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THE EFFECTS OF VEGETATION AND SOIL HYDRAULIC PROPERTIES ON
PASSIVE MICROWAVE SENSING OF SOIL MOISTURE: DATA
REPORT FOR THE 1982 FIELD EXPERIMENTS

P. O'Neill, T, Jackson, B, Blanchard, R, van den Hoek, W. Gould,
J. Wang, W. Glazar and J. McMurtr~y il

ABSTRACT

.

During June — September, 1982 personnel from NASA/GSFC and USDA/BARC conduc-
ted field experiments to (1) study the biomass and geometrical structure properties of vegeta-
tion canopies to determine their impact on microwave emission data, and (2) to verify whether
time series microwave data can be related to soil hydrologic properties for use in soil type
classification, Truck-mounted radiometers at 1.4 GHz and 5 GHz were used to obtain micro-
wave brightness temperatures of bare and vegetated test plots under different conditions of soil
wetness, plant water content and canopy structure, Observation. ... soil moisture, soil temper-
ature, vegetation biomass and other soil and canopy parameters were made concurrently with
the microwave measurements. This report documents the experimental design and data collec-

tion procedures for both experiments, and presents the reduced data in tabular form,
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THE EFFECTS OF VEGETATION AND SOIL HYDRAULIC PROPERTIES ON
PASSIVE MICROWAVE SENSING OF SOIL MOISTURE: DATA
REPORT FOR THE 1982 FIELD EXPERIMENTS

1. INTRODUCTION

During June — September, 1982 personnel from NASA/Goddard Space Flight Center
(GSFC) and USDA/Beltsville Agricultural Research Center (BARC) conducted two field experi-
ments using truck-mounted microwave radiometers to examine the sensitivity of microwave
emission data for soil moisture determination in the presence of vegetation and for soil classi-
fication purposes. The experiments took place at three local agricultural test sites managed
by BARC which contained 2 variety of crop covers and scil types, This report documents the
experimental design and data collection procedures for both experiments, and presents the re-
duced data in tabular form.

Previous research has indicated that while passive microwave radiometers can measure soil
moisture remotely (Schmugge et al., 1980), the presence of a vegetation cover reduces micro-
wave sensitivity to variations in the underlying soil moisture (Jackson et al., 1982; Theis et al.,
1982; Wang et al., 1982a; Ulaby et al., 1982). This reduction in sensitivity may be due to
both biomass and geometrical structure properties of the vegetation canopy which, individually
or in combination, may impact the microwave response. In order for remotely sensed data to
be used effectively in developing algorithms for extracting soil moisture information from ob-
servations of a vegetation-soil complex, the effects of vegetation on these data must be well
understood. Since designing experiments to isolate the individuai effecis of vegetation biomass
and structure is difficult under typical crop or plant conditions because both factors vary
simultaneously, the 1982 field experimeat utilized artificial arrangements of plant components
to obtain information about these parameters.

The second part of the experiment was designed to examine the relationship between time
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series microwave emission data ana the hydraulic properties of soils. Differences in microwave
emission from different soils are particularly evident for wet soils, When the soils are wet,
both the microwave response and the water holding capacity of the soils are influenced by the
particle size distribution, Thus, there may be a relationship between microwave emissivity and
some hydraulic characteristic of the soil such as ponded infiltration rate which would permit
soils to be classified according to their hydrologic properties by remote sensing techniques,
Field measurements over bare and vegetated plots were obtained to validate model simulations
which tended to confirm this possibility (Blanchard and O'Neill, 1983). s
In addition to descriptions of the equipment and the test sites used, data presented in
this report include:
® Appendix A - ficld notes;
® Appendix B - weather data;
® Appendix C — soil meisture and bulk density measureinents for the vegetation experi-
ments;
® Appendix D — soil temperature neasurements for the vegetation experiments; -
® Appendix E — microwave data for the vegetation experiments;

® Appendix F - vegetation measurements;

|

® Appendix G — soil temperature measurements for the time series experiments;

® Appendix H

soil moisture and microwave data for the time series experiments.

2. MICROWAVE SENSOR SYSTEMS .

Microwave data were acquired with C (5 GHz, 6 cm) and L (1.4 GHz, 21 c¢m) band ".},‘
radiometers mounted on a boom truck, Both sensors are dual-polarized Dicke radiometers
which measure thermal microwave emission in both vertical and horizontal polarizations almost
simultaneously. The radiometers have a comparable 3-dB beamwidth of ~ 13° and a calibra- Lo
tion accuracy of + 3 K. These sensors have been used in previous moisture experiments at

BARC test sites and are fully documented elsewhere (Wang et al.,, 1980 and 1982b).
2



Calibration of the microwave system was verified daily by measuring two targets of known
brightness temperature (Tg): the cold sky and a microwave absorbing material (Eccosorb)
whose brightness temperature is nearly equivalent to its physical temperature (absorption coef-
ficient of 0,99 at 1.4 GHz), At the beginning and end of the measurement season, the system
was also calibrated over a pond of fresh water at a known temperature, Applying a linear
regression to the entire set of calibration data gives the dependénce of the target brightness
temperature on normalized antenina voltage N for each of the radiometers as:

at 1.4 GHz frequency.

Tgy = 334.16 - 349.46 Ny

i

TeH = 330.30 - 319.40 Ny

at 5 GHz frequency,

i

Tgy 320.08 - 246.09 Ny,
Tgy = 331.69 - 272.56 Ny
(The subscripts V and H stand for vertical and horizontal polarization, respectively,)
These equations were used for the derivation of calibrated brightness temperatures in all of the

field measurement data sets,

3. EXPERIMENTAL DESIGN

The 1982 field experiments took place at three agricultural sites within the USDA research
farm in Beltsville, MD. Figure 1 shows the test plot configuration for the Edmonston site,
denoted by the letter “E” in plot identifications. Similarly, Figure 2 illustrates the layout of
test plots at the South Farm site (designated “S). The Gish site consisted of a bare plot and
a corn field used only in one of the time series experiments and is not pictured here. Taken
together, these sites contained a range of soil types and a variety of crop covers; specific in-
formation about each plot is given in Table 1.

The experimental design for the 1982 measurements directly reflects the objectives of the
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Figure 2. Test plot configuration for the South Farm site (not to scale).
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two different studies being cdirducted. A summary of the measurement approach is found in
Table 2. In the vegetation experiment, *crop destruction” measurements were obtained in
order to:

1) examine the effects of vegetation structure and orientation on the microwave response
by disturbing the natural order of the vegetation canopy while maintaining the same
amount of biomass in the radiometer field of view, and

2) examine the effects of plant water content by retaining a given stage of structure/
orientation while varying the amount of biomass in the radiometer field of view,

To achieve these goals, test plots consisting of winter wheat, grass, corn, soybeans, grain sor-
ghum and sweet sorghum were systematically modified to icolate either biomass or structure
properties., These “modifications’ included cutting crop canopies into veitical layers, stripping
plants of leaves and grain heads, and orienting cut stalks on the surface in different azimuthal
directions relative to the radiometer line of sight. In most of the crop destruction series,
water was applied to the fields prior to measurement, both to reduce the chance that differences
in the observed microwave response were caused by differences in the underlying soil moisture,
and to better enable the effects of vegetation to be observed against a cold background, Metal
screens at various heights within the crop canopy were also used in some measurements as a
very cold microwave target, effectively blocking the soil emission from below and providing
more direct information about emission and attenuation of microwave energy by the vegetation
itself.

Unlike the vegetation experiments which usually involved independent series of measure-
ments on different days, the experiment on hydraulic properties examined the changes in micro-
wave emission over time as a soil dried down after saturation, The experiment was conducted
over both bare and vegetated plots at three sites comprised of different soils (two of these
three sites were also used in the vegetation experiments). At least S to 8 cm of water were

applied to each plot immediately prior to initiation of the measurements. Temperature,




Table 2, Measurement Approach

Crop Destruction by Stages

—  Wheat, Corn, Grain Sorghum, Sweet Sorghum

Crop Destruction by Layering

~  Grass, Corn, Grain Sorghum, Sweet Sorghum

Crop Destructien by Plant Removal

-~ Soybeans, Corn

Canopy Emission via Metal Screens at Various Heights in the Canopy
- Corn, Sweet Sorghum

Stalk Investigations

- Sweet Sorghum, Dry Corn, Freshly-cut Corn

Support Data

»  Mixed Field of View, Screen Baseline Measurements, Stubble Comparisons
Time-Series Data for Hydraulic Properties Investigation

-~ Bare and Vegetated Plots at Three Sites

humidity, rainfall and pan evaporation data collected by BARC personnel were used to verify
that the soil drying at the three sites was not influenced by local meteorological differences

during the first few days of the measurement periods, thus permitting a valid comparison of
whether volumetric soil moisture as measured by microwave radiometers at any one point

within an initial period after saturation could be a detectable indicator of soil type,

4. GROUND TRUTH ACQUISITION AND PROCESSING

Soil Moisture

Observations of soil moisture, soil temperature and vegetation parameters were made

concurrent with microwave measurenients from the truck radiometers. For the vegetation ex-
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periments, soil mcisture was A~termined by gravimetric sampling at four locations within cach
plot at depths of C-2.5 and 2.5-5 cm and at two locations at depths of 0-1 and 0-15 cm.
Approximately 100 grams in size, the samples were carved from the face of a shallow hole
with a special sampling tool, except for the 0-15 cim sample which was obtained with a coring
device, Each sample was placed in a prelabeled plastic jar and sealed with a moisture tight lid.
The soil samples were taken into the lab and weighed (wet weight) that same day. The
samples were then dried for 80 minutes in a microwave oven and weighed again (dry weight). li
All of the sample containers weighed within + 0.01 g of each other, which was considered to

be constant. Volumetric soil moisture was calculated by the following:

LM NI s

wet weight - dry weight
dry weight - container weight

Oy (Dy)

EREE L

where Dy is the soil bulk density, Mean values of volumetric soil moisture were computed for
each depth from the samples collected within each plot; the typical standard deviation of the
plot averaged values was about 1-2 percent.
4,2 Bulk Density
Precise bulk density measurements were made in each test plot several times during

the experimental season (approximately every two weeks). Bulk density was sampled at four

FFY.9-0F S RIROETE 7 oo L 2 R

points in each plot for the 0-2.5 and 2.5-5 cm layers. Values for the other soil layers were

-
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estimated using these measurements and data collected in previous years under similar conditions.
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Determination of soil bulk density in 1982 was based on a volumetric displacement pro-
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cedure that utilizes a specially designed bulk density ring with a hook gage and three one-foot-
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long bolts. The bulk density ring is placed on the ground and secured by driving in the three

gty

g
-

bolts. A sheet of plastic film is used to line the inside of the cylinder. Using .. water-filled
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500 ml graduated cylinder, the buik density cylinder is filled to the hook gage and the quantity
of water is recorded. This is returned to the graduated cylinder, The soil from the inside of

the bulk density ring is then dug out to the desired deptti of measurement and placed in a



sealed container. The plastic liner is replaced and the ring is filled again, This amount of
water is recorded. The soil wet and then dry weights are measured, The volume of soil re-
moved is equal to the difference between the two water volumes used to fill the bulk density
ring. The bulk density is computed by dividing the dry weight by this volume,

All of the data collected over the experimental period were plotted and a value of the
bulk density was ostimated for each period when conditions were the same. In some cases
values had to be extrapolated or interpolated. Bulk density samples were also collected before
and after all experiments in which a large nuniber of people were in the field between truck
imeasurements, i.e,, the crop destruction experiments. Soil moisture and bulk density values
for all of the vegetation experiments are summarized in Appendix C.

4.3 Soil Temperature and Meteorologicai Data

Near surface soil temperatures were monitored by inserting temperature probes into
the soil at depths of 1, 3 and 7.5 cm at one or two locations within each plot. At the same
time surface temperatures were collected using a cmall, hand-held infrared thermometer which
measures thermal emissions at wavelengths between 8 and 14 microns with an accuracy of
+ 0.5 K. Appendix D presents all of the temperature data for the various vegetation experi-
ments.

Local meteorological data consisting of rainfall, temperature, humidity, total wind move-
ment and pan evaporation were measured at the de;mnston test site on a daily basis. Although
separated by more than one mile, these data were also consiglered representative of the South
Farm sites and are listed in Appendix B. Complementing this information, a day-to-day doc-
umentation of surface cover characteristics and general weather observations during the experi-
ments is found in Appendix A, Field Notes.

4.4 Vegetation Parameters

The basic parameters used to describe the condition of the vegetation canopy are the

plant beight, canopy cover, wet biomass, dry biomass and water content., During 1982 wet
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biomass was determined by periodic samplin;, of the vegetation in the test plots, generally at
least once during the week microwave observations were made. Corn, sweet sorghum and
grain sorghum were sampled by cutting individual plants, Soybeans, grass and winter wheat
were sampled by cutting all plants in a measured area. At least ten samples were used.

After the vegetation wet weight was determined, the samples were dried and reweighed
to obtain the dry weight. Vegetation water content was determined by subtracting the dry
weight from the wet weight,

In addition to the whole plant samples, various plant components corrgsponding to mea-
surements made with the radiometers during crop destructions were also obtained. All of the
vegetation data are presented in Appendix F.

Corn plant parameters at maturity included a nodal length of 16 cm and stalk diameters
of 1.5-2 cm (elliptical), The number of leaves averaged about 12 per plant. Sweet sorghum
at maturity had a nodal length of 23 cm and averaged 9 leaves per plant.

For the time series experiments gravimetric soil moisture was sampled for the 0-2 cm
and 2-4 c¢m soil depths at four corners of the plots on an hourly basis during the time periods
when microwave radiometric data were being collected. Bulk density samples of the soil layers
were collected once during and once after completion of the time series. Table 3 lists the -

bulk density values for the 0-4 cm layer in these plots. Soil temperatures were recorded at

Table 3. Bulk Density Values for Time Series Experiments
Plot Bulk Density (g/cm?)

E4 1.39

E5 1.35
S4 1.45 N
$5 133 i
Gish bare 1,15 ;;
Gish corn 115

11
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thirty-minute intervals coincident with the microwave measurements. Particle size analyses of
these soils were available from previous experiments on these plots, Appendices G and H con-
tain the measured soil temperature, soil moisture and microwave data for the three time series

experiments.

SUMMARY

The objectives of the 1982 field experiments were two-fold: (1) to study the biomass
and geometrical structure properties of vegetation canopies to determine their impact on micro-
wave emission data, and (2) to verify whether time series microwave data can be related to
soil hydroiogic properties for use in soil type classification, To achieve these goals, two truck-
mounted radiometers at 1.4 GHz and 5 GHz were used to obtain microwave brightness temper-
atures of bare and vegetated test plots under different conditions of soil wetness, plant water
content and canopy structure, Observations of soil surface/canopy temperature, soil profile
temperature, soil moisture, soil texture, bulk density, vegetation biomass and canopy character-
istics were made either concurrently with the microwave measurements or periodically through-
out the experiments as necessary. These data are summarized in Appendices A-H. In addition
to visual descriptions, field conditions were documented photographically during each measure-
ment series; although not reproduced here, this photographic record is maintained at GSFC.

Preliminary analysis of the crop destruction data indicate that detailed measurements using
artificial arrangements of plant components are helpful in advancing fundamental understanding
of the interactions of microwave energy with a vegetation canopy. Although vegetation bio-
mass has a major influence on measured microwave emission, the orientation of stalks and the
presence of vertical structure in a crop canopy also affect the microwave response at different
frequencies from a vegetation/soil scene. Figure 3 illustrates scveral stages in a corn destruc-
tion measurement series, while Figure 4 gives the results of a four-stage sequence of measure-

ments using the same set of corn stalks in different orientations relative to the radiometer
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Photographic illustration of a crop destruction sequeace for corn. A com-
plete series of measurements would include full canopy; standing stalks

(from which leaves and ears have been stripped); stubble (for the bare soil
background); cut stalks parallel, perpendicular and random

; and all portions
of the canopy random.
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antenna beam (i.e., biomass was held constant). The large variation in observed brightness tem-
perature is polarization- and frequency-dependent; the magnitude of the effect varies with the
amount of water in the crops, disappearing at low levels of vegetation water content, Delinea-
tion of the extent of the effect of canopy structure and plant water content on miicrowave
data through experiments of this type should be very useful to the development of appropriate
physically-based vegetation models and to more accurate interpretation of microwave measure-
ments for a variety of applications,

Analysis of model simulations and microwave data from the time series experiments sug-
gest that a relative classification of the hydrologic soil type can be accomplished with a one
time microwave measurement if it is known that the surface soils were subjected to significant
rainfall from ' to 2 days prior to measurement. A more qunatitative classification can be made
if a long term time series of microwave data can be collected over large areas where some

ground verification of soil propertieg is available.
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6/18/82

6/21/82

6/23/82

6/25/82

6/29/82

Field Notes

® sunny, hot, hazy, humid, high clouds

® S4 has light albedo with some darker patches; a few tuffs of dead weeds and
remnants of N-S tractor rows

e wheat in 83 is 90 cm high; in “tough dough” stage, with heads turning brown,
leaves and stalks still green

® S3 canopy closure is ~ 15% at 10°, ~ 100% at 70° look angle

® sunny, warm, breezy, a few clouds

® border between S3 and 54 is still moist

® wheat in S3 is much drier than on 6/18; McMurtrey estimates a 30% moisture
loss in the wheat over the weekend; wheat stalks and heads are yellow with a
touch of green

® sunny, clear skies, temperatures in high 60°’s to low 70°'s, strong breeze rippling
wheat

® thunderstorms occurred last night — surface of S4 wetter than on 6/21; also
tractor marks

® soybeans in S5 replanted this morning

® wheat in S3 planted in NE-SW rows about 15 cm apart

® sunny, breezy, warm, some haze; less windy than 6/23

® wheat in S6 is 90 cm high, planted in NE-SW rows about 15 cm apart; wheat
is light brown in color, heads dry, kernels chewy

® canopy closure is minimal at 10° look angle; no row structure apparent at 40°
perpendicular to rows

® general slope of S6 is west to east, with some variation in topography and
canopy height

® hot, muggy, gray, overcast with thick cloud cover, rain and thunderstorms ex-

pected in the afternoon 19
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6/29/82

7/26/82

7/27/82

8/2/82

E4 has weathered surface with slight trace of boxlike tractor tire pattern

grass in E3 is dense and tall (~ 3540 cm), with individual blades bent over;
soil surface obscured at all angles

weeds & alfalfa in E2, car.opy height very variable (35 to 90 cm), low)spot in
field center; some soil surface visible at low angles

corn in El is 80 cm high, in E-W rows; row spating is ~ 78 ¢m

sweet sorghum in ES is 20 cm high in E-W rows; row spacing is ~ 78 cm;
some grass between rows

sunny, hot, clear

E4 surface is dry and light in color; scattered weeds were cleared from corner
target area

grass in E3 is 20 em high, much drier than 6/29; surface soil is very dry

soil in E2 also dry; tall thin weeds 90 cm high over 25% of area; tangled ripe
alfalfa is ~ 48 cm high

El is flat tilled; corn is ~ 180 cm to top of leaves, ~ 210 cm to top of tassels;
row spacing ~ 76-78 cm, plant spacing varies between 10 and 30 cm; soil is
very dry

ES also flat tilled; sweet sorghum is ~ 135 c¢m high; row spacing ~ 76 to 78 cm,
plant spacing ~ 10 cm; soil is very dr

sunny, hot, hazy

grass in E3 is a mix of green and brown, with some blades matted down and
bending over

grass cut in rows with remains of blades oriented in alternating N-S directions
screens in E1 and E5 were placed in rows back to back, covering an area 3 m
x4 m

sunny, hot, hazy &
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8/2/82

8/3/82

8/4/82

8/5/82

8/9/82

8/10/82

o start of Time Series 1

o E4 jrrigated with 1% tanks of water (~ 8 cm over target arca); standing water

drainer} rapidly, starting with NW corner and working toward cast cdge

ES target arca slopes from north to south; south border was breeched with firs
¥4 tank of water; trenches were dug to distribute the water more evenly; subse-
quent water was trickled in to allow drainage and prevent overflow

sorghum is ~ 180 c¢m high in ES

sunny, hot, breezy

E4 was covered overnight with a plastic tarp as a precaution against rain — con-
densation had collected on the inside of the tarp by morning

surfaces of E4 and ES are still damp

warm, hazy, huimid, stratocumulus clouds blocking direct sun at times

mast of surfaces in E4 and E5 are still damp, with some drying at sampling sites
hot, hazy, very humid, overcast; rain likely during the day

NW corner of E4 appears dry, while SE corner looks the most moist

south end of E5 wetter than north end due to ground slope

sunny, hot, some wind; thunderstorms lik¢ly tonight

corn in E8 is ~ 240-260 cm high to the top of the tassels; E-W rows spaced

~ 76 cm apart

sunny, hot, humid, breezy

“tic-tac-toe” pattern evident in E4 due to tractor marks; beginnings of weed and
grass growth

sorghum in ES is ~ 210 cm high; some sorghum bent slightly over due to put-
ting on and taking off of plastic tarp

grain sorghum in E7 is ~ 108 cm high, with ~ 90% canopy closure; row spacing

~ 80 cm

21

o e e g ML G sl B 2RSSR e b ey sttt i VT e e SR WM S oo

Y A

™ *
S
oo
‘ ei-‘ .Y

v
v *0

>
L]

,_w.,v
e IR L e

-~ h,-,’ﬂlf’h‘a "

P
A -
&

e PN w g
’w..,f‘” Tt DT ER

i,
P L e
L Y
T . <
H

Pt



8/11/82

8/16/82

8/17/82

8/18/82

8,19/82

8/20/82

8/23/82

sunny, warm and breezy with some clouds

soybeans in E6 are ~ 60-70 cm high, planted in E-W rows spaced ~ 76 cm
apart; plant spacing ~ 8 cm;

sunny, hot, hazy, breezy, humidity starting to climb

drilled soybeans in S5 are 60-70 cm high, with almost 100% canopy closure;
NW-SE row direction not discernible due to plant density

start of Time Series I1; plots were watered on 8/13 (600 gal.) and agaiu this
morning (300 gal.)

first set of soil samples taken at 10:30-11:00 am befoic last load of water was
applied

sample sites #1 and #3 in S§ are drier than sites #2 and #4

sunny, hot, humid, hazy, breezy

soybeans in S5 are 70-80 cm high

vlot surfaces still appear wet

sunny, hot, clear

thunderstorms and strong gusty winds occurred last night; S4 was covered, but
not S5; 5 mm of rain in raingage in S§

S4 surface is still moist and dark in appearance

S4 has ~ 2% slope west to east; S5 has ~ 2% slope to the southeast .
sunny, hot

surface of S4 shows marked drying since yesterday; west end is dry in appearance,
east end is moist in appearance, middle is mottled

S5 surface also drier

sunny, hot, clear, breezy

S4 surface is dry and finely cracked; light in color

sunny, hot, hazy, breezy; 50% chance of rain
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8/23/82

8/25/82

8/26/82

8/31/82

9/1/82

9/2/8%

9/3/82

9/7/82

plastic tarps were placed on plots Friday afternoon (8/20) and removed this
morning; wind had ripped the tarp over S5 to shreds, although it doesn't appear
that much water got through;

there was some seepage of water under the tarp over S4

overcast at 9 am, light sprinkles, hot and muggy

rain in late morning, then became sunny and hot

started measurements in carly afternoon after replacing radiometer transistor
sweet sorghum in ES5 variable in height, averaging ~ 250 cm

sunny, hot, clear

west end of plot watered yesterday morning and this morning

partly cloudy, warm, hazy, breezy; chance of rain

start of Time Series I1I; plots watered on 8/27 and 8/30; ~ 5 c¢m of water ap-
plied in all

surface of bare plot is smooth compared to adjacent areas; bare plot was covered
with plastic tarp during the evening of 8/30

corn is ~ 205-210 ¢m high to top of tassel, with ~ 80% canopy closure; row
spacing ~ 76 ¢m; corn is suffering  ym worm infestation

overcast, breezy, not so warm, chance of rain in the morning; windy with some
sun in the afiernoon

surface starting to crack, feels drier

sunny, hot, some haze, tew clouds, a little breeze

no rain in raingage overnight; chance of showers today and tonight

surface is cracked, looks drier than yesterday

~ 2 cm of rain in raingage at test site from overnight storm

dry down terminated

sunny, warm, a few clouds, slight breeze
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9/7/82 o water calibration at GSFC pond; water surface is pretty calm

® water temperatures:

time IR thermometer

10:45 21.6° 25.0°

11:05 21.6° 25.0°

14:30 25.0° (e = .95) 26.7°
24.3° (e = .99)
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APPENDIX B

Weather Data
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APPENDIX C

Soil Moisture and Bulk Density Measurements for Vegetation Experiments
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APPENDIX D

Soil Temperature Measurements for Vegetation Experiments

Notation:
Canopy/Air Difference
+ indicates that the surface/canopy is warmer than the air

- indicates that the surface/canopy is cooler than the air
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Notation;

cv
CH
LV
LH

SD

APPENDIX E

Microwave Data for Vegetation Experiments

5 GHz vertical polarization
5 GHz horizontal polarization
1.4 GHz vertical polarization

1.4 GHz horizontal polarization

standard deviation of 20-30 samples averaged to give one Tg value
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APPENDIX F

Vegetation Measurements
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APPENDIX G

Soil Temperature Measurements for Time Series Experiments

Notation:
Canopy/Air Difference
+ indicates that the surface/canopy is warmer than the air

- indicates that the surface/canopy is cooler than the air
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APPENDIX H }

Soil Moisture and Microwave Data for Time Series Experiments u

Notation:

PR

I ¥ St

CV = 5 GHz vertical polarization

CH

i

5 GHz horizontal polarization

LV = 1.4 GHz vertical pelarization

N

IR TEEE 3 PRV 51 T TRUS M MLt £ - - S

LH

i

1.4 GHz horizontal polarization

SD = standard deviation of 20-30 saniples averaged to give one Tg value
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