16.50c + 5.6)exp[—41.6ksI'2]  (4)
B(ks,Ts) = 8.1 ks exp[—1.8ks] (5)

wherel, is the Fresnel reflectivity at nadir ad is as before,
Fig. 6. First-order volume scattering mechanisms in a layer of scatterersthe roughnes®f the surface, which is expressed as the product
of the wavenumber in the background medium and rthe

important. This assumption is justified due to the relative(lge'ght of the surface. The importance of knowingfor the

o ! : : esent purpose is that it is expressible in terms of the elements
small reflectivity associated with a reflection at the snow/sai . : . .
. L7 . ...~ of the Mueller matrix and, thus, can aid us in constructing these
interface, which is less thar12 dB for either polarization

. . : matrices for the ground and the snow surface. The quamntity
at any of the angles examined. Since, at least in the caselso ormally given by [34] as
Rayleigh spheres, the bistatic scattering is always smaller than y9 y

the back;gattering, it follows that the bistatic terms themselves 1 [(Mss + Ma)? + (Mzy — Myz)? 1/2 5
are a minimum of—12 dB smaller than the direct term. A *=3 My, Moy (6)

complete quantitative analysis of this subject is found in [30, .
pp. 72-74]. whereM,,,, are elements of the modified Mueller matex,,

In this case, the first-order solution of the radiative transf& Shown in (7) at the bottom of the page. .
equation reduces to the form From (6), if we make the assumption tha{,s;, which
corresponds (for backscatter) to the tefbm(S...Sf,)), is
1 Lon N
Lo = Lo+ L33, |:'Y7)bs n Lde}Tm (2) Much smaller thar{Re(Syy 5f),)). then

. . . <Re(SVVSﬁh)> ~ :Ea\/MllMQ . (8)
where Lis is the Mueller matrix corresponding to the top

surface scattering7,, is the surface intensity transmissivity From comparison with the bare ground backscatter data,
matrix [31, p. 145] for transmission fronp to ¢, where the selection of the negative root is indicated (following the

one corresponds to the air and two to the snow mediuf@ward scatter alignment (FSA) convention [31]), which is

11, is the cosine of the refracted anglB,, is the unknown also in agreement with polarimetric predictions for rough

backscatter component of the phase matrix for the effectifdrfaces [31] in which it has been found that the statistical
volume scattering element,,q corresponds to the roughPhase difference betweefi,, and Sy, is near 180 [0° in

surface below, and the backscatter alignment (BSA) convention]. For the bare
, ground under the snow layes; was found using (3) to be
_ 1~ exp(=2ked/ o) essentially unity for both C-band and X-band for all angles
26/ 116 between 20 and 60 For the top snow surfacey, varied from
L? = exp(2k.d/pl) unity at 20 to 0.89 at 60 for both frequencies. A further

_ L ) _ assumption that was made in constructing the Mueller matrices
wherer, is the extinction and is the layer depth. This model ¢, yhe top and bottom surfaces—and one which is reasonable
has in the past been applied in a scalar sense to both snow [JL, the anhove discussion regarding the copolarized phase

and vegetation [32]. In order to apply (2) in a vector sense, itﬂﬁﬁerence for rough surfaces—is that the elemehts, and
necessary to construct Mueller matrices corresponding to IMig corresponding teﬂrn(S S > are zero
vv~hh .

top and bottom rough surfaces. In the preceding analysis, Werhe polarimetric character of the two rough interfaces,

had used a semiempirical model for rough surface scatterifg,. .« and below the snow layer, are thus characterized by

because of its greater relia_bility. The model as it has beﬁr'target Mueller matrix having the (FSA) form shown in (9)
presented is a scalar one; in [33], however, Oh extends tgisthe bottom of the next page, where

approach to include an empirical model for the degree

. - op
of correlation betweety,, and Sy;,. This parameter governs Opq = Joe! (10)

[34] the width of the probability density function (pdf) that 4r cos b
(15w [?) (IS |?) (Re(S57,5v)) (=Im(S73,5v))
Y — <|Shv|2> <|Shh|2> <Re(5iklhshv)> <_IIn(SﬁVShh)> (7)
8 vSi = SvnSEy))

(2Re(SvS5,)) (2Re(SwSiy))
S

Re(SyvSpy, + SwSh,)) (—Im
<2IIn(SVVS;;V)> <2IIH(SVh S >

* < ey * * (S * * )
hh)> <IIn(SVVShh + SVh hv) <R’e(SVV hh — SVhShV)>
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00 , , r , is set by considerations of reciprocitySyy|? = |Siy|*) and
zero correlation between the copolarized and cross-polarized
complex scattering amplitudes. With the unknown scalar ex-
7] tinction, there are therefore five unknown quantities to be
determined to characterize the snow polarimetrically. The
== estimation of these parameters is done using an optimization
package suitable for nonlinear problems [35]. The optimization
is performed using only the 40data, considering all three
-------------------- depths for both C-band and X-band and then the results applied
T to generate predictions for the other cases (depths and angles)
< not used in the optimization process.
400 | ) ) ) , In Figs. 7-9, we show the measured data along with pre-

00 200 400 60.0 80.0 100.0 dictions generated using the estimated parametersand
Depth (cm) f_’l,...,_P4 in (2). The angul_ar v_ariation _predi_cted by (2)

@ (in which the angular variation is contained in the trans-

missivity matrices) appears reasonable, as does the behavior,

0.0 T T T ] . with respect to depth at angles that were not involved in
R the optimization process. The estimated values for the pa-
—-@-- HH rametersx., and Pi,...,P; for both C- and X-band are
100 | | —teem v 7 summarized in Table Il. A comparison of the values for
extinction obtained by this empirical and two theoretical
methods is given in Table lll. One of the two methods,
the effective field approximation (EFA), is associated with
A conventional radiative transfer [36] (CRT) and the other, quasi-
o crystalline approximation—coherent potential (QCA_CP) [37],
200 [ ] is used in DMRT. As seen in Table Ill, and for the scattering
computations mentioned earlier, the predicted effects of the
00 , , 1 1 l snowpack are practically negligible.

00 200 400 60.0 800 1000 Since the analysis was a complete polarimetric one, we
can examine the results, with respect to the two remaining
(given the two copolarized responses and the cross-polarized

() response already examined) independent quantities associated
Fig. 7. fCompc’:gisbon dof Sr:jOV\t/) d?(ti todragiative tranSl;er-typfij n|10d8| Cgm_pwith a measured Mueller matrix in the backscatter direction.
o o () coband and () Xband. Parametrs for mocel are obaffiese quanites are the degree of correlationwhich was
introduced earlier, and another quantity that pertains to the
with o° (E)osition of the maximum of the pdf [34] describing the
a. andg,.

0 thléqér?sleg:;‘e'acbge;hci 2?:;'?;:; pglﬁ?écngqget:]gfa[ﬂr]o e g;tribution of the phase difference betwegn andsSy,; . This
une | 9 Incl u : ppropri tantity is known as the copolarized phase difference and is
medium (air for the top surface, snow for the underlying so

: T . enoted by the symbd.
su;fﬁce). :—hn(: io:re{amg n COEﬁi';i: '%ai'r?r as Ealcﬁlat?i?n |irz1 (t:?).n fFig. 10 compares the measured values of these quantities at
€ parameters 1o be speciied through an optimization @l 4 ong the corresponding estimates generated through the
the measured polarimetric data with the model given in (

are the scalar extinction and the backscatter component FOf the RT model, with parameters given in Table Il for the
P case of the 60-cm artificial snow layer. The agreement is not

Fhe ph‘?se mqtn)@?bs. Since the snow is assumed to be agxceptionally good. This is attributed to 1) the need to specify
isotropic medium, we use the form

the polarimetric character of both rough surface (above and be-

-10.0 —

200 F

¢’ (dB)

-30.0 -

-20.0 - -

¢° (dB)

Depth (cm)

Pl P2 0 0 low the snow) and 2) the generally noisy character of the data.
P, = P2 P1 0 0 (11)
° 0 0 P3-P2 —P4
0 0 P4 P34 P2 C. Discussion of Dry Snow Results

which requires the volume backscattering for the two copolar- The most important result from the dry snow experiments
ized channels to be identical. The nature of the other elementas the observation that the most widely used models de-

gvv  gvh 0 0
_ |9vh  Gnh 0 0
[’SUff o 0 0 —\/GvvGhh — Gvh 0 (9)
0 0 0 —+/Gvvhh + Gvh
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40.0 I L ! 1 L ! 40.0 L I 1 L ! L
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Incidence Angle (deg.) Incidence Angle (deg.)
(@) Fig. 9. Comparison of C-band and X-band snow data to radiative trans-
fer-type model predictions for a 102-cm layer. Model is parameterized through
0.0 T T T T T T analysis of 40 data.
,,,,,,,, X-VV
s ow TABLE I
100 - i X-VH ] ARTIFICIAL SNOW: EMPIRICAL PARAMETERS FOR RT-MODEL
- = C-VH
______________ Parameter C-band X-band
~ K, (Np/m) 0.513 1.28
)
= 00F P, 0316x 1072 | 0.128 x 107!
° : P, 0.330x 1077 | 0.740x 107"
. P; ~0.169x 1073 | —0.976 x 1077
300 | P, 0.531 1077 | 0.230x 107
TABLE I
-40.0 L : ! ! L ! ESTIMATES OF THE EXTINCTION (IN NP/M) OF THE ARTIFICIAL SNOW
100 200 300 400 500 600 700 -
Source | C-band | X-band
Incidence Angle (deg.) “Meas” | 0.513 1.28
(b) EFA 0.020 | 0.047
Fig. 8. Comparison of C-band and X-band snow data to radiative trans- QCACP | 0.042 0.096

fer-type model predictions for a (a) 20-cm snow layer and (b) 60-cm snow
layer. Model is parameterized through analysis of 4@ta. Of course, for direct characterization of snow, it is not
feasible to use the approach employed in this experiment. A
scribing the electromagnetic scattering characteristics of demgactical scheme should borrow from the spirit of the snow-
media failed to give reasonable predictions in comparison e experiments alluded to above, in terms of having a target
measured data. While one experiment is not sufficient fef a fairly manageable size—except that a turntable could
evaluating the validity of a theory, the present experimeh€ employed to allow realization of independent samples and
carries significant weight because of the relatively simple asteps taken to control the character of the surfaces above and
well-characterized nature of the target snowpack. below. The material representing the underlying half-space
In the Subsequent ana|ysis, a Simp|e method for retrie\/iﬁ@Uld be chosen to best facilitate the retrieval of information.
e|ectromagnetic parametersi intrinsic to the snow med|dﬁ$&$|b|l|ty studies on this tEChnique, USing not snow but stable
itself was described. It is noteworthy—in the face of th@aterials like sand and gravel, have in fact been carried out
Very |arge body of research that has been done on SI’]BW the author, and the reSUItS, including an analySiS Of the
and pertaining directly to snow—that this marks the firafalidity of a vector radiative transfer model with empirically
time an attempt has been made to characterize the effectdgfived parameters for describing very dense media, may be
a snow medium considered in isolation from other effectgund in [30].
in a polarimetric way. The only other comparable example
is the snow-pile experiments and subsequent scalar analysis IV. DIURNAL RESULTS AND DISCUSSION
described in [11], in which the radar response of a snow pileThis section presents the results from measurements of
of varying depths was collected. That effort was hampered pygrtial diurnal cycles that were collected on two separate
a number of departures from ideal experimental circumstancescasions, as described in the Section Il. The Snow Probe
For example, only one spatial sample was available, the snmas used on both occasions to record vertical profiles of the
was artificially heaped up by mechanical means, and effortsliguid water content as a function of time. The two snowpacks
characterize the upper or lower surfaces or even the genexghmined had very different physical descriptions, as will be
uniformity of the snow pile were absent. shown. This allows some insight into the generation and spatial
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Fig. 10. Phase statistics for the 60-cm artificial snow layer. Shown are thigy. 11. Copolarized and cross-polarized backscatter results for (a) C-band
measured (C-band) values and those calculated using an RT model veitid (b) X-band from Brighton (partial) diurnal experiment. Incidence angle
associated parameters given in Table II. is 40°.

behavior of liquid water in a snowpack. We will use the diurng{j,rnal response, in this case 8-10 dB for C-band anid
results and associated wetness data to evaluate a particglglsor X-pand. By the end of the measurements, however,
algorithm that has been recently proposed for the retrieval @k ragar response at both frequencies appears to be headed

snow liquid water content. back up toward the original morning levels. The results
) ) of the snow probe measurements made concurrently with
A. Brighton Diurnal Results the radar measurements are shown in Fig. 12. The wetness

In the Brighton diurnal experiment, the measurements wemgeasurements begin at 18 cm, due to the presence of the ice
made continuously from 10 a.m. until 7 p.m. Overnightayer below this, and are made at roughly 5-cm intervals. The
temperatures prior to the experiment were well below freezingmporal spacing between measurements of the vertical profile
the temperatures during the day ranged fre®°C at 8 a.m. was~1 h. What is most striking about the wetness map is the
to more than 6°C at 3 p.m. It was a very sunny day, andresence of very significant wetness levels in the lower 35-40
heavy melting was evident. By 6 p.m., the temperature droppeeh of the snowpack, even at the earliest point measured in the
abruptly below freezing again. The target snowpack was 0.88orning, while the top surface is completely dry. The wetness
m deep, with about 15 cm of relatively fresh snow on topevel of the top surface remains fairly moderate throughout
however, the bottom 16 cm consisted of solidtickhe density the day, staying below 5% except, curiously, at the very end
of the snowpack was about 0.25 gftmit the top, increasing of the day, just before the temperature fell very swiftly below
linearly to 0.45 by 30 cm into the pack, where it remainetieezing again. It would appear that the top of the snowpack
essentially constant to the bottom of the snowpack. was freely draining throughout the day as the wetness levels

The copolarized and cross-polarized results for C- and Yeward the bottom were observed to increase to maximal snow
band are shown in Fig. 11. Both frequencies show a significametness levels>12%.

reduction in the backscatter at midday, very typical of a
1At the onset of warmer weather, the radar truck had been moved from e Cadillac Diurnal Results
spot of the dry snow experiments to a location that happened to be near th . . .
o Y P op in the Cadillac diurnal experiment, the snowpack was only

base of one of the ski runs. The drainage from this slope was the cause of th
large ice accumulation at the base of the snowpack. 22-cm deep. The measurements were made from 10 a.m.
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Fig. 12. \Vertical profiles of snow wetness measured as a function of time. Measurements were taken with the snow probe during the Brighton

diurnal experiment.

to about 4 p.m. As in the Brighton case, the overnight
temperatures had been subfreezing, but the experiment day
itself became very warm, reaching € for a high and very
sunny. Extensive melting was clearly evident around the entire
experimental area.

The copolarized and cross-polarized results are shown in
Fig. 13 and the associated wetness map in Fig. 14. The ap-
parent higher frequency of collection of radar measurements
relative to the Brighton data pertains to the number of mea-
surements that were combined as a single data point in each
case. These results are seen to have a very different character
than that observed in the Brighton case. An important feature
of the Cadillac snowpack was the presence, at least during the
initial few hours of the experiment, of a very prominent ice
lens, starting approximately 2.5 cm below the top surface and
having a thickness of about 2 cm. A result that is attributable to
both this feature and the relatively much warmer temperatures
that occurred compared to the Brighton case is the presence
of very high wetness levels in the uppermost levels of the
snowpack. Though the high wetness levels are not strictly
confined to the 2.5 cm above the ice lens, it is apparent that
the ice lens, particularly early on and to a lesser extent as it
became softer and more permeable, impeded the drainage of
the liquid water through the snowpack. Indeed there appears
to be some evidence from an examination of Fig. 14 that the
ice lens rapidly evolved as it softened into a region supporting
very high wetness levels.

One implication of this situation (high wetness levels near
the surface) evident in the backscatter (Fig. 13) is a “hump,”
or at least a temporary departure from the downward trend
of ¢°, for both copolarized and cross-polarized channels. Tfﬁgd'
feature, occurring between 11:30 a.m. and about 2 p.m.,4i8.
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Fig. 14. \Vertical profiles of snow wetness measured as a function of time. Measurements were taken with the snow probe during the Cadillac
diurnal experiment.

apparently tied to the increase in surface scattering, due taexr certain assumptions, the relationships between certain
higher dielectric contrast, balancing the reduction in volungantities in the polarimetrieolumeradar response may be
scattering. explicitly constrained Specifically, the volume, since wet
snow is assumed, is considered a half-space. A first-order
volume scattering mechanism is assumed, which leads to the

o ] ) ] result that the ratio of the copolarizaclumeresponses is
The availability of detailed snow wetness information alongqa| 1o the square of the ratio of the Fresnel transmissivities

with polarimetric backscatter data allows comparison with &irresponding to each polarization, respectively. Similar ratios
algorithm that has recently been developed [7], [8], for thge constructed between the copolarizeslume responses

retrieval of snow liquid water estimates from polarimetrig,q a term associated with tlerrelation between the two
data at C-band. The ability to detect, quantitatively, fro’Bopolarized channels

remotely sensed data, a parameter, such as liquid-water content
in snow, would constitute a very important achievement and a v v v
major step forward in supplying hydrologists and other earth Tyvhh = <Re[5vv5hh]>
scientists with data products critical for various applications. It
is all the more impressive given the difficulties associated withhere S, and Sy, are the VV and HH complex scattering
evendirect measurements of liquid water content. Given themplitudes, respectively, associated with the volume. Their
potential value of such an algorithm, it is highly desirable thabrrelation is assumed to be unity. The only unknown param-
its validity be supported by careful ground-based measuremeter in these ratios formed is the permittivity of the snow.
efforts. The present diurnal experiment appears to be arnThe surface radar response is directly modeled using an
excellent candidate for this evaluation. empirical expression that is based on predictions of the in-
The algorithm was originally motivated by an AIRSAR dataegral equation method (IEM) surface scattering model [38]
set that was collected over glaciers in thetal Alps, Austria. computed over the range of surface parameters expected for
Prior to these measurements, physical characteristics, suctsrasw. A correlation term is formed as for the volume case;
snow depth, density, wetness, and surface roughness, wamee again, the correlation factor is considered to be unity.
measured. The final version of the algorithm, as appears in [8he unknowns in the empirical surface scattering models are
was developed in conjunction with data from a recent (Aprihe permittivity of the snow and a general surface roughness
1994) SIR-C/X-SAR mission taken over Mammoth Mountaiterm.
on the eastern slope of the Sierra Nevadas. A similar groundTwo equations are formed involving the surface scattering
truth campaign was employed in this effort as well. responses and the ratios of the volume responses. These
The algorithm conceives of the radar response as an ineguations are combined into a single equation (22) in [8],
herent addition of volume and surface responses. No attemtich is only a function of the snow permittivity,. The
is made to explicity model the magnitude of twelume inversion algorithm amounts to finding the value &f that
contribution to the scattering. Instead, it is shown how, umost nearly satisfies this equation.

C. Evaluation of Wetness Retrieval Algorithm

(12)
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Fig. 16. Snow wetness inversion algorithm results from Cadillac diurnal data
Fig. 15. Application of inversion algorithm for snow wetness applied t§et compared with actual measured valuesrof in the uppermost layer of
Cadillac diurnal data set. Shown is the actual output from the algorithile snowpack.
snow permittivityes. The “nominal level” shown is based on the expected
dry snow permittivity that is based on ground truth measurements of density.

If the incremental increase is known, an accurate estimate

o . . of m, may be obtained by inverting (14). The incremental
Application to Measured Diurnal Data\We first attempted jcrease itself may really only be known if the density of

to treat the Cadillac data set with this algorithm. The physicale snow is also known. so that the base contributios.to

description of the snowpack in the Cadillac experiment Seemteéf)resented by the dry snow componeptmay be accounted
to agree generally with the inherent assumptions of the modg), Then the incremental increase is given by

namely, m,, effects manifesting themselves primarily in the
upper regions of the snowpack. Only the C-band data were
used in the algorithm evaluation, which consists of testing a
range of values of, to find the value most nearly satisfying_ = . ) )
(22) in [8]. We used a range that corresponded to values PfiS IS one shortcoming of the algorithm by [8], and one
this parameter that might reasonably be associated with snf\@t 1S not addressed by the authors, namely, the relatively
11 < e, <50 large errors that result in trying to estimate, of snow
The values ofe, that were the outputs of the algorithm ffom & measurement of; alone, with no knowledge of the
with respect to the Cadillac data, are shown in Fig. 1§NOW dgnsﬂy. The density component in the calculation of the
As seen, most of the 29 separate sets of polarimetric radiff!€ctric constant of wet snow accounts for about 43% of
measurements resulted in estimatesegf which are within the total variation that may occur in this property (wet snow
the bounds of “reasonable” results that we set. Only one dgtlglectpc constant). A detailed discussion of these errors is
set produced a value pegged at the top of the rdage- 5.0), found in [30, p. 105]. _ _
and six were pegged at the bottdey = 1.1). Also shown in For the purpose of evalua_mng the present aIgonthr_n, how-
the figure is the nominal value of the permittivity of the tofVel» We will compute estimates of:, for the Cadillac
layer of the snowpack, based on ground truth measuremef@i@ Set by subtracting the value of 2.03 (based on the
The average measured density of the top layer was found to'Bgasured density of 0.5 g ct) from each of the algorithm-
about 0.5 g cm3; such a density would correspond tadey es_tlmated permlttlvme_zs shown in _Flg. 15. The remamd_e_r _of
snow dielectric constanof 2.03, which is the nominal value this operation is the incremental increase in the permittivity

AE; (mb) = 5; (m’U7 p) - Elds (p) (15)

shown in the figure. due to_ water, and this quant_ity can be inverted_ to _obtain
As described in [19], the permittivity of wet snow isan estlmate ofm,. These estlm_ates are shown in _Flg. 16
modeled as a dry snow value given by along with the values ofn,b:, whlch were measured in the
uppermost layer as a function of time using the Snow Probe.
el = 1+ 1.7pgs + 0.703 (13) All cases in which the algorithm estimated value f are
lessthan the nominal dry-snow value of 2.03 are considered
which depends on densityys alone plus an incremental gg havingm, = 0. It is seen that the algorithm gives

increase, which depends on snow wetngss) alone. This 5 reasonable performance in terms of its predictions that
incremental increase in the permittivity is given by [39]  there were very high snow wetness levels present. About
i} 0.073mL-31 half of the cases examined result in estimatesnof =
/ 1.015 . v . .
Ae, =0.02m,; ™ + T4 (/S (14) 0. Of the cases that give nonzero estimatesnaf, very
s high wetness levels are indicated—similar to but in general

where f, is the frequency at which the permittivity is meaexceeding the actual measurements—which may be seem
sured, f,, = 9.07 GHz is the relaxation frequency of water ato—very roughly—follow the trends, as a function of time,
0 °C, andm,, is expressed in percent. which were observed in the measurements.
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3.0 T T T T T T the snow liquid water content. The actual measured values,
e UPPERLIMIT (£4<5.0) however, are relatively low, with the possible exception of the
O R — NOMINAL LEVEL (¢=1 47) values measured at about 6 p.m. (18:00 h), which are seen to
R — LOWER LIMIT (¢s=1.1) be above 5% liquid water content. This condition itself was a
‘2 -~ % -~ SHI-DOZIER ALGORITHM (1995) rather anomalous one, occurring as it did just prior, due the
S refreezing of the snowpack top surface.
lf r i General Comments on the Wetness Retrieval Algoritfime
o central concept behind this algorithm appears to be that the re-
i~ lationships among the quantities,, o, andouy, (the latter
Z .....' """""""" of which is related to the correlation between the copolarized
responses) fowolume scattering can be distinguished from
N S S S the corresponding relationships of these quantities associated
80 100 120 140 160 180 200 220 with surfacescattering. That this should be the case is not
Time of Day (hr) obvious. With respect to the copolarized responses, for both

surfaceandvolumescattering, it is generally the case that the
Fig. 17. Application of inversion glgorithm for snow wetness applieq t?/v-polarized response exceeds the hh—response increasingly
Brighton diurnal data set. Shown is the actual output from the algorithm . . . -
snow permittivity<.. The “nominal level” shown is based on the expected'Or€ as incidence angle increases. With respect to the quantity
dry snow permittivity that is based on ground truth measurements of density,v1,1,, it has previously been noted by both [7] (the authors
of the inversion algorithm) and others f4hat the correlation
. ; . : . coefficient for rough surface scattering is approximately unity.
SNOW PROBE MEASURED In addition, in the wetness inversion algorithm, the authors
7r ®  SHLDOZIER ALGORITHM (1995) implicitly use a correlation coefficient of unity for the vol-
5 ] ume scattering as well. Thus, it is difficult to see how the
13 F 7 polarization relationships between the polarimetric quantities
1 . in volume and surface scattering, respectively, could allow
9t - discrimination between these two scattering mechanisms.
7L i Despite these questions about the fundamental concepts
upon which the algorithm is constructed, it must be said that
its performance, with respect to the two quite different data
o sets of this present study—the Cadillac and Brighton diurnal
ee o o o o o° experiments—is fairly impressive. Using only polarimetric
g 10 12 14 16 18 2 2 radar data, the algorithm gave estimates of dielectric constant
that were fairly comparable to those directly measured. In
addition, when provided with density values for the two
Fig. 18. Snow wetness inversion algorithm results frBmghton diurnal respective snowpacks, the algorithm was able to produce
data set compared with actual measured values ofin the uppermost layer estimates of quuid water content reasonably close to those
of the snowpack. .
found to be present by direct measurements.
On the Question of the Behavior of° with Increasing
As an additional test, we applied the algorithm to the:,: The authors of this wetness inversion algorithm make
Brighton diurnal data set, for which, as was seen in Fig. 18,case for the increase in the backscatter levels for wet snow.
the top layer of the snowpack had relatively low levels dfvhile it is true that such a phenomenon is readily predicted
liquid water content. The values ef,, which we obtained theoretically, it has only been observed experimentally in some
from the application of the inversion algorithm to this dataxceptional cases. The Cadillac scenario might be considered
set, are shown in Fig. 17. The “nominal value”afindicated such a case, where a combination of circumstances (ice lens
in this figure is based on the measured density of about 0.25epr the surface and exceptionally warm weather) produced,
cm~3 in the uppermost layer of the snowpack. As can be sedn, a small degree, a surface scattering effect. In general,
most of the estimated values are lower than this nominal levehwever, the depression of the radar backscatter level has
but not by much. In particular, none of the nine separate casd®en almost universally observed in practice [10], [12], [13],
treated resulted in permittivity estimates outside of the ran§kb], [24] at both microwave (including the present study)
(1.1 < e < 5.0), which are “reasonable”. Also, the relativelyand millimeter-wave frequencies. In [12], examples are given
very low estimates relative to those shown for the Cadillac cagkthe opposite case, of increasing, but these cases were
in Fig. 15 demonstrate the algorithm is genuinely sensitive Bsought on by the presence of rain in a time frame very
this parameter. close to the measurements in one case, the presence of hail
The associated estimates of,, generated in the samein another case, and in another case, wet snow that was
manner as was described for the Cadillac case above, tfitghened with a shovel. The rain scenario, in fact, mirrors

is, using our knowledge of the actual snow density in the
9 g y 2gpecifically addresses the coefficient of variation for rough surfaces, which

topmost laye.r of the snowpagk, are. shown in Fig. :.1-8' On% we have indicated, carries essentially identical information as the correlation
two of the nine cases examined give nonzero estimates coéfficient.

v

Snow Wetness - m_ (%)

Time of Day (hr)
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the circumstances under which the experiment in @mal
Alps was conducted—an experiment that produced the data
which the inversion algorithm was originally based.
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(7]

A

J. Shi and J. Dozier, “Radar backscattering response to wet snow,” in
Proc. IGARSS'92vol. I, p. 927.

, “Inferring snow wetness using C-band data from SIR-C's
polarimetric synthetic aperture radarlEEE Trans. Geosci. Remote

The preponderance of evidence, with respect to a decreased Sensingvol. 33, pp. 905-914, July 1995.
backscatter, suggests that models of wet snow may not be rél
alistic. Possible explanations for the departure from theoretical
predictions may be that 1) liquid water drains from the upp€t0]
levels of the snowpack before it becomes abundant enough to
increase the dielectric constant significantly or, as may well g
the case with the Cadillac data, 2) drainage from the immediate
top of the layer helps to create a sort of matching layer, Ieadiﬁgz]
to small surface scattering even for high wetness leneksr
the top surface.

This paper has described the results of two types of polaﬂ—q
metric radar experiments that were carried out on snowpac

[13]

V. SUMMARY [14]

S.

In Section Ill, we presented results and analysis for mea-

surements that were made at C- and X-band on the bare gro

D. T. Davis, Z. Chen, L. Tsang, J. N. Hwang, and A. T. C. Chang,
“Retrieval of snow parameters by iterative inversion of neural network,”
IEEE Trans. Geosci. Remote Sensingl. 31, pp. 842—-852, July 1993.
W. H. Stiles and F. T. Ulaby, “The active and passive microwave
response to snow parameters 1. Wetneds,Geophys. Resvol. 85,

no. C2, pp. 1037-1044, 1980.

F. T. Ulaby and W. H. Stiles, “The active and passive microwave
response to snow parameters 2. Water equivalent of dry sndw,”
Geophys. Resvol. 85, no. C2, pp. 1045-1049, 1980.

C. Matzler, E. Schanda, and W. Good, “Toward the definition of
optimum sensor specifications for microwave remote sensing of snow,”
IEEE Trans. Geosci. Remote Sensingl. GE-20, pp. 57-66, Jan. 1982.
C. Matzler and E. Schanda, “Snow mapping with active microwave
sensors,’Int. J. Remote Sensingol. 5, no. 2, pp. 409-422, 1984.

A. T. C. Chang, J. L. Foster, M. Owe, and D. K. Hall, “Passive and
active microwave studies of wet snowpack propertidgtdic Hydrol,

vol. 16, pp. 57-66, 1985.

F. T. Ulaby, T. F. Haddock, R. T. Austin, and Y. Kuga, “Millimeter-
wave radar scattering from snow: 2. Comparison of theory with exper-
imental observations,Radio Sci. vol. 26, no. 2, pp. 343-351, 1991.

lhlr% J. B. Mead, P. S. Chang, S. P. Lohmeier, P. M. Langlois, and R.

Mclintosh, “Polarimetric observations and theory of millimeter-wave

and then three successively deeper (20, 60, and 102 cm) layers packscatter from snow cover|EEE Trans. Antennas Propagaol.
of artificial dry snow. The details of the physical character
of the snowpack and the environmental conditions associated
with the experiments made these results especially amenable to remote Sensingol. GE-25, pp. 737—745, Jan. 1987.
comparison with discrete particle-based theoretical modelifig] Y. Kuga, F. T. Ulaby, T. F. Haddock, and R. D. DeRoo, “Millimeter-
techniques. It was shown, however, that these techniques
did not provide reasonable agreement with the experimentad] J. R. Kendra, F. T. Ulaby, and K. Sarabandi, “Snow probeificsitu
observations. A subsequent analysis of the data was presenteddetermination of wetness and densityfZEE Trans. Geosci. Remote
by which polarimetric scattering and extinction quantitieﬁo]
intrinsic to the snow medium were retrieved.

In Section IV, results for backscatter collected during par-

tial diurnal cycles were presented along with the results ?31

extensive measurements of snow liquid water content, which

were made concurrently. These data were used in an attergg
to confirm the validity of an algorithm that has recentI)I

]

been developed by [8] for the retrieval of snow liquid water
content from polarimetric C-band measurements. Although &%
examination of theconceptualframework of the algorithm |4
reveals certain basic assumptions that seem difficult to justify,
its performance, with respect to the two separate diurnal dTég]
sets, is fairly impressive. The algorithm was able to correct
characterize the Cadillac and Brighton snowpacks (top layer)

as very wet and reasonably dry, respectively.

[26]
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