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ABSTRACT OF THESIS

PARAMETERIZATION OF NET RADIATION AT THE SURFACE USING
DATA FROM THE WANGARA EXPERIMENT

‘Hourly Wangara boundary layer data (Clark et al., 1971) is used to
~ substantiate previously derived empirical equations of the surface
radiation budget. These equations only require measurements taken by a
surface observer in order to be evaluated. A paramgterization was made
for infrared (IR) radiation. From this procedure, § residual rgdiation
vas 6btained from the measured daytime net radiation data in order to
approximate short wave (SW) radiation. - Diurpal trends in radiatfdn and
other related meteorological parameters were also evaluated.

For IR radiation, the Brunt equation was found to adequately repre-
sent effective radiation without -clouds. IR attenuation (K-values) of
0.89, 0.64, and 0.51 were calculated for low, middle, and high c]buds,
respectively. While the value for high clouds was high, the values for
middle and low c]ouds.were found to be similar to previdus studies. A
mean K-value of 0.80 for all cloud conditions was also determined. "For
any type of c]oudiness'situatfon, an increase in cloud coverage attenu-
~ated IR radiation better quadratically than linearly. The empirical
equations used in this research were able to predict Wangara IR data to
within 20-24%.

A modification of Beer's Law was derived to évaiuate the residual
radiatior under clear skies as suggested by Flowers et al. (1969) for S
radiation. With the surfa;e albedo assumed at 0.15, a mean turbidity
coefficient of 0.16 was determined. Also, the squére root of the optf—

- cal air mass was found to best represent the data in this equation..



An aha]ysis of SW cloud attenuation coefficients (C-vé]ues).from
the residual radiation proved inconclusive. A C-va]ﬁe of 0.74 for low
clouds at high solar angles was found to be in thé range-bf previously |
. published values (Kondratyev, 1965); C-values at Tow sun'ang1es and for
a combination of middle and high clouds were Unrea]igtica]ly high.

Of considerable importance is the finding that t]oud atfenuation of
the residual radiation behaved nonlinearly. Whereas solutions as
high as the fourth ofder fit the data at noon, quéﬁratic so]utibhs fit
well near sunset and sunrise. Overall, relative deviations dufing the
day of the combined parameterization were approximately 20% at noon and
just less than 30% for periods up to one hour before sunset or sunrise.
‘ Predictions within these one-hour periods, however, contained consider-
‘able error, partially due to the scatter and small magnitude of the
measurements.

DiurnaT trgnds in surface radiation and other meteorological para-
meters were'eétablished. Comparisons between surface radiation and the
other three surface energy fluxes (sensible, latent, and ground heat
fluxes) were completed for a mean diurnal trend and under variations of
clouds and wind speeds. A good correlation was illustrated for radia-
tion and ground flux.

It is believed that from this work a better understanding has been
achieved for the characteristics of the surface radiation budget under

small-scale changes in the weather.

Roger T. Edson

Atmospheric’ Science Department
Colorado State University

Fort Collins, Colorado

Summer, 1980
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1. INTROBUCTION

In recent years theoretfca? advances in the field of meteorology
" have become increasingly dependent upon a reliable parameterization of
the pianetary'boundary Jayer. The relationships and feedback mechanisms'
" between events in the boundary layer and upper atmosphere are important
‘to investigations 1in such fields as climatic modelling and numerical
weather prediction. It is therefore ah essential task for meteorologist
ﬁo devejop methods that can easily and accurately predict some of the
moée important meteorological characteristics of- the earth's lower
atmosphere. |

An accurate description of the variability of the surface radiation
‘budget is one such task. Although numerous empirical formulas have beer
developed to describe the radiation budget on a seasonal basis
(Houghton, 1954; Budyko, 1958; London and Sasamori, 1971; Vonder Haar
and Suomi, 1971) and on a daily basis (Halstead et al., 1957, Geiger,
1959; Kondratyev, 1965 and Berlyand, 1970), a convénient method to
predict radiative flux over a particular observation site on a much
smaller time frame such as one hour or less is still sought. Abrupt
changes 1in weather conditions at this scale (such as an increase in
c]oudiness or a frontal passage) are difficult to model. These changes,
however, can significantly alter the balance of energy ét the earth's
surface. vThis in turn can influence other meteorological characteris-
tics of the boundary layer such as the sensible heat flux at the ground
and the distribution of temperatures in the soil and lower atmosphere,
as well as the interaction between the boundary layer and the upper

atmosphere.
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In order to make such a detailed radiation study, a reliable data

set is needed: one with high enough resolution in both time and space

to distinguish microscale changes; also, one -long enough to represent

éynoptic scale changes. The 44-day Wangara Ekperiment (Clark et al.,
1971) offers this unique opportunity. Recently, Wangara data . have
.served as references for a number of numerical models of the planetary
boundary layer (e.g.; Clark and Hess, 1973; Deardorff, 1974; Pielke and
Mahrer,‘1975 and Yamada and Mellor, 1975). Several of these models
: iné]uded simple parameterizations of the surface radiation and energy
budgéts under "ideal" conditions (clear skies and 1ittle temperature
advection). However, 1ift1e has been achieved in this aspect under
nonideal conditions.- |

It is the intent of thfs research to use the Wangara data set to
parameterize the surface radiation budget under the influence of chang-
ing weather conditions. Previously derived equations and their solu-
tions will be examined and adapted for use for the Wangara data. In
particular, those equations which can be easily evaluated from measure-
.ments taken by a surface observer will be studied. In this manner, it
is hoped that certain characteristics of the boundary layer can be
predicted or analyzed near to "real time" without the use of comp1icated
instrumentation or costly investigations. In addition, relationships
between surface radiaﬁion and several other meteorolog{cal parameters in
the surface cnergy budget will be examined.

After a detailed discussion of the Wangara data set in Chapter 2,
Chapter 3 will present the procedures and equations to be used. Equa-

tions that are investigated inciude the Brunt equation for infrared (IR)



N

radiation and -a modification of Beer's Law for short wave1 (SW)

rad1at1on under clear skies. C\oud attenuat1on equations for both IR

and SW radiation used by Kondratyev (1965) and others are also present-

ed.

Diurnal profiles of both net radiation and other surface related
meteorological paraﬁeters are illustrated in Chapter 4. Correlations
are determined under different cloud and wind conditions for several of
fhese pfofi]es.v A |

| Finally in Chapter 5, the results of the parameterization are
presented. A ‘special emphasis ié placed both guantitatively and quali-
tatfvely on the effect clouds have oﬁ net surface radiation.

It is believed that from'th{s work a better undgrsfanding has been
achieved for the characteristics of the surface radiation budget under

small-scale changes..

1A]though SW radiation was not measured directly in this data set, the

residual of the IR radiation parameterization subtracted from the net
radiation measurements will be studied. This residual radiation will
be assumed to approximate net SW radiation to within the accuracy of
‘the daytime IR parameterization.



2. THE WANGARA DATA

The.data set used in this research is described by Clark ef al.

o (}971) and is known as the Wangara‘Experiment.‘ Hourly data were col-
1ected in southeast Australia near the town of Hay (34°30'S, 144°56'E)
“during the Australian winter from 15 Ju]y to 27 August 1967.

One of the purposes of the Wangara Experiment was to establish an
extensive set of synoptic and micrometeorological data to afd in the
understénding of the many complex characteristics of the earth's bound-
éry' layer (the lower two kilometers). The voluminous collection of
radiation data makes this work particularly attractive for the pfeseqt
research. The Wangara Experiment and the Great Plains expedition of
1953 (O’NeiTl Experiment) by Lettau and Davidson (1957) contain the best
known set of reliable boundary layer data that exist today.

The site for the expériment was chosen because of the relatively
]arge area of f]atA1and with lTow vegetative cover. Save.for a line of
eucalyptus along a passing river, the predominant growth consisted of
very sparse grass and legumes. The dominant soils in the area were.
brown loams, 5-20 cm thick, overlying red-brown clay subsoils. Excépt
for brief periods after rain storms, the soils generally were very dry.

To obtain én accurate account of the lower wind field, hourly pilot
balloons were released from each of five stations. Four of these sta-
tions were located at the corners of a square approximately 60 km on a
side with one station in the middle. Their relative location and their
elevation is shown in Fig. 2.1. Hay's location in southeast Asutralia

is shown in the inset.
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An average wind profile was determfned for the five stations at
50-meter intervals up to one kilometer, and at 100-meter intervals up to
two kilometers. Vector deviations of 5-10 cm sec_1 were computed for
moderate winds (10-20 m sec_l) up to one kilometer in height. When
observations from more than three stations were reported, vertical
velocities were computed from the continuity equation. Probable error
was determined to be approximately = 2 cm sec_1 at the height of one
kilometer in moderate winds. In addition to the wind measurements,
hourly surface measurements of pressure, wet and dry bulb temperature,
"weather", cloud type and amount, and surface wind direction were made
at each of the stations. These measurements were averaged and were
recorded as single quantities with "weather" determined in a priority
system from the International Weather Code.

A sample of the data format is shown in Fig. 2.2. The data are
stored in a similar form on magnetic tape.1 Data are organized 1in
three-hour blocks. Days are numbered consecutively during the extent of
the experiment and times are local standard times. Winds are measured
in centimeters per second, temperature in degrees centigrade, cloud
amounts in oktas, and radiation and heat flux in milliwatts per square
centimeter.

Radiosondes launched from the center station measured temperatures
and humidity at three-hour intervals. These data were interpolated at
the same heights as were the wind profiles. Field measurements from the

radiosondes could account for errors up to 0.4°C. Humidity measurements

1 Magnetic tape was obtained from Dr. J.W. Deardorff at NCAR, Boulder,
CO0.
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were acCuréféuwfthin.S%, and large discrepancies‘bétween surface and
radiosondé‘méaéhfements were so noted in the report. |

4In ordér'tb estimate heat and momentum fluxes nearAthe ground, an
extensive micrémetedro]ogica] program was maintained at two of the
Aétations (Stat{&wAS was primarily used and Station 4 was used as a
baﬁkup). Wind %peedé were measured at 0.5, 1; 2, 4, 8 and 16 m. The
temperatﬁre differences between 1 and 2, and 2 and 4 m were also obtain-
ed. A Funk radiometer (Funk,A1959;wor see Sellers, 1974, p. 79) was
used to measure net radiation near the ground and three flux p]afes
placed just below theﬁ#ufface were utilized to obiaiﬁ values of ground
Heat flux. In addition; for five days, a fluxatron (Dyer et al., 1967)
difect]y measured daytime heat flux. All micrometeorological measure-
ments were recorded Bour]y and were based on half-hour averages, cen-
tered on thé hour. -

Finally, geostrophic and thermal -winds were estimated from six
stations 1in easterﬁ Australia as well as from the Wangara network (see
Fig. 2.1).

The time of year and location of the Wangara Experiment were ghosen
to study the boundary layer under a variety of synoptic conditions.

During this period, midlevel westerlies were prevalent, and cold fronts
crossed over the site every thfee or four days. Rainfall was generally
quite 1ight over the entire period with a total accumulation of approxi-
mately 26 mm spread over seven days (one day repurled 14 mm).

In concfusion, the Wangara data set provides a wealth of informa-
tion to aid in the study of the earth's surface radiaticn budget. Its

hourly resolution and data collection network is sufficient to cover



9

most sma]];$ﬁale'effects while its length is long enough to last through

several syhoﬁtfc-sca]e changes in the weather.



3. . THEORY AND PROCEDURE
Emp1r1ca1 equatlons are cited in the literature that predict
surface rad1at1ve flux over a season as well as on a daily basis. It is
, the_purpose_offtﬁis chapter to present several of these equatiqns and
their associatéazéoefficients in a form suitable for parameterization
and compafispn'fo the'higher resolution Wangara'data.
| Net radiétive flux is normally determined by equations describing
IR and Sw radiation individually. Since net IR radiation can be taken
direét]y from the nocturna] Wangara radiation data, it will be investi-
gatédiinitially Once ‘an adequate procedure to simulate the IR flux is
found, a residual can be determined from the net rad1at1on measurements
dufing the daytime 1n:order to approximate net SW radiation. A proce-

dure can then be found to approximate this residual radiation.

3.1 IR Radiation

A. IR Radiation Leaving the Ground

The laws of thermodynamics state that a body that absorbs énergy
will then radiate energy at an uniform temperature particular to the
. physical properties of that body. The earth absorbs SW radiation from
the sun and radiates IR radiation at an equilibrium temperature which is
usually close to that of the surface temperature. The Stefan-Boltzman

Law describes this process:
IR Flux = F = eol 3.1.1

where &£ is the emissivity, o the Stefan-Boltzman constant, and TS the
surface temperature. If the IR flux is given in langleys per minute (ly

min_l), then temperature 1is given in Kelvin (K) and o equals 8.14 x

-11 -1

10 Ty min K_4. For a perfect radiator, a black body, ¢ is 1.0, but
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for other than a perfect radiator, such as the earth's surface, ¢ is
less than 1.0. Table 3.1.1 compiled by Sellers (1974) shows IR emis-
sivity for various ground condit&ons found on theAearth. Other works by
'Geigef (19595, Buettner and Kern (1965), Griggs (1968) and Fuchs and .
" Tanner (1968) further support this data. With the aid of Table 3.1.1,
it has been approximated for this research that the dry, sandy, grass-

land conditions at Hay, Australia radiates with an emissivity of 0.9.

B. Obtaining Net IR Radiation Under Cloudless Skies.

The earth's atmosphere and its constituents behave radiatively in a
manner similar to that of its surface. Radiation emanating from both
the sun and the earth is absofbed in the atmosphere. Energy is in turn
radiated in all directions, including back to the earth (counter-radia-
tion). The difference of the flux of IR radiation leaving the surface
(Egq. 3.1.1) and the flux of counter-radiation retUrning to the surface
is defined as net IR radiation.

One objective of this fesearch is to establish an equation to
determine IR radiation that can be easily evaluated from surface obser-
vations using standard meteorological instrumentation. Several studies
have substantiated the possibility of such an equation. Brunt (1832)
and Geiger (1959) described experiments showing a high correlation

.between net IR radiation and near surface‘(l-Z m) air temperature and
moisture measurements. These studies were further verified by Sellers
(1974, p. 46). He found that most of the counterradiation reaching the

'ground during the 0'Neill experiment came from the eafth's lowest 100-

meters (58.9% of fhe total counterradiatioﬁ originated from below 100-

meters height and 25.8% from beiow 2-meters height).
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Table 3.1.1

INFRARED EMISSIVITIES

-A. Waler and Soil Surfaces
" Water....... ...
~ Snow, fresh fallen. ... ..
- Snow, ice granules......

Soil; frozen............
Sand, dry playa........
Sand, dry light....... e
Sand, wet........... ..
Gravel, coarse. . .......
Limestone, light gray. ..
Concrete, dry. .........
Ground, moist, bare. . ..
Ground, dry plowed. ...

B. Natural Suifaces
Desert. ...............
Grass, highdry. . ......
Fields and shrubs.......
Oak woodland..........
Pine forest.............

(Percent)
C. Vegelation
92-96 Alfalfa, dark green......
82-99.5 Oak leaves.............
89 Leaves and plants......
- 96 0.8u......... AR
93-94 1.0u. .ot
84 2.4
89-90 100u..coveeinan.
93 :
91-92 D. Miscellaneous
91-92 Paper, white...........
71-88 Glasspane............
95-98 Bricks, red.............
90 - Plaster, white. . ........
Wood, planed oak......
Paint, white. .. ........
90-91 Paint, black............
90 Paint, aluminum.......
90 Aluminum foil. ........
90 Iron, galvanized........ A
90 Silver, highly polished. ..
Skin, human...........

[From Sellers, 1974]
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Two ‘equations that describe net IR radiation under clear skies and

require only the specification of surface parameters to be evaluated are

" Angstrém's Equation and derived from it the Brunt Equation (Brunt,

’1932); The more widely used Brunt Equation is examined in this research .

“and can be written:

F, = eoT(a - bye) | 3.1.2

where Fb is the net IR radiation with no clouds and a and b are empiri-
cal constants. The air temperature, T, and vapor pressure, e, (measured .
in-millimeters of mercury [mmHg]) are observed at screen height (which
for the Wangara data is 1.2 m).1 Values of the constants a and b are
readily available in the literature and have been compiled in surveys by
Geiger (1959), Kondratyev (1965), Berlyand (1970) and Sellers (1974).
Table 3.1.2 contains a list of these values. These values can be com-
pared to those estimated from the Wangara data.

With a and b evaluated, Eq. 3.1.2 can be then used under any sky

condition in conjunction with the proper modification for cloud cover.

1 The use of the screen height temperature, T, is adequate in this equa-
tion if there is not a large difference between T and the actual sur--
face temperature, Ts‘ However, a significant gradient between the

two heights could result in an unreasonable representation of the
- true upward flux. Budyko (1958) and others have suggested a correc-
tion to the above equation as follows:

2
| — - -
Fo = Fo * deaT™(Tg - T).

This modification is not used in this research because of the dif-
ficulty in obtaining a true surface temperature. Also, a gradient
as large as 5°C at a screen height temperature of 0°C would only

amount to an IR corvection of .03 ly min 1. This is probably within
the accuracy of the Brunt Equation.
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Table 3.1.2 Values of Constants in Brunt Equation.

Author

a b Year
.75, .45 .065, .056 1932, 1940 Brunt
.42 .051 1933 Angstrom
.53 .061 - 1935 Ramanthan and Desai
.448 .064 1946 Lyutershteyn and Chudnovskiy
376 043 1947 Chumakova -
.39 058 1952 M. Ye. Berlyand and
’ T.G. Berlyand
.39 .050 1956 Budyko
.355 .055 1957 DeCoster and Shuepp
.34 -.039 1957 Goss and Brooks
.305-.395  .040-.078. 1961 Marshunova
.47 .065 1961 Monteith
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C. Net IR Radiation wifh Clouds.

It is generally recognized that cloud cover influences net IR
" radiation. For example, it is observed that cloudy nights are much
Warmef than nights with clear skies; this is because the clouds radiate
"downward at a temperature close to that of their base and therefore
increase the counterradiation of the sky.

This phenomenon is described by a fbrmu]a that has been used fre-
quent]y-by researchers (Halstead et al., 1957; Philip, 1957; Geiger,
1959; Kondratyev, 1965; Adem, 1967; Berlyand, 1970 and Kumor, 1978):

_ _ y.m
Fo,n = Fo(l Kn™) 3.1.3

where Fo,n js the net IR radiation with clouds, K and m are empirical
constants, and n is the émount of cloudiness. in tenths. Values of m
have ranged between 1.0 and 2.7 with 1.0 and 2.0 being the most'common
values used (Kondratyev, 1965). (It follows that the higher the value
of m, the less scattered (< five-tenths) cloud conditions will attenuate
radiation.) Values of K are determined by measuring the effect which an .
overéast sky of a particular cloud type has on the attenuation'of net IR
radiation. Once F0 is estimated (Eq. 3.1.2), the only remaining obser-
vations needed to evaluate Eq. 3.1.3 are the cloud type and amount.

As a variation of the above equation, the coefficient, K, can
represent cloud attenuation for individual cloud types (e.g., stratus,
cumuius, altocumulus, cirrus, etc.) érvfor a cloud group (i.e., high,
medium or low). Previous investigations have calculated k for the above
cloud group, and a summary of the findings found in Kondratyev'(1965) is

presented in Table 3.1.3. The range found for each K in the individual

studies is probably due to the uniqueness of each cloud cover observed



Table 3.1.3 - Empirical Coefficients Characterizing the Influence

of Cloud- Cover on Net IR'Radiation.

Author Station Khi Kmi : K]o
Defant Stockholm Oiéﬁ e T T
Angstrom ~ Stockholm | .0.90 -
Akslef Uppsala 0.20 0.77 0.83
Dorno Davos 0.31 0.63 0.85
Yefimov Bukhta Tikhaya 0.20 0.59 - 0.84
Yefimov Mys Shmidta 0.20 0.57 0.81
Yefimov Pavlovsk 0.22 0.52. 0.76
Yefimov Tashkent 0.16 0.50 0.67
Lyutershiayn Tashkent 0.1; Ci 0.4; Ac and 0.8; St and Ns

0.2-0.3 Ac trans. 0.75-0.85;
Cs and Cc 0.6; Ac and - -Cu
~Ac op. ©0.95-1.0; Cb~

(From Kondratyev,

1965)

91
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and to obsefvau1ona7 technique and 70Lat10n characteristics. In this
research these va]ues are compared to those calculated with the Wangara
data.

Under ]ayéred conditions, then, K can be given as either a single
'ya]ue effect»fgr all clouds present, KTot’ (Eq. 3.1.3) or as a combina-

tfon of partsffbr each different cloud type or group:

Knm %:KlonTo oomi m1 Ky h1
where lo, mi, and hi répresent']ow, middle, and high cloud bases, re-
spectively. |

This re]ationshib  has had limited verification. One possible
problem is the fatt ihat the equation can not distinguish the type of
“cloud(s) directly 'oyérhead. From geometrical considerations, clouds
directly overhead prbbably have more of an effect on" the radiation
budget than clouds that are off to one side.2 |

Nevertheless, Eq. 3.1.3 and Eq. 3.1.4 are used in this research
to determine the cloud effect on IR radiation. The relative accuracy of
both these equations can be tested. In this way the importance of
distinguishing individual cloud types, rather than treating the sky
cover as a whole, is investigated.

With IR radiation parameterized, a residual can be determined from

the daytime net radiation measurements which can be then approximated by

empirical equations for net SW radiation. ,

2 The method by which cloudiness was measured in the Wangara data can
further enhance this problem, since cloudiness was recorded as an
average of several stations rather than as a single observation. How-
ever, it is assumed that the cloud conditions were more synoptically
than’ locally affected; therefore, on the average, differences from
one station to the next should have been minimal.
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3.2 SW Radiation

- Net SW radiation can be expressed by:

Q= - oA Q) o | S 3.2

where o is the surface albedo, Qs is the solar radiation incident on a

1

horizontal surface at the top of the atmosphere, and Qg,n is thé amount
of radiation both direct aﬁd scattered, being absorbed by the earth's
surface; Ar,c is a function of turbidity and cloud attenuation: solar
radiation can be scattered back toAspace or absorbéd by c]oudéAas well
as be scattered back or absorbed by dry air mo]ecuies, dust, ozone and
water vapor (Sellers, 1974). The fact that rapid changes in clouds,
dust and water vapor can greatly influence SW radiation reaching the
ground makes parameterization very difficult, especially since the
amount of dust and water vapor present at any one time can not be readi-
ly determined from surface measurements. Also, experiments have shown
that the surface albedo, «, changes with surface cover, shape and pos-
sibly with cloud cover and solar angle.

The Wangara data did not record direct solar radiation separately.
Thus, only a .residua1 éan be deduced from the measurements. It is
assumed that within thé limitations of this research's capability to
predict IR radiation during the daytime, this residual radiation wi}]
adequately approximate net SW radiation. Before equations describing

cloud influence on net SW radiation can be studied, a rough estimate of

the effect of turbidity and surface albedo must be made.

A.  Turbidity
If there are no clouds between the observer and the sun, the in-

tensity of direct solar radiation for a given solar angle depends on the
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variable "amount of dust, ozone, haze and water vapor in the atmosphere;
the extinction produced by these constituents is called atmospheric
. turbidity. |
in order to étudy turbidfty, one must first be able to specify the .
" solar radiation reaching the top of the atmosphere; This is easily

~described by:
0, = S(@/d)? cos Z | 3.2.2

where S is the solar constant (~ 2.0 ly min—l), (a/d)z'represents the .
square of the ratio of the mean and instantaneous distance of the earth
from the sun (0.95 dufing the Wangaré Experiment) and Z is the zenith
angle of the sun.

Measurementé of turbidity have been recorded by many researchers
(e;g.; Kimball, 1919; Wexler, 1934; Robinson, 1962 and Flowers et al.,
1969). Since most of these measurements were made for individual sta-
tions and techniques and instrumentation have varied with the experi-
ments, comparisdns are difficult to make. Flowers et al. analyzed a
network of stations throughout the United States for five years. In
their report, seasonal and geographical variations in turbidity are
described. They noted that the wafer cohtent of the atmosphefe is a
significant factor in determining turbidity, and weather conditions that
support moist air have higher turbidities.

A modification of Beer's Law has been Qsed by Flowers et al. and

~ others to determine turbidity:

_ -(t. + 1, + BM '
Qgo/Q = 10 " T2 T | 3.2.3 .

where ng is the solar radiation reaching the ground, 1_ and T, are the -

r
scattering coefficient for air molecules and the absorption coefficient
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for ozone, respectively. The turbidity coefficient, B, includes both
dust and moisture absorption. Undef typical conditions in the United
States (any season) for optical air mass, M, equal to one3, and at sea
1eve1; Flowers et al. apprbximated T. = 0.0634 and T, = 0.0040. B was .
" found to range between 0.03 and 0.35. | |

. The adaptibility of this equation for general use is apparent. If
the values of the extinction coefficients are independently ascertained,
know]edge of the solar altitude is all that is required to estimate ng.
In:this research values of the turbidity coefficient can be roughly
determined from the residual radiation under clear skies. . From these

estimates the practicality of using a mean single coefficient is inves-

tigated.*

B.  Surface Albedo

When only direct $W radiation is avai]ab]é (and not net radiation
as in the Wangara data), the charactér of the surface albedo must be
known in order to calculate the amount of radiation being absorbed by
the ground. Surface albedo has been studied with measurements taken
from the ground, 1in airplanes and satellites (e.g.; Fritz, 1948;
Houghton, 1954; Kuhn and Suomi, 1958; Bauef and Dutton, 1962 and Vonder
Haar and Suomi, 1969). Table 3.2.1 compiled by Sellers (1974jv111us;
trates the variabilities found in the surface albedo from one type of

surface to another. As evident from this figure, surfaces such as snow

3 M~ sec Z for z < 80°

4 It should be noted that the above procédgre assumes a constant sur-
face albedo with solar altitude (to be discussed next) and that any
change in ‘turbidity with cloud cover will be parameterized as a cloud
effect. A
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_Table 3.2.1

ALBEDOS FOR THE SHORTWAVE PORTION OF THE
ELECTROMAGNETIC SPECTRUNM

(Wavelengths < 4.0u)

A. Water Surfaces
Winter—

B. Bare Areas and Soils
- Snow, fresh fallen. ...

. Snow, several days old . .
. 30-40
.. 35-45
20-30 -
. 5-15
.. 10-20
.. 20-35
.. 25-45
. 17-27

Ice,seca.............
Sand dune, dry.......

Sand dune, wet........

Soil, dark............
Soil, moist gray. .. ...
Soil, dry clay or gray.
Soil, dry light sand. ..
Concrete, dry........

Road, black top........

C. Natural Surfaces
Desert..............

Savanna, dry season. ...
Savanna, wet season. . ..
.. 15-20
.. 10-20
.. 10-20

Chaparral. . .. ..
Meadows, green. .....
Forest, deciduous. .. ..

0° latitude. ..
30° latitude. ..
60° latitude. ..
Summer— 07 latitude. ..
30° latitude. ..
60° latitude. ..

NOON— OO

.. 75-95

40-70

©5-10

.. 25-30

25-30
15-20

C. Natural Surfaces (cont.)

Forest, conifcrous.......

Clond Overcast

Cumuliform. .. ........
Stratus (500-1,000" thick)
Altostratus. . ..........
Cirrostratus. . .........

. Planels

Jupiter........ ...
Mars. .. ... ... ... ...
Mercury. . ... L
Neptune..............

Pluto. . ...............

[From Sellers, 1974]
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and sand have a considerable effect upon the surface radfation budget.
Also it can be seen how wet surfaces cause the albedo to decrease.
Fortunately the soil conditions for the Wangara Experiment remained dry
during most of the period. |

Another possible cause for the albedo to change is thé daily motion
of the sun. Geiger (1959) and Budyko (1958) presented results that
demonstrated greater than 100% changes in albedo between noon and near
sunset or sunrise. On the othef hand, works by Bauér and Dutton'(1962)
and Kuhn and Suomi (1958) presented contrary evidence. In fact, Kuhn
and Suomi attributed the albedo changes found in the 0'Neill data to
incorrect interpretations of the instrument (Fig. 3.2.1). Their results
show surface albedo remaining fairly constant over a diurnal period. In
any case, most studies agreed that an increase in scattered radiation
over direct radiation due to increased cloud cover helped alleviate any
. solar angle effect.

Based on the above evidence and Table 3.2.1, the surface albedo for
the Wangara data has been accepted as 0.15. The effect of clouds on SW

radiation can now be examined.

C.  Cloud Effect Upon Net SW Radiation.

C1oud effects on SW radiation are complicated and difficult to
predict. One must explain how much direct and scattered radiation
reaches the surface at any particular time under a variety of weather
conditions. Clouds are highly variable in their movements, shapes, and
sizes; thus, it is hard to make a general prediction of their ability to
transmit radiation. Furthermore, a small change in solar angle can
strongly enhance or minimize solar attenuation depending upon the loca-

tion and types of clouds present.
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BEAM REFLECTOR vs INVERTED EPPLEY
ALBEDO MEASUREMENTS
ONEILL, NEBR.
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Beam reflector versus inverted Eppley
albedo measurements.

Fig. 3.2.1 Kuhn and Sumoi, 1958, show in their 1956 measurements that

diurnal variations in albedo demonstrated in the 1953
0'Neill Experiment were due to incorrect interpretations
of the instrument. [From Kuhn and Suomi, 1958. ]



24

Despite these complications, general conclusions cani'be made -
“concerning cloud attenuation. Obviously, an increase in c]oudihess de-
creases the total solar transmiSéion to the ground. Likewise, a thicker
cloud deck reflects and absorbs more radiation. - (More radiation is
transmitted through thin cirrus than thrbugh a cumulonimbus cloud.)
Figure 3.2.2 from Hewson (1943) illustrates some of these characteris-
“tics.

TaB]e 3.2.2 frbm Kondratyev (1965) exemp]iff;s how so]ar' ang1e
affects SW attenuation under cloudy skies for different cloud fypes as
compared to cloudless skies. Similar results are found in works by
Geiger (1959), Haurwitz (1948), Budyko (1958) and Berlyand (1970). In
Budyko's work, cloud attenuation (no cloud type distinction) changed
from 50% at a solar altitude of 50° to 78% at an altitude of 5°. Table
3.2.2 indicates that this effect is perhaps most important in cirrus
‘type c]ouds.v In some cases, however, the increase in scattered fadia—
tion with lower solar altitude is actually greater than the decrease in
direct radiation resulting in an increase in total flux.

This research requires an equation fhat can describe SW radiation
with respect to the sun's position undér variable cloud conditions.
‘Idea]1y,—it is désirab]e to use a method similar to that. of Eq. 3.1.3
for IR radiation. In addition to the advantage of being able to compare
the two results, this type of equation can be easily put into general
application.

Equation 3.2.4, be]dw, meets this criterion and a form of it has
been used in surveys by Budyko (1958), Geiger (1959) aﬁd Kondratyev
©(1965): R | "
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Dependence of the reflection (1), transmission (2) and absorption (3) of solar
radiation upon cloud amount.

Fig. 3.2.2 The effect of cloud thickness upon solar radiation.
[From Hewson, 1943.]
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Table 3.2.2 Relative Decrease (in Percent) of the Flux of Total
Radiation for the Case of a Continucus Cloud Cover
of Different Types and Different Solar Altitudes in
Comparison With the Corresponding Values for a Cloud-

less Sky.

Cloud Solar Altitude, Deg.

Type : :
‘ 5 10 20 30 |7 40 50-.
Ci 44 50 34 22 10 2
Cs 33 39 | 51 35 20 0
Ac 33 39 46 55 46 38

St fr, - | - 78 83 80 77 77 76
Sc 89 78 68 71 72 73
St 1 78 78 80 81" | 83 84"

(From Kondratyev, 1965)
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Q. = Qg1 =€) 324

g,n
where m 1s usually equal to 1, Qéo is the net'SW radiation absorbed by
the ground without clouds, and C is a cloud attenuation coefficient.

Assuming that surface albedo does not change with én increase 1in
cloud cover, values of C should be the same for both absorbed SW radia-
tion (aS approximated by the résidua] radiation in this present study)
and SW radiation reaéhing the ground (usually measured). Under ]ayefed
conditions, C can be treated (as has been previously done fdr'fhe‘IR
parameterization) as either a single value effect for all c]ouds»pfesent
(CTOt) or as a combination of parts for each different cloud type (C]o’
Cmi and Chi)' Values of the coefficient C can then be compared with
attenuations given in Table 3.2.2. Finally, it is of particular inter-
est to see whether there is any variation under different solar angles
in the exponent, m, since this indicates the relative importance which
an increase in cloudiness can have on the radiation budget.

This chapter has preséntedAthe equations needed to parameterize the
radiation flux at the earth's surface. With the aid of the hourly

Wangara data, the adaptability of these equations for better time reso-

lutions can now be determined.



4.  DIURNAL CHARACTERISTICS OF METEOROLOGICAL CONDITIONS AND ENERGY
PARAMETERS FOR THE WANGARA EXPERIMENT. S

It is necessary to ascertain the mean.derna] influences on the
radiation budget before procedureé can be taken to predict its chénges.‘
In this chapter, diurnal properties of the Wangara data are examined.
In particular, hourly composites are made of the parameters needed to
evaluate the equations in Chapter 3. OHce this is done, the four com-
ponents of the surface energy budget (net surface fédiation, sensﬁb]e,'
latent and ground heat flux) can be analyzed for their diurnal trends
and for their relationships to each othef under different meteorological

conditions.

4.1 Meteorological Characteristics of the Data

Perhaps the most important influence in the diurnal tfend of sur-
face radiation? as well as in most other meteorological parameters in
the Tower atmosphere, is the times of sunrise and sunset. Table 4.1.1
gives va]ues‘fof three selected days‘covering the extent of the Wangara
Experiment. Since there is a half-hour difference between Day 1 and Day
44 the times ofAsunrise and sunset aré henceforth given in this re-

search for the middle day, Day 21.

Tab]é.4.1.1 Sunrise and Sunset at Hay, Australia.

Day 1 Day 21 Day 44

15 July 5 Aug. 27 Aug.
Sunrise 221 7hg! ~ ghgp

hog: 17"40" VA

Sunset 17 58!
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In the majority of figures to follow, the graphs are constructed so
‘that the abscissa exhibits nighttime hours in the center. This enables

the effect of sunrise and sunset to be more easily demonstrated.

A. . Data and Cloud Frequency

Figure 4.1.1 presents hourly radiation data and cloud frequency
statistics. The top curve illustrates the number of days for each hour
on which radiation data existed. - During these periods, averages and
profiles were madé-for theAmeteoro]ogica1«paramete?s presented in this
paper. As indicated by the graph, most hourly averages calculated were
based on over 36 sample measurements.1 .

In order to test the effect which clouds of different heights had
on the radiation budget, the data were divided into three cloud- categor-
jes: Total Clouds, Only Low Clouds, and No Low Clouds. The three lower
curves in Fig.  4.1.1 indicate the diurnal frequency of each category.
When clouds of any type or amount were reported, data were included in
the Total Clouds category. Data were inciuded in the Only Low Clouds
category when low clouds (Cb, Cu, Ns, St and Sc) made up at Teast 85% of
the reported coverage. Data were inc]uded_in the No Low Clouds category
(As, Ac, Ci, Cs and Cc) when no more than 15%‘of the sky included low
clouds. Separate categories were not made for middle and high clouds
because the-Wangara data did not quantify these two cloud types separ-
ately.

Diurnal cloud coverage is further illustrated in Figs. 4.1.2 and

~4.1.3.  In these figures, mean cloudiness and the frequency of broken

cloud coverage for both low clouds and total sky‘coverage are given.

1 A majority of the missing data are accounted for by a four-day rest

break in the middle of the experiment.
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DATA SIZE AND CLOUD FREQUENCY
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Fig. 4.1.1 Diurnal characteristics of cloud coverage (any amount) for
' the Wangara Experiment. Top curve represents number of days
that radiation data was received. :



MEAN CLOUD COVERAGE DURING WANGARA EXPERIMENT
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Fig. 4.1.2 Mean cloudiness for total clouds and low clouds during the:Wangara Ex'periment..
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F1g 4.1.3 The frequency that broken cloud coverage (> 5 tenths) existed during the Wangara Exper1ment is
- shown “or both all cloudiness conditions and for only low clouds.
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From F§Q§; 4.1.é and 4.1.3 local weather charaéteristics can be
deduced. HéyAHés some degree of cloudiness almost every afternoon with
the bulk of,theée clouds having 10& bases. The clouds break up in the
early evening.§1£h6ugh scattered conditions are reported during most
‘njghtﬁ. LowAéfdud activity begins again an hour or two after sunrise
wfth broken_skiés preVai11ng by noon. The small amount of precipitation
dur%ng the ﬁériod, inspite of the frequent cloudiness, is a possible
indicator of dry conditions in the lower troposphere. (Analyses of

two-kilometers height revealed relative humidities generally below 30%.)

B. Surface Characterfétics

The following paréﬁeters are examined for their mean diurnal pro-
files: surface tempgfature, nocturnal surface inversion, wind speed and
water vapor mixing ratio.

The characteristics of the daily gurface temperature trend and the
existence of the surface inversion are illustrated in Fig. 4.1.4.
Surface temperatures were obtained at.a screen height of 1.2 meters.
Traits include a maximum temperature at appro*imate]y two hours after
Tocal noon and a minimum shortly before sunrise. Rapid cooling is seen
directly -after sunset with slow nocturnal cooling following this period.
Rapid warming occurs during the morning hours. This profile is typical
of what one would expect for Hay, Australia in the winter (Trewartha,
1968). |

| Surface inversions were determined from three-hourly radiosonde
data with 50-meter height resolution. Criteria to determine the exis-
tence of a surface inversion were:

1. An inversion base was sought up to 300 m above the surface.
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Fig. 4.1.4 Composited surtace temperature and inversion characteristics
for the Wangara Experiment.
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2. : Aﬁ:iavérsidn occurred if at ahy 1evé1; thé next level above

| :h;d é:temperature greater than or equal fo that of the partic-

d1ar-déve1.

3. The 'ﬁnvéfsion top was determined for a particular height

| whéréi in the next two consecutive Tlevels (100 m), there

existéd two consecutive drops in temperature.-

In spife'of the three-hour resolution which prevented a more pre-
cise determination of when and how thé inversion was actually created
and destroyed, the basic character of the inversion can be deduced. The
inversion forms near sunset and builds to a depth of 100 m within a half
hourqafter_this timé1 1The thickness continues to grow during the night
up to 300 m height while the base remains on, or very close to, the
ground. Near sunriéé'the inversion base begins to dissipate and rises
50 m within an hbur after.sunrjse; it is completely destroyed in an hour
or two after this time.

of particu]ar:importance 1s thevdaily consistency of the surface
inversion throughout the Wangara Experiment. Of the thirty-nine days
with temperature profile data, only during one day didlthe inversion not
occur at all (this was in conjuhction with a very strong wind occur-
rence). Thel inversion formed by 1800 local standard time (LST) and
'1asted through 0900 LST for all but seven days. It started as early aé
1500 LST one day and lasted as late as 1200 LST twice. Finally, the
base formed and stayed consistently at the surface (measured from one
meter above the ground) and its top did not vary by more than 50 m from
its average profile for most of the cases. With such persistence, it '

would be interesting in future research efforts to associate the diurnal
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occurrence of the surface inversion with that of the other surface
parameters mentioned in this chapter.

Average surface wind speeds and water vapor mixing ratios are given
in Fig. 4.1.5. :Surface wind was determined as .an average of four
measurements between 2 and 16 meters, inclusive. Thesé heights were
used to obtain a good representation of the near-surface wind effect
with a minimum of variance from surface friction. The average wind
speed for the entire period is a breezy 4.3 m/sec;f Diurnal dependence
is evident from the graph. At night, wind speeds are on thefaverage
slightly greater than 3.5 m/sec. This picks up quickly at sunrise to
5.5 m/sec. The wind theh calms down approximately two hours before
sunset to its nocturnal values.

" The water vapor profile also shows a diurnal variation, although it
is not as pronounced as for the wind speeds. It is interesting to ob-
serve the steady rise in surface water content after sunrise while the
area 1s still probably under the nocturnal inversion influence. This

‘can be an indication of morning evaporation from the surface and is
further investigated in the next section (Sasamori, 1970). Once the
inversion breaks (around 1000 LST) and ﬁhe Tower atmosphere is mixed
through a deeper layer, the absolute humidity levels off and then de-
clines for the rest of the day. An average water vapor mixing ratio for
the entire period is a relatively ]bw 5.36 gn/kg. Relative humidities

~at the surface (calculated from average surface temperatures) range from

a low of 50% in the afternoon, 60% in the early evening, and a high of

87% just before sunrise.
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4.2 Surfaﬁé‘énérgy Parameters

A. Diurna]tcﬁaraéteristics

The diﬁkhﬁ] profiles of the four compénents that make up the

“surface energygpudget are presented in Figs. 4.2.1a, b. Positive flux

Ts measured towards the ground for the radiation term and away from the
ground.for thé:other three terms. The figures illustrate how sensib]é,
latent and ground heat flux joint1y remove energy from the surface
during the day.in order-to balance the incoming radiation and behave in
the opposite direction~‘at night. This result compares favorably to
studies by Philip (1957), E11iot (1964), Sasomari (1970) and Sellers
(1974). E

O0f the four enefgy.f1uxes, the ground heat flux and the net radia;
fion profiles wereltéken directly from the measured data. Althcugh the
net radiation is considerably larger in magnitude than the ground heat
flux, both fluxes appear to behave in a like manner. Ground heat flux
is approximately one half as large as net radiation at night and one
fourth as large during the day. Both fluxes have their greatest nega-
tive values shortly after sunset. During the daylight hours there seems
to be a proportional rise and fall in magnitude with that of the solar
altitude. Greatest values occur near local noon.

In Fig. 4.2.1b, both sensible heat f]ux.and latent heat flux were
calculated indirectly from the data. Sensible heat flux was calculated
from hourly near-surface temperature and wind gradients. The equations
used in'this calculation come from Businger et al. (1971) and the proce-
dure is demonstrated in the Appendix. These equations were used in a

similar form for the Wangara Experiment by ‘Melgarejo and Deardorff
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4.2.1a,b The composited cycles of the four parameters in the
surface energy equation are presented. The hourly mean

latent heat flux was calculated as a residue of the other
parameters. :
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g

41

(1974) and Yamada and Mellor (1975). A comparison with their research
showed daytime values in fairly good agreement, but Melgarejo and
Deardorff's nighttime calculations were approximately 1/2 to 2/3 as
'1argé in magnitude (which they also state they were to Clark's unpub- .
~ lished measurements). If it is assumed (as suggested by C]ark,-197O)A
--that in a dry stable environment nocturnal latent heat flux can be equal
‘ to zero, then a larger negative value of heat flux, as found here, 'is
fequired to balance the measured values of net radiation anc ground heat
f]ﬁx. (This assumes that there is not a substantial storage or advec-
tive term.)

In this research, latent heat flux was calculated as a residue of
the hourly averages of the three other components in the surface energy
budget. As expected, the values are very small, or zero, during the
night. The positive values in the morning hours are supported by the
increase in surface moisture shown in Fig. 4.1.4. Except for the period
shortly after sunrise, values of latent heat flux remain significantly
smaller in magnitude than those of sensible heat flux, a consequence of
the dry soil conditions. Sasamori (1970) has demonstrated that once the
excess soil moisture is evaporated, an increase in sensible heat flux

with an accompanying decline in latent heat flux is usually observed.

B. Fluctuations in the Energy Parameters .
Net radiation, ground flux, sensible heat flux and surface tempera-
ture were examined for relative deviations trom their normal diurnal

Lrend under eight different weather categories.2 Since latent heat tlux

¢ These categories were chosen because of their similarity to those used
by air pollution modelers to predict low level stability (Hosler,
1961; Turner, 1964 and Slade, 1968). .
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was calculated as a residue of the other three energy parameters, it was
not studied here. The results are shown in Figs. 4.2.2a-d.

In all cases a positive deviation means the measured value is more
'positfve in direction. Temperatures are warmer and cbo]er for positive .
“-and negative deviations, respectively. Also, for the three energy
_parameters, an enhancement in absolute flux would require a negative
- deviation during the night and a positive deviation during the day.

Best interpretations of these graphs are made by ]obking at con-
trésting categories (i.e., 1 and 2, 3 and 4, 5 and 8 and 6 and 7).
Since the fluxes are all less af night than during the day, relative
deviations are generally larger for the night data. Also, peaks neér
sunrise and sunset are caused by.sign changes in the diurnal trend. A
brief summary of the results is presented below.

Surface'temperature behaves in accordance with our normal experi-
ence (Trewartha) 1968). Although little variation is noted for after-
noon temperatures, there is Jess cooling at night under cloudy and windy
conditions and more cooling during calm, clear nights. Greatest devia-
tions occur just before sunrise. The. continuous negative deviation in
Category 8 could also be the result of a dry air mass behind a cold
front. ‘ |

As expected, net radiation shows a definite cloud dependence while
wind speed appears to have little or no effect on radiation. This cloud
effect will be investigated further in the next chapter.

As in its diurnal cycle, relative deviation in ground flux hehaves
very similarly to that of the net radiation; although, wind conditions
seem to have a slight effect. The wind effect (Category 3) might

actually be related to the surface temperature deviation. Since ground
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and sensible heat flux (d).
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flux is sensitive to the tempefature gradient just below the surface, a

nocturnal warming trend as in Category 3, Fig. 4.2.2a,'cou1d also cause

- less resultant grouhd flux towards the surface (Philip, 1957). Largest

deViaﬁions are in Categories 5 and 8. These could be related to either
“net radiation or surface temperature.

Since the sensible heat flux equation is directly proportional to
.the surface wind speed (see Appendix), it is not unexpected to note that
the wind categories dominate the heat flux deviations. In spite of
1afge noﬁturna] warming trends in Categories 3 and 5, the large .negative
deviations in heat flux show that the lower temperature gradient did not
reverse. (This is further supported by the persistence of the surface
inversion mentioned previously.). Cloud changes - and the resulting
influence on the temperature lapse rate - did have an effect on after-
noon heat flux values in Categories 1 and 2. Largest deviations in
sensible heat flux are in Categories 6 and 7 where both wind speed and

the change in temperéture gradient could be affected the most.

4.3 Chapter Summary

In this chapter, mean meteorological properties of the'Wangara data
were examined and the significance of the diurnal cycle was emphasized.
Specific diurnal characteristics of the four cohponents of the surface
energy budget, net surface radiation, sensible, latent and ground heat
flux were also illustrated. Evidence shows that broad-scale cloud or
wind changes could possibly influence the diurnal trend of these para-
meters in a predictable manner. - Good correlations occurred between
cloudiness and net radiation and windiness_énd sensible heat flux. A

possible relationship between surface temperature ‘and ground heat flux
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was also indjcated. Fiﬁa]]y,_ a strong relationship between net
radiation and'ground heat flux was noted.

The fact that the radiative flux is considerably larger in magni-
‘tude than the other fluxes supports the importance of the radiation term
" in the energy budget; hence, deviations in the norha],trend could af-
. fect, as shown above, the other terms as well. These deviatfons will be

more closely studied in the next chapter..



5. RESULTS:  ANALYSIS OF NET RADIATION FOR THE WANGARA EXPERIMENT

Chapter 3 described theoretical aspects of net radiative flux and |

~ suggested methods to indirectly calculate this flux from surface-obtain-

ed meteorological parametérs. It is the intent of this ‘chapter to

- determine how‘éccurately the Wangara data can be parameterized by these

- methods.

5.1 General Cloud Effects on Net Radiation

Chépter 4 presented the mean diurnal trend of the nét éurfacé
radiation and demonstrated relative deviations from this profile due to
cloudiness and winds. Figure 5.1 further illustrates net radiaiion
changes under three sky conditions: periods of cloud free ,skiesl,

“periods that report skies at least half cloudy and periods with less.
than half the sky cloudy. From this figure it is noted that cloud

influence increases more rapidly as cloud cover increases. This .is

discussed further in a later section.

5.2 IR Radiation

_ Net radiation was examined between the nighttime:hours, 1800 and
0700 LSf, inclusive. This enabled IR radiation to be studied indepen-
dently. | _

A.  Net IR Radiation Under Clear Skies.2

The Brunt Equation discussed previously:

F, = eoT'(a - bfe) 31,2

1 A criterion of cloud cover less than 0.5 tenths was used in order
to obtain a sufficiently large data sample. It is shown in a follow-
“ing section that this small cloud cover has very little effect on
IR radiation.

2 Sec previous footnote.
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Fig. 5.1 Influence of clouds upon Wangara radiation data. Open circles
are for clear skies, triangles for skies < 5 tenths c]oudy,
and closed circles for skies > 5 tenths cloudy.
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requires only dry and wet bulb temperatures from the wanga}a data in
order to evaluate net IR radiation under clear skies. A method of least
squares was used to determine the chsténts from a data sample of 122
measurements during the night:
a = .35l % .025
b = .050 = .010

Thesé values coincide very well with the post-1950 results shown in
Table 3;1.2. The re]ative]y small standard deyiatfbns can account for
errors of .02 ly min.1 (19%) in net IR radiation. The fit: to the
Wangara data usiﬁg mean temperature and moisture measurements is shown
in Fig. 5.2.1. - | |

Although there 1is no easy way to judge the accurécy of the daytime
pred{ctions, the night results appear acceptable. The IR correction
suggested in Chapter 3.1B to account for substantially non-neutral
condftions, espgcia]]y for strong daytime unstable conditions during the
day, might have improved the results; but without\proper feedback con-
cerning the accuracy of this approach, it was deemed impractical for
this research. | | |

For general application, it is possfble that values of the con-,
stants a and b are subject to seasonal changes in temperature, moisture,
dust and especially surface conditions (Brunt, 1952). These effects may
need to be investigated on a site-specific basis, although the similari-
ty of the Wangara results to those of the more moist European climates,

suggest that they do not vary greatly.
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Fig. 5.2.1 Solutions to the Brunt Equation for the Wangara Experiment.
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mean Wangara measurements. . :
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B. Cloud Effects on IR Radiation
Equation 3.1.3:

_ _ oy o .
Fo,n = Fo(l Kn™) | _ 3.1.3

. and the.ca1cu1ated values of net IR radiation under clear skies were
used to.study the cloud effect on IR radiation. The following questions
are examined in this section:

(1) How accurately does Eq. 3.1.3 represent the Wangara data, and,‘
is "IR éftenuation by c16uds a linear or quadratic effect (m=1orm=
2)?

(2) What are the coefficients, K, (K-values) for the different
cloud types and how do they compare to previously obtained measurements?

(3) Do K-values have a nocturnal variation?

'(4) Under layered cloud conditions, is it more accurafe to dis--
tinguish each cloud type (Eq. 3.1.4) or to evaluate the total sky cover
as a whole? .

Fourteen hours of nighttime data were analyzed both separately by
hour and for. an average of the entire night.- The data were diVided, as
previously described, into three categories: Total Clouds,. Only Low
Clouds and Nb Low Clouds. The number of samples available-: for any
particular hour and cloud type have been presented in Fig. 4.1.1. A
computer-derived least squares fit was made for bothm=1and m =2 to
determine the K-values for the data. In this computation,‘radiation
measurements were given more weight when cloud cover was less than

two-tenths or greater than eight-tenths. This was done to alleviate
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unrealistic results caused by scatter in the mid-cloudiness region. R

Solutions for average nighttime K-values are presented in Table.5.2.1.

Table 5.2.1 Average Nighttime K-Values for Wangara Data.

Cloud Category m K-Value

Total Clouds . m=2 .80 + .04
' m=1 .77 + .04

Only Low Clouds : m= 2 .89 * .05
‘ m=1 .85 + .05

No Low Clouds m= 2 .64 + .05
=1 .63 + .05

One notes that the standard deviations of the K-Qa]ues are almost
ideniical for both values of m. (This. is also the case for the individ-
ual hours.) In both cases the solutions predicted effective radiation,
to within a 15% accuracy under five-tehths cloudiness and to only a 45%
accuracy  under total low cloud covérage. However, when radiation mea-
surements were plotted on a graph versus cloud coVer, it was found that
qualitatively the quadratic solutions fitted the data better than the
- Tinear resq]ts. A subjective analysis showed that the linear solutions
.consistently ‘overestimated the attenuation of net IR radiation under
'scatteréd cloud conditions: this favored a higher order solution.
These results are illustrated in Figs. 5.2.2a-d for four se]ected'times

during the night (linear solutions arc not shown).

37Data points in the mid-cloudiness region were more scattered and tend-
ed towards less net IR radiation than the general trend. A possible
cause of this characteristic is the chance of an isolated incident of -
clouds directly over the Funk radiometer at Station 5. = As the skies
become more cloudy, the scatter reduces as the likelihood of clouds
overhead for all the stalions increases. ’
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CLOUD AMOUNT VS. IR RADIATION
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Four time periods are presented in the above figures to demonstrate
the similarities in the results for each cloud category. The remaining
night calculations were similar to these solutions. Although K-values
were obtained for each hour, deviations between each hourly value were
within the accuracy of the least squares fit for any particular hourly
calculation; hence, only the average K-values for m = 2 found in Table
5.2.1 will be used in this report.

As previously mentioned, a No Low Clouds category is used because
the Wangara data did not quantify middle and high clouds separately.
However, the K-value obtained for the No Low Clouds category in Table
5.2.1 appears close to values one would expect for middle clouds (see
Table 3.1.3). In order to make a distinction between middle and high
clouds, the entire fourteen-hour nighttime period was scanned for hourly
reports that recorded either only middie clouds or only high clouds.
Because of the limited data sample, a curve to represent the data was
fitted subjectively. Figures 5.2.3a and b show the findings. The
nonlinear effect (m = 2) is again demonstrated. K-values obtained are:

Middle Clouds K= .64+ .06
High Clouds K=.51%.09

The K-values can now be compared to the previously obtained values

in Table 3.1.3. The K-value for Only Low Clouds, .89, is within the

range given for K, 1in the table. From the range in values presented in

1o
the table, it can be assumed that the thickness and type of cloud prob-
ably is an important factor when determining cloud attenuation. In the
Wangara data, low cloud overcast was often associated with the thicker
Cu and Cb type clouds. This would require a higher attenuation coef-

ficient than for a less massive St or Sc type cloud. For more precision
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Fig. 5.2.3a,b Same as Fig. 5.2.2, except for middle and high clouds.
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"in determining K-values, more measurements of particular type clouds
under overcast skies need to be recorded. |

As suggested previously, the K-value obtained for the No Low Clouds
tategory actually is an indication of IR attenuatién by middle clouds.
“In fact, this value is in the range of some of the higher middle cloud
‘(Kmi) figures given in Table 3.1.3. As was suggested for low clouds,
the particular characteristics of the middle cloud (type, thickness, and
base) mfght be an important considération when studying the éffect on
effective radiation.

The computation for high clouds in this report is higher than the
lva]ues from Kondratyev's review (in Table 3.1.3); Because of the
sparcity of high cloud ceilings greater than six-tenths (see Fig.
5.2.3b), it 1is probable thét the K-value was overestiméted. Although a
curve was drawn-that best reflected the data, it is possible that an
extreme K-va]ug could be estimated as low as 0.25 (éverage for
Kondratyev's figures) from these data. |

Finally, the K-value for the Total C]ouds category, 0.80, appears
to be a mean between the values for middle and high clouds, 0.64, and
low clouds, 0.89. (Figure 4.1.3 showed that at night, low clouds oc-
curred 60% of the time that broken cloud conditions occurred.) This
determination of a mean K-value is similar to long-term radiation
studies that use mean attenuation coefficients over an area (e.g.;
Kondratyev, 1965; Berlyand, 1970 and Kumor, 1978). However, a method to
determine a mean K-value is suggested here which would requfre only
knowledge of the individual cloud type K-values and the approximate '

frequency of occurrence of each type of cloud. - This procedure can
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readily be put to use in a region where radiation measurements have not

been made; but knowledge of individual cloud frequency exists.

C. Accuracy of the IR Parameterization

The final investigation in this section is concerned with the
“ability of the combined Brunt and cloud attenuation equation to predict
‘the Wangara radiation data. The quadratic solution (m = 2) was used and

K-values were treated both separately (K]O and K ) and as a compos?

no lo
ite value (KTot)' In the first case, middle and high clouds were again
tréated as a single category. Standard deViations of effective radia-
tion are presented in Table 5.2.2. K-values or a combination of K-
values 1in the table  heading indicate the form of the equation used for

the three cloud cover situations Tisted.

Table 5.2.2 Accuracy Standard Deviation of the IR Radiation Equations

(ly min—l).
K-Va]ues
. KTot = .80 Kno lo = .64

Cloud Type Present K]0 = .89
Low Clouds .018 . .018
Middle and High

Clouds .018 .016
A1l Clouds .018 .020

For a nightly mean net IR radiation of .082 (all conditions), the
above parameterization is accurate to within 20-24%. However as net IR
radiation gets sma]]er‘under more cloudy skies, the relative accuracy
decreases. Considering the scatter in the data and the relatively small

- magnitude of net IR radiation measured under cloudy skies, this error is
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acceptable. Qualitatively, the curves in Figs. 5.2.2 and 5.2.3 fit the
data very well. ‘ |
Because of the scatter in-the data, little Ean be concluded con-
Cernihg the advantage of using an average K-value or a combination of
- K-values under ]ayered cloud conditions. Slightly more accuracy is

-achieved with K over KTot when only middle and high clouds are

no lo
present; but when several cloud types are present, a composite value of
K (KTot) produced better results than an additive effect from the in-
" dividual cloud categories. There can be several reasons for this: one
pdSsibi]ity is that the uncertainty in the K-value. for both cloud cate-
gories created an cumulative error in the result. It is also possible
that a combination of clouds presént must be treated as a single entity
and therefore can not be separated into individual effects. Iﬁ order to
resolve this problem, more research needs to be done to study the effect

-

of clouds in combination with each other.

D.  Summary

This section has. shown that IR radiation can be parameterized
hourly through relatively simple equations requiring only knowledge of
surface temperature and mbisture and cloud conditions. Although c]odd
éttenuation coefficients were determined fér low, middle and high
clouds, there appears to be enough diversity in cloud characteristics to
require more investigations on the effects of specific type clouds.
Overall, the use of a mean K-value for a particular area will give a
reasonable estimate of net IR .radiation. This reinforces previous
investigatibns concernad with radiation studies over longer periods of

time. For either long or‘short‘periods, the quadratic effect of cloud
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attenuatio&fiéian important consideration when estimating the radiation

budget;

5.3 ResiduéT‘Rédiation

The IRApéfameteriiation discussed in Section 5.2 was subtracted
.from the dayt{hé net radiation measurements in order to obtain a resid-
ué1:radiétiqn§ jThis calculated residual radiafion is assumed to contain
mostly SW radiation plus an additional error term from the IR parameter;
ization during‘fhe‘daytime. Furthermore, this residual. radiation is
examined with net SW radiation equations because of the inability to

estimate surface a]bedd‘from the data.

A.  Residual Radfatioh Undér Clear Skies

Béfore one éan ﬂescribe fhe turbidity during the Wangara experi-
ment, it is first nécéésary to determine SW radiation at the top and the
bottom of the atmosphere. The top three curves shown in Fig. 5;3.1.were'
eva]uéted‘from BEq. 3.2.2 for SW influx through a horizontal surface at
the top of the atmosphere. The curves reflect the increase of solar
influx during the month of the experiment.

With a constant surface albedo, o, of 0.15 assumed, Qg,n (solar
radiation absorbed by the ground) could be converted into ng (solar
radiation reaching the ground) and Eq. 3.2.3 could then be used to
approximate turbidity from the residual daté. Alpre]iminary analysis
using this equation resulted in the optical air mass, M, overcorrecting
“for low solar altitude (the turbidity coefficient decreased with solar
angle). I1f the turbidity coefficient is assumed to be diurnally con-
stant, a modification of M needs to be made. Houghton (1974)’ and

Robinson (1962) have suggested such a modification for M:
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DAYTIME RADIATION
AT HAY, AUSTRALIA

RADIATION (LY MIN')
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TIME: (L ST

Fig. 5.3.1 The change in SW influx at the top of the atmosphere is
shown in the top three curves. The lower solid curve repre-
sents the composited cycle of residual radiation at the
surface for the Wangara data with the error brackets as
indicated for each hourly average, the dash-dotted curve is
the solution of Eq. 5.3.1 for Day 22.
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- 1/
Qo = 2 - @) g, 107 g 5.3.1

where x is a combination of t., v, and B in Eq. 3.2.3, and 1/s is an

z
empirical constant. Robinson found a value of 1.25 for s.

A least squares evaluation of Eg. 5.3.1 for a data sample of 62
rédiationlmeasurements under clear skies4 between the hours of 0800 and
1700 LST, inclusive gives:
8.16°% .03

.8

X

s = 2.0

I+

The findings of this evaluation are illustrated in the bottom two
curves of Fig. 5.3.1. The dash-dotted curve represents the predicted
values for Day 22 while the solid curve shows the diurnal trend of the
actual data with error brackets to indicate tﬁe standard deviation for
each hour. These deviations are largely due to the monthly increase in
solar influx. Both curves are assumed to go to zero at sunrise and
sunset for Day 79

Although the standard deviation of the coefficients could account
for up to a 35% error in the radiation estimate under low sun angles,
the ability of Eq. 5.3.1 to predict the Wangara measurements on an
hourly basis is clearly seen in the graph. It would be interesting to
test Eq. 5.3.1 with direct SW radiation measurements. If the solutions
were similar, seasonal values of x need only be obtained to approximate

the diurpal SW absorption by the ground.

4 A criterion of cloud cover less than 1.5 tenths was used in this

section to obtain an adequate data sample. As a justification for
this criterion, a comparsion was made between surface temperature,
moisture and net radiation for totally clear skies and skies with
cloud cover Tless than 1.5 tenths which resulted in Tittle or no change
in values.
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Assuming the residual radiation repfesents net SW radiation fairly
close under clear skies, the magnitude of x, 0.16, indicates a medium
turbid atmosphere for Hay, Australia as compared with values given by
Flowers et al. (1969) 1in Chapter 3.2A. This value would decrease
slightly if it is necessary to reevaluate the magnitude of the surface
albedo upwardsf

In this éection, no attempt is made to compare turbidity variations
with moisture and dust. It is assumed that generally with more clouds
in the sky, there is more moisture in the atmosphere and the turbidity
increases. This is parameterized in the next section as a cloud effect

rather than a change in turbidity.

B. Cloud Effects on the Residual Radiation.

The primary goaTs of this section are:

(1) To determine the practicallity of Eq. 3.2.4 to make a reason-
able residual radiation prediction with clouds and to determine the

degree of accuracy for using the equation:

a2 = m
G &= - ) 3.2.4

(2) To determine the coefficient, C, (C-values) for different
cloud types and to see how they vary under a change in solar angle.

(3) To determine values of m that best describe the data.

Data were again separated into three cloud categories; times with
approximately common solar angles were combined into five groups so that
hours 12 and 13 were treated together, 11 and 14, 10 and 15, 9 and 16,
and 8 and 17. The advantage of these combinations is that cloud dis-
tributions.in the morning and afternoon could better complement each

other.
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C-values for each cloud category were obtained from estimates of
residual radiation under clear and cloudy skies. Radiation values under
clear skies were calculated from Eq. 5.3.1 as an average of the two
hours that made up each group. Radiation values under cloudy skies were
determined from graphical extrapolation of the data with cloud cover
greater than eight-tenths. These results are displayed in Fig. 5.3.2
and Table 5.3.1. As a precaution for possible errors in the above
ana]ysié, a range of C-values was calculated from the data and are also
presented in Table 5.3.1.

The large range in calculated C-values could account for errors
greater than 50% in the prediction of residual radiation under cloudy
skies. For less than cloudy skies, the accuracy of Eq. 3.2.4 is better
(this will be demonstrated shortly). The small magnitude of the radia-
tion and the individual characteristics of each cloud could be partial
reason for these wide ranges in values. Furthermore, the sample size
for overcast middle and high clouds was limited since the majority of
afternoon overcast skies during the Wangara experiment consisted of low
cumuliform clouds. More precise results could be obtained if only one
cloud type is studied at a time rather than a cloud group; however, the
relative location of the sun with respect to the individual clouds will
probably limit the ability to predict solar attenuation by Eq. 3.2.4 on
a short term basis.

In spite of these limitations, some general observations can be
made. In all cloud categories attenuation changes little for the three
highest solar angles; hence, an average C-value for each category is
presented in Table 5.3.1. During these three periods, the observed

attenuation for Total Clouds, 0.70, and Only Low Clouds, 0.74, compare
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RESIDUAL RADIATION
UNDER CLEAR AND CLOUDY SKIES
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Fig. 5.3.2 A comparison between residual radiation measurements under

clear skies and under cloudy skies for three cloud catego-
ries is presented.



Table 5.3.1

C-Values for Residual Radiation.

Average
Time Solar Altitude Total Clouds Only Low Clouds No Low Clouds
(LST) (Day 22) C-Value (Range) C-Value (Range) C-Value (Range)
12&13 38° .70 (.6C-.80) 213 (.65-.80) .67 Lol 80
11&14 35° A (.60-.80) .74 (.65-.80) .68 (. B5=15)
10&15 28° .69 (.50-.85) .74 (. 60=.85) .68 . 45=.75)
Average of the Above .70 .74 .68
9&16 199 .85 (.55-.90) .87 (.60-.90) .85 (.55=.90)
8&17 78 .95 (.60-1.0) 98 (.60-1.0) 95 (.50-1.0)

69
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favorably to those given for low clouds in Table 3.2.2. However, the
figures given for No Low Clouds (probably containing Ac and As) were
higher than values for middle clouds previously suggested. Only the
Jowest estimate (0.50) compared to Kondratyev's values. For solar
angles less than 20°, the attenuation increases, but considerable un-
certainty in C-values does not allow this increase to be substantiated.
C. | Accuracy of the Net Radiation Parameterization During the Daytime

In this section, solutions of the exponent, m, are chosen for the
five time combinations and comparisons are made between the two methods
of using C-values in this research. Since the previously derived para-
meterization of IR radiation is inciuded in these calculations, these
results reflect the ability for both IR and residual radiation (approxi-
mately equal to SW radiation) to be parameterized.

The exponential fit of Eg. 3.2.4 was calculated by using fixed
radiation values from Fig. 5.3.2 for clear and cloudy skies. Standard
deviations were calculated for values of m between 1 (linear) and 4
(fourth ordered). This calculation is dependent upon the accuracy of
the other procedures used in this parameterization. Therefore, a value
of m was chosen for each cloud category and time period because of its
ability to substantially improve the fit of the next Towest value of m.

Figures 5.3.3a-e illustrate the results of this study. Solutions
of m and C are shown in each graph. The data points represent a resid-
ual radiation as extrapolated from the net radiation measurements and a
predicted value of IR radiation.

In spite of the uncertainties in computing C-values, these graphs
qualitatively indicate a good parameterization of the data. The best

results appear to exist for the Total Clouds and Only Low Clouds
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Fig. 5.3.3a-e Solutions to Eq. 3.2.4. Data points are determined from
measured net radiation data and Eq. 3.1.3 for IR radia-
tion. A
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categories at the higher solar angles. For the time period closest to
sunrise and sunset the relative error is larger because the magnitude of
incoming radiation is small. Also during this time, thé shape of in-
dividual clouds probably becomes more important to solar attenuation as
a result of an increase in SW.scattering at lower solar aﬁg]es.

Once again an excess scétter in the data is noticed in the mfd-
cloudiness region. It is possible that the cloud averaging technique
used ih this experiment cdu]d distort some of fthese measuréhents.
Significant differences in readings could result depending upon'whether
or not direct sunlight is reaching the Funk radiometer at Station 5.
However, as the distribution and cloud cover increased, this distortion
should be reduced. _

4 As previously stated, fhe rate at which c]ouds attenuate both IR
and SW radiation (as judged by the residual radiation) is less under
scattered condjtions than for broken skies: attenuation jncreases
rapidly as the sky becomes more overcast. This can especially be seen
~in Fig. 5.3.3 for high sun angles and for clouds with higher .bases.
When the sun is lower in the sky, attenuation increases more for less
cloud cover. Nevertheless, a second order solution seems plausible for
the times just before sunrise and sunset.

The accuracy of the above curves is summarized in Table 5.3.2.
Standard deviations were calculated for low clouds, no low clouds and
all clouds together. The selected values of m is b]aced in parentheses
next to each calculation. Finally, a mean residual radiative flux, Qn’
has been calculated for each time period in order for relative accura-

cies to be seen.
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Table 5.3.2 Standard Deviation of Daytime Net Radiation Equations

(ly min-l) and value of (m).

Cloud Type Present

Middle and

- Al
Time (LST) . C-Values Low Clouds High clouds Clouds
12 & 13 Cno 1o = .68
L and/or _
Qn = ,496 C]o = .74 ©.098 (4) .074 (4) - .118 (4)
CTot = .70 -- -- .094 (4)
11 & 14 Cho 10 = .68
_ and/or
Qn = 427 C]o = .74 ‘.085 (3) .077 (4) .098 (2)
CTot - .70 -- -- .089 (3)
10 & 15 Cno 1o = .68
_ and/or -
Qn = .332 C]o = .74 092 (2) .066 (3) .087 (2)
CTot = .70 -= -- .091 (2)
9& 16 CnO 1o = .85
- and/or :
Qh = .225 C]o = .87 070 (2) .067 (2) .068 (2)
CTot = .85 -- -- .070 (2)
8 & 17 Cno 1o .95
- and/or :
. Qn =, 047 C]o = .95 031 (2) .031 (2) .037 (2)
= .95 -- .037 (2)
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On the average, deviations of less than 20% are obéerved for the-
periods neaf noon. These amounts are of the same‘order of magnitude as
for the IR parameterization. As before, the relative error increases as
‘the méan radiation gets smalier either by more cloud attenuation or by .
" Jower sun angle. Standard deviations are approximately 30% for Hours 9
~and 16 and rise sharply up to 80% for Hours 8 and 17. Although the No
Low Clouds category does not show any larger error than the other two
éategorfes, a larger data sample, especially under near cloudy skies
would probably give more confident results.

‘In the case where all clouds were examined together, the difference
fn accuracy between using a composite C-value or a combination of C-
values is épproximate]y the same. As in the discussion on cloud attenu-
‘ation with IR radiation, the degree of scatter in the measurements and
the possible cumulative error in the C-values causes a comparison to be
unreliable. Itvis hypthesized that as in the IR study, a mean C-value
for the month or season can be obtained from the climatological fre-

quency of the cloud types for an area.

D.  Summary

This section has shown that the Wangara data set can be'uséd to
parameterize net radiation to within 20-30% during most times of the
day. A tﬁrbidity coefficient of 0.16 was determined with the assumption
that the surface albedo remained diurnally constant (.015). Also, a
~factor of Jm was found to best represent the extinction of the residual
radiation under clear skies. Whereas an attenuation coefficient of 0.74
at high solar angles for low clouds was found to be comparable to other
studies, fhe accuracy obtained for C-values at lower sun ang]err for

higher type clouds was limited. This degree of uncertainty can possibly
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be reduced in future studies if direct SW radiation is measured with
specific-type clouds. It is speculated that in these cases .a larger
data sample would probably reduce the C-vé]ues given in this study. The
value of m might -also be reduced slightly although the nonlinear effect
of cloud attenuation appears quite evident. |

This nonlinear effect could be of major significance to g]oBa]
surface energy modelers. If energy budgets are calculated under the
assumptfon that cloud attenuation behaved in a mo;e linear mannér, an -
overestimation of SW radiation would occur under scattered cloud condi-
‘tfons. Finally, with more accurate values of m and C determined for
différent climatological regions, diurnal radiation budgets can then be
calculated for targe areas of the globe withoutlfhe need for direct

measurements.



6.  CONCLUSION . .

This paper has used the hourly Wangara boundary 1éyer data to
substantiate previously derived empirical équations "of the surface
radiation!budget.v These.equations only require measurements taken by a
surface oBserver in order to be evaluated. A parameterization was made
for IR radiation. Daytime residuals were then determined from this
parameterization subtracted from measured net radiation data. This
residua1 radiation was assumed to represent net Swfradiation to”é high
degree. Residual was assumed to represent net SW radiation to a high
degree. Residual radiation was parameterized with equations derived for
SW radiation. Diurnal trends in radiation and other related meteorolog-
ical parameters were evaluated.

‘For IR radiation, the Brunt Equation was found to adequately repre-
sent effective radiation without clouds. Attenuations (K—Va]ues) of
0.89, 0.64 and'0.51 were calculated for Tow, middle and high clouds,
respectively. ‘Whi1e the value for high clouds was high, the values for
- middle and low clouds were found to be similar to previous studies. A
mean K-value of 0.80 for all cloud conditions was also determined and
found to be within the same degree of étéuracy as the individual K-
values. In all cases, clouds were found to influence IR radiation
better quadratically than linearly.. The empirical equations used in
this research were able to predict Wangara IR data to within 20-24%.

A modification of Beer's Law was derived to evaluate residual
radiation under clear skies. An average turbidity coefficient of 0.16
was determined under the aésumption that the surface albedo remained
diurnally cohstant at 0.15. This value indicated a‘mediumvdegreé of

turbidity as compared to values given by Flowers et al. (1969). Also,
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similar to results by Robinson (1962), the optical air mass was found to
_cause an overestimation of the turbidity under Tow sun angles.

The cloud attenuation equation for SW radiation was found to repre-
sent the residual.radiation adequately, although an analysis of attenua-
tion coefficients, C-values, proved inconclusive. A C-vaTue of 0.74 for
low clouds at high so]ar angles was found to be in the range of pfe-
viously published values; C-values at low solar angles and for middle
and high clouds were unrealistically high. : |

0f considerable importance was the finding that cloud attenuation
of residual radiation behgved nonlinearly. While solutions as high as
the fourth order fit the data at noon, quadratic solutions fit well near
sunset and sunrise. Overall, relative deviations during the day. of the
combined parameterization were approximately 20% at noon and just less
than 30% for periods up to one hour before sunset or sunrise. Predic-
tions within these one-hour periods, however, contaﬁned cbnsiderab]e

.error, partially due to the écatter and small magnitude of the measure-
ments.

Biurnal trends in surface radiation and other meteorological para-
meters were established. The importance of the periods near sunset-and
sunriée was clearly evident since many imbortant measurements changed
sign or pattern at or near these time periods.

A comparison between surface radiation and the other three surface
energy fluxes (sensible, latent and ground heat fluxes) was shown for a
mean diurnal trend and under variations of clouds and wind speeds. A
good correlation was observed between radiation and ground flux.

vThe Wangara data set offered an opportunity to use reliable, high

resolution data to make, and verify, empirical predictions of the
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surface radiatfon budget. Many relationships were estab]ished, but more
studies with data of similar quality need to be completed before global

parameterizations can be made with confidence. -

1
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APPENDIX

SENSIBLE HEAT FLUX CALCULATION

Methods for - deriving sensible heat flux from near surface

'temperature‘and wind profiles have been developed by Businger et al.

(1971) and Pau]son.(1970). These methods, which have their foundation
in:Monin—Obukﬁév Similarity theory, require horizontally uniform, flat
terrain and assume fluxes to be constant with height in the Tower bound-
ary layer (1owe§t 50m).' The procedure demonstrated in this section has
been used by severa1.feéearchers to simulate sensib]e‘heat flux for
particular days of':ihe Wangara Experiment (e.g.; Deardorff, 1974;
Orlanski et al., 1974; Pie1ke and Mahrer, 1975 énd Yamada and Mellor,
1975). o

I. Equations

Sensible heat flux for positive values upwards can be written:
,Ho = -60p Cp ux Bx Qly min—l) : A-1

where air density p = 1.3 x 10-3 g cm_3

1

, specific heat of air at con-
stant pressure Cp = .24 cal g K_l, ux (cm/sec) is the friction veloc-
ity and 64 (K) is a scaling temperature. (84 is negative, zero, and
positive for unstable, neutral and stab]e.]apse rates, respectively.)

Values of ux and 64 can be obtained from the integratibn of the

nondimensional temperature, ¢h(z/L), and wind, ¢m(z/L), profiles where:

INCZ/DIER <3 A-2
and ¢m(z/L) = kz 6u -~ A-3

ux 6z

and k, the von Karman consfant, is equal to 0.4.
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Yamadéféhd1Me1]Or (1975) have adaptéd the solutions of the above

integrétiohsﬂfbf‘the Wangara data as follows:

| u%-  k'Um/[]n(Zm/Zo) - ] | o - A4

135 k (8, - 89)/[1n z,/2) - ¥, ] ‘ A-5

" where it is suggested that z, = 0.0012 m (the roughness height). The

‘éubScript, m,:réf]ects either an average height or a particular height

whére surface wind speed; U, .is measured (0.5, 1, 2, 4, 8, 16 m).
Va]ﬂes of 62, 61, zZ,Aand'z1 are measured at the heights where the
surface temperature gradient Qas obtained (2 and 1 m): '

Wm and Wh are'obtaihed for both stable (£ > 0) and unétab]e (§ <0)

flows from the 1ntegré]é}

( |
voo=f (1) & e | A6
. o |
'£2' .
and W, = g- (1- 1.350,) £ 1dg - AT
) |

where heights are the same as those used above and the variable £ is
defined as § = z/L. The Monin-Obukhov length, L, is expressed as:
L=pCp o, uc/kg Hy A-8

where g is gravitational acceleration (9.8 m 5—2) and 60 is surface

temperature calculated for the height, z The solutions to Eqs. A-6

o
and A-7 are:
2 1n[(1+X)/2] + In[(1+x2)/2] - 2 tan 2(X) + /2 £<0
"oleT e | £>0
{2 )/ | - &
¥y = ‘ A-10

6.3 (g, - - po
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Bus1nger et a] (1971) found the values X and Y(l pr‘é) to be:

=(1- 15@)4 | A-11
Y ;g(1-9g)- : - A-12

II.- ProcedureA;:

A1l equattpns that are needed to.calculate sensib1e heat flux for
the, Wangara data are now presented Since the variable £ must be ini--
t]a]]y est1mated the fo]]ow1ng procedure is given in three interative
steps in order to obta1n a better estimate of this value:

1. An 1n1t1a1 est1mate of L is made. It is assumed that the f]ow
is stable at night, unstab]e durlng the day, and neutral near sunrise

and sunset. Table A- 1 ‘exhibits the initial estimate for the Wangara

. data. These va1ues_Were estimated with the aid of graphs found in

Businger et al. (1971)}

Table A-1. Initial Values of L (m).

Time (LST) N L
0100-0500, 2000-2400 3.
0600 & 1900 5.
0700 & 1800 © 999,
0800 & 1700 . -999,
0900 & 1600 -5,
1000 - 1500 R ¥

2. An average surface temperature gradieut is obtained from the
measured values between 1 and 2 m and 7 and 4 m..

3.  The sign of L is changed if 1t does not conform to the stabil-
ity of the flow. (L in negative for unstable temperature gradients.)

4. Equations A-9 and A-4 are evaluated for the wind speeds mea-

sured at heights of 0.5, 1, 2, and 4m.
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5. An average value of wux is determined fromi the four

calculations.

6. Equations A-10 and A-5 are evaluated for the heights between 1

cand 2 m. The temperature gradient determined in Step 2 is used for 62 -

6. A value of 6y is obtained. o

7. The sensib]é heat flux, HO,'can now be calculated.

8. The Monin-Obukhov 1engthr is. then redetermined (Eq. A-8).
9.- Steps 4 through 7 are repeated two more’éimes using.tﬁfs new
value of L. |

This procedure, for most cases studied, showed a convergence for L

and HO after two or three calculations. Results for the sensible heat

flux calculation are reasonable and are similar to previous calculations

as discussed in Chapter 4.





