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ABSTRACT

_ The combination of a low 37 GHz radiobrightness and a
negative 10.7, 18, and 37 GHz spectral gradient appears to be an
effective discriminant for classifying frozen ground. The spatial
resolution of lower frequency, satellite borne, microwave radiome-
ters is typically relatively coarse, ¢.g., 100 Km for the 10.7 GHz
channel of SMMR. With certain restrictions, scale-space theory can
be used to map freeze/thaw boundaries that are identified at the
poorest resolution of a multiband image to images having the highest
resolution. That is, the process permits classification at lower res-
olution, but boundary location at higher resolution.

INTRODUCTION

Soil moisture contributes to the energy exchange between the
air and the ground through latent heats of fusion and vaporization.
The processes of thawing frozen ground or of evaporating soil
moisture cause soil thermal inertias to appear anomalously high.
Microscale and mesoscale climate models benefit from estimates of
the amount and state of soil moisture as part of their boundary con-
ditions.

There is a large body of literature about deriving soil mois-
wre from radiobrightness [e.g. Burke et. al., 1979; Wang et. al.,
1982 Blanchard and Chang, 1983; Schmugge, 1983; Jackson et.

al., 1984; Camillo and Schmugge, 1984; Schmugge ct. al., 1986;

and Grody, 1988]. In addition, there is strong evidence that mois-
ture state can also be inferred from radiobrightness. Using data from
the Nimbus-7 Scanning Multichannel Microwave Radiometer
(SMMR) for a test area that included North Dakota and parts of the
surrounding states and southern Canada, Zuerndorfer et. al. [1989].
showed that a combination of low 37 GHz radiobrightness and a |
negative spectral gradient of radiobrightness offers an encouraging !
Freeze Indicator, or discriminant, for classifying frozen terrain.

A fundamental problem with the Freeze Indicator algorithm
developed by Zuemndorfer et. al. [1989] is that radiobrightness mea-
surements from different frequency channels having different spatial
resolutions are required to estimate a spectral gradient. To make each :
radiobrightness value refer to a common area on the ground, data,
from each channel is compensated to a common, coarse resolution i
(i.c., the resolution of the lowest frequency SMMR channel that!
contributes to the gradient estimate). As a result, identified!
freeze/thaw boundaries are localized only to the accuracy of the res-|
olution of the lowest frequency channel that was used. |

. . . |
In this paper, we present a technique for using the fine res-:

olution in the high frequency channel to improve the localization of|
freeze/thaw boundaries. By using Gaussian convolution, or Gaus-
sian filtering, to perform resolution compensation, it becomes pos-
sible to register boundaries observed at coarse resolution to those

observed at fine resolution. In the sections that follow, we review
the Freeze Indicator work of Zuerndorfer et. al. [1989], and discuss
the use of Gaussian filtering for resolution compensation and its ap-
plication to freeze/thaw boundary mappings.

FREEZE INDICATOR

Freezing influences the measured radiobrightness tempera-
ture, T, of the ground, as observed by a satellite microwave ra-

(ligosnl\;:lcr. through parameters in the approximation [Ulaby et. al.,

Tb=cT°+(l ‘C)Tsky'

where ¢ and T, are the emissivity and surface temperature of the
ground, respectively, and Tsky is the effective sky brightness. At-
mospheric transmissivity is ignored in this approximation. Frozen
ground exhibits signatures o%(l) lower thermal temperatures, To,
(2) higher emissivity, e, and (3) a decrease in brightness tempera-
tures with microwave frequency,

%r-fn<0.

Signatures (1) and (2) are well understood, but are generally
ambiguous indicators of frozen ground. Ambiguities arise because
changes in radiobrightness that result from freezing the ground may
be either positive or negative, depending upon the soil moisture
content. A typical dry soil emissivity of 0.8 will yield a 80 radio-
brightness decrease for a 100 decrease in thermal temperature
(enough to completely freeze the ground), with relatively little
change in soil emissivity. However, in moist soils, freezing causes
an increase in soil emissivity, and a subsequent increase in radio-
brightness.

Water molecules in frozen plants and soils are not free to
align themselves with microwave electric fields. This constraint
upon the rotational freedom of water gives rise to an apparent dry-
ness of frozen plants and soils. The consequence is a decrease in the
real part of the dielectric constant, ¢, and an increase in soil emis-

sivity. For example, the real part of dielectric constants, €', and cor-
responding emissivities at nadir, ¢(0), of two, homogeneous,
smooth surfaced, 15% moist soils at 10 GHz are (€' from Hoekstra
and Delaney [1974)):

+50C 50 C
Matcrial € (0) Ty ¢ ¢(0) Ty
Goodrich Clay 8.2 0.717 21 | 49 0.86 px} J
Fairbanks Silt 9.6 0.74 214 | 4.1 0.89 242




Because of increasing emissivity with freezing, a 100 de-
crease in the clay or silt soil temperatures, from +5° C 10 -50 C,
would cause an increase in Ty, of approximately +14 K or +28 K,
respectively. The positive direction of change in Ty, with soil freez-
ing will cause confusion in discrimination between soils that are
frozen and cold, and soils that are warm and dry.

The shift in emissivity with freezing is most pronounced at
the lower microwave frequencies. At 37 GHz, the effect is reduced,
although not absent. Because the 37 GHz radiobrightness is less
dependent upon soil moisture, it does exhibit a stronger correlation
with air temperature than do the lower frequency radiobrightnesses.
This higher correlation also occurs because air and surface tempera-
wres tend to agree, while air and subsurface temperatures (i.e.,
those temperatures that influence longer wavelength radiobrightness)
often differ. That is, the 37 GHz radiobrightness offers a more reli-

.able estimate of sub-zero soil surface temperatures than do lower
frequency radiobrightnesses. However, discrimination based only
on 37 GHz radiobrightness would misclassify too often.

Zuerndorfer et. al. [1989] suggest a third signature of frozen
soil. Freezing reduces the imaginary part of the dielectric constant,
¢", proportionally more than it does the real part, ¢'. The loss tan-
gent, tan 8 = €"/€', is a measure of the attenuation per microwave
wavelength. Reduced loss tangent, or lower attenuation, means that
thermally emitted photons originate decper within emitting media.
That is, the effective depth of emission, zg, (l-e'l of the emission
originates above z¢) becomes a larger fraction of the free-spuce
wavelength, Ag (England, 1974, 1975, 1976, and 1977). For ex-

ample, Goodrich Clay and Fairbanks Silt exhibit the following in-
crease of ze with freezing (data from Hoekstra and Delaney (1974)) :

+ 5°C .5°C
Materal £ | £ wb ' ¢ | £ und A
GoodrichClay | 82 | 35 | 043 | 0133 | 49 | 10 | 020 | 03639
Fairbanks Silt | 96 | 50| 052 | 0.00%| 41 [ 002] 0005 15729

The effective emission depth of moist soils is typically 10%
of the free-space wavelength. Frozen soils have effective emission
depths that may be 30% or more of free-space wavelengths. The
effective emission depth of frozen sandy soils, like the Fairbanks
Silt, can be several wavelengths. In the more transparent emitiing
media, such as frozen soil or dry snow, the greater average thermal

photon path length has the effect of providing a greater opportunity

for volume scattering of photons.

Volume scattering occurs because soils and plants appear in-
creasingly heterogeneous at the scales of shorter microwave wave-
lengths. These heterogeneities scatter thermally emitted photons be-
fore they escape through the soil surface, and the scattering is in-
creasingly severe at shorter wavelengths. This "law of darkening
means that for an isothermal volume scattering halfspace,

%r-ft<0

[England, 1974]. Frozen terrain may also be Snow covered. Be-
cause snow is exceedingly transparent and relatively heterogeneous
to microwaves, snow exhibits significant of darkening (Edgerton et.
al., 1971]. That is, both frozen soil and snow can cause negative
spectral gradients.

Neither a low 37 GHz radiobrightness nor a negative spec-
wral gradient is solely adequate as a discriminant for classifying
frozen soils at the relatively coarse resolutions of the Nimbus-7

SMMR. However, a 2-parameter, freeze signature comprised of the
37 GHz radiobrightness and the 10.7, 18, and 37 GHz spectral gra-
dient, offers a promising initial discriminant for the classification of

frozen soil. The preliminary decision boundaries that the soil is
frozen are:

(1)  Tp(37 GHz) < 247K,

(2)  3-frequency, spectral gradients < }'(-G'H‘_z(F

BOUNDARY LOCALIZATION

' In the Freeze Indicator of Zuerndorfer et. al. [1989), spectral
gradients were estimated using linear regressions of SMMR 37
GHz, 18 GHz, and 10.7 GHz radiobrightness measurements. The
nominal resolutions of these channels are 30 Km, 60 Km, and 100
Km, respectively. Without compensating for the resolution differ-
ences between the channels, the spectral gradient estimates can be in
error. For example, a non-zero gradient estimate can result from
surfaces that have radiobrightnesses that are spatially variant but are
constant with frequency. To avoid anomalous gradient estimates, the
image data were compensated to a common resolution -- that is, the
(course) resolution of the lowest frequency channel used in gradient
estimation, (Such resolution compensated data is available with the
SMMR data [NASA, 1978), and was used in the Freeze Indicator
results of Zuerndorfer et. al. [1989]). However, at this poorer spa-
tial resolution, the Freeze Indicator does a relatively poor job of lo-
cating freeze/thaw boundaries. That is, the fine resolution informa-
tion of the 37 GHz channel is lost.

To better use the fine resolution information of the 37 GHz
channel, we note that freeze/thaw boundaries exist in images gener-
ated from only the higher resolution, 37 GHz data. However, as
previously discussed, these boundaries are ambiguous because of
classification errors between frozen and dry soils. We would like to
identify those boundaries in 37 GHz images that correspond to the
boundaries between frozen and thawed surfaces that were classified
at coarse resolutions.

Our boundary identification and localization process for
SMMR data requires three steps. First, the uncompensated 10.7
GHz, 18 GHz, and 37 GHz SMMR data is read and compensated to
the resolution of the 10.7 GHz channel. Due to the inverse relation
between spatial resolution and spatial filter bandwidth [Bracewell,
1986), resolution compensation can be achieved by spatial filtering.
We use Gaussian filtering for resolution compensation of the 18
GHz and 37 GHz channels (i.e., 37 GHz and 18 GHz data are
synthesized at the resolution of the 10.7 GHz channel by Gaussian
filtering). The Gaussian filter bandwidths used in resolution com-
pensation are calculated from the uncompensated resolutions of each
channel. Second, resolution compensated data are used in the Freeze
Indicator algorithm to classify frozen soil surfaces, and to identify
frecze/thaw boundaries in images generated from compensated
(coarse resolution) 37 GHz data. In our preliminary work,
freeze/thaw boundaries for the 37 GHz parameter in the Freeze
Indicator are located where the 37 GHz brightness crosses a thresh-
old of 247 K, corresponding to a nominal T}, for a -5° C surface in
the test area (i.e., a frozen surface). Third, freeze/thaw boundaries
identified in compensated (coarse resolution) 37 GHz images are
registered to boundaries observed in uncompensated (fine resolu-
tion) 37 GHz images. This is done by tracking boundary locations
in 37 GHz images as the amount of resolution compensation is re-
duced. The resulting boundary locations that are registered in the
uncompensated 37 GHz images are used as estimated locations of
freeze/thaw boundaries.on the surface.

In the boundary identification process, resolution
compensation is achieved by Gaussian filtering. Only Gaussian fil-
tering can guarantee that all boundaries observed in the (coarse res-
olution) compensated 37 GHz images can be registered to bound-
aries observed in the (fine resolution) uncompensated 37 G_Hz im-
ages. This result follows from scale-space filtering theory in com-
puter vision (Witkin, 1983; Yuille and Poggio, 1986].



. Figures 1-4 demonstrate preliminary results of our boundary
identification process. Figure 1 shows the Freeze Indicator map of
the test area of Zuerndorfer et. al. [1989] for SMMR data of mid-
night September 20, 1984, A geographical map of the test area --
North Dakota and the surrounding regions -- is included. The Freeze
Indicator shows dark pixels for surfaces that are more likely frozen.
Figure 2 shows the 37 GHz radiobrightness map of the same re-
gion, where the resolution has been compensated to that of the 10.7
GHz channel. Regions of darker pixels represent surface regions of
lower radiobrightness. Shown as white pixels are the estimated
freeze/thaw boundaries. Figure 3 shows a 37 GHz radiobrightness
map of the region at a resolution corresponding to the 18 GHz
channel. Figure 4 shows an uncompensated 37 GHz radiobrightness
map. Figures 2-4 all show the freeze/thaw boundary.

Based upon the Freeze Indicator map of Figure 1, the dark
regions in the 37 GHz radiobrightness map of Figure 2 would be
classified as frozen. The localization improvement afforded by the
higher resolution data is apparent in tracking the freeze/thaw bound-
aries from Figures 2-4 (i.e., as resolution in improved). In addition,
new regions and boundaries appear as resolution improves, as in the
dark islands in the northeast corner of Figure 4. These new regions
are distinct from those classified at coarse resolution, and cannot be
ascertained from the Freeze Indicator. Thus, classification of the
new regions must be determined by other means.

CONCLUSIONS

In Zuerndorfer et. al. (1989], a multiple frequency, Freeze
Indicator algorithm was developed which shows promise as a
classifier of frozen soil. However, the common (coarse) resolution
needed in the classification process results in a Freeze Indicator that
has coarse resolution and, subsequently, poor localization of
freeze/thaw boundaries. Use of scale-space theory permits the map-
ping of freeze/thaw boundaries from the coarse resolution of the
compensated images to the finer resolution of the 37 GHz image.

A significant limitation to the improvements available in
freeze/thaw boundary localization is the performance of the Freeze
Indicator in correctly classifying surfaces. Work in determining
frozen soil using radiometer data is in its preliminary stages. For the
results presented in this paper, simple threshold crossings were used
to determine freeze/thaw boundaries in the high frequency radio-
brightness maps. Such criteria may not be optimal. As work on the
Freeze Indicator develops, a better understanding of freeze/thaw
boundaries will ensue and, subsequently, produce better criteria for

determining freeze/thaw boundaries in the higher frequency, finer -

resolution maps.
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Figure 1. Freeze [ndicator map of the test site, including a geo-
graphical map.

Figure 2. 37 GHz radiobrightness map of the test site at the
(coarse) resolution of the SMMR 10.7 GHz channel.

Figure 3. 37 GHz radiobnghtness map of the test site at the
(medium) resolution of the SMMR 18 GHz channel.

Tigure 4. 37 GHz radiobrightness map of the test site at the
(fine) resolution of the SMMR 37 GHz channel.




