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ABSTRACT

An attempt is made to validate a method that uges radiometrie
surface temperatures and a boundary layer model tc estimate surface
energy budgets and characteristics. The surface temperatures are
area=gveraged values so the results from the Radiometric Data/Model
System (RDMS) are also area-averages. Another remote sensing method,
godar, is used to obtain heat flux estimates on the same scale as
the RDMS values for ground truth measurements. A simultaneous
collection of radiometric surface temperatures from a hand=held
radiometer and sodar data was made on seven days between mid-July
and mid-October 1980. The comparison of the RDMS and sodar heat
fluxes proved disappointing. Free convection conditions, required to
produc: sodar-derived heat fluxes, were inhibited by a terrain-
induced low level inversion. Only three out of seven cases produced
meaningful sodar heat fluxes. Of those three cases, one had good
agreement and the other two had sodar heat fluxes 15 to 45 W m-2

lower than the RDMS values. Since the RDMS method is relatively

untested, it was impossible to conclusively determine its valicdity

from the results. There was evlidence that the true heat flux was
not underestimated by the RDMS, so it could be concluded that the
Bowen ratios over well-watered vegetation were likely to be quite

small.
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1.0 INTRODUCTION

1.1 DEVELOPMENT OF THE SATELLITE DATA/MODEL SYSTEM (SDMS)

Carloen and Boland (1978) devoleped a onc-dimenoienal boundary
laycr modcl capable of predieting the curfaee tcmperature and tho
ourfaee cneorgy budget. They uced the meadel (3 cramine the rolative
importanec of the variouo terrain paramctorc geverning tho roopenoce
of the ground to heating. From a oerico of ocncitivity teoto,
two parametors, the ground moisture availability and the ground
conductance (thermal inecrtia), were found to deminatc the reopence
of the ground to ocolar radiation. Thug, they felt that if the
valueo of moioture avotlability (M) and thermal inertia (P) fer a
surface could be obtained, initialization of the other variablos
in the model using standard metcorologieal data coureec would preduce
ground tcmperatures accurate te t 2C.

They noted that black body surface temperatures clearly showed
the response of a given type of surface to heating. Thio rcoult
suggested a way of determining values of M and P for a surface.
Carlson and Boland proposed to combine an inverscion of the model
output with a pair of observed radiometric surface temperatures.
Surface temperature variations such as those measured by a satellite
would be matched to the variations calculated by the model. TFrom
that matching, unique values of M and P for a surface would be
defined. Given estimates of those two dominant parameters, the
model could then calculate the heat flux and evaporation for the area

observed by the satellite. Thus, Carlson and Boland felt that the



W

oubotrato eharactoriotico and ocurfaeo cnorgy budget fer an oroa
could be cotimated frem oatcllite eboorvatieno cembincd with theo
output frem * ono=dimoncional boundary layocr modol.

Auguotine (1978) aseceloratod the linking of ocatcllito data with
tho medel by dovoloping o tochnique to preduco curfaec temporaturg
maps for an aroa ucing radiomotrie catellite data. He produccd day
and night tomporature mapc of Loc Angeleo. Unfortumatcly, the
catellitce overpaos times were juct after ounrice ond cuncet, gnd
the mapc produced did not chow the masimum diurnal temperature
variation. The matching technique propoced by Carloon and Boland
requires that surface temporaturcs be mecasured near the timeo of
maximum and minimum heating. Thuo, no attempt wac made in Auguotine's
work to imploment their proecedure.

It waoc not until 26 April 1978 that a satellite capable of
producing effective black body temperature meacurcments of the earth
z.080c to the times of maximum and minimum temperatures was lavanched.
On that day, a small applications ~uplorer satellite wao launched
by the National Acronautics and Space Adminictration (NASA) as part
of the Heat Capacity Mapping Mission (HDMM) The operational
characterigtics of the HCMM satellite are discuscced by Barnes and
Price (1980). By chat time, the method for linking the one-dimensional
boundary layer model with satellite-sensed surface temperatures had
been [erfected.

When HCM | data became available, the satellite data/model system
was used to produce maps of M, P, heat flux, and evaporation for

St. Louis and Los Angeles., Carlson et al. (1981) detailed the results

S A o e S A A R
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of thooo easeo. Fren tho mapo of M and P, thoy mado eomnelunieno
eencorning tho moehaniomo behind tho urban tomporoturc amnemaly. Tho
mapo of hoat flux and cvoperatien pertroycd tho opatiol variatien

of the partitioning of celor radictien cauocd by difforcmeco in land
use and vogotative eever,

Additienal work wao done uoing HCMM data by Keein (1979) and
DiCrictofaro (1980). Kocin onomined the pattceno of M, P, hoat fluxn
and gvaporation over a vegotated watorchod in Micoceuri. Ho wao able
to relate opociitie rogional featuroo (foreoto, cvoplands, cte.) and
rainfall to the anvlyoic of moeicture. availabiliey. Changeo in the
dictribution ~f moisturo availability were found to bo co~deminated
by rainfall amounto awnd changeo in the curfaec's vegetative canopy.
DiCriotofaro preduced mapo of the ground charaeterioties and conorgy
budget for both urban and rural arcao. Variationo in moeioture
availahility and thermal inertia were chown to bo responcible for
the temperature d.ifferences between uwrban and rural regionc., His
rasults ror the rural areas indicated that the varigbility im heat

flux and evaporation was cauved by variations in land uce.

1.2 STATEMENT OF THE PROBLEM

Before employing the satellite data/model oyctem (SDMS) for
fr..cther invegstigations, the validity of its products necded to be
established. Although the previously mentioned investigatorso have

demonstrated the ability of the gystem to produce reasonable pattorns

of the surface energy budget and substrate characteristies, the values

of these parameters needed confirmation by independent measuremento.
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Unfortunately, indcependent meacurcments of the game nature and
type as the model products are not casily obtsined. The estimatec
of all the parameters produced by the SDMS customarily use radiometric
surface temperature mcasurcments averaged over agpproximately 1 kmz.
It follows that the values of moisture availability, thermal inertig,
heat flux, and evaporation are also area-averaged. A large array of
point measurements is usually required to determine area-averaged
ground truth values for these parameters. However, the financial
and physical resources for such a measurement program can be enormous.
Thus, here we have used other methods in an attempt to verify the
SDMS results.

One such method is aircraft measurements. DiCrigtofaro (1980)
attem; ted to verify some of his results utilizing this procedure.
He obtained aircraft measureme:iits of surface heat and evaporative
fluxee from the Sulfur Transport and Transformation in the Environment
(STATE) project (Schiermeir et al., 1979). A comparison between
results from the SDMS and the STATE data was attempted. Unfortunately,
the results were inconclusive. The agreement was reasonable for the
evaporative fluxes, but the aircraft measured values of heat fluu
were several times larger than the satellite derived values. It was
noted, however, that the aircraft measured large heat fluxes in a
forested area which displayed low daytime temperatures on the satellite
pictures. In fact, the alrcraft-measured heat fluxes for this area
were only slightly lower than the values found in downtown St. Louis.

Another remote sensing method, sodar, can produce values of heat
flux averaged over the same scale as the satellite measurements. The

sodar measures the scattering of sound in a volume of air by temperature

e



fluctuations. The scattering can be related te tho temperature
structure constant Ci. When free convection conditious exist in

the atmosphere, the surface heat flux obeys a 4/3 power law between
Ci and height (Wyngaard et al., 1971), 1In thio situation, the large
Ci values are concentrated in updrafts generated by the heating of
the terrain and advected by the mean wind. Neff (1975) found regions
of large C% that were localized at a horizontal scale of about 300m.
Heat flux estimates derived from C% values during free convection
conditions were therefore averaged over a section of the terrain

upwind of the sodar antenna. The exact area of the average depended

on the mean wind speed.

1.3 PURPOSE OF THE THESIS

A need existed to verify the values of the SDMS by independent
measurement, One technique that can measure heat flux on the same
scale as the SDMS is sodar. This research compared sodar measure-
ments of heat flux with those from a version of the SDMS that used
surface temperature measurements from a hand-~held radiometer instead
of a satellite. Radiometric temperature and sodar data were collected
simultaneously on seven days in the summer and autumn of 1980 to
provide the raw data for the two methods. The sodar data was
processed by producing ten minute averages of C% profiles. If free
convection conditions were present in the atmosphere, an estimate of
the heat flux for that period could then be made from the profile.
The heat flux estimates of the modified SDMS and the sodar were

analyzed over the diurnal cycle. An effort was made to determine the



validity of the modified SDMS values by comparing them with the sodar

results.

we
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2.0 METHODS OF ESTIMATING THE HEAT FLUX

2.1 THE SATELLITE DATA/MODF. SYSTEM (SDMS) METHOD

The one-dimensional boundary layer model used and the procedure i
of linking the model with the satellite data in the SDMS have been
well docurmented (see Carlson and Boland (1978), Carlson et al., (1981),
Dodd (1979), Kocin (1979), and DiCristofaro (1980)). Thus, only a ;
brief summary of the SDMS is presented here.

The purpose of the SDMS 1s to produce maps of subgtrat:
characteristics and surface fluxes for an area using surface tempera-
ture measurements near the maximum and minimum of the heating cycle,
The maps are created by matching the observed surface temperatures
to surface temperatures calculated for the observation time by the f
model., The basic assumption which allows the transformation between ;
surface temperatures and substrate parameters to be made is that a
given model maximum/minimum temperature pair is computed from a
unique pair of M and P values and vice-versa. Thus, a measured
temperature pair can be combined with the model output to infer
specific values of M and P. Carlsoa and Boland (1978) found that M g
and P are the dominant factors in determining the partitioning of
incoming solar radiation into sensible and latent heat flux at the
surface. Accordingly, solutions yielding a unique M and P also
correspond to a unique solution of the surface energy budget. The
model output at the time of the temperature measurements for a wide
range of M and P values is represented by a set of regression

equations involving the maximum/minimum temperature pairs as



predictors., In this manner, substrate characteristics and the surface
energy budget are obtained when an observed maximum/minimum temperature
pair is inserted into the regression equations. Maximum/minimum
surface temperature maps from an aircraft or satellite can be transe
formed using the regression equations into maps of the two surface

parameters and the surface fluxes,

2.2 SODAR HEAT FIUX THEORY

A monostatic sodar measures acoustic energy backscattered by
the atmosphere. This energy can be related to a temperature structure

parameter C2 which, in turn, can be used to estimate heat flux.

T
The radar equation for backscattered energy can be modified to
apply to a monostatic sodar. Following Underwood (1981), a form of

the monostatic sodar equation is

A —
P(r) = P_ -;-;- L, e 2% £ o(m (2.1)

wvhere

P(r) = received acoustic power,

Po = transmitted acoustic power,

Ar = cross-sectional area of the antenna,

r = range of scatterer from antenna,

) = path averaged molecular attenuation coefficient,

LV = length of the scattering pulse in space,

E = turbulence induced excess attenuation,

o(m) = backscattering cross section.

Q e
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The baclkocattering crosc section 0 is the fraction of the
incident power backscattered per unit sgolid angle. With proper
calibration of the sodar system and estimates of the attenuation,
Equation 2.1 can be used to obtain values of 0. Those values are the
basis for estimating heat flux with the sodar. However, the calcula-
tion is done indirectly through another variable, the temperature
structure parameter C%, which is related to both 0 and heat flux.

2

CT is defined as

¢z = TG - Twro) T/ 3 (2.2)

2
where CT represents the variance of the temperature difference
between two points a distance r apart and r is assumed to be in the

inertial subrange. Using Tatarski (1971) it can be shown that o

1s related to C% in this fashion:

1/3 C2

g = 0.0039 k T/T2 . (2.3)

Wynga=.d et al., (1971) derived the free convection limit

H

2 3 ,T,2/3 0,4/3 ~4/3
Cr =3 (kg) (DCP) 2z (2.4)
where
k = the von Karman constant,
T = the average air temperature,

g = gravity,

©
]

density,

L2 4
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Cp = the specific heat at conotant pressure,

Ho o the heat flux.

Coulter and Wegely (1980) added a humidity correction factor Yoo to

equation 2.4 where
Yo, © {11+ (0.07/8%1/01 + (0.06/8)%13%/

x (1 + 0.07/35)'l : (2.5)

Thus, when free convection conditions exist, sodar, by measuring o,

can be used to estimate the heat flux.
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3.0 DATA COLLECTION

3.1 DESCRIPTION OF FIELD EXPERIMENT

The SDMS requires measurcmento of the surfaec temperature near
the maximum and minimum of the heating cycle to produce ectimates
of heat flux. The SDMS wag decigned to utilize temperature data
from polar orbiting satellites that pasc over a site at the proper
points in the heating cycle. The surface temperatures from these
satellites represent an average value for an area of one pixel,
which is about one half to one square kilometer for the highest
resolution infrared satellite radiometers. SDMS values of heat
flux were intended originally to be calculated from satellite data.
Unfortunately, no satellite capable of producing surface temperature
measurements at the optimum times was operational during the period
of the experiment. Thus, it was necessary to simulate satellite
measurements by conducting a small field experiment to collect the
temperature data required to calculate the SDMS heat flux values.
The necessary surface temperature values near the maximum and minimum
of the heating cycle were recorded using a hand-held radiometer in
an observation technique, to be described below, which was designed
to determine an area-averaged temperature value., This modified
version of the SDMS was called the Radiometric Data/Model System (RDMS),
The acoustic signal returns of the sodar were collected at the same
time and stored on magnetic tape to later be converted into heat
fluxes.

The locale for the field experiment was the Rock Springs

Agricultural Research Center of The Pennsylvania State University.
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Thic faeility is situated soveral miles from the Penn State campuo
(cee Figure 3.1) and was chogen beecguse it ic the site of the
Metecorology Department's codar antenna. The area currounding the
sodar conscisto mainly of heterogencous cropland, in which large
fields of alfalfa, corn, and soybeans pluc omall test plots of
alfalfa, corn, and oats are present within 500m of the antenna. A
plcture of the Rock Springs site is presented in Figure 3.2.

The duration of the experiment was July to October 1980. Since
the boundary layer model employed in the RDMS procedure can simulate
only clear sky and non-advective conditions, the temperature and
sodar data were collected only when those conditions were present.

In all, seven days met the criteria for data collection ac demonstrated
by the strong diurnal variation in the air temperature traces recorded
at Penn State for each case (see Figures 3.3-3.9). A summary of the

dates and weather conditions of each data collection day is presented

in Table 3.1.

3.2 SURFACE TEMPERATURE DATA COLLECTION

The radiometer used in this research was a Barnes PRT-5 on loan
from the Environmental Protection Agency (EPA). The radiometer was
calibrated at Penn State by using a calibration box where the
radiometer views a 'black box' cavity with a water bath of variable
known temperature., The temperature reading of the radiometer is
compared with the water temperature. It was discovered through this
process that the radiometer consistently gave readings 1.5 to 2.0C
too warm, Thus, all temperature readings from the field were corrected

before final use by subtracting 1.7C from the raw value,
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A section of the Rock Springs Agricultural Research
Center of The Pennsylvania State University where
the sodar and surface temperature data for this
experiment were collected.
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The idea of uocing a hand-held radiometer (also called an infrared
thermometer) to make surface temperature measurcments of vegetation
has been exploited previously om numerous occasions. Fuchz and
Tanner (1966) found that, given the emigsivity of the surface and the
reflected atmospheric radiation, they could measure vegetative canopy
temperatures with a radiometer to % 0,.1C.

Fuchs et al. (1967) measured crop surface temperatures using a
radiometer. They examined the dependence of the temperature on viewing
angle and solar azimu%h angle (see Figure 3.10).

The incident angle had a minor effect on the measured temperature
with variations usually less than 1C. Lower temperatures were
recorded for incident angles near normal and greater tham 60 degrees.
At the small viewing angles, the radiometer looks deeply into the
vegetation and sees more of the shaded (cooler) portions of the
vegetation and ground surface. At large incident anglss, the radiometer
sees plant tips plus the horizon and therefore can produce a lower
reading.

The solar azimuth angles had an effect in the case of Fuchs et
al. (1967) only when the radiometer was viewing row crops. In this
case, when the radiometer was facing the sun and the crop rows formed
an angle greater than 10 degrees with the sun, temperatures were
consistently 1.3C lower than when the radiometer viewed the same
crops while pointed away from the sun. This difference was confirmed
by leaf temperature measurements made with thermocouples. The
radiometer views primarily shaded leaves at a solar azimuth angle of
0 degrees, versus the primarily sunlit leaves when the solar azimuth

angle of the radiometer is 180 degrees. Fuchs et al. also found a
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Figure 3,10

Schematic of the incident angle ¢, and the solar
azimuth angle ¢ of the radiometer sensing beam.
The field of view of wide and narrow beam instru-
ments is given by Bl and 62, respectively,

(Source: Fuchs et al., (1967)).
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t ,3C variation in time when tho vicwing angle wac kept conctant.
They fcle this variation wao cauced by air turbuleneec changing the
ventilation of the crop leaveo. A 30 degree ficld of vicwy radiomoter
produced less variation in temperature meacurcments than a 7 degree
field of view instrument oince it averaged the temperature over a
larger area.

The observation technique for the radiometric surface temperatureg
in the Rock Springs data collection was designed to enagble one
temperature to be determined for the entire site. A hand=held
radiometer with a narrow field of view can only scan a emall area.
Thus, to produce an average value for the site, the observation

technique had to satisfy two objectives:

1. Maximize the area that the radiometer viewed in one scan.
2. Provide a large number of temperature readings to obtain

temperature values of all the crops present at the site.

The first step in maximizing the area viewed by the radiometer
was to use a wide angle field of view lens. Further, the radiometer
was operated at a height of about 5m above the surface from a site
atop a tower mounted on a mobile van (see Figure 3.11). Finally,
temperature measurements were made at three or more locations by
driving the van/tower platform around the site.

Twelve temperature observations were made at each site. Because
of the surface temperature variations with incident angle and solar
azimuth angle noted by Fuchs et al., (1967), the observations were
made at three incident angles at each of four solar azimuth angles

(see Figure 3.12). The temperature values were recorded both manually




Figure

3.11
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Van/tower platform that surface temperature measurements
were made from using a hand-held radiometer.
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and aqutomntiecally by moano of a otvip chart roeordor. Additienally,
tho type of vepetation vicwod by tho radicmotor for cach eboorvation
wao notad, ao werc the local woather conditiono (cco Table 3.1).

Unlike Fucho and Tanner (1966), in thic ficld cuporimont the
vogotative cmiooivity waoc acoumed to be cqual to enc, altheugh plant
canopieoc typically have an cmicoivity of about .97, Thorcferc, tho
amount of atmoophoric downwcolling longwave radiastion refleetod by
the vegetation waos not calculated. The high degree of aeeuraey that
Fuchs and Tanner achieved with their radiometric temperature
measurements was not required for thio experiment. A dotailed
discuscion of the error produced by acouming a vegetative cmicoivity
of one is given in Appendix A. The resultc show that the temperaturco
measured in this experiment are accurate to * 0,.5C.

Thus, the result of the radiometer part of the data collection
was 36 surface temperatures measured over a variety of vegetation
types. Temperature obscrvations were made twice on a data collection
day; first at approximately 1200 EST and again just after 0000 EST

the following night.

3.3 SODAR DATA COLLECTION

The sodar used in the Rock Springs data collection was a
modified Aerovironment Model 300. The sodar was calibrated on June 11,
1980, ueing the method described by Underwood (1978). No poste
experiment calibration was performed.,

The received acoustic energy of the Aerovironment is usually

qualitatively recorded on a facsimile display. At Penn State, however,

o ki bl R 1T e T 4 R TR S
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tho oyotom hac boon modifiod te allew the roecived vignal te bo both
quontitatively dioplayed in faloo color imngeory and legged on
magnetie tapo,

Figurc 3.13 10 a block diagram of the scodar oyotcom ucod in thio
oxperiment. The Data Gonoral Neva 2/10 minicowmputor triggero a burot
r~f 1600 hz acouotic cnergy frem the Acrovironmont every eight occeondo,
After a pause of .3 mo, the ocodar becomos a reeciver and comverto
the backocattered acoustic encrgy into g voltage. The voltage signal
ic trangformed in a coupler for trancmicoion vig phong line from
the site back to the computer laboratery. There a demodulater
converts the gignal back te a veltage that ic campled at 50 hz by an
analog to digital converter. The Nova 2/10 procaesces the digitized
signal, dicplaying it in faloe coeler on a video tcrminal and otoring
it on magnetic tuape.

Thig entire process is agutomatced. On the moraing of a data
collection day, the data logging program was entered into the
minicomputer and the phone link with Rock Springs esctablished.

Then the sodar data was logged until the evening of that day at which

point the data collection program way terminated by the user.
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4.0 DATA ANALYSIS

4,1 INTRODUCTION

After the last data collection day on October 19, 1980, the
process of converting the raw sodar and temperature data imto heat
fluxes began., The temperatures were analyzed to produce a single
day/night pair of surface tcmperatures for each case., The temperature
pair was then used in the RDMS to determine the heat flux for that
case., The sodar data was plotted and examined for periods when free
convection conditions were present, During those periods, heat

fluxes were estimated with the sodar.

4.2 SURFACE TEMPERATURE DATA

The temperature data collection process yielded 36 day and night
temperature values for each case. Figures 4,2-4,.8 display the raw
temperature data for each case and the symbols are explained in
Figure 4.1. Note the large amount of variation present, The average
difference for the seven cases between the high and low daytime values
is 10C. Highlighted in Figures 4.2-4,8 are the three main causes of

this variation:

1. The viewing angle of the radiometer.
2, The solar azimuth angle of the radiometer.

3. The type of crop viewed by the radiometer.

A further discussion of each of these factors follows.
Fuchs et al. (1967) showed that when using a 30 degres field of

view lens, extreme incident angles (> 60 degrees) tend to produce
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PAY TEMPLRATUPES

Solar Azimuth Angle
0° 90° 180° 270°
70° =) et | s o =223
Incident  50° et e o ]
Angle 35° [t )

NIGHT TEMPERATURES

Incident 70°¢=y==y Vertical lines inside a box
Angle 50 =z} indicate two or more neasure-=
35 7=A= ments of that value tvere
; obtained.

CROP _ABBREVIATIONS

C = Corn G = Grass
A = Alfalfa § = Soybeans

SHADED BARS

The shaded bars represent the best estimate
of two standard deviations around the area-
averaged temperature determined from the data,

Figure 4.1 Explanatior of the symbols used in the
radiometric surface temperature charts
(Figures 4,2-4.8).
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cooler readings. An examination of the 70 degrec incident angle
temperatures (marked with a single '.','/','A', or '"!' in Figures
4.2=4,8) shows that thesge temperatures were among the coolest for
every crop type, The average 70 degree incident angle temperature
was 1=-2C cooler than the average 50 degree temperature and 1=4C
cooler than the 35 degree temperature. It is clear, since the
radiometer was equipped with a 20 degree field of view lens, that at
an incident angle of 70 degrees the temperature reading from the
radiometer viewed a portion of the horizon.

The temperature difference in row crops viewed at different
solar azimuth angles found by Fuchs et al. was also present in the
Rock Springs temperature data. Corn was the only row crop at the
Rock Springs site, and the average corn temperature at a solar
a-imuth angle of O degrees (marked by '/','//', and '///' in Figures
4.2-4,8) is about 2C cooler than the average value measured at other
azimuth angles.

The spread in the temperature data was also increased by the
variety of crops at the Rock Springs site. Whether a particular
crop is green and growing or brown and senecent causes a different
reaction to the incident solar radiation. Radiometric measurements
made by Blad and Rosenburg (1976) and Heilman and Kanemasu (1976)
showed that leaf temperatures can vary between crops under the same

micrometeorological conditions due to differences in evapotranspira-

tion between the canopies. The grass at Rock Springs was characterized

as '"dry" in observations from all seven caszs because of its brown
color. Note in Figures 4.2-4.8 that the grass temperatures were

consistently among the highest measured. When the soybeans were

[N
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well watered and green, as in Cases 2 and 3 (Figures 4.3 and 4.4),
their temperatures were some of the lowest found. In Cases 4 and 5 in
September, the soybean field was characterized as 'discolored (yellow)

and only 25% green."

This effect was caused by lack of watering

) during a very dry period. In the earlier cases the soybean tempera=-
tures were in the lower and middle portions of the temperature distribu~-
tion. In Case 6 (Figure 4.7), the soybean temperatures were as high

as the dry grass values, At this time (late September), the entire
crop had dried out. Finally, in Case 7 the soybeans were harvested

and only a dried stubble remained. The radiometer was then essentially
viewing dry ground and the soybean temperatures were the highest

values recorded in Case 7,

, The large variability in the temperat: ros caused by the three
aforementioned factors made it difficult to come up with an area-
averaged value. A subjective analysis procedure was used that

involved examining the temperatures as displayed in Figures 4.2-4.8

and usir three guidelines:

1. The average temperature at an incident angle of 70 degrees
} was 1 to 4C cooler than the temperatures from the 50 and
35 degree incident angles.
2, It is the crop temperatures upwind of the sodar antenna
which determine the sodar measured heat fluxes.
3. The more area a crop covered, the greater its contribution

to the heat flux.

The temperature value and uncertainty for Case 1 (the shaded
bar in Figure 4.2) provide an example of this process. Note that all

but 2 of the 11 temperatures omitted at the low end of the error bar
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are from a 70 degree incident angle, The temperatures at the other

extreme were eliminated for two reasons:

1., Although the soytesns covered a large area, they were
located downwind of the sodar antenna.

2. Grass covered a very small portion of the site, and therefore

would not ha -~ had a lrr;e effect.

This subjective analysis procedure yielded a temperature value
with an uncertainty that was felt to be equivalent to two standard
deviations. The shaded bars in Figures 4.3-4.8 are the estimated
temperatures and uncertainties for Cases 2-7, The subjectively
determined temperatures were within .5 to .15C of the average
temperature of the crnps upwind of the sodar antenna (alfalfa, cornm,
and grass) in all seven cases. Additionally, the average 50 and 35
degree incident angle temperatures of every case were within 1C of
the subjective value or within the calculated uncertainty.

The nighttime temperatures are displayed in Figures 4.2-4.8 in
somewhat the same manner as the daytime values, except there was no
need to specify the solar azimuth angle. The average spread in the
nighttime temperatures is only about 4C., The view factor problem of
the 70 degree values 1is still present, but the vegetation has had
enough time to reach a fairly uniform temperature, The nighttime
temperature value and error for each case was de:ermined through the
same subjective analysis method as the daytime temperatures. However,
because of the small spread of the night temperatures, the nighttime
uacertainty was smaller than the daytime version. Note that no
nighttime temperature data was obtained for Case 5. Thus, the value

determined for Case 4 (the previous night) was used in the RDMS.
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At this point, the process of calculating heat fluxes with the
RDMS began. First, the boundary layer model was initialized for each
case with data obtained from standard meteorological sources such
as facsimile maps. Table 4.1 lists values of some of the important
input variables.

The model was also initialized with a sounding that is a smoothed
version of the morning (12Z) observation. During July and August 1980,
radiosondes were being launched every six hours here at Penn State as
part of the Northeast Regional Oxideut Study (NEROS). These local
sounding data were used in the first three cases. For Cases 4 through
7, the soundings from Pittsburgh (about 20( km away) were used. Since
the data collection days were chosen for their lack of advection, the
Pittsburgh data were considered representative of the local conditions.

Next the model was put through a 'productiot run' where a wide
range of surface temperatures and fluxes for the same initial
conditions were created by varying the values of moistvre availability
(M) and thermal inertia (P). The output from a 'production run' of
the model was used to create a set of regression equations. These
regression equations inverted the model output and thus were able
to predict values of M and P for every case from the observed day
and night temperatures. The predicted M's and P's were then used
to calculate the RDMS heat fluxes. The model was run again for
each case using the same set of initial conditions, but M and P
were fixed at their predicted values. The heat flux curve from
this model run was taken as the RDMS heat flux estimate for a given
case. Appendix C contains an example of the process for determining

a heat flux estimate.
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In order to project the uncertainty in the temperature values

through the RDMS, day and night tempe

ratures from either end of

their respective error bars were used to create two additional day/

night temperature pairs for every cas

e, The results from calculations

with the extreme temperature pairs thus defined the uncertainty in

the RDMS M, P, and heat flux values.

4.3 SODAR DATA ANALYSIS

In Section 2,2 it was shown that under free convection conditions,

C% is related to the heat flux in thi

- H
2 3 ,T.2/3 0.4/3 -4
Cr =73 (-—kg) (—pcp) yA

The result of taking the logarithm of

relationship between log C2

T and log Z

s fashion:

/3

this equation is a linear

- H
2 _ 3 T.2/3 o, 4/3, _
log Cy log [4 (kg) (pcp) ] -4/3 log 2

Note that the slope of this line is -

= H
3 ,T.2/3 0.,4/3
A s o 1F G )

4/3 and the intercept A is

]

(4.1)

(4.2)

(4.3)

Free convection is usually confined to a layer of the atmosphere

several hundred meters deep. Thus, only a section of a log-log plotted

T

convection exists (see Figure 4.9).

A straight line with a -4/3

C2 profile will have the characteristic -4/3 slope present if free

R
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slope can then be fit to that portion of the profile, and the value
of the intercept is used to produce a heat flux estimate.
Using the sodar data collected from every case, Ci

calculated and then averaged over each ten minute period from 900 to

values ware

1700 EST. From those averages, the log=log plots of Ci versus height
were produced. When & portion of a profile showed a =4/3 slope, a
'nomogram’' of lines with a =4/3 slope and various intercepts calibrated
in values of heat flux was placed over the Ci profile. Figure 4.10

is an example of a 'nomogram' that goes from values of 5 to 60 W m-2

by increments of 5 W m-z. The average heat flux for that ten=minute
period based on the free convection section of the profile was

calculated using the 'nomogram',
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5.0 FFSULTS

5.1 INTRODUCTION

The results from this research need to be discusced in terms

of two separate measurement periods:

1. The first three data sets collected in mid- and late July.
) (Hereafter referred to as the J cases.)
2. The last four data sets taken during mid-September and

early October. (Hereafter referred to as the S cases.)

An examination of the heat flux estimates from both the sodar and

the SDMS suggests significant differences between the two periods.

In the S cases, no usable sodar values of heat flux were obtained

due to the absence of a clear-cut free convection regime, whereas

the SDMS estimates of heat flux increased between the J and S cases.
. In the discussion below, three primary causes for variations in

surface heat flux between the J and S cases are evaluated:

1. The change of ason.

TR T

2. The aging of the crop between the two periods.

3. The change in the soil moisture between July and September.

5.2 RADIOMETRIC/MODEL DERIVED HEAT FLUXES

,
1
3
]
(
3

Figure 5.1 displays the surface temperature ranges for every

case. Between the J and S cases there is a drop of 6C and 7C

I g £ T NI TR Ay s TR e U b T

in the average day and night temperatures, respectively. This step

change is caused by the seasonal decrease in the amount and intensity
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of oolar radiation. Solar radiation records from the Pean State
Meteorological Oboervatory chowed 482 W mm2 received on July 25

(Case 3) versus 422 W m'=2 on September 11 (Case 4). The zenith angle
of the oun wac larger in the S cases, resulting in a decrcace in the
intensity of the solar radiation. Although the temperature rangeo

for the S cases were cooler, the RDMS heat fluxeo (see Figure 5.2)
increased an gverage of 25 W mc'2 between the J and S cases., Apparently,
although the solar radiation was weaker in the § cases, it was
partitioned in such a manner as to produce heat fluxes greater than
rthose in the J cases. There ig cvidence that a reduction in the
evaporative flux is responsible for this result.

Along with the amount of rainfall, the age of the plants is an
important factor determining the evaporation from a canopy. When
vegetation becomes senecent, reaching the end of its life cycle,
evapotranspiration is greatly reduced. Observations indicated that
senecent vegetation and a lack of rainfall were present in the §
cases.,

Sirce the S cases occurred in the autumn, the crops at Rock
Springs were brown and dying. To quantify the lack of rain in the S
cases, an Antecedent Precipitation Index (API) was calculated for
each case from the rainfall data at the Penn State Meteorological
Observatory. The API, following Blanchard et al., (1980)1, expresses

moisture depletiun as an exponential decaying function of the rainfall

in this form,

lBlanchard, B. J., McFarland, M. J., Schmugge, T. J., and Rhoades, E.:
"Estimation of soil moisture with API algorithms and microwave
emissions.'" Unpublished manuscript,
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API, = P, + (AP1

S| (1-1)) ¥y .1

whoro
APl o moicturc index

P o daily offcctive rainfall

o]

Ik o depletion conotant < 1 and o function of time

i1 = day of thc ectimotac.,
An average depletion constant (k) for the period of .920 wac uoced and
the offective rainfall P wao rclated to the actual rainfall Pa in
v-..8 fachion:

P o P 0829 (5.2)

The API values for each case are displayed in Figure £.3. The average
API in the § cases is one=half the value in the J caoes.

This change in soil and crop moisture was reflected in the RDMS
measurements., Figure 5.4 is a block diagram of the RDMS M and P
values for every case. Note that the average RDMS estimate of M
for the S cases decreases by three tenths from the J cases. When the
moisture availability of a surface decreases, a larger amount of the
net radiation is partitioned into sensible heat flux instead of
evaporative flux. By examining the RDMS-computed Bowen ratios for
each case (Figure 5.5), the change 1n the partitioning of the net

radiation between the J and S cases 18 clearly demonstrated.

A S 4 H e A S T

e
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J Cases S Cases

1.0

Case Number

Figure 5.3 The Antecedent Precipitation Index (API)
for each case. An average depletion constant
(k) of .92 was used.
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Figure 5.5 Bowen ratios calculated by
the RDMS for Cases 1-7.
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5.3 SODAR DERIVED HEAT FLUXES

When the sodar data were first analyzed, the C%

were 30 minute averages. Very few =4/3 slopes that extended over 100

profiles produced

meters were observed in any of the cases, Figure 5.6 illustrates the
state of the atmosphere when free convection exists. A matching layer
where both surface and mixed layer scaling are valid is present from

a height of the absolute value of the Monin Length (L) to one tenth

of the inversion height (.1 Zi)' A matching layer is most often

found when winds are light, and solar heating is strong. Thus, the
absence of extensive ~4/3 slopes in the C% profiles was puzzling
because of the clear skies and light winds (3-5 m/s) present when

the data were collected.

The original intent of the 30-minute averages was to eliminate
the effects of individual thermals and thereby show the average free
convection layer. It appeared from the 30-minute averages however,
that only a small portion, if any, of most 30-minute periods had free
convection conditions existing. To see if free convection periods
were present on a shorter time scale, C% profiles averaged over 10-
minutes were produced for all the cases. The 10~minute averages
indicated that the sodar heat fluxes were also divided into J and
S cases. With the sodar, however, the difference was much more
drastic since the 1l0-minute averages improved the heat flux estimates
in the J cases but failed to produce better :esults in the S cases.

Although the J cases showed deeper free convection with the 10~
minute averages, free convection was still present only intermittently

throughout the day. The inconsistent presence of free convection in

o Al e e
iy N o
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Figure 5.6 A schematic diagram of the atmosphere when free
convection conditions exist.
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the J cases 1s illustrated by examination of two of the log=log plots
of Ci versus height used to estimate the heat flux, Figure 5.7a ig

the average C2 profile for 1350-1400 EST on July 24 (Case 2), and

T
Figure 5.7b is the average profile for the following ten minutes, It
should be noted that the =4/3 slope line drawn on each plot is not

the best linear fit to the =4/3 slope over the entire depth of the

free convection layer, but merely a line drawn through the C% value

at 150 m to 1illustrate the =-4/3 slope. Figure 5.7b has a free
convection layer extending from 80 to 200 meters, while that for the
previous ten~minute average indicates a shallow layer of about 30 m

at a height of 150 m. This lack of continuous free convection is
present throughout the J cases.

In the S cases, the situation was even worse. Occasional free
convection periods were noted in the early morning hours (900-1100 EST),
but were lacking in the remainder of the day. Figure 5.8 is a C%
profile for 1400-1410 EST on September 11 (Case 4) showing the weak
Ci values characteristic of an S case afternoon. Thus, any heat
fluxes that were determined in the S cases were weak and failed to
display a diurnal trend. The lack of the expected diurnal variation
increased doubts about obtaining any usz2ful heat fluxes from the §
cases' sodar data.

Obviously something was disrupting the establishment of continuous
free convection conditions at the site of sodar antenna. A mixed
layer depth experiment using aircraft and sodar measurements had been
performed at Rock Springs in 1978 (Lipschutz, 1978). Underwood (1981b)

noted the presence of a low level inversion in the sodar data below

the inversion height measured from the aircraft. In order to see if
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a low level inversion was present in thic experiment, the six hourly
NEROS sounding data taken at Penn State during Cases 2 and 3 (July 24
and 25) were examined. Figure 5.9 includes the series of soundings
for Case 3 (July 25). Note the wealk inversion at 920 mb in the
afternoon (182) sounding that is still present in the evening (00Z)
sounding. Thus, even during the strong solar radiation of the J caoceo
a low level inversion was present.

Speculation on the cause of this inversion centered on the non-
homogeneity of the terrain surrounding the site. As Figure 5.10 shows,
the sodar is located on the east side of a broad valley. To the west
are a ridge and elevated plateau. When the western ridge and plateau
were heated, a plume of warm air at the surface of the plateau could
have been advected by northerly winds at levels above the valley
floorz. This elevated plume was a possible cause of the low level
inversion plaguing the sodar results.

The intermittent nature of the free convection conditions in the
J case sodar data indicated that the low level inversion might
periodically be disrupted by the penetration of a large thermal.

At that time, short-lived free convection would exist and the sodar
could estimate the heat flux. Figure 5.11 shows the quantitative
false color display of the sodar data from Case 2 (July 24) and

Case 6 (September 19), As shown by the Case 2 sodar returns, strong
thermals were rising from the surface to about 200 m, whereas in
Case 6 there was only weak thermal activity. The conclusion is

that because of the reduced solar radiation in the S cases, the thermals

2Observed winds were northerly during every case.
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BLACK AND WHITE PHOTOGRAPH

9 J

White and Red = highest (I;, values.
)

Black and Blue = lowest (,} values.

Date, time and location are displayed vertically
near the left side.

The scale on the left side is in hundredths of
meters.

Figure 5.1lla Quantitative false color display of
sodar data for Case 2.
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The scale on the left side is in hundredths of
meters.

Figure 5.11b Quantitative false color display of
sodar data for Case 6.



e e e R T o = e

memsmeEmAmRTTT T o T
S . . s ez T

78

were weaker than in the J cases and were never able to break the
inversion. Since a free convection layer couid not be established,

no heat flux estimates could be made from the S cases' sodar data.

5.4 COMPARISON OF THE SDMS AND SODAR HEAT FLUXES

Because the sodar heat flux values from Cases 4-7 were considered
unreliable, the comparison between the RDMS and sodar values was
attempted only for Cases 1-3. Filgures 5.12-~5.14 display the RDMS heat
flux and solar radiation estimates compared with sodar heat flux and
pyranometer data, respectively.

The uncertainty in the RDMS heat flux estimates was caused by the
problems in determining an area-averaged temperature for the hetero~
geneous Rock Springs site. There were three day/night temperature
pairs for each case that defined the estimated area-averaged value
and its error. The three heat flux curves produced from those
temperatur s therefore defined the RDMS heat flux estimate and its
uncertainty. In Figures 5.12-5.14, the RDMS heat flux is plotted as
a swath with boundaries that lie halfway between the RDMS heat flux
curve and the curves defining its uncertainty. The high and low
heat flux curves themselves were not plotted as the error limits
because those curves were often based on extreme values of M. For
example, the low heat flux curve of Case 1 is calculated using an
M value slightly greater than 1. Thus, the most reasonable uncertainty
for the RDMS heat flux was felt to be halfway between the middle
curve and each extreme curve.

The sodar heat flux values plotted in Figures 5.12-5.14 were

corrected for three known error sources:
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Figure 5.12 Heat flux and solar radiation data measured
and calculated for Case 1.
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1. Uncertainties in the calibration of the sodar.

2. Excess attenuation from turbulence of the sodar signal.

3. An increase in the sodar signal caused by humidity fluctuations.

The calibration process as described by Underwood (1978) requires
a measurement of the acoustic pressure at the antenna beam axis and
the variation of output acoustic power with RMS voltage given to the
transducer. Both these measurements are determined in part using a
microphone placed in the far field of the antenna beam pattern. If
the microphone 1s not in the far field of the antenna, the sodar
will be incorrectly calibrated. The far field of an antenna bgsgins
at about ten fimes the antenna diameter. Since the Aerovironment
antenna ig 1l.2m in diameter, tle microphone should have baen at least
12m away. The calibration for this experiment was performed with the
microphone approximately 7m from the antenna. Thomson (1981) estimated
that the sodar heat fluxes could be in error from this problem by 5%.

Excess attenuation of the sodar signal is caused by turbulent
spreading of the acoustic beam (Underwood, 198la). The amount of
excess attenuation is dependent on the antenna beam pattern and
several atmospheric variables. Figure 5.15 developed by Underwood
(1981c) was used to determine the excess attenuation term E in
equation 2.1 for this experiment and was drawn using a friction velocity
of 0.20 ms—l, a frequency of 1600 hz, an antenna diameter of 1.2m, and
an inversion height of 1000m. By determining the average zy (v 1000m) ,
z/zi (.15), and zi/—L (200) for the first three cases from the RDMS
results, E was estimated from Figure 5.15 as 10%. Since this value is

only an estimate of the average E and the heat flux varies as the .75

T
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Figure 5.15

Excess Attenuation (E)

Plot of excess attenuation (E) versus Z/Z, for
various values of Z,/L used to estimate tée
error in the sodar results caused by excess
attenuation. (Source: Underwood (1981lc)).
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power of CT' the reduction in the sodar heat flu. values due to excess
attenuation was established at 10%.

Humidity fluctuations can cause the sodar to overestimate the
heat flux by increasing the amount of backscattered energy. Coulter
and Wesely (1980) derived a correction factor Yoo that utilizes Bowen
ratio measui. ents to correct sodar heat flux values for humidity

flu.tuations. To a first approximation, for all values of the Bowen

ratio
vz (1+0.07/8 )1 (5.5)
80 * 8 *

where BS is the surface Bowen ratio. Multiplying Yso times the
measured heat flux produces the correct value. Since no measurements
of the evaporative flux were made in this experiment, an averaye RDMS
value of the Bowen ratio in the first three cases was computed. Using

this value for Bs in equation 5.5, Yoo WaE approximateliy 0.7.

1ue three aforementioned error sources were combined into a

correction factor that lowered all the sodar-derived heat fluxes by 1:7%.

The corrected values are plotted in Figures 5.12~5.14. The error bar
on each value represents a 107 uncertainty following Coulter and
Wesely (1980). The actual comparison of the RDMS and sodar heat flux
values was disappointing. 1In Case 3, the magnitudes were somewhat
smaller, but there was a sev~re lack of agreement (v 30-50 W m-z) in
Cases 1 and 2.

The disagreement of Case 1 (Figure 5.12) was characterized by the

sodar values being about 45 W m—2 lower than the RDMS heat fluxes
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between 1130 and 1330 EST. While the smooth RDMS heat flux curve
was peaking, the sodar estimates suddenly dropped to a lower level.
In the hours leading up to 1130 EST, the RDMS and sodar results
disagreed in magnitude by 25 to 35 W mﬂz, but increased at the same
rate. At 1330 EST, the sodar estimates gained 5 to 10 W m°2. Thereafter,
the rate of decrease of the sodar heat fluxes matched that of the RDMS
values. This afternoon period (1330-1700 EST) had better agreement than
the morning period since the heat flux magnitudes differed by only 10 to
30 W m-z.

The sodar results of Case 2 (Figure 5.13) followed the same basic
pattern of Case 1. Between 900 and 1130 EST, the sodar values were
35 to 45 W w 2 too low, but increased at the same rate as the RDMS
values. Between 1130 and 1500 EST, 4 out of the 5 sodar values were

at a level 10 to 25 W m-2

below the wvalues at 1105 and 1515 EST. The
exception for this period was one sodar value at 1405 EST that was
within 20 W m 2 of the RDMS estimate. After 1500 EST, the sodar results
were within 15 W m-2 of the RDMS heat flux curve in magnitude and
declined at the same rate.

Case 3 (Figure 5.14) also had the same pattern of midday disagree-
ment, but the RDMS and sodar values of the afternoon and morning
periods were much closer than in the first two cases. The morning
period of 900 to 1200 EST had two values within 10 W m-2 of tha RDMS
results. Three values were only 15 to 30 W mfz lower than the RDMS
estimates and had the same rate of increase. Between 1200 and 1400 KST,
only two sodar estimates were obtained. These sodar values were 20 to

30w m-2 less than the RDMS values for that time and 10 to 15 W m-'2
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below the sodar estimates at either end of the period. In the afternoon

period for Case 3 (1415-1700 EST), the RDMS and sodar magnitudes were

close. All the godar values were within 10 W m=2 of the RDMS values.
Since an energy budget equation is the basis of the boundary

layer model in the RDMS, if the model cannot accurately predict the

amount of incoming solar radiation, the RDMS results will be invalid.

Pyranometer data from the Penn State Weather Observatory were available

for Cases 1-4 and 7. The model-predicted and measured solar radiation

values are included in Figures 5.12-5.14. The agreement between the

measured and predicted values is excellent. This result indicates

that the RDMS heat flux curves are valid for Cases 1-3. The comparison

for Case 7 is not as good, however (see Figure 5.16). The boundary

layer model is overestimating the measured solar radiation by ~ 500 W m

during the middle part of the day. 1In Case 7, therefore, the RDMS
results may be incorrect since they are based on more solar radiation
than was actually received.

In the preceding discussion, a pattern of agreement in the trend
of the values for a morning and afternoon pericd emerges. During
the midday hours a period of strong (25 to 45 W m-z) disagreement
was present. Within this pattern, only Case 3 had comparable sodar
and RDMS magnitudes for the heat flux. The boundary layer model and

pyranometer solar radiation data agreed almost exactly for Cases 1-3.

2
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The purpose of thio research wac to validate a method that uceo
remotely derived ourtface temperaturecs and a boundary layer model to
gotimate curface cnergy budpeto and certain curface parametero.
Boacauoe rcmotely oemoad temperature meacsuremonts tend to reprocent
values averaged over an arca, the curface flunxeo determined ucing
such data must also be area-averages. To carry out an effective
validation study, ground truth data must be obtained from an indcpendent
technique which also produces area-averaged valueo.

One such method is sodar. The sodar can producc heat fluxn
estimates averaged over the same scale ao the remotely cenced tempera-
ture data. By measuring the scattering of sound in & volume by
temperature fluctuations usirg sodar, one can couwpute values of a
temperature structure constant, Ci. Ci can in turn be related to
the surface heat flux by a 4/3 power law when free convectic-
conditione exist in the atmosphere.

In this research, the remotely sensed temperature data was
obtained using a hand-held radiometer. A simultaneous collection
of radiometric surface temperature and sodar data was made on seven
occasions between mid-July and mid-October 1980.

The comparison between the radiometric data/model system (RDMS)
and sodar derived heat fluxes proved disappointing. Free convection
conditions were not present in Cases 4-7 and only intermittently in
Cases 1-3. The sodar heat fluxes obtained in the first two cases
were 25 to 45 W m"2 lower than the RDMS values. In the third case,

the sodar and RDMS heat flux values were wichin 20 W m-'2 of each other.
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The RDMS 1o a relatively unteoted method., It 1o difficult to
make strong conclucionc concerning ito validity ocince the RDMS and
sodar raeoulto disagrec. However, the evidence presented indicateo
that the gsodar values could he in error by greater than the 10%
figure given by Coulter and Wegely (1980). A poosible source for
the poor godar resulto was the presence of a percictent low level
inveroion. Thio inversion was formed by a warm plume advected over
the valley sodar site from an elevated heated plateau.

The results do ocuggest, however, that the true heat fluxes were
not underestimated by the RDMS. Therefore, the Bowen ratioc over
vell-watered vegetation are likely to be quite smal’. Computation
of an Antecedent Precipitation Index (API) suggests a decrease in
the soil moisture between July and September. This decrease is also
present in the RDMS results.

Any future attempts to validate the remoteiy-senced surface
temperature and boundary layer model method should take heed of tlLe
difficulties encountered in this research. 1If the radiometric
surface temperature data 1s to be used again, a less subjective
method to determine an area-averaged temperature s.aould be developed.
Steps should also be taken to improve the quality of the sodar results
by insuring that the effects of complex terrain are minimized. 1In
addition, the technique successfully used by Coulter and Wesely (1980)
to obtain sodar-derived heat fluxes should be emulated. Their
procedure includes simultaneous heat flux measurements using the
eddy correlation method and real time display of Ci profiles to

determine conclusively if free convection exists. Improving the
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sodar results and ucing better surface temperature data will eaable
stronger conclusions to be drawn about the validity of the remotely

sensed surface temperature and boundary layer model method.
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APPENDIX A

SURFACE TEMPERATRE ERROR FROM ASSUMING A GROUND EMISSIVITY OF ONE

Many investigators (Fuchs and Tanner (1966), Conway and Van Bavel
(1967), Fuchs and Tanner (1968)) using radiomecters to determine
vegetation and surface temperatures, estimated the surface emissivity
and atmospharic downwellling radiation in order to increase the
accuracy of their measurements. An investigation into the error
caused by assuming a surface emissivity of one is shown below. From
that explanation, it was determined that for the purposes of this
research it was not necessary to take the reflected downwelling
radiation into account.

Figure A.l shows that the longwave radiation reaching the
radiometer is a combination of ground and reflected downwelling
radiation from the atmosphere. This situation can be written

mathematically using Planck's Law as
4 4 4
¢ T, = €, O T, + (l-eg)ea 0T, (A.1)

where

0 = Stefar LHoltzman constant,

T = effective temperature as measured by the radiometer,
€ = emissivity of the ground,

T = actual ground temperature,

€ = emissivity of the air,

T = temperature of the air.



/

et

;<SS S S S ST 77

Figure A.1

T
o

Illustration of the longwave radiation
reaching a radiometer.

e = emissivity of the ground
= emissivity of the air
= temperature of the air

= temperature of the surface
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Solving cequation A.! far the actual temperature To yields

1/4

oT 4 = (l-e )e o T 4
'I'C’[e g a4 a

(o] € C
8

] (A.2)

By using some reasonable values in (A.2), an estimate of the
difference between the real and actual values for this research can

be obtained. It if is assumed that

the effective temperature Te is 300 K,

the air temperature Ta is 300 K,

the emissivity of the air e, is 0.8 (Sellers (1967)),
and the emissivity of the ground eg is 0.98 (Fuchs and

Tanner (1966)),

then the actual ground temperature To is 309.31 K. Thus, the actual
temperature is only .3C warmer than the temperature measured by the
radiometer. It is clear then, that to achieve an accuracy of * 0.1C,
one must determine the actual emissivity of the ground.

However, two other error sources in this experiment overwhelm

the emissivity error.

1. Tanner et al. (1967) noted a * 0.3C variation in time
with their temperature measurements just from air turbulence.
2. A pre-experiment calibration of the radiometer showed that
it consistently overestimated the temperature of a stirred
vater surface by 1.5 to 2C. This error was accommodated by

- subtracting a constant 1.7C from the measurements.
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The additional effort of determining the surface emissivity of
the heterogoneous cropland at the Rock Springs site is clearly not
worth the effort. The error from assuming a surface emissivity of
one is lost in the radiometer and turbulence errors which combined,
malke each measurement accurate to t 0.5C. Since satellite radiometric
and the boundary layer model temperatures are accurate only to * 1 or

2C, the error of t 0.5C is acceptable.

I .o N
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APPENDIX B

SURFACE TEMPERATURE MEASUREMENTS FROM AN AIRBORNE RADIOMETER

In Case 6, in addition to the regular surface temparature
measurements, temperature data were collected from an airborne
radiometer. An Everest Infrared Thermometer with a 3 degree field
of view was flown four times at about 150m over the Rock Springo
gite. During the overflights, temperature values for various crops
were recorded. The raw data are presented in Table B.l. The Everest
radiometer does not assume an emigsivity of one in producing it=s
temperature values. Unlike the Barnes radiometer used on the ground,
the Everest user specifies an emissivity from O to .99. Thus, the
theory discussed in Appendix A must be altered to include the radiometer
radiometer emissivity € Putting €, in equation A.1 we obtain

€. 0 Te4 ° €y O TO4 +e 0 Taé(l—eg) . (B.1)
We want to calculate how much the radiometer-measured (effective)
temperature Te changes when €, is changed from a value of one. If
we assume eg is constant and known and differentiate (B.1l) with respect

to €_we get
€ 4Te = +T € =0 (B.2)

Solving (B.2) for SEE » the result is
r

e,
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3‘[‘,3 TG
e, " "% (8.3)

Uoing finite difforoncen, we can solve for the change in TG cauoccd by
a change in €. from a value of one.

T
o (=&
A‘I‘e (A) Aef (B.4)

To compare the Everest temperaturxre meacurements with the tempera-
tures made on the ground, a correction in the Everest Te for an € of
.98 must be made following the theory previously discucsed. If the
Everest meagures a temperature of 300 K using an €, of .98, Aer is
-0.02 and the corrected Everest temperature is 1.5 K warmer than the
measured value.

The average Everest temperature for the sgite was 24.3C. Adding
in the rorrection factor of 1.5C, the result is 25.8C. This value is
1.5C cooler than the 27 3C estimated from the ground data. However,
the uncertainty of the ground estimate is t 2.5C and no water vapor
correction was made to the Everest value. The biggest difference
between the two sets of temperatures was the spread in the values.

The ground data went from 21.1C to 29.6C while the bkverest values
ranged from 23.6C to 28.5C. The Everest values narrow down, but do

not exteud beyond the range of ground values. The agreement between
the estimated area-averaged values indicates that the subjective
analysis performed on the ground temperature data produces a reasonable

area-averaged temperature value.
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APPENDIX C

DETERMINATION OF RDMS HEAT FLUX FOR CASE 3

The boundary layer model, aftor having becen suitably imitializod
for Case 3 (July 25, 1980), wao run for the period 0600 to 2400 EST
16 timeo uoing difforent moisture availability (M) and thermal
inertia (P) combinationoc that spanned thosce parametero likely ranges
(M = 0.,25=1, P = 0,005-0.08). The ourface temperaturc data for
Caoce 3 was collected at 1500 EST and 2400 EST. At thosce timeo, the
model output for cacn M and P combination was extracted and stored.
As a simple way of representing the 16 seto of model output, sccond
order regression equations were formed with surface tomperatures as
predictors and M, P, or a s face flux as the predictand., The
regression equations had the form

X e CO + Cle + CZTd2 + C3TN2 + CATNZ
where X is M, P, heat flux, etc., CO-C5 are the regressclon coefficients
is the day surface temperature, and T, 1s the

d N

night surface temperature. In this research, the important equations

for the parameter, T

were those predicting M and P and the regression coefficients for
those equations are given in Table C.1l.

The next step was to use the observed surface temperatures to
predict an M and P value for this case. Td and TN' estimated at
30.3C and 14.3C, respectively, produced an M of 1.0 and a P of 0.068.

To determine the RDMS heat flux estimate for Case 3, the model war

run again with the same set of initial conditions, but M and P were

Q e
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hold fixcd at 1.0 and 0.068, reopectively.

The roouleing diurngl

101

hcat flux curve and fto uncertainty arc plotted ac a owath in Figure

5.14,

Table C.l

Rogroosoion coefficients for M and P in Cace 3.

M p
C0 4.75 0.446
C1 =0,165 =0,0201
C2 0.0376 =(.00504
C3 0.00147 0.00231
C, =0.00289 0.000451
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