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ABSTRACT. The general objective of this paper is to estimate the snow water ¢ quiva-
lent (SWE) of the La Grande River watershed (northern Quebec), using passive-micro-
wave data from the SSM/I sensor. Particular omphams is placed on 111(' ana]\ sis of SSM/1
multitemporal variations.

The analysis of a database containing observations for three winters shows that the
brightness temperatures of the snow decrease as the SWE increases for shallow snow cov-
ers. However, when the SWE is >180-200 mm, the relationship reverses. This is directly
linked to the fraction of large snow crystals in the snow cover, since these are responsible
for most of the volume scattering. The snow emissivity is lower for shallow snow covers,
since the higher temperature qm(lwnl is responsible for the quick formation ol large snow
crystals. For SWE >80-200 mm, the temperature gradient decreases and large crystal for-
mation is minimal. Since volume scattering is lower, snow emissivity tends to inerease. The
observations confirm what was observed by Mtzler and others (1982) and Matzler (1994,

Two regression lines were used to estimate the SWE for the beginning and the end of
winter. This approach appears to be better, since it takes into account the structure of
snow cover. The results were used to derive representative maps of the SWE.

INTRODUCTION

Water is now seen as a key global resource, seen by many as
the dominant resource as we head into the next century.
Hence, rescarchers are emphasizing new studies to (‘\‘aluau‘

the quantity and quality of this resource. In Quebec, 45% of

the total volume precipitation falls as snow and is accumu-
lated on the soil surface for a number of months. Therefore,
a spatial and temporal evaluation of snow is essential to
allow for an appropriate management of environment and
economy.

The method traditionally used to obtain information
about snow 1s a snow survey. However, because of inaccessi-
bility and the large areas that need to be monitored, snow
surveys are expensive where accurate estimations of the spa-
tial distribution of the snow-cover variables are required.
Clombining snow surveys and remote sensing scems to offer
an adequate solution, particularly because of the synoptic
character of the satellite images. Furthermore, the exploita-
tion of passive microwaves represents an interesting advan-

tage for snow mapping, since the radiometry of this type of

data is very sensitive to snow cover. It should also be men-
tioned that lower-frequency microwaves are relatively inde-
pendent of atmospheric constraints and solar illumination.

This study is being pursued as part of the CRYSYS
(CRYospheric SYStem  to monitor global change in
Canada) program, which has been established to monitor
and predict physical impacts on the cryosphere using
mainly remote-sensing observations. The CRYSYS pro-
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gram 1s an interdisciplinary investigation within NASAs
Earth Observing System (EOS). One of the specific seienti-
fic goals of CRYSYS is to develop and validate passive- and
active-microwave algorithms extracting snow-cover infor-
mation over varied landscapes.

The first objective of this paper is an evaluation of
whether current passive-microwave algorithms can be used
for the retrieval of snow water equivalent (SWE)on the La
Grande River watershed. Secondly, a particular emphasis
in the study was placed on the analysis of SSM/I multi-tem-
poral variations. For this purpose we used SSM/I (Special
Sensor Microwave/Images) data from Lebruary and March
1994 and 1995, and SSM/I data collected on a weekly basis
between October 1995 and March 1996. The results were
used to derive a representative map of the SWE for the study
area.

BACKGROUND

In the passive-microwave domain, snow emission is very
sensitive to variations in the physical characteristics within
the snow cover. For frequencies higher than 15 GHz, snow
emission tends to decrease as the snow-cover thickens or
the SWE increases (Hallikaimen, 1984). 'I'his decrease 1s di-
rectly linked to the energy redistribution caused by the
volume scattering of snow crystals (Ulaby and others,
1986). The exploitation of this physical property of snow led
to the development of different algorithms to measure its
extent and SWE. However, Mitzler (1994) demonstrated
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that snow emissivity at 36 GHz has a tendency to increase
when water equivalents are higher than 200 mm.

The intensity of the radiation is expressed in terms of
brightness temperatures, which means that it relates the sur-
face emissivity (e) to the physical temperature of the objects
(T%) in degrees Kelvin (K). Following the Rayleigh—Jeans
law, the brightness temperature at the sensor, which is the
apparent brightness temperature (Tiapp) ) > 15 defined as:

TB(npp] = E‘Tnt = I;l]) o (]- = (')t TD!I = (1 == e)(;}’-rrm (1)

where ¢ is the surface emissivity; 7% is the physical temper-
ature of the surface; £ is the atmospheric transmissivity; Ty,
is the upwelling emission of the atmosphere; Tiy, is the
downwelling emission of the atmosphere; and To, is the
brightness temperature of the cosmic background radiation.
The first observation satellites of the Earth with a pas-
sive-microwave sensor on board were Cosmos-243 and -384
launched by the Russians at the end of 1968 and the begin-
ning of the 1970s (Kiinzi and others, 1982). During the 1970s
and 1980s, many studics using the Nimbus satellites (Nim-
bus-3, -6 and -7) have shown the potential of passive micro-
waves for the study of the snow cover. The first maps of the
snow cover were realized for the Northern Hemisphere
using data from the NEMS sensor (Kiinzi and Staelin,
1975) from Nimbus-5. The algorithm used by Kiinzi and
Staclin (1975) was based on a temperature gradient:
GT = (Ti31.4 — Ty222) /9.2 where Ty 314 and T
brightness temperatures at 31.4 and 22.2 GHz.
In the early 1980s, Rott and Kiinzi (1983) evaluated the
potential of the SMMR (Scanning Multichannel Micro-
wave Radiometer) sensor from the Nimbus-7 satellite for

999 are the

the characterization of snow. They found a close relation-
ship between GT' (brightness temperature at 18 GHz
(Ty,15) and 37 GHz (T},37)) and the SWE and/or the snow-
cover depth even though noticeable differences of GT" were
noted for similar snow depths. Those differences were attrib-
llt('(] LO snow structure.

During this same period of time Hall and others (1982)
noticed that passive-microwave data were underestimating
snow-cover depths in aforested areas. In fact, vegetation has
a significant influence on the emissivity of a surface com-
prising trees and snow, since it is a good microwave emitter,
and the snow signal is therefore partally masked by the
signal [rom trees. Hall and others (1982) developed an index
to evaluate snow-cover depths that minimizes the disturb-
ing effect of forest: the subtraction of the effective-brightness
temperature of the forest from that of the snow. The temp-
erature of the forest was previously determined by the mul-
tiplication of the forest emissivity by the temperature of the
air. A correlation coefficient of 0.8 was calculated between
the index and snow depth. A strong, positive correlation
coeflicient (0.83) was also found between forest cover and
snow depth. So, these positive relationships suggest that
arcas ol dense forest will also be arcas of deeper snow.

Similarly, Finnish researchers have developed expertise
in the use of SMMR and SSM/I data for the determination
of the SWE for several areas in Finland (Hallikainen, 1984;
Hallikainen and Jolma, 1986, 1992). Since there is a wide
variety of land covers, an algorithm was developed that
takes this parameter into account for each pixel. More spe-
cifically, the algorithm determines the difference of bright-
ness temperature, A, by computing the difference between
brightness temperatures for frequencies of 19 GHz and
37 GHz (18 and 37 for SSM/I data) for one scene recorded
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in winter and another recorded during fall. This operation
allows surface effects to be distiguished. Considering the
variety of land-cover categories, the results are highly satis-
factory. The correlation coeflicients obtained between SWE
and At were 048 and 0.77, for the north and the south of
Finland (Hallikainen and Jolma, 1992).

Work to estimate snow-cover depth has also been con-
ducted for a specific area in Colorado (Chang and others,
1990). The algorithm used to determine snow depth
(SD = 1.5"[Ti,18 — Ti,37]) is based on principles of radiative
transfer and Mie scattering theory, and assumes that the
snow has a uniform density (0.3 gem ) and grain radius
(030 mm). The Tj, ;s and Tj,37 are the brightness temper-
atures at 18 and 37 GHz. A difference has been observed
between several sectors of the study area, which are partly
due to surface variations and snow structure,

Finally, since the early 1980s, the Canadian Atmospheric
Environment Service (AES) has developed expertise on the
use of passive microwaves for the evaluation of SWE of dry
snow. Since the winter of 1988-89, the AES has been produ-
cing maps of SWE for the Canadian Prairies on a weekly
basis using SSM/I data. The algorithm used by the AES is
partly based on work conducted by Kiinzi and his collea-
gues (1982). It comprises calculation of a temperature gradi-
ent in vertical polarization (GTV) using frequencies of
37 GHz and 19 GHz (GTV = (Ths7v — Thiov)/18). Com-
parisons between GT'V and field data have shown a correla-
tion of 0.89 for dry snow areas (Goodison and Walker, 1995).
However, in the same study, relationships calculated from
boreal forest data are less significant, since [orested areas
alter the snow signal so that SWE is underestimated.

THE TEST SITE

The region of interest is located in the James Bay area, with-
in the La Grande River watershed (Fig 1). This sector
divides into three morphological units comprising, from
east to west, a coastal plain, an undulating plateau and a
mountainous arca (Sociéte d'énergie de la baie James, 1987).
The first morphological unit consists of a plain approx-
imately 150 km wide that is covered by clay and eriss-crossed
by streams and small rivers. Several depressions containing

La Grande River

Labrador

Fig I La Grande River watershed, northern Quebec
( Canada ).
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peat bogs are also present. The second morphological unit is
a plateau with undulating relief that is covered by fluvio-
glacial deposits. The reliefl amplitude is relatively low (15-20
m), and, unlike the coastal plain, has scattered lakes and
major rivers. Finally, the third morphological unit 1s com-
posed of the Ticegamie, Otish and Temiscamic mountains,
the summits of which reach heights of between 900 and
1100 m.

The La Grande River watershed is located in the cold
continental climatic region of the subarctic type. Thus, it is
characterized by short and mild summers, and by long and
rigorous winters. The average annual temperature recorded
at the Nitchequon weather station (considered to be the
most representative of the region) is - 3.87C,

The annual average snow depth measured al James Bay
between 1993 and 1996 was >90 em. In the case of SWE, the
values varied between 18 and 38 em.

ACQUISITION OF SSM/I DATA AND FIELD DATA

The database used to carry out this study is composed of

passive-microwave data provided by SSM/I sensors and
field data. SSM/I sensors have been launched aboard the
U.S. DMSP Block 5D-2 series of satellites. The data used in
this study were acquired by the SSM/Isensors on the DMSP
F-11 and F-13 satellites. The spatial resolution varies depend-
ing on the frequency used (Table I). It is important to men-
tion that the positioning error on SSM/I data is 7km
(Hollinger and others, 1990).

The field data used in the study are from snow surveys
conducted by Hydro-Québec (H-Q) on the watershed.
During 1994, 1995 and 1996, field campaigns were also car-
ried out in mid-February and mid-March by INRS-Eau and
H-Q for a radar (ERS-1) study. These field campaigns al-
lowed the determination of SWE, snow density, and snow-
cover depth, as well as other information on snow-cover

Table 1. SSM /I characteristics

Frequency (GHz 193 229 37 835
HandV V HandV  HandV
60 x 40 37 x 28 & % 13

Polarization
Spatial resolution (km) 69 x 43

Swath width (km 1394

Table 2. SSM/1dataset and snow survey
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characteristics (snow-crystal diameter, temperature, licuid
water content ). Table 2 presents the main characteristics of
the SSM/I and field data used.

METHODOLOGY

In order to fulfill the first objective (assessing whether
current passive-microwave algorithms can be used for the
retrieval of SWE on the La Grande River watershed), we
studied the suitability of the Goodison (Goodison and Walk-
er, 1995)(AES) and Hallikamen (1984) algorithms to deter-
mine SWE for the area covered by the La Grande River
watershed for any given date. ‘1o assess this, we compared
ficld data and estimated values from each of the algorithms.
A briel description of the algorithms developed by Goodi-
son and Hallikainen is as follows.

The Goodison algorithm allows the determination of a
temperature gradient in vertical polarization (GTV). This
gradient value is obtained by subtracting the brightness
temperatures at frequencies of 37 and 19 GHz, and by divid-
ing the result by 18 (Goodison and Walker, 1995). GT'V is
therefore expressed as:

GTV = (Ti,zrv — Th1ov)/18. (2)

In order to estimate SWE, Goddison and Walker (1995) have
defined a linear relationship between GTV and the meas-
ured SWE:

SWE (mmm) = (20.7 — 49.27) GT'V. (3)

In the case of the Hallikaimen (1984) algorithm, the process
involves subtracting a fall image from a winter image for fre-
quencies of 18 and 37 GHz in vertical polarization (V)
(Hallikainen and Jolma, 1986, 1992):

AT = (Ti;lh’ V=Tia7v )winter = (Thiav —Thavv il (4)

The SWE can also be calculated from the empirical rela-
tionship between AT and the measured SWE:

SWE (mm) = (10.1 x AT) —98.0 for the south of Finland (5a)

SWE (mm) = (87 x AT) — 108.0 for the north of Finland. (5b)

For this study, we have chosen the equation derived for
southern Finland, since its parameters are more appropriate
for the estimation of the SWE on the La Grande River
watershed. Since the Hallikainen algorithm was developed
using Nimbus-7 SMMR 18 and 37 GHz data, we replaced

SSM A data Frequency Snow survey INRS-Fau Measured data Snow survey H-0. Measured dala
13 October 1994 19 and 37 =
15 February 1994 1418 February crystal size, 26 January | February  SWE density, snow depth

21 March 1994 21-24 March
14 February 1995 610 February
17 March 1995 13-17 March
25 October 1995 21 26 February
8 November 1995

614 21 December 1995

14 December 1995

21 December 1995

10 January 1996

17 January 1996

14 February 1996

21 February 1996

21 March 1996

snow and soil temperature,
liquid water of snow

17-28 March
18 22 February
1518 March
2126 February
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the Tisv terms in Equation (4) with 1,19y for SSM/I
19 GHz data, where Tj,18v and Tj,19v are the brightness
temperature in vertical polarization at 18 and 19 GHz.

The second objective of the study was to assess the tem-
poral evolution of snow cover. Since the SWE varies from 0
to >380 mm, we compared our results to those of Matzler
(1994), knowing particularly that Goodison’s algorithm
had been derived for shallow Prairie snow covers. The
method was to extract values of brightness temperatures
for the snow cover at 37 GHz in vertical polarization, and
to plot them as a function of ficld data. In order to compare
them with the Mitzler curve, the vertical polarization was
chosen because it 1s less sensitive to variations caused by the
multilayered snow cover.

Information on the water equivalent of snow cover for
the beginning of winter, in addition to other periods during
winter, was not available. 'Io overcome this, we estimated
values for SWE from snowfall data measured from October
1995 to March 1996 at three weather stations controlled by
Hydro-Québec. The simulations were performed using a
simple SWE summation. Since there was no melt period, a
more complete model was not necessary.

It is widely known that aecrodynamic disturbances
caused by the presence of a snow gauge lead to underestima-
tion of snow amount. This underestimation increases with
wind speed, and also varies with the type of snow gauge
and shelter used. Those used by Hydro-Québece are of the
Belfort Type. According to Goodison (1978), it i1s possible to
adjust the precipitation data as a function of wind and snow-
gauge type by applying an equation. This equation is, in
fact, a relation between the gauge catch ratio (gauge catch/

: AT | ; :
ground true) and wind speed (Wkmh ). An equation ol

the polynomial type (Goodison, 1978) was applied to the
raw precipitation data for October 1995 to March 1996:
SWE gauge

= ———_

SWE true = . -
0.03393)W + 0.00406W=

(0.99783
Extraction and processing of the SSM/I data

The available SSM/T data were received in text format, and
were geo-referenced in longitude/latitude and contained
values of brightness temperatures at 19.3, 222 and 37 GHz.
To manage the processing of these data, a knowledge of the
projection of geographic coordinates and of the interpola-
tion of point files was necessary.

Step I: Projection of SSM /1 data

SSM/I coordinates (point files) were first mapped using a
conical Lambert projection (central meridian 68" N,
90° W, reference latitude 53° N, reference origin 637 N,
90° W)

Step 2: Interpolation of SSM/I images

The width of an SSM/I orbit is very large (1394 km), which
gives an opportunity to obtain data coverage for the study
arca every day. The orbit location is, however, variable
between the acquisition dates. Thus, it is not possible to
superimpose two datasets acquired on different dates as the
pixel locations are not coincident. 1o correct this, we have
interpolated the brightness-temperature values using the
nearest neighbour algorithm. This algorithm was chosen so
that the alteration of brightness temperature could he
avoided (Richard, 1993).

To fulfill the requirements of this project, we have cre-
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ated sub-images of 31 lines per 29 pixels with a resolution of

25 km for each scene. Those sub-images cover a territory of
- ~ 2 . ~

561 876 km~, and include the area of interest.

Step 3: Integration of SSM/I images into a geographic information
systerm

The interpolated sub-images were introduced into a geo-
graphic information system (GIS) (Idrisi) in order to extract
the values of brightness temperatures at selected points, and
to execute the mathematical operations required to obtain
maps of SWE.

RESULTS

Preliminary evaluation of algorithms

A preliminary evaluation of the Goodison (Goodison and
Walker, 1995) and Hallikainen (1984) algorithms was con-
ducted on the La Grande River watershed. Figures 2a and
2h show results obtained from these algorithms using the
1994, 1995 and 1996 SSM/I data. In order to make the com-
parison casier between these results and the ones obtained

- 3 3
T

200 300 400
Measured SWE (mm)

=— Goodison linear regression
4  Simulated SWE

10 + t + + + =
0 100 200 300 400
Measured SWE (mm)

= Hallikainen linear regression
4  Simulated SWE

b) Hallikainen

Fig. 2. Comparison between in situ measurements and the
Goodison (a) and Hallikainen (b ) algorithms.


https://doi.org/10.3189/S0260305500014270

by Goodison and Hallikainen, the straight-line relations
have been superimposed.

Figures 2a and 2b show that, at first sight, it scems that
the Hallikainen algorithm is more representative than the
Goodison algorithm, although the difference with the sug-
gested theory (relation) is significant in both cases. It can
also be seen that wet snow is detected more easily with the
Hallikainen algorithm than with the Goodison algorithm.

Two reasons explain the distribution of points around the
regression line of Goodison and Hallikainen algorithms:
land-cover effect, and the structure of the snow cover.

Studies conducted by Hallikainen and Jolma (1986), Hall
and others (1982), and Goodison and Walker (1995) have
shown that snow cover in forests has a higher emissivity
than snow cover in unforested areas due to an interaction
with trees. A vegetated cover is a good emitter that will
attenuate the emission from the underlying snow cover. At
the same time, it will contribute by its own emission to the
signal received by the satellite. This effect depends on vary-
ing forest density and vegetation structure. So, decreasing
microwave sensitivity in vegetated areas will obviously lead

to an underestimation of the derived SWE. The structure of

snow cover also modifies the snow signal. The most impor-
tant parameters to consider are, the depth of snow cover,
SWE and the size of the snow crystals. More details are pre-
sented 1n the next section,

Temporal evaluation of the snow cover

As mentioned in previous studies, snow stratigraphy, crystal
size, snow depth and SWE have a major effect on the bright-
ness temperatures (Ulaby and others, 1986). Actually, it was
demonstrated that, for frequencies higher than 15 GHz,
brightness temperatures decrease as the snow cover thickens
and the crystal size increases (Ulaby and others, 1986). This
occurs because volume scattering is a prevailing factor for
the extinction coefficient,

Previous studies in Switzerland by Matzler and others,
(1982), Schanda and others, (1983) and Matzler (1994) have
shown that for SWE >18 em, the brightness temperatures
have a tendeney to increase, causing a positive slope in the
relation between SWE and brightness temperature (Fig, 3).
The same tendency was observed at the La Grande River
watershed in February and much of 199496, when we over-
layed 37 GHz brightness temperature values to the Mitzler
curve. In 1995-96 we obtained weekly images lor the arca
and were thus able to check the agreement with the Mitzler
curve from the beginning of winter. However, since we had
no field campaign for this period, SWE was estimated
(Equation (6)) for the following dates: 25 October 1995, 8
November 1993, 6, 14 and 21 December 1995, 10, 17, and 24
January 1996 and 14 February 1996. Results are shown in
Iigure 4.

According to Mitzler (1994) the behavior of the rela-
tionship between SWE  and  brightness
(37 GHz) is directly linked to the proportion of large snow

l(‘]Il])(‘["dl ure

crystals in the snow cover. For Rayleigh scattering, the emis-
sion decreases proportionaly to the third power of the grain
radius. Thus, emissivity is lower for shallow snow cover
because the high temperature gradient is responsible [or
the quick formation of large snow crystals (depth hoar),
and increases scattering of the upwelling radiation (Hall
and others, 1991). On the other hand, if there is a very deep
snowpack, the penetration depth (p) varies from a few cen-
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Fig. 5. Matzlers velationship betiween the brightness temper-
ature and the SWE, at 36.6 GHz. Extracted from Schanda
and others (1985).

timeters to tens of meters, depending on particle size, den-
sity and frequency (Ulaby and others, 1986). The
penetration-depth calculation realised for the James Bay
area shows that the average penctration was 65cm

(SWE = 17cm). So, the upwelling radiation decreases
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200 ittt
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February 15, 1994 y March 21, 1994
x February 6,1995 = March 16, 1995
e February 21,1996 < March 21, 1996
Simulated snow

>

Fig. 4. Comparison between SSM/I extracted-brightness
temperature from the James Bay area and Miizler relation-
ship at 37 GHz.
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because the radiation comes from the top (65cm) of the
snowpack, which contains more fine-grain snow. This situa-
tion leads to an augmentation of emissivity from the snow-
pack and explains the reversed relationships.

These circumstances allow a clearer understanding of

the differences between our results and those of Goodison
and Hallikainen for SWE >200 mm. These algorithms were
used for environments where SWE was < 200 mm, and thus
correspond to the first section of the Mitzler curve (Fig, 3).

For the La Grande River watershed, the SWE at the end of

winter was generally >200 mm, which means that it corre-
sponds to the second section of the Matzler curve. There-
fore, it is not surprising that both the Goodison and
Hallikainen algorithms did not {it the data.

Land-cover effect

In order to evaluate the effect of land cover on the results, we
used a classified AVHRR image. Six land-cover classes
were identified for the area: open lorest, open lichen wood-
land, coniferous forest, burned forest, water and bhare soil.

Because of the large dimensions of an SSM/T pixel, most, if’

not all of them, have a mixed spectral signature. Table 3 pre-
sents a synthesis of land cover for the study arca. In general,
we noticed that brightness temperatures were slightly high-
er where the arca was dominated by lichen woodland and
coniferous-forest land cover.

‘Table 5. Calegories of land cover

Land-cover class % of land cover

Open lorest 5435
Lichen woodland 30.26
Water 54
Coniferous [orest +.94
Burned forest 3.86
Bare soil 1.18

Ice is also an important element to consider. Studies
(Hall and others, 1982) indicate that radiation emanates
from deeper within the ice for shorter frequencies than for
longer ones in the microwave region. So, for fresh-water
ice, the long frequency (37 GHz) senses snow overlying ice,
while the shorter frequencies (5. 18 and 22 GHz) sense the
entire thickness of ice. Thus, at 37 GHz, the overlying snow
is contributing more to the observed emission than is the ice
because of the volume scattering of snow. For shorter fre-
quencies snow crystals are not large enough to produce a
significant scattering, so the snow appears to be transparent.

Observations made during the last field campaign
(April 1996) indicate that the hydroelectric reservoirs
(James Bay and Hudson Bay) are only barely or hardly cov-
ered by snow during winter because strong winds continu-
ously remove it. This situation is clearly visible on SSM/I
images, as the brightness temperatures (37 GHz) are parti-
cularly high in relation to the rest of the image. So, when ice-
covered hydroelectric reservoirs dominate the land-cover
class inside the pixel, brightness temperatures are very high.
A similar observation was made by Barry and others (1993)
with a time series of Nimbus-7 (SMMR) images for the
Great Slave Lake. In consequence, it was impossible 1o eval-
uate SWLE on the reservoirs or the bays. The use of a time
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series allows the use of SSM/I data to monitor freeze-up
and break-up periods (Fig. 5).

SWE mapping

As shown in Figure 2, the results from the Goodison and
Hallikainen algorithms (Equations (2) and (4)) are not in ac-
cordance with the experimental data from the La Grande
River watershed. Better results are obtained when discrimi-
nating between shallow and deep snow covers (Iig. 6). Con-
sidering the snow conditions specific to the James Bay area,

open water §

November 8, 1995

_ice cove

December 14, 1995

Complete
ice cover

January 14, 1996

Fig. 5. Process of ice formation on the Hudson and fames Bays

Sfor the 1995-96 period. Three dates are shown (a) 8 Noven-
ber 1995 — open waler, (b) 14 December 1995 — fragmen-
ted ice cover, (¢) 14 January 1996 — complete ice cover.
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The following regressions were obtained for values smaller
and greater than 200 mm:

Goodison:

SWE = 59.52 — 69.51GTV;
SWE = 274,14 + 37.78GTV ;

for SWE < 200mm (8a)
for SWE > 200 mm (8h)

Hallikainen:
SWE = 53.65 + 3.20ATj,; for SWE < 200 (9a)
SWE = 235.6 + 0.T1AT,, : for SWE > 200 1mm (9b)

1
=
- e o O
& a4 @ - -
OG5 B )
=Y - @
R o
T &
> €@ 5
-
23 o L s
£ {F-\ = @ ) @ ®
-1.5 4 e (;(Z:J -
w e
2 + -
= Goodison linear regression
-2.5 + + +
0 100 200 300 400
SWE (mm)

© Measured SWE (mm)

A Simulated SWE (mm)
= Linear regression (200-400 mm)

== Linear regression (0-200 mm)

a) Goodison

Hallikainen linear regression
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Fig. 6. Comparison between Goodison new linear regression
(a), Hallikainen new vegression (b)) and James Bay linear
regression (¢ ) _for shallow and deep snow covers.

two new regressions were obtained for both algorithms

one for a SWE between 0 and 200 mm and another one for
SWE >200mm. The cut-off’ value between shallow and
deep snow covers has been taken [rom Mitzler curves. The
results (Fig. 6a and b) were compared to a simple model
(Fig. 6c) called the James Bay model. It consists of the calcu-
lation of a brightness-temperature index diflerence from the
results of Goodison and Hallikainen, which is simply the
diflerence between a fall image and a winter image at
37 GHz, in vertical polarization. As for the Hallikainen

algorithm, a fall image was used to minimize the impact of

land use:

Thame =

~1

haTV fall — T‘I:IAT\' winter (
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James Bay:

SWE = 40.93 + 321 a7y
SWE =359.3 — 2.77 a7 3

for SWE < 200 mm (10a)
for SWE > 200 mm (10D)

Two points of interest emerge [rom Figure 6. First, the
measured values ol the three algorithms are better distribu-
ted along the caleulated regression lines, since the relation-
ships used are more suitable for the snow cover conditions.
Second, the microwave response is particularly more sensi-
tive to shallow snowpacks (SWE < 200mm). For values
>200 mm, the microwave response is less sensitive to the
increase of SWE because of signal saturation. As we ex-
plained earlier, this is due to the fact that the depth hoar
layer exerts less influence.

In the case of the Goodison algorithm, the new regres-
sion line for shallow snow cover has a slope different [rom
that of the original regression. Ior deeper snow covers, the
relation is reversed with a smaller slope, so that the Good-
ison algorithm behaves much like the Matzler experimental
data. The results are different for the Hallikainen algo-
rithm, because there is no reversal of the relation, but essen-
tially a decrease in the slope for SWE >200 mm. Also, the
regression for deep snow cover is not good. Finally, the

James Bay model gives results similar to those of the Good-

ison algorithm in that the correlation coellicients are good
for shallow snow cover (.76 and 061, respectively), but
decrease for deeper snow covers (044 and 043, respectively ).

Maps of SWE have been generated for 21 March 1994
using the original Goodison and Hallikainen relations and
the James Bay relation (Fig. 7). The differences between the
SWE estimated by Goodison (Equation (3)) and Halli-
kainen (Equation (5b)), and also by the proposed equation
lor the James Bay arca (Equation (10b)), are obvious. The
map produced using the Goodison Lquation (3) signifi-
cantly underestimates SWE. It shows values varying
between 25 mm and 100 mm, while measured values of
SWE are between 180 mm and 340 mm. In relation to the
Hallikainen equation (Equation (5b) ), Figure 7b shows that
estimated values for SWE are closer to real values, but are
still underestimated. In this case, the values vary from
25 mm to >300 mm. Finally. Figure 7¢ shows that the values
computed [rom the James Bay equation (10b) are the most
similar to real values, with SWE varying between 200 mm
and 300 mm.

‘T'wo reasons explain the weakness of Goodison and Hal-
likainen original relationships to estimate the SWE for the
La Grande River watershed. Iirst, the equations were not
established [rom experimental points in this particular area,
and second, they were not adapted o the deep snow covers
(=200 mm).

Finally, as indicated by Figure 6, the new regression
relation for the Goodison algorithm could also furnish good
results. The ambiguity arising from the fact that a specific-

359


https://doi.org/10.3189/S0260305500014270

De Séve and others: Snow microwave radiometry

a) Goodlsoﬁ

Hudson Bay

~%— James Bay

c) James Bay algorithm

Fio. 7. SWE maps of 21 March 1994 created with (a) origi-
nal algorithm_from Goodison, (b) oviginal algorithm from
Hallikainen, () James Bay algorithms.

brightness temperature in the Métzler, new Goodison and
James Bay relations can bhe associated with two different
values of SWE can be easily resolved. The solution comes
from a minimal knowledge of the snow season for a particu-
lar region. If we are at the beginning of that scason, then
shallow snow cover is to be expected. If the weather condi-
tions are monitored and the SSM/I data are used in con-
junction with a snow-accumulation and melt model, it is
even more easy to resolve the ambiguity.
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CONCLUSIONS

The original relationships established by Goodison and
Hallikainen underestimate the SWE in the La Grande
River watershed, Two reasons explain this: first, the equa-
tions were not established from experimental points in this
particular area, and second, they were not adapted to the
deep snow covers (SWE >200 mm). However algorithms
developed by Goddison and Hallikainen were able to detect
wet snow, particularly the Hallikaimen algorithm.

Land cover is a parameter that needs to be considered
because of its influence on snow emissivity. For the study
area. lichen woodland, coniferous forest and [rozen lakes
were the land-cover types that had the most influence on
the radiometry of the pixels. In the particular case of the
reservoirs and James Bay and Hudson Bay, little or no snow
was covering the surfaces,

It was found that time series of passive-microwave data
(in this case for the winter of 1995 96) can be used for ice
monitoring on the James and Hudson bays as well as on
large lakes and reservoirs, as the temperature values dif-
fered clearly from the rest of the image.

This study represents an important step in the under-
standing of the hehaviour of deep snow-cover brightness
temperatures. In fact, for deep snow covers, the curve shows
a positive relationship between SWE and brightness temp-
erature. These findings were used as a reference for the esti-
mation of the SWE for the La Grande River watershed. Two
regression lines were used to estimate the SWE for shallow
and deep snow covers. This approach appears to be well
adapted to the prevailing snow conditions in this region.
However, further studies are needed to validate this
approach and improve the algorithm. Future research will
concentrate on two major points:

1. Analysis of data from other areas to conlirm whether the
tendency noted when the SWE was >200 mm is main-
tained. At the same time, the cut-off value will be re-
evaluated, since it may have been possible to obtain high-
er correlation coefficients by lowering the values taken
from the Métzler curve from 200 mm to ~ 150 mm. More
data analysis is needed before deciding upon a better cut-
oft value.

2. Analysis of the characteristics of the various land classes
on the signal from each pixel, assuming that at least part
of the spreading of the experimental points around the
regression curves is due to the fact that land-cover char-
acteristics were not taken into account.
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