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1. INTRODUCTION

The optical turbulence structure parameter C; appears in formulations used to
estimate the effects of atmospheric turbulence on imagery and electromagnetic

(EM) propagation. For many optical systems Ci corresponds with degradation of
performance (Miller and Ricklin 1990; Tatarski 1961; Fried 1967). Basic

formulations of 2 (Panofsky 1968; Tatarski 1961; Hill 1989; Andreas 1988;
Wyngaard 1973; Wesley 1976; Tunick and Rachele 1992) include the gradient of the
real index of refraction as a coefficient, which in turn, is a function of the
gradients of temperature and moisture (preferably potential temperature and
specific humidity according to Tatarski (1961)). Temperature and moisture
gradients can be approximated from sensible and latent heat flux estimates, and
these fluxes can be obtained from radiation/energy balance formations.

Numerous radiation/energy balance models appear in the literature (Angus-Leppan
and Brunner 1980; Webb 1984; Campbell 1985; Pielke 1984; Danard et al. 1984,
Yamada 1981; Carson 1987, to name a few) varying from comparatively simple to
academically complex and requiring different amounts and numbers of inputs and
computer capabilities. In this report we present a model (hereafter known as the
RT model) that was developed for imaging and EM propagation applications when a
minimum of atmospheric information is available. This report provides the
concept and formulations that make up the first formalized version of the model.
Other reports will follow as the model evolves.

The primary outputs of the RT model are estimates of sensible and latent heat
fluxes, which in turn, are used for estimating gradients of potential temperature
and specific humidity, making use of similarity relations. These gradients are

then used to estimate the optical turbulence parameter C? needed in the imaging
and propagation equations.

The remainder of this report is structured into the following sections: Model
Concept, Model Equations, Computation Procedure, Sample Results, Summary and
Conclusions, and Literature Cited.

2. MODEL CONCEPT

The model concept is a fallout from the operational scenario as follows. One is

interested in estimating the optical turbulence C. at a temporary site for
different times of one day. The day of interest is known, and the longitude and
latitude of the site are known. From geological maps one knows the soil composi-
tion; and from the meteorological reports one has an estimate of soil wetness;

that is, dry, moist, or wet. However, if the geological and meteorological
reports are not available, one makes on-the-spot judgments by examining samples
of soil from the surface to 10 cm below the surface. In addition to the soil

judgment, one also makes a judgment of sky conditions; in particular, the amount
of cloud cover (in tenths from 0 to 1), an estimation of cloud height, and the
density of the clouds (0 to 3). From the above information one proceeds to
estimate the sensible and latent heat fluxes by using the convention and
formulations of radiation and energy balance proposed by Carson (1987) as
discussed below.




2.1 Radiation Balance Concepts

Carson (1987) states that the net radiation flux Ry at the soil surface is equal
to the sum of the net short-wave radiative flux, Rgy, and the net long-wave
radiative flux, Ryy; that is,

sy = Rgy + Ry . (1)

The short- and long-wave fluxes are illustrated in figure 1.

SHORT-WAVE FLUXES LONG-WAVE FLUXES
R, ar R, (R ot
AR
N N NN NN NN N N\
SOl
R, "R, - amr, R.,"R, ~(raa - o1t

Figure 1. Schematic representation of short-wave and long-wave radiative
fluxes at a bare-soil surface.

In figure 1 R, is the downward short-wave radiative flux (including both the
direct solar flux and diffuse radiation from the sky). However, some of the
short-wave radiation is reflected at the earth’s surface so that

Rsy = Rgy -~ a Ry (2)

where a 1is the surface short-wave reflectivity, commonly called albedo.
However, albedo is not as simple as it appears in equation (2); it is a function
of soil type, color, vegetative cover and the elevation angle of the sun. Values
of a as a function of soil and vegetation are given in table 1, mainly from
Danard et al. (1984) and Campbell (1977); the functional form of a relative to
the sun’'s position is given in section 3 (equation (20)).

Carson (1987) also notes that if R;, is the downward long-wave radiation and a
is the surface absorptivity to long-wave radiation, then the net incoming flux
from the atmosphere is (a R;)). Using Stefan's law, one can write that the

upward flux due to thermal emission at the earth’s surface is ¢ ¢ T‘,where]} is
the effective surface temperature, ¢ is the long-wave emissivity at the surface,
and g is the Stefan-Boltzman constant. Hence, the net long-wave radiative flux,
Ry, is

Ry=aR, -0 T: . (3)




TABLE 1. TYPICAL VALUES OF ALBEDO, a, AND EMISSIVITY, ¢, FOR VARIOUS

SURFACES*

Surface o €
0’Neill average (D) 0.25 0.90
Clay pasture (D) 0.15 0.95
Dry Clay (G)

Wet Clay (G)

Sandy clay

(15% moisture) (J)

Dry quartz sand (D) 0.40 . 0.80

Dry sand (G)
Wet sand (G)
Dry moorland (G)
Wet moorland (G)

Rock (G)

Ice (G,M) 0.65 0.97
Snow (D,M) 0.65

New snow (G,DGL) 0.85

0ld snow (G,DGL) 0.30

D: Deardorff (1978)**

DGL: Danard et al. (1984)*x*

Geiger (1961, p. 29)#**
Johnson (1954, p. 156)**
Mellor (1977)%x*

20

From Campbell (1977)%%x*

Surface a Surface a
Grass 0.24 Deciduous woodland 0.18
Wheat 0.26 Coniferous woodland 0.16
Maize 0.22 Swamp forest 0.12
Pineapple 0.15 Open water 0.05
Sugar Cane 0.15 Dry soil (light color) 0.32

*M. Danard, G. Lyv, and G. MacGillivray, A Mesoscale Bulk Model of the Atmo-
spheric Boundary Layer, Atmospheric Dynamics Corporation report, Victoria,
British Columbia, Canada, 1984.

**Complete reference information is contained in Danard, Lyv, and MacGillivray.

*%*G. S. Campbell, An Introduction to Environmental Biophysics, Springer Verlag,
New York, 1977.




It is common practice to combine the definition of ¢ with Kirchhoff’'s law so
that a = ¢. However, ¢ varies with soil type, vegetation, and snow or water
cover as given in table 1.

2.2 Surface Energy Flux Balance Concepts
Carson (1987) writes the energy flux balance at the soil surface as

Ry =H+L'E + G, , (4)

where Ry is the net radiative flux, H is the turbulent sensible-heat flux, L’E
is the latent-heat flux due to surface evaporation, and G, is the flux of heat
into the soil. The convention of equation (4) is shown in figure 2.

ENERGY FLUX BALANCE

R «=H+LE+G
N ]

R, H L'E
AR
\\\l\ ~
SOIL G'

Figure 2. Schematic representation of the energy flux balance at a
bare-soil surface.

Equations for H, L’E, and G, are given in section 3. Having established the basic
radiation/energy balance formulations and their directional conventions, we now
discuss the equations chosen to evaluate them. There are a multitude of
relations to choose from.

3. EQUATIONS
3.1 Short-Wave Solar Radiation

The formulations we use to compute the incoming short-wave solar radiation for
cloudless skies are patterned after Meyers and Dale (1983) and Miller and Ricklin
(1990). These are then augmented with empirical results by Haurwitz (1945) to
account for cloudy skies.

For clear skies Meyers and Dale (1983) write

Ry, =I=I,TyT, T, T, cos 2, (5
where I, is the extraterrestrial flux density at the top of the atmosphere on a
surface normal to the incident radiation, Z the solar zenith angle, and T, are

the transmission coefficients for Rayleigh scattering (R), absorption by perma-
nent gases (g), water vapor (w), and absorption and scattering of aerosols (a).
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I, changes thro':~hout the year because of changes in the earth-sun distance and
is adjusted b using the equation

L =133 Wm?) {1 +0.03 cos [2x (n/ -1) /365]), (6)

where n’ is the Julian day. The solar zenith angle is computed by using

Z = cos'l( sin (§) sin (D) + cos (§) cos (D) cos (H’)} ) n

where § is the latitude, D the declination angle, and X’ is the solar hour
angle. Miller and Ricklin (1990) compute the solar declination angle using
formulations by Woolf (1968)

sin D = sin (23.4438) sin 8 , (8)

where g8, in degrees, is

B = +0.4087 sin (y) + 1.8724 cos (y) - 0.0182 sin (2y) + 0.0083 cos (2v), (%)

and v, in degrees, is

v =279.9348 + d . (10)

The angle d is the angular fraction of a year represented by a particular date.
The angle d may be calculated by

d = (number of day of year - 1) (360/365.242) . (11)

The solar hour angle H’, in degrees, is a measure of the longitudinal distance
from the sun to the point of calculations given by

H =15(T -M) -n, (12)

where T is the Greenwich mean time (GMT) of the calculations, M is the time in
hours after midnight of the passage of the sun over the Greenwich meridian or
true solar noon, and n is longitude, counted positive west of Greenwich. In
terms of d defined in equation (11), M is

M=12.0 +«0.12357 sin (d) - 0.004289 cos (d) + 0.153809 sin (2d)

+ 0.060783 cos (2d) 13

An empirical equation for Ty T, in equation (5) by Kondartyev (1969) and modified
by Atwater and Brown (1974) to include forward scattering is

’

Tu T, = 1.021 - 0.084 [ m (949 P x 1075 + 0.051)]'"* (14)

where P is the surface pressure (kPa), and m is the optical air mass at a
pressure of 101.3 kPa given by

11




m = 35 (1224 cos? (Z2) + 1)Y2, where Z is the zenith angle. (15

An expression for computing the broad-band transmission of water vapor absorption
by McDonald (1960) is

T,=1-0.077 (um)®3 , (16)

where m is the optical air mass (defined above) and u, the precipitable water
vapor, is determined by using an expression by Smith (1966); that is,

w= _fefe an
oD

where P_ is the pressure at the earth’s surface, W, is the mixing ratio, g is the
acceleration due to gravity, and A is given in table 2.

TABLE 2. SEASONAL AND LATITUDINAL MEAN VALUES OF )

Season

Latitudinal Annual

Zone (deg N) Winter Spring Summer Fall Average
0-10 3.37 2.85 2.80 2.64 2.91
10-20 2.99 3.02 2.70 2.93 2.91
20-30 3.60 3.00 2.98 2.93 3.12
30-40 3.04 3.11 2.92 2.94 3.00
40-50 2.70 2.95 2.77 2.71 2.78
50-60 2.52 3.07 2.67 2.93 2.79
60-70 1.76 2.69 2.61 2.61 2.41
70-80 1.60 1.67 2.24 2.63 2.03
80-90 1.11 1.44 1.94 2.02 1.62

Northern

Hemisphere

average 2.52 2.64 2.62 2.70 2.61

A simple treatment used by Meyers and Dale (1983) for estimating T, was proposed
by Houghton (1954)

T, = X", (18)

a

where m is the optical mass, and X is an empirically derived constant (on the
order of 0.935).

To account for the effect of clouds we introduce a transmission coefficient T,
derived empirically by Haurwitz (1945, 1946, 1948). Haurwitz (1945) chose to
express T, by

T, = 32 gbm (19)

12




where aa and b are constants whose values were determined by using least square
techniques applied to observed clouds of different percentage sky cover and of
varying density. He also computed the ratio of insolation with partly or
completely covered sky to insolation of cloudless skies as shown in table 3.

TABLE 3. RATIO OF INSOLATION WITH PARTLY OR COMPLETELY CLOUD-COVERED
SKY TO THE INSOLATION WITH CLOUDLESS SKY 1IN PERCENT

Cloud Amount
Tenths 1-3 4-~7 8-9 10
Alr Mass/

Density 0 1 2 3 1 2 3 1 2 3 0 1 2 3 4
».0 104 103 98 88 98 93 88 92 76 68 87 80 60 31 18
1.5 99 100 97 90 96 89 83 92 75 65 88 79 58 30 19
2.0 94 98 96 92 94 85 78 92 75 63 88 79 55 28 20
2.5 90 96 94 94 92 81 74 92 74 60 89 79 52 27 20
3.0 85 94 92 96 90 78 69 93 74 58 89 79 50 27 21
3.5 81 92 90 98 87 74 65 93 73 56 90 79 47 25 21
4.0 77 g0 89 100 84 71 61 93 72 54 90 79 46 25 22
4.5 73 88 87 102 82 67 58 93 72 52 91 79 44 24 23
5.0 70 B6 85 104 80 64 54 93 72 50 91 79 41 23 23

We use table 3 to correct our estimates of insolation for cloud cover.

At this point we have formulations for computing the incoming short-wave solar
radiation Ry, , which is then adjusted for albedo. As indicated in table 1,
albedo is a function of soil type, color, moisture, vegetation, and solar
elevation angle. Although the first four effects are reflected in table 1, the

last is computed by using an approximation by Paltridge and Platt (1976); that
is,

a(Z) =a, + (1 - a;) exp [-k (90° - 2) ], (20)

where k is of order 0.1, Z is the solar zenith angle, and a; is the small zenith
angle value of albedo.

3.2 Upward Long-Wave Radiation

The upward long-wave radiative flux R|, is computed by using a formulation from
Yamada (1981).

Ry = €g O T: + (1 - ‘s) Ry, , (21)

where ¢, is the surface emissivity (see table 1), and o is the Stefan-Boltzman
constant. To evaluate equation (21) one requires an estimate of the effective
ground temperature T,.

This is done as follows: We assume that a semiempirical expression of the
sensible heat flux, H, given by Angus-Leppan (1971) (based on the Penman (1948)
combinatinn form) is adequate as a first approximation for clear sky dry ground
conditions. Angus-Leppan’'s expression is

H = 450 C W sin ¢, , (22)

13




where C and W are correction factors (see figure 3 for the amount of cloud cover
and ground wetness, respectively), and ¢, is the solar elevation angle
(¢y = 90 - Z). For clear skies and dry ground C = W = 1 in equation (22).

1.0 CLEAR SKY 1.0 DRY SURFACE
1/2 SKY COVER NO VEGE TATION
HIGH CLOUD (CH)

0.8 ..
08-" FULL SKY COVER DAY SURFACE
HIGH CLOUD (CY) LITTLE VEGE TATION
0.6,
6 172 SKY COVER MOIST SURFACE
0.6 | Meoium cLoUD (as. cu)
172 SKY COVER 0.4y | moisT SURFAGE: PLUS WIND
LOW CLOUD (ST.SC,NS)
0.4 _] SURFACE WET OR COVENED WiTH
FULL SKY COVER 0.2.] |FRAEELY-TRANSPIRING VEGE TATION

MEDIUM CLOUD (AS, CU)
WET OR VEGETATED SURFACE;

0.2 ] 0.0 PLUS WIND

FULL SKY COVER
CLOUD (ST. NS) IRRIGATED FIELD IN MIDST OF DORY
LOW C Y AREA: OASIS: PLUS LIGHT WIND

-0.2
0.0d | roc

IRAIGATED FIELD IN DRY AREA;
PLUS STRONG WIND

CLOUD FACTOR - C -0.4.
SURFACE WETNESS FACTOR - W

Figure 3. Estimation of parameters C and V.

Having an estimate for H, equation (22), we compute the similarity forms for the
Monin-Qbukhov length L and friction velocity u* using

3
-ut” C,p by, (23)
kgH

where Cp is the specific heat of air, p is the density of air, #,., 1is the
reference level potential temperature, k is Karman's constant (0.4), and g is
acceleration due to gravity.

1
cofepree]

where x = (1 - 15 _Iz:)”“ for neutral and unstable conditions, and x =1 + 5

stable conditions.

14




Solving equations (23) and (24) iteratively we obtain values for L and u* for the
approximated value of H. Also, from similarity forms we can write

0. = vr . (25)

Hence, we can compute a first estimate for 6*, which can be used to approximate
T, since

_ _ 8 -1 z-d 26)
T, =T(2) - ¢ {ln %T‘I ]} 1% (
where y = (1 - 15..27:)1/2 for neutral and unstable conditions, and y =1 + 5.% for

stable conditions.

However, to evaluate equation (26) we require an estimate of Z, (the roughness
length for temperature), which is determined from our modification of Verma
(1989); that is,

L LsBe ¥ €2))
= 1 - ,
bl )
where
B-=[Y(z-d)+l]e(kn'1oA)' (28)
yz-d) -1
A= {ln [i_:% ] +2 tan'l.x} z-d (29)
v=f1-15 2]1/2 ; (30a)
{ T
( 1/4
. z (30b)
x=]1-15 .
)

Z, = roughness length for momentum.
B = Stanton number.

k = Karman's constant (0.4).

15




Values for kB! for different soil surfaces and vegetation are given in figure 4.
Having an estimate of T, for dry cloudless conditions we compute R;;.

12 . ———r e 7 e T
!

Biut!-Rough

r~

k B

yPermeabie ~ Rough

7/
rd
7 2 . “
/_’;‘-‘ ——+—— Corn S

L o )
9 4 L el —A1pen tores!
0 10 10? 103 10*

*Z
Figure 4. kB™! is a function of the roughness Reynolds number, Res = 1'%

1%
(adapted from W. Brutsaert, 1984, Evaporation in the Atmosphere,
D. Reidel Publishing Company, Dordrecht).

3.3 Downward Long-Wave Radiation

Gates (1965) offers an expression for downward long-wave radiation for clear
skies based on an empirical relationship by Swinbank (1963).

Ry, =-17.09 +1.195 0 T} , 3L

where R is in milliwatts per centimeter?, o = 5.6697 X 10°®, and T, the reference
level temperature is in degrees kelvin. Paltridge and Platt (1976), in turn,

suggest an addition to equation (31) to account for clouds, giving a total
expression of

R, =-17.09 +1.1950 T} +0.3 ¢, 0 T® (cc) , (32)

where €., given in table 4, is the emissivity of the cloud base and T, is the
temperature of the cloud base in degrees kelvin. Having an estimate of the cloud

height one can approximate T,, assuming an average of the dry and moist adiabatic
lapse rate.

16

104




TABLE 4. MEAN SHORT-WAVE PLANETARY ALBEDO, a;, AND LONG-WAVE FLUX
EMISSIVITY, ¢,

Cloud Level Cloud Type . €y
1 Cirrus 0.35 0.3
2 Altocumulus-altostratus 0.55 0.9
3 Low cloud 2 0.60 1.0
4 Low cloud 1 0.50 1.0

From the above equations we can compute the first estimate of net radiation,
which is then divided into sensible heat, latent heat, and ground heat. For dry,
cloudless conditions we assume that the latent heat is zero. To complete the
energy balance equation we also need a method for estimating ground heat flux.

3.4 Ground Heat Flux

In our initial formulations we used an equation by Angus-Leppan (1971). Through
trial and error using measured flux data we found it necessary to make major
changes to that formulation, resulting in

G=-G‘+(T8-T8n)l(°sin{.{.r2.(T—tn)}, (33
where
G* = [Ty (&, +2) -Tg 1K, sin{m /12 [ (g, +2) -, 1} (34)

Tgn = ground temperature during adiabatic conditions (approximately 1 h
after sunrise)

t

n = time (relative to midnight) of adiabatic conditions

K, = X5 for soil type and wetness (table 5, Angus-Leppan 1971)

2k

Ks = thermal diffusivity

~
]

thermal conductivity

17




TABLE 5. AVERAGE THERMAL PROPERTIES OF SOILS AND SNOW

Material Water* K
Content

Dry 0.0 0.7 2.3

Moist 0.2 4.2 8.4

Saturated 0.4 5.2 7.4

Clay Dry 0.0 0.6 2.0
Moist 0.2 2.8 5.6

Saturated 0.4 3.8 5.4
Peat Dry 0.0 0.14 0.25
Moist 0.4 0.7 0.9

Saturated 0.8 1.2 1.0

Porosity*

Snow Fresh 0.95 0.15 3.0
- 0.8 0.32 1.6

Compacted 0.5 1.7 3.4

*Volume of water per unit volume of soil
"Volume of pore space per unit volume

(After van Wijk, Physics of plant environment, North Holland 1963)

Equation (34) implies that the ground heat flux is zero approximately 2 h after
the neutral period and approximately 3 h after sunrise.

We now introduce formulations by Woolf (1968) that we used to approximate the
time of sunrise and sunset. These are followed by our ethod for computing the

morning neutral time. The solar hour angle H’ th:. relates to sunrise and
sunset is
H' = arcos 4 SinA - sin ¢ sin D (35)
cos ¢ cos D

where ¢ is the latitude of the site, D is the solar declination angle (see
equation (8)) and A is the sunrise/sunset solar elevation angle. At ground level

Woolf sets A = -0.9 degree. H’ in equation (35) is in degrees, but can be
transformed into hours by dividing by 15.

H (°) =15 (T - M) - 1 (36)

18




where T is Greenwich mean time (GMT) and M is the time of the sun's passage over
the meridian.

The solar day extends from M - H' to M + H/, and hence sunrise time is M - H/ and
sunset time is M + H'.

We also require the time after sunrise when the lower atmosphere is in a neutral
state, that is, adiabatic, or when H = 0. This time is designated t, and is
referenced to midnight. First we note that for t = t,, G = -G" and that G*
remains

G* = [Ty (£, +2) - Tyl Ky sin{n/12 [ (£, +2) -, 1) . 37

For very dry soil L’E 2 0 at t,.
Hence, sinceR =H + L'E + G (38)
R, reduces to
R,=G=-G"= [T, (t,+2) Ty, | Kysin{w/12 [ (£, +2) - ¢, ]} (39)
where K, is evaluated for dry soil.
Since
Re=(1l-a) Ry - (Ry -Ry), (40
we obtain, by equating equations (39) and (40),

[T, (ty +2) - Tp) K, sin {1’_’2 (&, +2) - cn)}= - (1l -a)Rg *+ (R, -Ry,) . (4D

For neutral conditions we approximate T, = T,, using the formulation

Tgn =Ty + T, (2, - 7)) , (42)

where T, is the reference level, (z,) is temperature, and I, is the adiabatic
lapse rate.

Knowing T,, and T,, one can compute R;, and R, using equations (21) and (31); that
is,

Ry =€gaTy+(1-¢ )Ry, , (43a)
and

Ry, = -17.09 +1.195 o T . (43b)

Finally, since Rg, can be evaluated as a function of time, one can find the time
t, that satisfies equation (41). This we define as the neutral time for dry
soil, which is approximately 1 h after sunrise.
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For moist or saturated soil, the above procedure is modified to allow for nonzero

values of L’E as follows.

The latent heat flux L’E can be written as

L'E =-L' pu*q*,

(44)

where u” (equation (24)) is the friction velocity, p is the air density, L’/ is
the latent heat of vaporization of water, and q" is the specific humidity scaling

length defined by

where k is Karman'’'s constant, and

-1/2
¢q = [1 - 15_% ] for unstable conditions,

¢q=1+5 % for stable conditions,
¢q =1 for neutral conditions,

The integral of equation (45) is

(-1 3
-q = 9 [ $q ~ 111 20 ici
q - q - 1n[‘;;_;1__+_I I2n for unstable conditions,
_ ,¢_1 0
- = q’ q - z-d ..
q-q, - 1n .Zsr:_I | 2n for stable conditions,
L \ P

and

q-qZh='qE‘1nzz;

for neutral conditions.

rrom the Clausius-Clapyreon equation we can write

- -3 1 _1
q=3.8x10 fexp{l([m T]}'

where f is relative humidity and X/ = 5.44 x 103,
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(46a)

(46b)

(46c¢c)

(47a)

(47b)

 (47¢)

(48)




For neutral conditions the reference level and ground level q can be expressed
as

- 1 i
q,,,=3.sx103f”exp{x/ [m -,I,_”]}, (49a)
and
- 1 1
qsn=3.8x103frnexp{l(’ [m-m]} (49b)

Because of the very small difference between T,, and T,,, on the order of 0.02°,
equation (49) can be differenced to give an approximation for equation (47c¢);
that is,

8dgn - Qrn = -3.8 x 107 exp{K' [,2731_1_6 - — ]} (Fyn - fen) . (50

Using equation (47c¢),

«. -3.8x107%k 1 1
9 7z, (o~ £r) exp {"' [m T T ]} (s1)

In X

Z

At this point we have all the equations necessary for computing approximations
for Ry, H, and G for dry, cloudless, or moist ground cloudy conditions. The next
section provides our step-by-step procedure for computing the sensible and latent
heat fluxes using the equations presented above.

4. COMPUTATIONAL PROCEDURE

In this section a flowchart (figure 5) of the computational procedure is followed
by a more detailed step-by-step method.

The following are assumed to be known at a geographical site where one wishes to
compute estimates of sensible and latent heat fluxes: (1) longitude and latitude
of the site; (2) day of year and time of day; (3) reference level (2 m) values
of temperature (T.), pressure (P,), relative humidity (f.), and horizontal
windspeed (V.); (4) measure or judgment of cloud cover in tenths and cloud
density on a scale of 0 to 3 (3 being most dense); (5) albedo of the soil,
including vegetative cover; (6) composition and wetness of the soil (dry, moist,
saturated); and (7) estimate of cloud type and height.

Step 1: Compute the elevation angle ¢, = 90° - Z of the sun at the times of
interest using Woolf'’s (1968) formulations. See step 7.

Step 2: Compute a first approximation of the sensible heat flux H for dry ground
and cloudless skies using Angus-Leppan and Brunner (1980); that is,

H = 450C W sin ¢, (for C = W 1 in figure 3). (52)
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Figure 5. Flowchart of computational procedure.
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Step 3: Compute the friction velocity u' and the Monin-Obukhov length L.

u* = v, k {ln [_Ii - 1] + 2 tan’! x} 1245 53
1/4
l1-152 : (54)
X [1 15 T ] ;
L=-uC,pT,/ keHl , (55)

where V., is the reference level windspeed, k is Karman’s constant (0.4), Cp, is
the specific heat of air, p is the air density, T is the temperature at
reference height, g is acceleration due to gravity, and Z, is the roughness
length for momentum, where from Liu et al. (1976)

In(Z,) = -2.85 +1.19 1In Z, , (56)
where Z, is the height of the roughness element.

Step 4: Compute the potential temperature scaling constant §° using
8* =uT, / kgl , (57)
=0

where for unstable conditions, T

r vr*

Step 5: Knowing T., §° and L, compute the effective temperature T, at height Z,
(RT modification of Verma (1989)) using

- _ e -1 2%c-d 58
T, -1, 'k'“‘[%ﬁ]'zh , (58)

1/2
where y = [1 - 15 %] for unstable conditions, and

d = displacement height = 0.7H"

IR (59)
a5 (E5])

B* = [Y(Z -d) +1 ] e( kB lea) ; (60)
y(z - d) -
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A= {ln [;—:T'%] + 2 tan’? x} |:;d . (61)

Z, = roughness length for momentum over vegetated surface = 0.14H".
H* = average height of roughness elements.

kB™! = Stanton number, Verma (1989).

Step 6: Compute R;, = -17.09 +1.195 0 T; where R, is in milliwatts per
centimeter™ and T, is in degrees kelvin (Swinbank 1963).

Step 7: Meyers and Dale (1983) compute R,, for cloudless skies as

Ry =I =I,TyT, T, T, cos Z , (62)

where I, is the extraterrestrial flux density at the top of the atmosphere on a
surface normal to the incident radiation, Z is the solar zenith angle, and T; are
the transmission coefficients for Rayleigh scattering (R), absorption by perma-
nent gases (g), water vapor (w), and absorption and scattering by aerosols (a).

L =1353 Wad {1 +0.03 cos[2 7 (n' -1) /365]) | (63)
where n’ is the Julian day, and
2 =cos™! (sin ¢ sin D + cos ¢ cos D cos H') , (64)

where ¢ is the latitude, D is the declination angle, and H’ is the solar hour
angle (see step 8).

sin D = sin (23.4438) sin g . (65

B (°) =~ +0.4087 sin (y) +1.8724 cos (vy) - 0.0182 sin (27v) (66)
+ 0.0083 cos (27)

v =279.9348 + d , (67)

where d is the angular fraction of a year; that is, d = (Julian day - 1)
(360/365.242) (68)

Tg T, = 1.021 - 0.084 [ m 949 P x 10-% + 0.051]"/? (69)
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where P is the surface pressure (kPa), and m is the optical air mass at a
pressure of 101.3 kPa

m = 35 (1224 cos? (2) + 1 )2 (70)

T, =1-0.077 (um)°®3 (71)

where u is the precipitable water vapor (Smith 1966),

u=P, W,/ g(A+1), (72)

where P, is the pressure at the earth’s surface, and W, is the mixing ratio.
Values of A are tabulated in Smith (1966).

T,

= x®, where x = 0.935 . (73)

Step 8: Compute sunrise, local noon, and sunset time using Woolrf’s (1968)

formulations. From Woolf the solar hour angle H’ that relates to sunrise and
sunset is

H' = arcos 4 SIinA -sin ¢ sin D (74)
cos ¢ cos D '

where ¢ is the latitude, D is the solar declination angle, and A is the
sunrise/sunset solar elevation angle. At ground level Woolf sets A = -0.9

degree. H’ is in degrees, but is transformed to time in hours by dividing by
15. The solar day extends from M - H to M + H’.

Step 9: Compute (1 - a) R,, using a from Paltridge and Platt (1976).
a=a +(lL-a') exp [-k(90° - 2)] , (75)
where k = 0.1, Z = zenith angle, and a’ is albedo at high solar elevations.
Step 10: Compute R;;, using Yamada (1981)
Riy=¢,0 T: + (1 -€) R, . (76)
Step 11: Compute net radiation (Steps 1 through 15).

Ry = (1 -a) Ry, - (R, -R) . an

Step 12: Compute T, - T, using Ty, =T, +v; (7 - (Z, +d)), where T, is the
temperature in degrees kelvin at Z,, y4 is the dry adiabatic lapse rate, andT,,
is the reference height temperature at the time t, (relative to midnight) of
neutral conditions (see step 13).

Step 13: Compute dry value of G, that is, G4 using a formulation by Rachele and
Tunick (see equation 33).
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Step 20: Compute Ry, for cloudy skies using Haurwitz (1945).
Step 21: Compute (1 - a) Ry, .
Step 22: Compute R, = -17.09 + 1.195 ¢ T; + 0.3 ¢, 0 T, (cc)

(86)

where R, is in milliwatts/centimeter?, ¢, is cloud emissivity, T. is temperature

at cloud base, and cc is tenths of cloud cover.

Step 23: Compute R;, using the wet value of T,; that is,
Ry, =ega Ty + (L-¢) Ry,
Step 24: Compute Ry = (1 -a) Ry, - (R, - R))
Step 25: Compute T, - T,,
Step 26: Compute moist value of G using expression in step 13, when

moist value in Angus-Leppan (1971).

Step 27: Compute L’E fromL'E =Ry -G -H.

1

1

J

1 1 1 1
IS
.
'

W — Surfoce wetness foctor
02 03 04 05 06 07 08 09

1

0.4
1

a 2 Jun 66
+ 13 Jul 66
o 14 Jul 66

0

1

0 100
W (em/s)

Figure 6.
Brunner plot).

27

T T T T
200 300 400 500

T

600

700

(87)

(88)

K, is the

(89)

The Rachele/Tunick function W(V,) (a modified Angus-Leppan and




5. MODEL RESULTS

The results of this study are based on two sets of measured data (1/2-h averages)
collected at Davis, California, during the summer of 1966 (Stenmark and Drury
1970; Brooks et al. 1968; Morgan et al. 1970). The Davis field site, a flat, 5-
ha area, at 17 m elevation above sea level, is located about 2 km west of the
main portion of the University of California at the Davis Campus, 24 km west of
Sacramento, and 113 km northeast of San Francisco. The data were taken during
periods when the surrounding fields, were for the most part, crop covered and
well irrigated, giving, in effect, homogenous surface conditions with respect to
temperature and moisture. Advection effects were considered to be negligible.
Profiles of wind, temperature, and moisture were measured with transducers at
nine levels from 25 to 600 cm. Raw data were processed to give 1/2-h average
profiles.

In addition, 1/2-h values of net radiation and sensible, latent, and soil heat
fluxes were available. The terrain at Davis was relatively smooth and covered
with fescue grass (average height 10 cm). The soil was assumed to be peat and
was moist. Both sets of data were collected during cloudless sky conditions.

Figure 7 shows the 1/2-h average values of reference level temperature, relative
humidity, and windspeed for the 2 days. Figures 8, 9, and 10 shows the measured
and model values of sensible, latent, and ground heat fluxes for both days.
Figure 11 shows the measured and model net radiation for both days. Figure 12
shows the results for the numerically approximated optical turbulence structure
parameter (in the visible) for both days using measured and modeled fluxes for
inputs.
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humidity, and windspeed (Davis, CA, data).
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6. DISCUSSION

Figure 7 shows that day 7-13-66 had both higher temperature and surface relative
humidity values than day 6-2-66.

A discrepancy appears in both halves in figure 8 regarding sensible heat flux
estimations. The figure shows that by early afternoon the observed sensible heat
begins to decline in magnitude; however, an upward spike appears in the modeled
results. This is a situation where the observed wind velocity actually decreases
(from 2 to 3 m/s to 1.5 m/s); however, the observed heat flux does not respond
by growing larger in magnitude. Our model, however, forces a jump in sensible
heat when a jump in windspeed occurs.

Since the estimated latent heat flux is a result of the energy balance equation,
some discrepancy therefore appears in the early afternoon in figure 9 for day 6-
2-66. For day 7-13-66 the net radiation estimates (figure 11) are responsible
for the discrepancies seen in the morning hours.

Finally the ground heat flux estimates seem to be in very good agreement with the
observations, considering the complexity of the problem.

7. SUMMARY AND CONCLUSIONS

The purpose of this study was to determine the feasibility of structuring a
radiation/energy balance model that would yield estimates of sensible and latent
heat fluxes, suitable for imagery and EM propagation assessments, research, and
applications, when constrained to require atmospheric measurement of temperature,
pressure, relative humidity, and wind at a reference height (about 2 m) only.
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The model presented satisfies the above constraints; however, one must also know
the day of the year, time of day, longitude and latitude of the site of interest,
judgment of soil type and moisture (dry, moist, saturated), and cloud
characteristics (tenths of cloud cover, density, cloud type, and approximate
height).

The model is a composite of formulations, some purely physical and well founded,
others semiempirical, and a few that are strictly empirical. Our major contribu-
tions include formulations for estimating the effect of wind on the sensible heat
flux; an expression for estimating ground heat flux; a modification of Verma's
expression for the computation of the roughness length of temperature; and, most
critically, tying together all the formulations and establishing a calculation
procedure.

The two cases presented in this report were restricted to daytime cloudless
conditions using data from Davis, California. Results are most encouraging for

determining qualitative estimates of (? throughout the day over fescue grass.

Finally, it is only fair to say that the model should be used and refined for
barren surfaces and other vegetative cover. A joint effort with the U.S.
Department of Agriculture is currently planned.
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