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ABSTRACT. The microwave emissivity of two snow covers was measured in
Alaska in March, 1990. Observations were made on taiga snow near Fairbanks that
was 0.83 m thick with a 0.55 m thick basal layer of depth hoar. Other measurements
were made on the tundra snow cover at Imnaviat Creek north of the Brooks Range
which was 0.27 to 0.64 m thick and consisted of two or more wind slabs overlying a
depth hoar layer 0.14 to 0.26 m thick. Density, crystal structure, and grain size were
similar in tundra and taiga depth hoar layers.

Emissivity was measured at 18.7 and 37 GHz using radiometers mounted on a
1.5m tall bipod. Measurements were made on undisturbed snow, and then several
snow layers were removed and additional measurements were made. This sequence
was repeated until all snow had been removed. Effective emissivity values for the full
snow depth ranged from 0.6 (37 GHz, H-pol) to 0.95 (18.7 GHz, V-pol) and were
similar for both taiga and tundra snow covers. For both snow covers, there was a
marked reduction in the effective emissivity (eqfr) from that of the underlying ground
with a maximum reduction of about 30%. All of the reduction was found to occur
within the depth hoar layer. Maximum reduction in eg could be caused by a depth
hoar layer 0.3 m thick. Overlying wind slab or new snow were nearly “invisible”,
increasing the effective emissivity only by a small amount due to self-emittance.
Thus, it was difficult to distinguish the two different snow covers on the basis of their

emissivity, since both contained 0.3 m of depth hoar or more.

INTRODUCTION

Passive microwave measurements from aircraft and
satellites have been used to predict the snow water
equivalent in a number of locations (Hall and others,
1982; Burke and others, 1984). The prediction is based on
empirically derived inverse relationships between bright-
ness temperature (T3) and snow water equivalent (Ulaby
and Stiles, 1980; Chang and others, 1982; Bernier, 1987).
However, snow stratigraphy, temperature, grain size and
shape are also known to affect the microwave emissivity of
a snow cover (Mizler and others, 1980; Hofer and
Mizler, 1980; Kunzi and others, 1982; Burke and others,
1984; Bernier, 1987). In subarctic and arctic snow covers,
grain size can vary through two orders of magnitude
(from 0.1 to 10mm) due to extreme depth hoar
metamorphism. In the high arctic, where wind drifting
and the development of wind slab is common, a highly
stratified snow cover develops. As a result, the snow cover
in the northern regions contains features which limit the
usefulness of existing algorithms designed to take
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advantage of the relationship between microwave
emissivity and water equivalent.

Previous work (Hall and others, 1984, 1986; Foster
and others, 1991) has documented some of the difficulties
in interpreting airborne and satellite-borne radiometer
measurements in the north. Results from a transect across
central and northern Alaska (Hall and others, 1991)
suggest that there is only a poor relationship between
snow depth and microwave emissivity in this region.

Because of these difficulties, we decided to investigate
the role of grain size and stratigraphy on the passive
microwave emissivity. We used near-surface passive
microwave radiometers to measure the signature of snow
that we could then examine for grain size, stratigraphy,
and texture. Our results confirm that grain size and
texture can have a dominant effect on the microwave
emissivity, and we believe our results explain why some
previous efforts to predict snow water equivalent from
microwave signals in the arctic and subarctic have
encountered difficulties.
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THE EXPERIMENT

The microwave emissivity of two distinctly different snow
covers was measured between 20 and 27 March 1990.
The first set of measurements was made on the subarctic
taiga snow that develops at Glenn Creek near Fairbanks,
Alaska (64°52'N, 147°38'W). The second was made on
the arctic tundra snow that develops at Imnaviat Creek
(68°37'N, 149°12'W), about 190km south of Prudhoe
Bay, Alaska in the northern foothills of the Brooks Range.

The experiment consisted of measuring the microwave
emissivity of the intact snow cover, and then scraping off
several layers of snow and repeating the measurements.
The process was repeated several times until all the snow
had been removed. Final measurements were made on
the bare ground. Layers were removed at distinct
stratigraphic breaks. In particular, we made sure that
at least one measurement was taken at the top of the basal
depth hoar layer, after all overlying new and recent snow
had been scraped off. With care, we were generally able
to produce scraped surface roughnesses that were similar
to those of natural snow.

Measurements were made at 18.7 and 37 GHz using
radiometers mounted on a 1.5m-tall bipod that sat on
plates resting on the snow surface. The bipod could be
rotated through nadir angles of 0° through 70°; readings
were taken every 10°. Two sets of measurements were
made at a nadir angle of 50°. At all angles, both
horizontal (H) and vertical (V) polarizations were
measured. Descriptions of the radiometers and calibra-
tion methods can be found in Grenfell and Lohanick
(1985). Before and after each set of measurements, the
brightness temperature of the sky and of a reference
blackbody were measured for calibration purposes.
Readings reported here have been reduced to effective
emissivity (ee) using the following formula:

eett = (T — Toky) / (Tooit — Toky) (1)

where T§ is the brightness temperature of the snow, Ty is
the brightness temperature of the sky, and Ty is the
physical temperature of the soil under the snow.
Concurrent with the microwave measurements, snow
depth, stratigraphy, density, and texture were measured.
Samples of the snow were taken to a cold room and
photographed to document the crystal form. Grain size
was estimated in the field using a hand lens and grid and
measured by sieving. The latter technique is described by
Bader and others (1954), Benson (1962) and Sturm
(1991).

SNOW COVER TYPES

The taiga snow cover (defined by Pruitt, 1970; see also
Benson, 1982) is found in the boreal forests of Alaska,
Canada, Siberia and parts of Scandinavia. It is a low-
density snow cover composed of a high percentage of
depth hoar. The depth hoar forms as a result of several
processes. First, due to the continental climate, only a
moderate to low amount of winter precipitation falls
(<0.3m water equivalent), so the snow cover is thin
(<0.8 m). Second, snow falls are rarely accompanied by
wind, hence the density of the deposited snow is low
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(<250 kg m®) and it is highly permeable. Third, consis-
tently low air temperatures (<-20°C) and warm snow/
ground interface temperatures (>-5°C) create strong
vertical temperature gradients across the snow. By
March, after the snow has been subjected to these strong
temperature gradients for more than 150 days, the basal
75% or more of the snow cover can be depth hoar.

The tundra snow cover, found in the treeless areas of
the arctic and subarctic, forms a thin (<0.5m) veneer
over the tundra. Due to strong and persistent winds, this
veneer is composed chiefly of one or more wind slabs
overlying a basal depth hoar layer. The first snowfall of
the year fills in the spaces between tundra tussocks. Under
the influence of strong temperature gradients, this basal
layer rapidly metamorphoses into depth hoar. Wind
storms cap the basal layer with dense (>350 kg m™>) slabs
of snow. Subsequent snowfalls produce depth hoar layers
or wind slabs depending upon whether they fall during
calm or windy periods.

Both tundra and taiga snow covers contain coarse-
grained depth hoar crystals of unusually large size. In
both types of snow covers, a five-fold metamorphic
sequence develops. This sequence has been described for
the taiga snow by Sturm (1991) and Sturm and Johnson
(1991). In the sequence (1) new snow metamorphoses
into (2) solid-type depth hoar (described by Akitaya,
1974), then into (3) striated cups and chains of cups
(described by Sommerfeld and LaChapelle, 1970;
Trabant and Benson, 1972; and Colbeck, 1986), into
(4) squat prisms, and finally into (5) elongated prisms
(International Classification for Seasonal Snow on the Ground,
Type 5c). Exotic forms, such as scrolled crystals, also
occur in the latter phases of the sequence. Grain size
increases from sub-millimeter grains (solid-type depth
hoar) to grains that can exceed 30mm in length
(elongated prisms).

RESULTS

Seven sets of microwave measurements were made during
the study. Four sets were made on taiga snow at Glenn
Creek between 20 and 23 March 1990; three sets were
made on tundra snow at Imnaviat Creek between 26 and
27 March. At Glenn Creek, measurements were made in
a forest clearing where snow depth ranged between 0.73
and 0.83 m. At Imnaviat Creek measurements were made
in three different locations: on a ridge crest (depth = 0.27
m), in the valley bottom (depth = 0.56 m), and in a deep
snow drift in the lee of a building (depth = 0.64m).
During the experiment snow temperatures were well
below freezing and the snow was dry.

The effective emissivity (eer) as a function of snow
depth is shown in Figure 1 (tundra snow) and Figure 2
(taiga snow) for a nadir angle of 50°. Results for other
nadir angles were similar, but at 50° we observed near-
maximum changes in ey as a function of snow depth. 50°
is also the view angle of the DMSP Special Sensor
Microwave Imager (SSMI) and the Nimbus-7 Scanning
Mulitchannel Microwave Radiometer (SMMR) satellite
sensors; thus we concentrate on that angle here. For all
measurement sets, the pattern is similar: there is a marked
reduction in e between the base of the snow and a


https://doi.org/10.3189/S0260305500012714

1 A 1

Sturm and others: Passive microwave measurements of tundra and taiga

] i 1 1

March 28, 1990

B0+ 1mnaviat Creek B
E 60 L L
&

4
Em- o
B
° L T+ad]
8 20~ o DL
‘\A o\
0+ -
0.6 0.8 1.0
Effective emissivity
1 " 1 i 1
§0.{ March 27, 1990 |
Imnaviat Creek
'gso- = N
]
= w Ry
%o {o| [1%
2 40 = v
B 1)
g &
@ 20 N e
L)
Wy
0+ AmhlL- 2N
T T %
0. 0.8 1.0

Effective emissivity

80| March 28, 1990 L "
Impaviat Creek
:5: 60 = = -
|
5 2
2 40 ™k
=] L
g A
g 20 o W
Y
il
= =
0+ " , - —
0.6 0.8 1.0
Effective emissivity
new snow
recent snow
[3¥] wind stab
depth hoar; cups

depth hoar; chains of cups
E depth hoar; prism crystals
[0 18 GHz v-pol
M 18 GHz h-pol
A\ 37 GHz v-pol
A 37 GHz h-pol

Fig. 1. Effective emissivity (eetr) as a_function of snow
depth for tundra smow (nadir angle = 50°). The
stratigraphy is shown adjacent to the main JSigure.

80 L I‘ﬂ
ITTs 80+ [ T
N T
E 60 gy [ :J: >
K "R g 60 T (A A
— A
El A Al 3 oy
& - A AP Bgo N F
- < A
g ‘X/Qx g A
@ 20 - ..Ak"gzo- 3 ‘A;'
March 20, 1
, Mareh 21, 1990
o Clenn Creck I [ e 0 _Glenn Creex L[ AL
06 08 1.0 06 08 10
Effective emissivity Effective emissivity
1 1 1 " 1
80 = tEdte- I 5
L MEED)
Sxiy : +++:
- - - - 7
geo [* [ AT B B L
e A = b N
5 A A g ~
2 Y g [l
& 40 oo™ - - -
= £ 3 ey
N N -: An
o
& 20- L 3‘,4\ - 2 NN
2 A
Hé;-::nzg. 1k 9\3‘ March 23, 1 9\.{\
o4 ree! s ,C i o4 Glenn Creek’ Al
: \ 1L
0.6

T
0.8 1.0

T T
0.6 A 1
Effective emissivity e .

Effective emissivity
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stratigraphy is shown adjacent to the main figure.
Symbols are the same as in Figure 1.

height of 0.3 to 0.5 m. Above that, eqr increases slightly
(37 and some 18.7 GHz) or is constant (18.7 GHz). The
reduction in egy averages about 30% for 37 GHz, and
10% to 15% for 18.7 GHz. Minimum values of e occur
for approximately the same thickness of both taiga and
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tundra snow. This height roughly corresponds with the
transition between depth hoar and recent snow (see
stratigraphic sections in Figs 1 and 2). Where the total
snow depth is less than 0.40 m, minimum values of ey
occur for the full snow thickness.

Despite major differences in the character of the snow
covers, the value of eg at the snow surface, prior to
removing any snow layers, was not significantly different
at Glenn Creek (taiga snow) from that at Imnaviat Creek
(tundra snow). For example, at 37 GHz, H-polarization,
the reading at the top of the snow at Glenn Creek was
0.71 £ 0.03, compared to 0.69 + 0.01 at Imnaviat
Creek. The wind drift measured on 27 March at
Imnaviat Creek (Fig. 1) is an exception to this pattern.
At the surface of the drift, we recorded much higher
values of e.g at both 18.7 and 37 GHz than elsewhere. As
discussed later, this may be because there was consider-
ably less depth hoar present in the stratigraphic column of
the drift than in the other tests.

We have tried to isolate the effect of depth hoar on the
effective emissivity. In Figure 3, only values of eq
measured from depth hoar are plotted. We have
combined the measurements from both locations because
the depth hoar crystals at Imnaviat Creek and Glenn
Creek were virtually indistinguishable. To combine all
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Fig. 3. The change in effective emissivity (eesr) as a
Sunction of depth hoar thickness. Results from Imnaviat
Creek (tundra) and Glenn Creek (taiga) are combined
here. Because of the limited number of data points, the
critical depth appears to be the same for both 18.7 and
37 GHz. However, it is more likely that the critical depth is
greater than 0.3 m for 18.7 GHz, and is less than 0.3m for
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the sets, readings from each set have been offset by
subtracting the value of e, measured over bare ground.
The results indicate that there is a marked reduction in
€o up to a depth hoar thickness of approximately 0.3 m,
but that for a greater thickness of depth hoar there is no
further reduction in the emissivity. Instead, for depth
hoar thicknesses greater than approximately 0.3 m, there
is a small but definite increase in e.s (Fig. 3). Because of
the limited number of data points, the critical depth
appears to be the same for both 18.7 and 37 GHz.
However, it is more likely (while still being consistent
with the data) that the critical depth is greater than 0.3 m
for 18.7 GHz, and is less than 0.3m for 37 GHz. More
data are needed to delineate this trend.

The grain size distribution of depth hoar was
examined by sieving and stereology. Samples from Glenn
Creek and Imnaviat Creek were sieved using standard
practices for sedimentary geology (Friedman and San-
ders, 1983); results are shown in Figure 4. The
applicability of sieving technique for depth hoar has
been discussed by Sturm (1991); results from this study
are consistent with results determined for taiga snow
during a previous study (Fig. 4a). Mean depth hoar grain
size was between 3 and 4 mm, with a skewed distribution
that included some grains as large as 10 mm.

Unfortunately, due to the melting of our samples, we
were unable to make stereological measurements on the
snow from which the microwave measurements were
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made. However, in December 1990, we obtained new
samples of depth hoar near Fairbanks that had a similar
texture to the snow samples collected during the
microwave experiment. Sieve results from the new
samples were also similar to the microwave samples
(Fig. 4a). This gave us some confidence that stereological
measurements made on the new samples would be
generally applicable to the microwave measurements.
Stereological measurements were made using techniques
described by Davis and Dozier (1989). From plane
polished sections cut from cast blocks of basal depth
hoar, we have calculated the correlation length
(0.8 mm) and plotted the correlation function (Fig.
4b) (Vallese and Kong, 1981; Perovich and Gow, 1991).
The correlation length is about 25% of the mean grain
size as measured by sieving.

DISCUSSION

Differentiation of tundra and taiga snow

Our results suggest that it is difficult to differentiate
tundra snow from taiga snow solely on the basis of passive
microwave signals at 18.7 and 37 GHz. The emissivity at
the top of the snow cover was approximately the same for
all the measurements at Glenn Creek, and did not differ
from the values obtained at Imnaviat Creek by a
significant amount (excluding the measurements made
on drift snow). Yet our measurements were made on snow
depths ranging from 0.27 to 0.83 m, with corresponding
water equivalent values ranging from 0.09 to 0.25 m. Not
only were we unable to differentiate the snow covers on
the basis of snow depth or water equivalent, but also we
could not differentiate tundra snow from taiga snow. Yet
these are distinctly different snow covers with different
stratigraphy and grain size distributions.

“Saturation” thickness of depth hoar

The reason for the difficulty in separating these snow
covers using their microwave signals can be found in the
unusually high percentage of depth hoar in both snow
covers. Mizler and others (1980), Hofer and Maitzler
(1980), Bernier (1987), Hall and others (1986, 1991), and
others have noted that large depth hoar crystals, with
their hollow striated shapes, are unusually good volume
scatterers. Our results confirm this, but also suggest that
there is a critical thickness of depth hoar (approximately
0.3 £+ 0.1 m) within which nearly full attenuation of the
microwaves emitted from the underlying ground occurs.
It is likely that this critical thickness is less than 0.3 m for
37 GHz, and is greater than 0.3 m for 18.7 GHz, though
the resolution of our data is insufficient to show this trend.
In general, however, for depth hoar thickness ranging up
to 0.3m, the microwaves emitted by the ground are
progressively attenuated with increasing depth due to
volume scattering by the snow grains. For thicknesses
greater than 0.3m, no further attenuation occurs.
Instead, self-emittance by the overlying fine-grained
snow increases the emissivity recorded from the snow
surface. Thus, in Figure 3 we have labeled the curve of e
vs snow depth in two distinct sections. Between 0 and
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0.3m, volume scattering due to the large depth hoar
crystals dominates. At approximately 0.3 m, saturation
has been achieved, and self-emittance begins to increase
the effective emissivity.

The rate of increase due to self-emittance at 37 GHz is
about 1.1dBm™ for the wind slab overlying the depth
hoar at Imnaviat Creek. It ranges from 0.8 to 1.4dBm™’
for the new and recent snow at Glenn Creek. In contrast,
attenuation rates due to volume scattering by depth hoar
range from —0.6 to —2.7dBm™' for 18.7 GHz, and from
—4.5 to -10.3dBm™" for 37 GHz. These attenuation rates
are approximately an order of magnitude greater than
the rate of increase of the microwave signal due to self
emittance. Thus, if enough depth hoar is present and a
saturation level achieved, the addition of overlying snow,
whether new snow or wind slab, only results in a small
(and difficult to detect) change in the microwave signal.

The existence of a “saturation level” due to volume
scattering of snow has been observed before. Kunzi and
others (1982) noted that there was a linear relationship
between snow depth and gradient temperature (GT) (a
ratio of brightness temperatures) up to a critical snow
depth of about 0.5 m; for greater depths they found no
further change in GT. Our findings are consistent with
theirs, though we would attribute the differences in
critical snow depth at saturation (0.3m vs 0.5m) to the
greater volume scattering associated with depth hoar
than with other types of snow.

Depth hoar grain size and correlation length

The enhanced volume scattering of microwave emission
by depth hoar must be due to (1) the ornate grain shapes,
and/or (2) the fact that the grain size distribution
contains a considerable number of large outlyers. Vallese
and Kong (1981) found that correlation lengths corre-
sponded to actual sizes of ice particles in coarse and fine-
grained snow samples. Our results, however, indicate that
correlation lengths are about 25% of the actual (or sieve)
grain size for depth hoar crystals. Hall and others (1986)
needed to make a comparable reduction in effective grain
size in order to force the results of their depth hoar model
to be consistent with the observed microwave emissivity.

CONCLUSIONS

Tundra and taiga snow differ greatly in depth, density
and stratigraphic character, yet they have one common
textural attribute: both types of snow contain a basal
layer of depth hoar that often exceeds 0.3 m thickness. As
a result, differentiation of the two types of snow covers, or
even determination of their water equivalent from
millimeter wavelength passive microwave emissivity, is
difficult. For 37 GHz, approximately 0.3 m of depth hoar
is sufficient to greatly attenuate the microwave emissivity
of the underlying ground. Additional snow above the
depth hoar layer increases the microwave signal due to
self-emittance, but this increase occurs at about one tenth
the rate that volume scattering decreases the signal. The
net result is that two highly dissimilar snow covers can
look identical based on their microwave emissivity.
Other researchers (Kunzi and others, 1982) have
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recognized that at 37 GHz there is a “‘saturation”
thickness of snow at which the signal from the underlying
ground has been greatly attenuated. However, the
saturation thickness they found (0.5 m) was considerably
greater than we have found for depth hoar (0.3 m). This
difference is probably attributable to the large ornate
grains in depth hoar.
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