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LOCAL AND REGIONAL COMPONENTS OF

SENSIBLE HEAT ADVECTION

Thomas W. Brakke
University of Nebraska, 1977

Adviser: Dr. Shashi B. Verma

The energy used in evapotranspiration at the earth's surface may
exceed the energy content of the net radiation because of the advection
of sensible heat. Detailed knowledge of the advection of sensible heat
is necessary in order to understand its effects on evapotranspiration
and the energy balance.

The local and regional componenés of sensible heat advection were
studied above an irrigated alfalfa field with relatively dry surround-
ings upwind at Mead, Nebraska, during}the 1976 gtoWing season. Vertical
profiles of air temperature and vapor pressure were measured downwind
of the leading edge {i.e., the boundary between the dry and irrigated
fields). The temperature profiles were generally inverted and the water
vapor pressure profiles generally lapse over the irrigated field. The
temperatures decreased and the vapor pressures increased at a given ele-
vation downwind from the leading edge with the greatest changes occur-
ring near the leading edge.

Horizontal gradients of air temperature and vapor pressure were
incorporated in a modified forﬁ of the Bowen ratio-energy balance method
to estimate evapotranspiration under conditions of sensible heat advec-
tion. Using this modified Bowen ratio-energy balance approach the local

and regional components of sensible heat advection were quantified.




iii

On the days studied sensible heat advection contributed 21 to 50%
of the energy used in evapotranspiration. Regional sensible heat advec-
tion accounted for 7 to 40% of the latent heat flux. Local sensible
heat advection at the furthest upwind location in the irrigated field
contributed from 1 to 14% of the energy consumed in evapotranspiration.

Regional sensible heat advection was greatest on days with strong
winds. Local sensible heat advection did not appear to depend upon
windspeed. Neither local nor regional sensible heat advection were in-
fluenced by the appearance of clouds. On days when the air was rela-
tively drier than usual the contributions of both regional and local

sensible heat advection were most significant.
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CHAPTER I

INTRODUCTION

Detailed knowledge of evapotranspiration is needed for determining
water use by vegetation. Energy consumed in evapotranspiration by a
vegetated surface is provided by net radiation and by the advection of
sensible heat (Fig. la). The importance of radiation as a source of
energy for evapotranspiration has generally been recognized by research-
ers investigating the water loss from crops and soils. The effects of
advected sensible heat have not always been recognized, however. Net
radiation has generally provided an upper limit for evapotranspiration,
especially in humid regions. In subhumid and semi-arid regions, however,
evapotranspiration by well-watered crops frequently exceeds the enerqgy
content of the net radiation by a factor as great as 2 (Rosenberg, 1969a;
Rosenberg and Verma, 1977). The additional energy is provided by the
advection of sensible heat.

Advection is the process of transport of an atmospheric property
solely by the mass motion of the atmosphere (Huschke, 1959). Several
workers (e.g. Lemon, Glaser and Satterwhite, 1957; Abdel-Aziz, Taylor
and Ashcroft, 1964; Hand, 1964; Lang, Evans and Ho, 1974; and Rosenberg
and Verma, 1977) have shown the importance of sensible heat advection
as an additional source of energy for evapotranspiration.

Sensible heat advection can be regional and local in nature. The
terms local and regional advection are used in an attempt to identify
sources of preconditioned air. Regional sensible heat advection occurs
when warm, dry air masses are generated over large, hot, dry regions

and move across wetter, cooler surfaces in other regions. In the sub-
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humid east central Great Plains, as an example, a substantial amount of
energy is provided by the advection of sensible heat from arid regions
primarily to the south and southwest (Rosenberg, 1969b; Rosenberg and
Verma, 1977). In some parts of Australia, regicnal sensible heat advec-
tion has been reported to be the cause of large evapotranspiration rates
(McIlroy and Angus, 1964).

Local advection occurs when wind blows across a surface discontin-
uity (i.e., the leading edge) in temperature, humidity or roughness,
as from a dry field to an adjacent wetter, cooler field. Local sensible
heat advection has been reported by several workers (e.g. Rider, Philip
and Bradley, 1963; Dyer and Crawford, 1965; Goltz and Pruitt, 1970) to
increase evapotranspiration downwind from a leading edge. The extensive
use of irrigation in regions such as the Great Plains has increased the
occurrence of local sensible heat advection. Irrigation provides for
more marked contrasts in temperature and humidity.between adjacent fields
than are generally found in humid, non-irrigated areas. These contrasts
lead to changes in temperature and humidity profiles as wind blows across
a leading edge (Fig. 1lb). The vertical fluxes of sensible and latent
heat, therefore, are not spatially constant under locally advective condi-
tions. As fetch from the leading edge increases these advective
effects decrease until horizontal homogeneity is established far down-
wind.

It is important to determine the relative magnitudes of the local
and regional components of sensible heat advection in order to clearly
understand the significance of sensible heat advection and its effects

on the energy balance and evapotranspiration. The local and regional



components of sensible heat advection may be quantified if the evapo-
trénspiration rates are known along with the radiation and soil heat
fluxes. The Bowen ratio-energy balance method (BREB) has been widely
used to compute evapotranspiration. The BREB method does not, however,
account for horizontal fluxes of sensible and latent heat. The use of
this method has resulted in 20-40% errxors in evapotranspiration esti-
mation under conditions of local sensible heat advection (Hanks et al.
1971). To accurately predict evapotranspiration and the advection of
sensible heat under locally advective conditions requires a two-dimen-
sional model that can account for changes in fluxes both vertically and
horizontally.

With these factors in mind a study was designed to meet the follow-
ing objectives}

1) to observe the modifications of air temperature and vapor

pressurel

profiles downwind of the 1eading edge of an irri-
gated field with relatively dry surroundings upwind,

2) to develop and test a modified Bowen ratio-energy balance
method (MBREB) to determine sensible and latent heat fluxes
under locally advective conditions, and

3) to separate and guantify the contributions of the regional
and local components of sensible heat advection and to

investigate the influence of pertinent meteorological para-

meters on these components.

1Vapor pressure refers to the partial pressure of water vapor in air.




CHAPTER IT

THEORETICAL AND EXPERIMENTAL BACKGROUND

Studies of evapotranspiration have presented evidence for the exis-
tence of sensible heat advection. This evidence has led to inveétiga—
tions of the temperature and vapor pressure profiles downwind of a lead-
ing edge and has encouraged the development of mathematical models which
consider conditions of sensible heat advection. A brief summary of

these investigations is presented in this chapter.

2.1 Experimental Evidence of Sensible Heat Advection

Tanner (1957) discussed some of the factors that affect evapotrans-—
piration from plants and soils. The differeﬁges in evapotranspiration
rates among crops are due to differences in crop cover and soil moisture
availability, and to differential occurrences of the clothesline effect.
The clothesline effect occurs when warm air moves through a crop, gener-
ally at the border of a well-watered field. The clothesline effect pPro-
vides additional energy for evapotranspiration and is a component of the
local advection of sensible heat. The other source of sensible heat
considered by Tanner is the oasis effect. The oasis effect occurs when
the air passing over a crop provides heat for evapotranspiration. The
casis effect may be either regional or local in nature, though Tanner
did not make this distinction. In the study reported here the ocasis
effect will be separated into its regional and local components.

Halstead and Covey (1957) also recognized the existence of the
oasis effect. They found that sufficient fetch (1.e., distance from

the leading edge) is needed to obtain logarithmic vertical profiles of
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windspeed, temperature and humidity. Difficulties were found in apply-
ing equations involving the concept of potential evapotranspiration or
consumptive water use in areas of irrigation. Irrigation created iso-
lated areas of above normal soil moisture. This invalidatéd the assump-
tion, required in potential evapotranspiration equations, of a homogen-
eous soll moisture regime extending horizontally to infinity. A heat
flux equation discussed by Halstead and Covey was later used by Lemon,
Glaser and Satterwhite (1957) at College Station, Texas, to détermine
the net sensible heat exchange (q) between the atmosphere and cotton

plants:
n Ve
qg=1/3p Co 5 (Uy-U7) (Ty-Tq) (1)

where v, and v are the thermal conductivity and kinematic viscosity of
air, respectively, p is the density of air, Cp is the specific heat of
air at constant pressure, U is the windspeed, and T is the temperature.
The subscripts refer to levels of measurement above the ground surface.
On a 24-hour basis more energy was taken from the atmosphere than was
returned to it by the vegetated land surface. This was considered an
example of the oasis effect (i.e., regional sensible heat advection)
since the fetch consisted of at least 16 km of cotton plants upwind.
McIlroy and Angus (1964) observed sensible heat advection at Aspen-
dale, Australia. They found that monthly evapotranspiration from lysi-
meters within a well-watered grass field :consistently exceeded that from
free water by as much as 50%& The latent heat of!evapotranspiration
from the grass (LEgrass) exceeded the net radiant energy (Rn) available.

For June, 1959, fLE was 2.28. Small sunken water tanks were

grass/Rn'



used to determine the influence of fetch on evapotranspiration. The
lack of any definite relationship between evapotranspiration rate and
fetch (due to scatter in the data) led McIlroy and Angus to attribute
the increase in evapotranspiration from the grass to large scale oasis
effects rather than to local or site effects.

Abdel-Aziz, Taylor and Ashcroft (1964) studied the influence of
sensible heat advection on irrigated alfalfa near Logan, Utah. A neu-
tron scattering method was used to determine soil moisture to a depth
of three meters. The difference in soil moisture between two readings
at a level was taken as the consumptive use during that period. The
daily evapotranspiration so calcglated was sometimes as much as 1.71 Rn.
When the crop was tall and well-watered evapotranspiration exceeded
evaporation from a class A pan. When the crop was cut or was under mois-
ture stress, evapotranspiration was less than pan evaporation. Compar-
ing their results with Penman and Schofield's (l951)iformula Abdel-~-Aziz
et al. found that Penman and Schofield's formula underestimated evapo-
transpiration. Abdel-Aziz et al. commented that sensible heat advection
can provide a significant amount of energy for evapotranspiration.

The effects of local sensible heat advection on the evapotranspira-
tion within a field of Ladino clover was studied by Millar (1964). Four
lysimeters (instruments for the measurement of change in soil water con-
tent) were located within 14 m downwind of the boundary between irrigated
clovér and a drier field upwind. Evapotranspiration decreased from about
0.8 mm hr~l necar the leading edge to about Q.7 mm hr™1 14 m downwind.

In contrast, Hand (1964) in the Northern Sudan found local advection

of sensible heat affecting evaporation from small pans up to 60 m downwind




from the leading edge in irrigated lucerne.

Lang, BEvans and Ho (1974) found that lysimetric evapotranspiration
decreased downwind from a leading edge in flood-irrigated rice in a
semi-arid region of New South Wales, Australia. The evapotranspiration
rate measured at 15 m downwind was 3 to 38% higher than the rate measured
at 790 m downwind.

Rosenberg (196%a) determined that sensible heat advection is an
important source of energy for evapotranspiration in the east central
Great Plains. He found that evapotranspiration may be as great, at
times, as it is in more arid desert or west coast regions. Rosenberg
(1969b) found that evapotranspiration from 25 cm tall irrigated alfalfa
exceeded the enexgy available from net radiation by as much as 80%.
Rosenberg and Verma (1977) reported that, on most days studied during
June and July, 1976, evapotranspiration (LE) from well-watered alfalfa
near Mead, Nebraska, exceeded the net radiation plus soil heat flux
(Rn+8). lLE/(Rn+S)] ranged from a low of 1.32 on a partly cloudy, rela-
tively humid and calm day to a high of 3.78 on a cloudy, windy and rela-
tively dry day. Regional sensible heat advection was shown to be the

major cause of the increase in LE over Rn+S.

2.2 Variation in Vertical Profiles of Alr Temperature and Vapor Pressure

Changes in the vertical profiles of air temperature and vaﬁor pres-
sure downwind from a leading edge may indicate the presence of local
sensible heat advection. Researchers have studied the extent of these
changes downwind of the leading edge and the influence of these changes
on evapotranspiration.

Crawford and Dyer (1962) and Dyer and Pruitt (1962) studied tempera-



ture and vapor pressure data taken over irrigated rye grass at!Davis,
California, to determine the suitability of their site for experiments
requiring horizontal homogeneity. There occurred a continual cooling
and an increase in moisture content of the alr as it moved downwind from
the leading edge. After sufficient distance downwind of the leading
edge the moisture content éeached a concentration great enough to sup-
press the evaporation rate and to cause a warming of the air. The dif-

ference in sensible heat flux between the surface and 400 cm above it

was computed from:

400 o
AO - A4OO =0 Cp f U %—}—{- dz (2)
(o]

where A, and Aypg are the sensible heat fluxes at the surface and at 400
cm, respectively. A state of horizontal uniformity 4id not exist (i.e.,
Ay # A4OO) in the lower layers of the atmosphere, even for a fetch as
long as 110 to 180 m. A0~A4oo did decrease with fetch, however. Dyer
and Pruitt concluded that a fetch 30 to 50 times the height of measure-
ment is not necessarily sufficient for obtaining horizontal uniformity.

Dyer and Crawford (1965) also found that Ay~B400 decreased with
fetch. Air temperatures at 5 m above irrigated grass were being modified
even at 200 m downwind from the leading edge. Later, Dyer (1968) con-
sidered the role of fetch in micrometeorological studies. He suggested
that a fetch to height ratio of about 100 to 200 would be required to
establish horizontal uniformity up to the height of measurement.

Wiersma (1968) measured evapotranspiration downwind from a sprinkler
line. Horizontal homogeneity at the surface was assumed when the sprink-

ler line was not in operation. Pan evaporation increased steadily from a
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low value downwind of the wetted area until it was close to, “or even
slightly greater than, the upwind value. The sprinkler line exerted
minimal effect on evapotranspiration at a point 70 m downwind. The
vapor pressure of the air was greatest immediately downwind of the
sprinkler line and decreased with increasing fetch to approach upwind
conditions. Temperature depressions of up to 5 C at 15 cm above the
grass occurred immediately downwind of the wetted surface. Thereafter,
the temperature increased with increasing fetch downwind to approach
the upwind value. At 70 m downwind the vapor pressure was, at times,
less and the temperature greater than the upwind values.

Goltz and Pruitt (1970) studied the leading edge problem to deter-—
mine the horizontal extent of the transition zone and the magnitude and
variation of evapotranspiration within this zone. = They used three meth-
ods [aerodynamic, Philip's (1959) model (discussed below), and equation
(2)] to calculate the sensible heat flux from air temperature and wind-
speed profiles measured above the crop. These three methods gave similar
results to indicate that, at 117 m downwind, the evapotranspiration was
20-25% less than it was at 9 m downwind. Goltz and Pruitt hypothésized
that as much as one kilometer of fetch might be required before horizon-
tal uniformity is reached at a height of 4 m.

Hanks, Allen and Gardner (1971), on the other hand, found that
changes in temperature and vapor pressure profiles above irrigated sor-
ghum near Akron, €Colorado, were evident primarily within 40 m of the

leading edge.

e,
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2.3 Theoretical Models

The change in air temperature T with time t is described by:

dT 5 =
p Cp at - % A (3)

where p is the air density, C

o is the specific heat of air at constant

pressure, and V o A is the divergence of the sensible heat flux A. The

left side of equation (3) may be expanded to:

dar a7 ox aT 9y oT 9z oT
— C e L —- el
PCpgr TP Celir Yook T ar 3y * ot 3z (4)
or
4T 3T 3T T 9T
p Chp == =p C [°= +U = +V Iz +w 2] {5)
"~ Pt plit ok 3y oz

where X, vy and z are the horizontal, crosswind, and vertical coordinates,

respectively. U, V and W are the corresponding components of the mean?

wind velocity. The right side of equation (3) may be written:

R 3 T, 8 % . a2 N 5 -
Ve A= (——1+ — + — Kk)e (A + A + A_k 5)
et T ay T a0 Bt ByT H A - ®
3 3
= e + i + o A (7)
ax Ax 3y 3z °

where Ay, Ay and AZ are the sensible heat fluxes (An = p CpKnaT/an where

Kn is the exchange coefficient of sensible heat in the 'n' direction) and

~

i, j and k are the unit vectors in the x, vy and z directions, respective-

ly. Equation (3) then becomes:

aT aT T T ) 0 9
e, [Z= +ulli v awey 2 a4+ 2 A, + 2 a 8
° p [Bt ox oy 82] ox "X 3y Y 9z "2 (8)

2rime averaged.



12

Equation (8) may be simplified for a two-dimensional steady-state
heat transfer problem. The first term on the left of equation (8) is
the storage term and is zero under steady-state conditions; The second
term is the horizontal sensible heat advection term. The third and
fourth terms are zero because the mean crosswind (V) and mean vertical
(W) windspeeds are assumed to be zero. The first term on the right is
ﬁhe downwind diffusion term and is considered negligible compared to the
horizontal sensible heat advection term. The second term on the right
is zero because with sufficient crosswind fetch the crosswind diffusion
may be assumed to be negligible. The last term describes the vertical
diffusion.

Equation (8) thus reduces to a steady-state two-dimensional equa-

tion for sensible heat transfer:

3T _ 9 _ 9 T ~
Uw-_._A—s.z_(pcpKH___ (9)

p C
3x 98z “¢ 3z

P

where Ky is the vertical exchange coefficient for sensible heat. Simi-

larly, the transfer of latent heat may be written as:

P ox oz 9z P

Ky 2o (10)
where L is the latent heat of vaporization of water, € is the ratio of
the molecular weights of water to air, p is the air density, P is the
atmospheric pressure, e is the vapor pressure, E, is thevvertical flux
of water vapor, and Ky is the vertical exchange coefficient for latent
heat.

Sutton (1953) considered equation (10) for the case of wind blowing

from dry ground across a free liguid surface. The boundary conditions



i3

were:
lim e(x,z) = eg for O0<x<x,
) -
lim e(x,z) = ey for z>0 (1)

x>0

i

lim e(x,2)
Z-»00

eo for 0<x< x4
with the assumptions

U(z) = U (=)™ 0<m<1 (12)
Zl -
and

Ky (z) = Kﬁ—%)“ 0O<n<1 (13)

where e, is the vapor pressure before the air reaches the wet strip of
length Xor €4 is the saturation vapor pressure, and U, and Kl are the
values of U and KW, respectively, at a reference héight Zy. The total
rate of evaporation over the wetted area per unit of crosswind length

was found by Sutton to be:

E(U,xg) = {Ul(2-n)/(2+n)xo2/(2+n)(es_eo)(gégo(Z—n)/(2+n)]
(14)
2+n . 2% 2 ,.2/(2+n) _ -n2/(4-n2)
L sin(p) T 21 ]

where

- - 2. - -
a=[ (k) T (20m) TP YR, (TR /(@) gy 500y 2720y (g

v is the kinematic viscosity, k is von Karman's constant, and T is the

Gamma~functi$n. Bquation (14) shows that evapotranspiration decreases

with distance from the leading edge and is directly proportional to the
windspeed Uy .

Calder (1949) also treated the above mentioned problem but for the
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case of an aerodynamically rough surface. He obtained similar results.
Calder compared his solution with observations of vapor concentrations
downwind of an area sprinkled with aniline in conditions of neutral sta-
bility. Reasonably good agreement resulted for heights up to 2 m.

De Vries (1959) solved equation (9) for heat transfer downwind of
the leading edge of an irrigated area. He treated this transfer as a
problem of heat conduction in a semi~infinite medium with radiation type

boundary conditions. U and Ky were expressed as functions of z:
= Z .\ m ‘
U= U+ ) | (16)
Ky = Kp(1 + 57:1—) (17)

The exchange coefficient at a given height was assumed to be the same
upwind and downwind of the leading edge. Such an assumption may not be
strictly correct since the sensible heat flux was directed towards the
surface downwind and away from the surface upwind. De Vries® solution
uses laborious computations and is rather too involved to be included
here.

Philip (1959) solved equation (9) for a problem similar to the

above with concentration type boundary conditions:

x=0, 2z>0, T=0

(18)
xzp, z=0, T=To(x)
! :
where To(x) is the surface éemperature. Assumingﬁ
U= Uzl : (19)

Ky = Klzn (20)
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and that Ky upwind and downwind were identical, Philip showed that:

n
J{~ n~(l+m)/(2+m—n)e—ndn
(o}

T «1 ~ oy (21)
v;r n—(l+m)/(2+m-—n)e-—ndn
(o}
where
U {2+m-n)
n = = - - 2 (22)
(2+m-n) Kl X :

Both Philip and de Vries concluded that advection influences diminished
in magnitude rapidly downwind of a leading edge, but that the effect
should nevertheless persist for large distances downwind.

Applying his model (1959) to some experimental data, Philip (1960)
found that the sensible heat flux was directed towards the surface at
distances as far as 1 km downwind from the leading edge. Philip compared
his model with Penman's (1948) method and found that Penman's method
underestimated evapotranspiration when applied within 100 m of the lead-
ing edge.

Dyer (1963) used Philip's model to study the rate of adjustment for
profiles downwind of a leading edge. The fetch to height ratio for 90%
adjustment was found to vary from 140 a£ a height of 0.5 m to 530 at a
height of 50 m.

Rider, Philip and Bradley (1963) tested Philip's model for grass
downwind of tarmac at an airport near Canberra, Australia. Their assump-
tions were: 1) the surfacegtemperature and vapor pressuré were constant
with fetch, 2) the upwind e;aporation was zero, 3) the crop was well

supplied with water, 4) the thermal stability effects were insignificant,

and 5) the exchange coefficient of sensible (and latent) heat was the
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same upwind and downwind. The last assumption was made even though the
experimental data indicated that the exchange coefficients over tarmac
were different from those over grass.

Temperature profiles were found.to be lapse over tarmac and inverted
over grass. The observed humidity changes from upwind to downwind were
in good agreement with predictions by Philip's model. The measured tem-
perature changes, however, were about half those predicted by the model.
/This overprediction of temperature by the model was attributed to neglect
of the roughness change between the tarmac and grass. Rider et al. state
that if the neglect of thermal stability effects was instead the cause
of the overprediction the model would underpredict rather than over-
predict temperatures.

The evapotranspiration at the surface was calculated from:

150

9-;‘5- U %E dz (23)
/5 X

1E =

assuming that horizontal variations in humidity were negligible above
150 cm. The evapotranspiration calculated within 1 m of the leading
edge by equation (23) averaged about 3.7 times Rn+S.

Rao, Wyngaard and Cote (1974) employed a two-dimensiocnal turbulence
closure model to investigate local advection of momentum, Heat and moisg-
ture due to a horizontal inhomogeneity in surface conditions. The model
was tested on the Rider et al. (1963) data for flow over grass downwind
of tarmac. The following assumptions were made: 1) there was no evapo-
transpiration upwind, 2) the rélative hunidity was constant ovér the

field, and 3) Rn+S did not change significantly from the dry to wet area.

The additional assumption of saturation at the surface caused the model
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to underpredict temperature and overpredict.humidity, By assuming in-
stead a sﬁrface humidity of 60%, good agreement was obtained with the
data of Rider, et al. Neglect of thermal stratification by the model
resulted in only a small difference in the calculated mean temperature
and vapor pressure profiles in the air layer closest to the ground where
buovancy effects were small.

McNaughton (1976a, 1976b) solved the two-dimensional, steady-state
atmospheric diffusion equations (9 and 10) for sensible and latent heat
using the following boundary conditions: 1) the energy balance at the
surface is satisfied and 2) the surface is assumed to be a single exten-
sive leaf with resistance r,. The model assumed that 1) rg is constant
with fetch, 2) Ky=Ky for all x and z, 3) Rn, U and Ky are known func-
tions of x and z, 4) the initial profiles of T and e at x=0 are known;
5) the Bowen ratio (B) is constant over the field, and 6) é&ailéble
energy at the surface is assumed independent of surface temperature.

The equation obtained for the evapotranspiration LE was:

1 1 ' ' '
156 (m) ;;—_[rs(Rn +S )—rS(Rn-l-S)]‘i’X} (24)

where ¢4 is a dimensionless 'exchange function' that decreases from unity
to zero as distance increases downwind of the leading edge. Primes sig-
nify upwind values. This model was designed for 24 hour periods and
large horizontal distances (on the scale of kilometers) and has not yvet
been tested with experimental data.

Itier and Perrier (1977) developed an analytical model of advection
to predict changes in fluxes and concentrations downwind of a leading

edge. The model was limited by assumptions (permanent regime, mixing
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length approach, thermal neutrality, infinite crosswind, and no rough-
ness changes) and by treating heat as passive. Advective..fluxes were

found to vary as x~0-15,

2.4 Summary

It has been shown that adveétion of sehéible ﬁe;t increases fhe
evépotranépiration of a vegetated or wettedbsurface. Based on some
theoretical assumptions, several models have beén develobéd to describe
the transfer of heat and moisturé‘bétween theAsurface and the lower
atmosphere under conditions of sensible heat advection. The aéQéiopment
of a reliable model, howevef,‘reqﬁires an understanding of local and
regional advective effects. The separation énd quantificaiion of the
regional and local components of sénsible heat advection reported in

this study should help meet this need.
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CHAPTER III

METHODS AND MATERIALS B '

3.1 Theoretical Details

The energy balance at the earth's surface may be written as:
LE = -(Rn + 8§ + A) (25)

where L is the latent heat of vaporization of water; E, Rn, S and A are,
respectively, the flux densities of water vapor, net radiation, soil
heat, and sensible heat at the surface. Fluxes to the surface are posi-~-
tive in sign. The Bowen ratio-energy balance method (BREB) for computing
eﬁapotranspiration is derived from equation (25). The Bowen ratio (B)

is represented as:

3
p Cs Ky 3
=R 2 B H3z (26)
LE pLe gg
P Ky 3z
so that the latent heat flux becomes:
LE = LE(BREB) = —{E0tS) _ ~(Ra+S) (27)
1+B 0C. K3 T/32
L 4 DS T/0E
pLe
= Kpe/oz

with Ky generally assumed to be equal to Ky. The BREB method\assumes
that fluxes of sensible and‘latent-heat are constant with height. It
cannot, therefore, be applied under conditions of local sensible heat
advection.

The BREB method may be modified to incorporate ﬁhe horizontal fluxes

of sensible and latent heat with the procedure outlined below.



The two-dimensional steady-state heat transfer equation (9) can be

integrated to obtain:

z 2
1 a 1 3 3T
pCp ./;‘ U 5—}; dz 'g 5-; (pCp Ky -é—z~)dz

A . '
3T 1
= pCp KH *a—; / (28)
o
= A1 - Ag
or
a Y 0T 4 o
JAy = Ay = pCp U P z o (29)
(o)

where Ay and Aj are.the vertical sensible heat fluxes at a height'zl
and at the surface, respectively. Similarly, for the latent heat flux

we can write:

Z .
ple 1 de .
‘E“' . U gz'dz A (30)
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Equations (25), (29) and (30) may be combined with the Bowen ratio at a

height Zy:
A
1 pC
8% I T e 3e (31)
1 e Zy
to yield the latent heat flux at the surface:
IE_ = -[Rn+S+p 1 U(B _L_e_a_e__é E)dzj L o (32)
° A 12 ox P oox 1+87
or
- (Rn+8) O 23 Le de aT ,
LE., = - U = w7 =Cy w1 d 33
© 1+8; 148 j{ 1% 3% ~Cp 5% %2 (33)

Bquation (33) is the evapotranspiration as calculated by the modified

Bowen ratio-energy balance method (MBREB). This modification of the
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BREE method is similar to a procedure reported by Lang (1973).

The wind direction is included in the MBREB method by replacing U
in equation (33) with Ucos6 where 6 is the angle between the wind direc-
tion and a ;ine perpendicular to the leading edge. The windspeed is
assumed to be zero at z=20+dehere z, 1s the roughness parameter and d

is the zero plane displacement. Equation (33) thus becomes:

: —(Rrx+S) L z1 Le de T
= MR B = - —— e, o8 —
LE, = LE(MBREB) 148, 1+81~}: +dUcosG(Blp oy o ax)dz (34)
o

The first term on the right of equation (34) is tﬁe latent heat flux
estimated by the BREB method. The second term on the right is the ‘cor-
rection term' and thus repreéents the improvement effected by use of the
MBREB method.

Using values of LE(MBREB) calculated from equation (34) and measure-
ments of Rn and S, the surface heat flux A, may be calculated from the

energy balance equation (25):

A, = -[LE(MBREB) + Rn + §] , | (35)

Ag decreases rapidly downwind from the leading edge (Fig. 2), reaching

a constant value (A,) asymtotically far downwind where the local sensible
heat advection (A1) becomes negligible. This constant value (A,) repre-
sents regional sensible heat; advection. The regional (A,) and local (Aj)
sensible heat advection components at any distance downwind of the lead-

ing edge can thus be separated:

Ay = A, - A (36)

X
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FLUX DENSITY

LEo
Ar
Ay
Rn
S

FLUX DENSITY e

LATENT HEAT

SENSIBLE HEAT ADVECTION,
REGIONAL

SENSIBLE HEAT ADVECTION,

LOCAL

NET RADIATION
SOIL HEAT

DISTANCE DOWNWIND
OF LEADING EDGE

Fig. 2. Schematic of energy partitioning at the surface.
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3.2 Experimental Details

‘Measurémenfs were made over an irrigated alfalfa field, with rela-
tively dry surroundings upwind, at the University of Nebraska Agricul-
tural Meteorology field laboratory near Mead (41° 09' N, 96° 30' w; 354
m above m.s.l.) during the 1976 growing season. The field of Sharpsburg
silty clay loam is approximately 1.9 ha in size. The field is eqqipped
for sprinkler irrigation. Alfalfa (Medicago sativa L.) of the Dawson
cultivar was planted in the spring of 1975. Unirrigated alfalfa of the
same age surrounds the field from the east through the southwest. A 30
m alfalfa strip on the west separates the field from a large field of
waym season grass. Warm season grass is also located north of the field.
Data presented here were obtained during‘6”aays [June 9, 10, 13, 21, and
25 (study 76-1) and July 10 (Study 76-2)] when the winds were primarily
from the SE to sW qua&rant.

Figure 3 shows crop height, leaf area index (LAI), precipitation,
and irrigation amounts for the two studies. During the five days in June
the crop height ranged from 40 to 60 cm, and on July 10 the crop height
was approximately 20 cm after harvesting on July 1. The field was irri-
gated with 42 mm of water on June 4, with 82 mm on June 19, and with 82
mm on July 3. The greatest rainfall occurred on June 23 and 27 (13.97
and 36.58 mm, respectively).

Measurements of air temperature and vapor pressure above the canopy
were made with self-checking, aspirated, shieldeé\psychrometers (Rosen~
berg and Brown, 1974) at four stations (1, 3, 4 and 5) during Study 76-1
(Fig. 4). A fifth psychrometer (station 2) was added between stations

1 and 3 during Study 76-2. Measurements were made at four levels within
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a l-m air layer at stations 1 and 2 and at six levels within a 2-m air
layer at stations 3, 4, and 5.

Rosenberg and Brown's -self-checking psychrometers provide a resolu-
tion of 0.0125 C in differential and of 0.25 C in absolute temperature
measurements. Horizontal temperature gradients, however, are relatively
low in magnitude as compared to the vertical temperature gradients. In
view of this, the thermocouples at the lowest levels of each psycﬁrometer
were differentially wired together to measure horizontal temperature
differences with a éesolution of 0.0125 C. The performance of the hori-
zontal differentials were periodically checked by immersing the appro-
priate thermocouples in ice baths. The circuitry was designed such that
electrical malfunction in aﬁy one’psychrometer did not affect other psy-
chrometer signals.

Profiles of windspeed were measured at seven levels (station 5) and
at five levels (station 1) within the 2-m air layer with three-cup light-
chopping casella anembmeters [hodel.442(2)]3. Net radiation was measured
with Swissteco net radiometers (typé s-1)*. The anemometers and radio-
meters were calibrated against laboratory standards over the grass north
of the main field. Soil heat flux was measured with heat flux plate55
buried about 4 c¢m deep in the soil. Two precision weighing lysimeters

{Rosenberg and Brown, 1970) are located about 120 m from the southern

boundary of the field.

3¢c. P. Casella Co., Ltd., London, England.
“swissteco Pty. Ltd., E. Hawthorn, Vic. 3123, Melbourne, Australia.

5Designed and produced at the Volcani Institute, Bet Dagan, Israel.
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Wind direction was determined by means of a wind vane éoupled to a
variable resistor. The signal was fed to a strip chart recorder from
which half-hour mean wind directions were obtained by visual scanning of
the output.

Temperature, vapor pressure, net radiation and soil heat flux were
measured every 7 minutes during Study 76-1 and every\30 secénd during
Study 76-2. Windspeed and lysimetric weight change were integrated over
15 minute periods. Data were logged on automated analog-to-digital data
recording systems. The data were converted with a series of computer
programs from the digitized emf or count record of individual sensors
into parametric forms. All data were averaged over 30 minute periods in
Study 76~1 and 15 minute periods in Study 76-2.

The MBREB method was used to compute the evapotranspiration rates
(see Appendix 2 for computer subroutines).‘ Horizontal gradients of tem-
perature and vapor pressure required measurements at two psychrometers.
Thus, frém the four psychrometers used in Study 76-1, LE(MBREB) values

are gomputed for three locations (A, B and C; see Table 1).
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Table 1. Psychrometer stations and locations for modified Bowen ratio-

.energy balance (MBREB) calculations for Study 76-1 (June, 1976).

Psychrometer Location of -7 Dpistance from
Station _ .. MBREB Calculations _Leading Edge (m)

o , - ~ : e 15
- A ' " - 38

gt e 65
e o . R

gt e e . - = 113
) R, ST ‘ S PP




29
CHAPTER IV

RESULTS AND DISCUSS ION

Measurements of air temperature and vapor pressure were made abéve
irrigated alfalfa during several days in June and July, 1976 (detailed
data set is presented in Appendix 3). A modified Bowen ratio-energy
balance method is evaluated as a method for computing fluxes of latent
and sensible heat under conditions of sensible heat advection. The mag-
nitudes of the local and regional components of senéible heat advection
are quantified and related to influences of various meteorological para-

meters.

4.1 Temperature and Vapor Pressure Profiles Under Advective Conditions

Figurevs shows a typical set of temperature profiles measured at
four statiens downwind of the leading edge. The profiles are inverted
indicating that the flow of sensible heat is towards the surface. The
air temperature is greatest near the leading edge and decreases with
increasing fetch. The air is cooled most near the leading edge. The
temperature differénces for the days studied in June were largest be-~
tween stations 1 and 3 (ranging from about 0.2 to 1.3 C at the lowest
level of measurement). Between stations 3 and 4, and stations 4 and 5;
the temperature differences were relatively smaller {ranging from about
0.0 to 0.2 C at the lowest level of measurement -- see Appendix 3 for
temperature data). This pattexn of air cooling downwind from the lead-
ing edge was also observed on 10 July when the crop was relatively short-
er than it was earlier in the study (Fig. 6). The decrease in the rate

of cooling with increasing distance from the leading edge indicates that
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local sensible heat advection is greatest near the leading edge and de-
creases with increasing distance into the fiela.

On many days the temperature profiles were inverted most of the time.
Figure 7 shows an example of such temperature profiles for various times
of the day (June 21). The lack of significant temperature changes be-
tween stations 3 and 4, and 4 and 5, indicates the presence of regional
sensible heat advection throughout the day. The temperature difference
between station 1 and the remaining stations indicates that local sensi-
ble heat advection occurred much of the time.

On June 10, however, the temperature profiles were lapse early in
the morning. Inversions did not occur until later in the day (Fig. 8).
The onset of sensible heat advection may thus be observed on this day.

At 0845 hr§§ (Fig. 8a) the temperature profiles were generally lapse at
all four stations. At 0945 ﬁrs (Fig. 8@) the temperature profile at
station 1 was becoming slightly inverted. By 1045 hrs (Fig. 8¢) both the
station 1 and 3 profiles were fully inverted. The air temperature at
station 1 was by then significantly warmer than at the other stations.
This was due to the influence of local sensible heat advection. By 1145
hrs (Fig. 8d) the influence of local sensible heat advection at station

4 was noticeable as the profile there became completely inverted while
the profile at station 5 frém level 1 to 2 remained lapse. The inversion
at higher elevations is due to regional sensible heat advection because
of the lack of a significant temperature change between stations. The

temperature profile at station 5 became completely inverted by 1245 hrs

6solar time is used throughout this report.
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(Fig. 8e), though the temperature at its lowest level was still greater
than at the lowest level ét,station 4. By 1345 hrs (Fig. 8f) all tem~
perature profiles were inverted and showed the cooling of the air from
stations 1 through 5, similar to that .occurring on other days.

Pigure 9 shows a typical set of vapor pressure profiles measured at
four locations downwind froﬁ tﬁe leading edge. The vapor pressure ig—
creased from station 1 to 3 and from station 3 to 4, buﬁ decreased from
station 4 to 5. This phenomenon was often observed throughout the study,
even during Study 76-2 after the alfalfa had been harvested (Fig. 10).

| At times the vapor pressure increased from station 1 to 3 but de-
rcreased from station 3 to 4 and from 4 to 5. . Figure 11 illustrates this
effect. This phencmenon of decreased vapor pressure downwind has been
observed by other investigators (e.g. Wiersma, 1968; Crawford and Dyer,
1962) but has not been adequately explained. A possible explanation is
that scmewhere between stations 4 and 5 (and at times between stations
3 and 5) more vapor was being transported vertically than was being eva-
potranspired at the surface. Thus the vapor pressure would decrease
downwind.

The relatively large vapor pressure increases from station 1 to 3
are another indication that the local sensible heat advection is greatest

near the leading edge.

4.2 Modification of the Bowen Ratio - Energy Balance Method

Using equation (34) developed in Section 3.1, LE(MBREB) was computed

from measurements of windspeed7, net radiation, wind direction, soil heat

- "Measured at station 5.
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flux and vertical and horizontal gradients of air temperature and vapor
pressure. Table 2 shows typical coméarisons between avérage values of
' IE(BREB) (eqg. 27) and LE(MBREB) for June 21.. The differénce between the
two methods is the correction term [i.e., the second term on the right
of equatiqn {34)]. The correction term is greatest when LE(MBREB) is
calculated close to the leéding edge, where the largest local advective
effects are experienced. Also, the correction term increases wﬁen the
temperatures, vapor‘pressures and windspeeds measured at higher levels
are used to calculate LE(MBREB). This results fme the fact that the
total horizontal fluxes of sensible and latent heat within a volume be-
tween theléurface‘and a level zj; increase with increasing zj.

A limitation«of the MBREB method is shown By the increase in
LE(MBREB) with increasing z; (Table 2).. This increase is similar to
that reported by Lang (1973) who applied a similar method to the data
of Rider et al. (1963). Theoretically; any change in the LE(BREB) termA
[i.e., the first term on the right of equation (34)] due to a change in
height should be compensated by a change in the correction term. There-
fore, LE(MBREE) should be insensitive to the value of z;. Part of thié
difficulty [increasing ILE(MBREB) with height] may have been caused by
the necessity of using finite measurements of the vertical temperature
and vapor pressure gradients to calculate the Bowen ratio.

Due to this limitation, data from only the lowest elevations of
measurements will be used in LE(MBREB) calculations to minimize computa-
tional errors.

The values of LE(MBREB) at the far downwind location (C) were

checked against lysimetrically measured fluxes [LE(LYS)]. Figure 12



Table 2. Comparison of daily averages of MBREB and BREB estimates

of evapotranspiration (LE) for different heights at loca-

tions A, B and C (1045-1415 hrs, solar time, 21 June 1976).

40

LE (MBREB) LE (BREB) Correction Term
{1y min‘l) (ly min'l) (ly min“l)

23 Locations locations Locations
{cm) A B C A B C A B C
150.0 -1.15 -1.13 ~1.18 -1.04 -1.10 -1.13 0.11 0.03 0,05
112.5 ~1.Q7 ~1.01 ~1.02 -1.01 -~1.00 <~1.00 0.06 0.01 0.02

87.5 -1.08 ~0.96 -0.95  -1.05 -0.95 -0.94  0.03 0.01 0.0l
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Modified Bowen ratio—ehergy balance method (MBREB) estimated
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shows the comparison between LE(MBREB) and LE(LYS). LE&MBREB) underes-
" tihates LE(LYS) by 10 to 40%. This is primarily due to the assumption
used in the MBREB method of equality of the exchange coefficients for
heat (Ky) and water vapor (Ky) . Recent investigations under conditions
of sensible heat advection (Blad and Rosenberg, 1974; Verma, Rosenberg
and Blad, 1977) indicate that Ky is generally greater than Ky- To
correct for the underestimation in LE by the MBREB method, an expreésion

for KH/KW derived by Verma et al. (1977) is used here:
Ky/Ky = 2.95 + 3.72(AT/Ae) + l.72(AT/Ae)2 ' (37)

where AT and Ae arxe the vertical gradients Qf temperature and vapor
pressure, respectively. Equation (37) was derived for use under condi-
tions of regional sensible heat advection such as prevailed at stations
4 and S. The equation has been applied at all the stations even though
it is not entirely correct for application under conditions of local
advection prevailing at stations 1 and 3. Equation (37) is definitely
not applicable at any station in the absence of regional sensible heat
advection.

Equation (37) was used to calculate a new Bowen ratio B; from equa-
tion (26). The new B was then used in equation (34) to create a second
modified Bowen ratio-energy balance method (M2BREB) for calculating
evapotranspiration [LE(M2BREB)]. The resulting LE(M2BREB) values are
scattered on both sides of a 1:1 correlation line and are generally
within 20% of LE(LYS) (Fig. 13). Because of the requirement stated
above, the M2BREB method is not applicable to data taken on June 13 nor

on the morning of June 10. Therefore, the following discussion will
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consider results from both the MBREB method and the M2BREB method.

4.3 Local and Regional Sensible Heat Advection

Figure 14 shows the influence of fétéh (distance from the leading

edge) on values of LE(MBREB) on a typicél aay. LE(MBREB) decreases as
 the effect of local sensible heat-adﬁection decreases with increasing
fetch. At the far downwind location (C) LE(MBREB) still exceeds Rn+S,
indicating the presenceﬁof_régional sensible heat advection.

Based on the analytical procedure outlined in Sectién 3.1 (eq. 36),
local and regional sensible heat advection ;omponents were separated.
Eigures 15 through l9kshoﬁ the variation of.the-regional (A,) and local
(A7) éompohents‘éf sensible heat advection (obtained by the MBREB method)

as fun¢tions:of time of day for June 9, 10, 13, 21 and 25, respectively.
Windspeed {measured at 1.5 m, station 5), air'temperature and vapor
pressure (both measured»atv0.75 m, station 5), and the éum of net radia-
tion plus soil heat flux'are also shown to help indicate reiationships
between meteorological parameters and sensible heat advection. .

The local component of sensible heat advection éf the location
nearest the leading edge (location A) was generally greater than that
measured downwind (location B). The regional component generally in-
creased in the afternoon (Fig. 15-18). In the late afternoon this in-
crease may be, in part, an artifact of a rapid decrease in the net
radiation and the absence of steady-state conditions. If the net radia-
tion term (eq. 25) decreases more rapidly than does the evapotranspira-
tion, the difference in energy is assigned to the sensible heat advection
term. Actually, that energy may be due to heat from the storage term in

equation (8) which is zero under steady-state conditions.
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(0.75 m, station 5), and e (0.75 m, station 5) are also shown.
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On the morning of June 9 slightly negative local sensible heat
advection was observed at locations A and B (Fig. 15). The local sensi-
ble heat advection is not actually negative, although calculated to be
s0 from equation (36), due to a slight increase in evapotranspiration
downwind (similar to a phenomenon observed by Wiersma, 1968).

Table 3 gives the daily values'(obtained by the M2BREB method for
the five days in June, 19765 of evapotranspiraﬁion (LE) , sénsible'heat
advection (A) and sensible heat advection as a‘fraction of evapotrans-
piration (A/LE). June 25 was a day with strong sensible heat advection;
50% of the evapotranspiration at location A was due to sensible heat
adveétion. 38% of the evapotranspirationbwas due to regional sensible
heat advection and 12% was due to the local sensible heat advectlon. On
June 9, the regional component was again quite significant (40%) but the
local component (at locaplon A) contributed only 1%. Tbe regional com-
ponents on Jﬁne 10 and 21 were slightly smailer (33 and 36%, respective-
ly) and the local components were slightly larger (6 and 10%, respéc- |
tively) than they were on June 9 at location A, ‘Regional sensible heat
advection was not always greater than the.loéal component of sensible
heat advection, however. On June 138, local sensible heat advection
contributed 14% of the evapotranspiration as compared to 7% from the
regional component of sensible heat advection.

On June 9, 21 and 25 (Fig. 15, 18 and 19) relatively strong reéional
sensible heat advection was measured. Throughout;most of these days the

windspeeds (at 1.5 m) ranged around 5 to 6 m sec™l. On June 10 and 13

8calculated by the MBREB method rather than the M2BREB method.



52

“sonTea gRiaile

SIET - S¥60

€v°0 082 Sp'0  Zv°0 ¥0°0 OT 06Z 05°0 8£°0 ¢I'0 OF 6IE 1eT  9L6T sung GZ

STYT - S180

or'o £1Iv iv°0 ov°0 T0°0 € €1V 9v'0 9€°0 O0T1°0 LV 6SP 99T  9L6T @aunp 12

SYET - SV80

#80°0 »68T +TIT°0 x80°0 *mo.o »S x661 2T2°0 L0°0 VIO »0f »91C »GT gL6T 2ung €1

. : sy9T - STZT

GE°0 OS2 6€°0 €£°0 S0°0 VI 9T _6£°0 E€€°0 90°0 ST S9¢ 68 9L6T aung 0T

- S¥9T - S¥80

ov'o s8sv ov'0o ov0 000 TI- €8V ov'0 Ov'0 T00 € 88% v61 96T aunp 6

a1 (A1) a1 a1 a1 (A1) (A1) al a1 a1 (A1) (&1) (A1) poriad autl
Iy a1 Oy Ty Ty Ty 91 S Ty Iy Ty 91 gy

3 UoTIeo0T d uoT3eo0T ¥ UoT3e00]

SUI9) XNTJ LY S[YISUSS 9YL

cuorjyexardsuexrjodead ay3 JO SuUOTIORIF SB passoxdxs osTe sav
- (amIdzW) poylsw soueteq Abious-orjez uomod ,POTITPOM paryypow, ay3 Aq
poandwod se ) pue § ‘Y SUOTIEO0T e ejTejie pajebiraay saoqe (Iy) xmfj 3edy ITqISUdIS [eI0T puw *v)
xn{J Ieay arqrsuas teuorhbax ¢ (P¢) xnyl Jeay ITqYSuss Tel03 ° (F) uoreridsueajodead jo sanyea Atteq °t °1IqRL




53

kFig. 16 and 17), when regional sensible heat advection was smaller,
winds were lighter (3 to 4.m sec'l). ~Figure 20 shows regional sensible
heat advection plotted as a function of windspeed. Regional sensible
heaﬁ_advection and windspeed appear to be positively related in an
approximately linear fashion.

| There is no apparent relationship,-howeyer, between regional sen-
sible heat advecﬁion ana‘cloudiness, For exémple, strong regional sen-
sible ﬁe#t advection occurred on cloudy (June 9, Fig. 15) as well as on
clear days (June, 2l and 25; Fig. 18 and 19, respectively).

Local sensible heat advection was strong on June 13, 21 and 25
(Fig. 17, 18 and 19). Juné 21 and 25 were windy and clear déys. June
13, however,lwas a cloudy and relatively'calm day. Figure 21 inaicates
the. absence ‘of any clear correlation between local sensible heat advec-
tion and windspeed.

On days when both local and regioﬁéihsensible heat advection com-
ponents were strong (June 21 and 25; Fig. 18 and 19, respectively),
vépor pressures were relatively low (14-18 mbar) as compared to condi-
tions on three other days (June 2, 10 and 13; Fig. 15, 16 and 17, res-
pectively) when vapor pressures greater than 20 mbar were measured.
Thus it seems that sensible heat advection contributes more to evapo-

transpiration when the air is relatively dry.
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Relationship between local sensible heat advection and wind-

speed above irrigated alfalfa at Mead, Nebraska, for five

days in June,
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CHAPTER V

SUMMARY AND CONCLUSIONS

Profiles of air temperature and vapor pressure were measured, as
were windspeed and net radiation, above an irrigated alfalfa field locat-
ed downwind of a relatively dry alfalfa field. The transfer of sensible
heat downwards caused the temperature profiles to be generally inverted.
Air temperature above the crop decreased downwind from the leading edge
with the greatest rate of cooling occurring near the lgading edge. The
vapor pressure profiles were lapse. Vapor pressure above the crop gen-
erally increased downwind from the leading edge. A slight decrease in
vapor pressure was often observed at a distance of approximately 180 m
~downwind.

Horizontal gradients of temperature and vapor pressure were incor-
porated in a modified form of the Bowen ratio-energy balance method
(MBREB) to improve the estimation of evapotranspiration under conditions
of local sensible heat advection. Analyses indicate that in order to
avoid computational errors measurements foxr useiin the MBREB method
should be made as close to the crop or land surface as possible. The
method seems to be most useful close to the leading edge. Farther down-
wind (approximately 146 m) the improvement over the BREB method was not
significant enough to justify the additional measurements required to
apply the MBREB method.

The values of LE(MBREB) calculated for a location approximately
146 m downwind were crosschecked with lysimetrically measured evapotrans-
piration values [LE(LYS)]. LE(MBREB) underestimated LE(LYS) by 10 to

40%. This underestimation was primarily caused by the assumption of
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equality of exchange coefficients for heat and water vapor under condi-
tions of sensible heat advection (Blad and Rosenberg, 1974; Verma, Rosen-
berg and Blad, 1977). LE(MBREB) was, therefore, modified [LE(M2BREB)]
with an éxpressipn derived by vVerma, Roseﬂberg and Blad (1977) for the
ratio of the exchange coefficients (KH/KW) under conditions of sensible
heat advection. The ?esﬁlting LE (M2BREB) values generally agreed better
Qith tE(LYS).

Sensible heat.advection contributed 21 Eo 50% of the energy used in
evapotransbiration on a daily basis. Regional sensible heat advection
accountedAfor 7 to 40% of this evapotranspiration energy. Local sensi-
ble heat advection at the most upwind location.(A)'in the irrigaﬁed
field contributed from i to 14% of the eﬁergy consumgd in évapotrans-
piration. |

‘Regional sensible heat advection was gféatest on days with sfrong
winds. Local sensible heat a&vection did not appear to be Aependent
" upon windspeed. Neiﬁher local nor regional sensible heat advection
seemed to be influenced by the éppearance of clouds. On days when the
air was relatively drier than usual (vapor pressures were aboﬁt 14-18
mbar as compared to over 20 mbar measured on other days) both regional

and local sensible heat advection were strong.
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APPENDIX I: LIST OF SYMBOLS

Definition
sensible heat flux
local sensible heat advection
suxrface sensible heat flux
regional sensible heat advection
sensible heat fluxes in the x, y; and
z directions, respectively
specific heat of air at constant pressure
zexro plane dispiécement
vapor pressure of watér in air
- water vaéor flux
initial vapor pressure (eq. 11)

saturation vapor pressure

unit vectors in the x, y and z directiens,

respectively

von Karman's constant -

exchange coefficient for sensible heat
exchange coefficient for water vapor
constant in equation (13)

heat of vaporization of water

latent heat flux (subscripts o and z refer

to the surface and a height z, respectively)

exponent in equation (12)
exponent in equation (13)

alr pressure

63

Units
cal cm™? min™1
cal cm™2 min~t
cal em™2 min~!
cal em™® min~l
cal cm™2 min™d
cal g~t deg—l
cm
mbar
g cm min~1
mbar
mbax
cm? -1
CmZ -1
cm? -1
cal
cal min™t
mbaxr



21

<l

Definition
net sensible heat exchange (eg. 1)
net radiation
surface diffusion resistance
soil heat flux
time
temperature
surface temperature (eqg. 18)
mean windspeed in x-direction
constant in equation (12)
mean windspeed in y-direction

mean windspeed in z-direction

downwind distance from leading edge

constant in equation (11)
vertical distance

roughness parameter

reference height in equation (12) and

upper limit of integration in equation

(28)
Bowen ratio

Bowen ratio at a height z;

[+
Gamma function [T(x+1) = f e~ Tr* ar)
(o]

Del operator

change in a variable

64

cal cm™? gec™!
cal cm™2 min™t
sec cm™1
cal cm™? min~%
seé
C
C
cm sec™t
cm sec™t
cm sec™t
cm sec™l
cm
cm
cm
cm
cm




Symbol

Definition
ratio of molecular weights of
water vapor to air
wind direction
kinematic viscosity of air
thermal conductivity of air
air density

dimensionless exchange function
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Units

degrees (0°=due south)

2 1

cm® secg

cal sec™! em~t ¢t

g cm™3
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Appendix IT. Computer subroutine for the modified Bowen ratio-energy balance method.

SUBRCUTINE LANG(IPL,IP2,0XsTHyRNsSsZTeE221922923924+15+26,4TAL,TA2,
1TA3,TA4,TAS,TA6,TB1,TB2,TB3,TB4,TB5,TB6,VPAL,VPA2,VPA3,,VPA4,VPAS,
LVPAG,VPB1,VPB2,VPB3,VPB4,VPB5,VPBA,UL,U2,U3,U4,U5,U6)

REAL BETA(6),T(2:56)VP(2:6),Ul6)57(6), THGRADI10) ;VHGRAD(10),ITRAP,
LINT(5)

COMNMCN /C1/ DI(99,14),DTIME

INTEGER DTIME

SUBRCUTINE LANG COMPUTES LF(MBREB), A, BETA, AND LE(BREB)-LE(MBREB).

IP1 AND IP2 ARE THE QUTPUT PAGES. DX (CM) IS THE DISTANCE BETWEEN STATION
CNE ANC STATIGN TWC. TH IS THE ANGLE (CEGREES) THE WIND DIRECTION MAKES
WITF THE X=AXIS. RN IS THE NET RADIATICN (LY/MIN), S THE SCIL HEAT FLUX

(LY/MIN), Z0 IS THE ROUGHNESS PARAMETER (CM), AND E- 1S THE ZERQ PLANE DIS-

PACENMENT (CM). Z1 THRCUGH Z6 ARE SIX HEIGHTS (MAXIMUM)} CF PROFILE MEA-

SURENMENTS (CM). TALl THRCUGH TAé, TB1 THROUGH TB€, VPALl THROUGH VPA& AND
VPB1I THRCUGH VPB6 ARE THE CCORRESPUNDING TEMPERATURES {(C) AND VAPOR PRES-

SURTS (MBAR) FOR STATIONS ONE AND TW, RESPECTIVELY. Ul THROUGH U6 ARE
THE CCRRESPCNDING WINDSPEEDS (M/SEC).

CC 101 I=1,10
CLIP1,11=999.99

101 C(IP2411=G599.99
ClIPle111)=999.99
IF(BX EQ. CL.0)CCTC 50
. IF(TH EQ. 999.G9)GLTC 58
C ASSIGNING VARIABLES TGO MATRIX
T(1,1)=TAL '
T{1,2)=TA2 .
T(1,3)=TA3 i
Tll44)=TA4 !
T{1,5)1=TAS !
T{1+6)=TAb
T(2,1)=781
T(2+2)=T82 .
T(2.3)=TB3
T(2,4)=T84
T(2,5)=T85
T(2,6)=T86
VP({l,1)=VPAl
VP(1,2)=VPA2
VP (143 )=VPA3
VP (144 )=VPASL
VP {Ly5)=VPAS
VP {1,6)=VPAS
VP (2,1)=vPBl
VP(2,2)=VPB2
VP (2,3 1=vPB3
VP(2,4)=VPB4
VP (2,5)=VPB5
VP(2,6)=VPB6
C CHANGING WINDSPEED TO CM/SEC.
Ul1)=Ul*100

OO0




Appendix II. (con't)

1C

15
17

Uul21=U2%*100

U{3)=U3%*190

Ul4)=U4%100

U(5)=U5%100

U{6)=U6*1:0

2(1)=11

212)=12

2(3)=13

2{4)=14

1(5)=15

116)=16

0O 10 I=1,6

TESTING FOR BAC DATA,.
IF(T(1,1).6GT.999.99)G0TC 50
IF{T(1,1).LTa-95.591G0OTC 50
IF{T(2,1).6T.999.,99)1GCTC 50
IF(T(241)4LT2-99.99)GCT0 50
IFIVP{1,1).GT.999.99)GCTO 50
IF(VP{L,1).LT.-99.93)GLTC 5C
IF(VP(2,1),G6T7.999.99)C010 5¢C
IF(VP(2,1).LTe~-99.99)60T0 50
IFIL{I).6T.95999.)GCTC 50
IF{U(T).LT,.-9999.)G0TC 5C

CONTINUE

IF{RNGTA999.99)GCTC 50
IF(ANLLT.~99.99)GCTC 50
IF{S.GT+999.99)GCTC 50
IF{S.LT.-99.99)GOT0O 50
IF(TH.GT.999.991GCTC 50
IF{(TF.LT.-99.991GCTO 5C
[F(Z70.GT.999.99)60T0 50
IF{Z0.LT.-99.99)GCTO 50
IF(E.CT.999.99})COTC 50
IF(E.LT.=99.99)G0T0 50

TESTING FOR NUMBER OF LEVELS OF MEASUREMENT.
N=5

TF{26.EQaC.0)IN=4

IF(Z5.EQ.0.0)N=3

IF{Z4.EQ.040)IN=2

IFUZ3.EQ.0.0)IN=1

DO 20 I=1,N

TESTING TG AVCIC DIVICING BY ZERQ WHEN CALCULATING BETA.
IF(VP(1,I+1) LEQ. VP{1,1))GOTO 15
IF(VP(2,1+1) .EQ. VP{2,I)IGCTQ 15
BETA(T)=(.6492)% (515 ({T{1yI+1)~T{L, 1II/IVP({L,I+1)=VPL1,1))+(T(2,1]
141)=T{2,11)/ (VP (2,141 )=VP(2,1)))

GCTC 17

BETA(I1=999.99
THGRAG(2%I-1)={.0165)%(T(2,[)}-T{(1,1))/LX
THGRAD(2%1)=(.0165)% ({51 %(T{2, 1) +T(2, I+1))=({aSPR(TLL,y1)+T{1,1+1)

1)))1/0X

VHGRAD(2%{~1)=(.02542)%{VP{2,1)-VP{1,1))/DX
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Appendix II. (con't)

VHGRAC(2*T1)={ 02542 )% ( (,5)%(VP{2, TI+VP {25 141))={(.S)*{VP(1,1)+VP(1
1,741))))/70X
20 CCNTINUE
N0 40 I=1,N
C ITRAP IS EVALUATING THE INTEGRAL BY THE TRAPEZOIDAL METHOD.
ITRAP=(o5)%(Z(1)={ZO+ENI#(ULL1) )= ((BETA{I)}*{VHGRAD(1))~-THGRAD(1)}
IF(1.EQ.1)}GCTC 355
K=1-1
00 35 J=14K
ITRAP=TTRAP#{.5*(Z(J+1)~-Z{J 11U IX{(BETA(]) I*{ VHGRAD(2%J~1) )~ {
1 THGRAD(2%J=1))1)+{U(J+1) ) ¥ (BETA(I) V*{VHGRAD{2%J+1) )= THGRAD( 2%J+1
nnn
35 CCNTINUE
355 CONTINUE
ITRAP=ITRAP+{25%(Z{T+1)~Z{ 1)) *({ULT) Y *((BETA{I} )*{ VHGRAD(2*I=1) )~
1
ITHGRAC(2%I=1) 1)+, 5% (UL T )+ULT+1 NI (BETALT) )X (VHGRAD( 2%I) ) ~{ THGRAD (
12%11))))
INT(EY=ITRAP*COS(TH*3.14159/180.0)
IF(BETA(I) .EQs 99G.99)1GCTO 37
IF{BETA{I) .EQ. -1.0)GCTO 37
GOTC 38
C 999,55 APPEARS IF THERE IS NO OQUTPUT DATA,
37 DUIP1,1)=999.99
0D{IP2,1)=999,99
C(IP1,145)=999.99
C(IP2,I+5)=BETA(I)
GOTC 40
38 DUIPL,I)=={(RN+S+INT(I))/(1+BETA(I))
C{IP2,1)=-C(IP1,I)=RN=S
DIIPL,I+45)=INT(I)/{1+BETA(T))
D{IP2,1+5)=BETA(I)
40 CONTINUE
tE APPEARS ON IP1 COLUMNS 1-5; LE(BREB)I-LE(MBREB) ON IP1 COLUMNS 6-10.
A APPEARS ON IP2 COLUMNS 1-53 BETA ON IP2 CILUMNS 6-10.
RN+S APPEARS ON IP1l, COLUMN 11.
DU{IPL, L1)=RN+S
DO 55 I=1,11
[F{D(IPl,1) «GT. 999.99)D(IP1,1)=999.99
IF{D(IP2,1) +GTas 999.99)D{IP2,1)=999.99
IF(D{IPL,]) oLTe =99.99)0(IP1,1)=999.99
55 IF(D(IP2,I) LT =-99.99)D(IP2,1)=999.99
50 CONTINUE -
RETURN
END

OO0
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Table A-1l. Zero plane displacement (d) and roughness parameter (zo)
for irrigated alfalfa at Mead, Nebraska (1976).
d Z
Date °
(cm) (cm)
June 9 18 5.6
June 10 18 5.6
June 13 19 6.7
June 21 21 9.2
June 25 23 10.3
July 10 6 4.0
Table A-2. ngchrometer location at Mead, Nebraska (1976).
Psychrometer Distance From Leading Edge (m)
Station # :
June 6-June 11 June 11-July 1 July 10
1 9.9 9.9 12.6
2 ——— - 33.0
3 65.4 65.4 62.5
4 113.7 112.0 113.7
5 180.5 177.8 176.2
Takle A-3. Constants used in Bowen ratio~energy balance calculation.

C

Y

.24 cal gm™ ! deg”
580 cal g"l

973 mbar
.622

1.145 x 10°°

1

g cm”

3
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Table A-4, Air temperature at Stations 1, 3 and 4 for June, 1976.

| Air Temperature (C)

Station 1 Station 3 Station 4
Date |506m 75 om 100 cm 150 om) |50 om 75 om 100 om 150 om 200 om 250 cm| |50 cm 75 cm 100 em 150 om 200 am 250 om|

6090845 23.18 23,29 23,42 23,56 22.87 22.98 23.12 23.38 23.36 23.49 22.82 22.98 23.15 23.35 23.47 23.61
6090915 23.95 24,09 24.23 24,40 23,59 23.70 23.85 24,07 24,11 24,27 23,59 23.76 23.93 24.11 24,28 24,43
6090945 25,03 25.14 25,31 25.49 24,67 24.72 24,87 25.07 25.14 25.23 24.69 24.84 24,97 25,14 25,23 25,35
6091015 26.36 26.47 26.63 26.79 26.08 26.18 26.34 26,54 26.61 26,67 26.10 26.28 26.44 26.66 26.76 26,90
6091045 26.63 26.79 26,96 27,08 26.28 26.37 26.52 26.69 26.71 26.77 26.19 26,32 26.42 26,63 26.72 26.82
6091115 26.75 26.95 27.14 27.34 26,25 26.36 26.53 26.72 26.80 26.90 26,19 26.36 26.49 26,74 26.86 26.97
6091145 27.48 27.74 27.94 28.12 26.84 26.99 27.19 27.34 27.44 27.57 26.79 27.06 27.26 27.52 27.75 27.88
6091215 27.48 27.72 27.91 28.10 26.84 27,03 27.28 27.47 27.59 27.72 26.87 27.19 27.39 27.69 27.87 28.05
6091245 27.36 27.75 27.97 28.29 27.02 27.15 27.34 27.53 27.76 27.70 26.89 27.06 27.40 27.65 27.57 27.89
6091315 27.24 27.61 27.81 28.10 26.73 26,93 27.10 27.27 27.44% 27.41 26.63 26.85 27.09 27.34 27.32 27.53
6091345 28.46 28.68 28.85 29.04 27.85 28.11 28.33 28,51 28,58 28,62 27.72 27.94 28.06 28.34 28,54 28.55
6091415 28,31 28.58 28.78 29,02 27.76 28.05 28.28 28.54 28.64 28.74 27.65 27.91 28.07 28.37 28.61 28,63
6091445 28.95 29,27 29.50 29.84 28.45 28.77 29.02 29.42 29,53 29.71 28,46 28.68 28.88 29,19 29.43 29.53
6091515 27,29 27.72 28.09 28.54 26.83 27.22 27,57 28,02 28.24 28.50 26.71 27.08 27.35 27.77 28.12 28,24
6091545 27.61 27.98 28.29 28.57 27.34% 27.63 27.95 28.36 28.52 28.75 27.19 27.54 27.76 28.00 28.24 28,30
6091615 28.02 28.38 28.64 28.89 27.74 28.02 28.29 28,62 28,82 29.02 27.72 28.04 28.24 28,48 28.67 28,73
6091645 27.06 27.50 27.82 128,17 26,76 27.11 27.44 27.69 28.00 28,15 26.76 27.13 27.45 27.85 28,06 28.21
6100845 24,17 24.07 24.10 24.02 24.1%1 24,05 2u4.04 24.07 23,96 23,92 24.15 23.82 23,70 23.82 23.73 23.72
6100915 25.82 25.70 25.72 25.65 25.67 25.54¢ 25.53 25.54 25,39 25.35 25.71 25.44 25,34 25.48 25,39 25,37
6100945 26.51 26,55 26.55 26,53 26,39 26.28 26.33 26.39 26.40 26.37 26.37 26.25 26.28 26,43 26.49 26.42
6101015 26.75 26.87 26.89 26.948 26.53 26.50 26.65 26.77 26.78 26.79 26.61 26.58 26,58 26.80 26.93 26.90
6101045 27.24 27,39 27.57 27.69 26.97 27.07 27.19 27.36 27.40 27.45 27.05 27.00 27.06 27.26 27.31 27.38
6101115 28.31 28.53 28.73 28.92 28.16 28.26 28.42 28.60 28.66 28.72 28.16 28.22 28.37 28.62 28.68 28,78
6101145 28.22 28.46 28.63 28.86 28,03 28,13 28,29 28.45 28.58 28.61 28.00 28.09 28.22 28.40 28.88 28,58
6101215 28.46 28.72 28.82 29,03 28,04 28.17 28.35 28.53 28.68 28.75 27.99 28.09 28.21 28.36 28.41 28,50
6101245 28,83 29.02 29.1% 29,36 28.48 28,70 28,83 29.04 29.14 29.29 28.48 28.72 28.78 28.99 29.17 29.21
6101315 29,10 29.41 29,64 29.91 28.88 29.14 29.32 29.59 29.73 29,81 28,87 29.11 29.264 29.49 29.70 29.74
6101345 29,50 29.75 29.97 30,34 29.12 29.40 29.64 29,99 30.20 30.37 29.06 29.3%1 29.48 29.84 30.14 30.25
6101415 29,20 29.45 29.66 30.02 28.78 29.03 29.28 29.64 29.82 29.98 28.70 28.97 29.11 29.49 29.72 29,82
6101445 29,32 29.75 30.13 30.61 29.02 29.39 29.68 30.13 30.3% 30.54 28.99 29.35 29.56 29.98 30.12 30.31
6101515 29.39 29.89 30.35 30.86 29.02 29.42 29.76 30.21 30.49 30.71 28.95 29.33 29.61 30.12 30.3% 30.49
6101545 29.20 29.71 30.08 30.52 28.89 29,26 29.66 30.07 30.38 30.61 28.78 29.23 29.60 30.04 30.34 30.55
6101615 28.85 29.39 29.77 30.22 28.49 28.89 29.29 29.70 30.02 30.22 28.46 28.91 29.30 29.74 29.96 30.21
6101645 28.71 29.27 29.68 30.17 28.40 28.87 29.33 29.84 30.29 30.54 28.38 28.92 29.29 29.81 30,12 30.42

[
75 cm 100 cm 125 cem 175 em 75 em 100 em 125 cm 175 em 225 em 275 cm 75 em 100 em 125 cm 175 em 225 cm 275 cm

6130845 25.89 25.89 26.25 26.42 25.70 25.64 25.80 25.93 26.01 25,97 25.81 25.70 25.79 26.06 26.23 26.30
6130915 26.55 26.83 26.91 27.14 26.42 26.41 26,58 26.72 26.83 26.77 26.60 26.52 26.57 26.93 26.98 27.09
6130945 26,75 27.12 27.26 27.55 26.49 26.59 26.79 27.09 27.28 27.28 26.68 26.73 26.84 27.22 27.41 27.5%
6131015 27.63 27.97 28.08 28.33 27.21 27.3¢ 27.51 27.78 27.98 27.94 27.32 27.33 27.47 27.84 27.98 28,06
6131045 29,20 29.40 29.56 29.66 28,75 28.76 28.85 29.14 29.27 29.26 28.91 28.75 28.80 29.15 29.22 29.31
6131115 29.39 29.61 29.75 29.89 28,80 28.80 28,90 29.15 29.26 29.24 28,90 28.75 28.85 29.19 29.29 29.33
6131145 28,95 29.28 29.49 29.71 28.38 28,54 28,75 29.05 29.13 29,23 28.37 28.45 28,61 28.96 29,09 29.24
6131215 29.19 29.54 29.75 30.02 28,51 28.73 28.94 29.24 29.41 29.49 28.41 28.51 28.69 29.08 29.22 29,38
6131245 29,99 30.22 30.41 30.56 29.31 29.53 29.71 29.8% 30.01 30.13 29.26 29.38 29.52 29.79 30.05 30.00
6131315 29.54 29.94 306.16 30.50 29.00 29.34 29.62 29.91 30.11 30.30 28,88 29.14 29,35 29.75 30.05 30.14
6131345 29.14 29.75 30.06 30.51 28.48 28.97 29.36 29.89 30.14 30.39 28,27 28,73 29.04 29.49 29.88 30.04
6210815 22.41 22,55 22,68 22.78 21.93 21.95 22,03 22.18 22.27 22.34 21.80 21.88 21.93 22.15 22.26 22.u40
6210845 23,24 23.46 23.50 23.34 22.62 22,74 22.98 23.09 23.18 23,32 22.49 22.60 22,70 22.91 23.02 23.12
6210915 23.90 28.11 24.21 24,42 23,16 23.28 23.53 23.68 23.78 23.93 23.09 23.19 23.30 23.54 23.64 23,74
6210945 24,35 24,63 24.86 25.08 23,58 23,72 24.00 24,22 24.38 24,53 23.54 23.55 23.66 23,91 24.25 24,03
6211015 25,47 25.72 25,90 26.08 24.52 24.65 24.87 25.10 25.15 25.31 24.60 24.57 24,61 24,79 24,98 24,76
6211045 26.26 26.52 26.70 26,85 25.05 25.25 25.42 25,67 25.67 25.85 24.90 25.03 25.18 25.53 25,71 25.78
6211115 26.75 26.99 27.18 27.31 25,51 25.76 25.93 26.19 26.21 26.42 25.33 25.48 25.63 26.00 26.20 26.21
6211145 27,06 27.33 27.49 27.68 25.80 26.03 26.21 26.42 26.58 26.72 25.59 25.75 25.91 26.24 26.45 26.51
6211215 27.39 27.7t 27.87 28.04 26.15 26.35 26.52 26.79 26.96 27.09 25.97 26.16 26.33 26.69 26.94 27.00
6211245 27.91 28.26 28.46 28.61 26.56 26.77 26.96 27.27 27.45 27.61 26.35 26.51 26.68 27.05 27.18 27.28
6211315 28.31 28.72 28.79 28.90 26.97 27.28 27.44 27.77 27.99 28.18 26.81 26.99 27.18 27.56 27.74 27.84
6211345 28.28 28.71 28.98 29.16 26.99 27.31 27.52 27.94 28,03 28,28 26.80 27.02 27.22 27.65 27.93 28.01
6211415  28.31 28,77 29.02 29.22 27.%11 27.42 27.66 28.06 28.19 28.39 26.97 27.2% 27.38 27.76 28.01 28.12
6250945 24,05 24,23 24.36 24,57 23,48 23.64 23.76 23.88 23.91 26.03 23.4% 23.48 23.61 23.83 23,92 23.97
6251015  24.88 25.04 25.21 25,83 24.19 24.40 24,53 24,71 24.75 24.88 24.02 204,12 24,26 24.47 24,57 24,60
6251045 25.65 25.8% 26.04 26.27 24.93 25.14 25.23 25.45 25.51 25.64 24.78 24.96 25.07 25.25 25.40 25,40
6251115 26.60 26.73 26.88 27.09 25,77 25.96 26.0t 26,19 26.23 26.35 25.64 25.85 25.94 26.10 26.22 26.23
6251145 27,18 27.33 27.54 27.79 26.37 26.60 26.69 26.86 26.96 27.18 26.10 26.34 26.48 26.69 26.85 26.97
6251215 28.31 28.49 28.75 28.99 27.46 27.68 27.78 27.96 28.06 28.27 27.35 27.57 27.73 27.94% 28.10 28.20
6251245 28.40 28.63 28,84 29,07 27.57 .27.75 27.87 27.97 28.11 28.28 27.46 27.68 27.82 28.05 28.27 28,39
6251315 28.46 28.65 28.86 29.09 27.57 27.77 27.92 28.08 28,19 28.39 27.40 27.63 27.76 28.00 28.19 28.36
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Table A-5. Air temperature and windspeed at Station 5 for June, 1976. MNet radiation (Rn), soil heat flux (S) and wind direction @)
are also shown,

R Alr Temperature (C)- || Tir (m sec™d) mmmmm e |
Rn S [
Station 5 Stotion 5
Date |50 cm 75 cm 100 cm 150 cm 200 cm 250 cm| |50 om 75 am 100 om 1.7 om 150 cm 200 om 250 cmf (1y/min) (ly/min) (degrees)

6090845 22,75 22.85 22.95 23.15 23,19 23.22 3.07 4,09 5.76 5.17 5.59 6.08 6,61 0.55 -0.04 15.12
6090915 23.56 23.70 23.82 24.01 24.07 24.12 3.1 4.09 4.70 5.14 5.55 6.06 6.54 0.59 -0.05 19.67
6090945 24.61 24.72 24,87 25.04 25.09 25,15 3.03 4,03 4.67 5.12 5.48 6.02 6.46 0.71 -0.06 17.14
6091015 25.99 26.13 26.28 26.50 26.55 26.61 3.16 4,18 4.88 5.31 5.75 6.27 6.75 0.76 ~-0.06 16.26
6091045 26.07 26.26 26.38 26.61 26,65 26.71 2.98 3.92 4.5¢9 4.96 5.39 5.85 6.30 0.81 -0.06 14.34
6091115 26.08 26.31 26.43 26.69 26.77 26.84 3.11 4,06 4.69 5.16 5.52 6.05 6.51 0.83 -0.06 12.31
6091145 26.66 26.90 27.084 27.29 27.45 27.54 3.46 4.54 5.34 5.79 6.29 6.81 7.61 0.88 -0.07 17.08
6091215 26.79 27.03 27.22 27.47 27.61 27.69 3.31 4.36 5.12 5.51 5.98 6.48 7.02 0.82 -0.07 22.88
6091245 26.83 27.07 27.15 27.49 27.62 27.68 3.17 4.16 4,83 5.28 5.68 6.23 6.77 0.58 -0.07 27.89
6091315 26.52 26.71 26.81 27.02 27.14 27,21 3.21 4.25 4.98 5.38 5.85 6.34 6.89 0.80 =~0.06 21,22
6091345 27.61 27.82 27.93 28.19 28.29 28.44 3.29 4.37 5.04 5.52 5.91 6.49 7.00 ¢.84 -0.06 18,17
6091415 27.51 27.77 27.93 28.25 28,38 28.55 3.24 4.30 5.00 5.48 5.91 6.45 6.98 0.67 -0.05 22.85
6091445 28,29 28.56 28.78 29.09 29.26 29.39 3.1 4,13 4.72 5.20 5.56 6.10 6.57 0.76 -0.05 16.22
6091515 26.56 26.96 27.28 27.61 27.86 28.03 3.39 4.49 5.27 5.71 6.23 6.76 7.3%5 0.40 -0.,04 17.64
6091545 27.09 27.46 27.72 27.96 28.17 28.30 3.16 4.21 4.87 5.34 5.73 6.29 6.77 0.34 -0.03 2t.04
6091615 27.58 27.87 28.11 28.34 28.50 28.67 3.33 4,42 5.23 5.66 6.16 6.69 7.25 0.34 -0.02 8.76
6091645 26.73 27.07 27.34 27.71 27.94% 28,09 3.48 4.63 5.37 5.91 6.37 7.01 7.58 0.31 -0.03 19.59
6100845 24,07 23.84 23.81 23.96 23.86 23.80 1.59 2.1 2.38 2.61 2.78 3.02 3.22 0.56 ~0.05 18.63
6100915 25.70 25.52 25.45 25.60 25.49 25,44 1.74 2.35 2.67 2.91 3.12 3.40 3.63 0.63 -0.06 17.54
6100945 26.40 26.20 26.19 26.28 26.26 26.19 1.72 2.30 2.61 2,86 3.08 3.33 3.55 0.70 -0.06 20.40
6101015 26.62 26.51 26.54 26.64 26.64 26.65 1.56 2.09 2.37 2.58 2.75 3.03 3.24 0.73 -0.06 13.01
6101045 26.90 26.84 26.92 27.13 27.18 27.23 1.83 2.46 2.80 3.06 3.27 3.59 3.85 0.79 =0.07 19.30
6101115 28.17 28.17 28,28 28.54 28,60 28.72 1.97 2,64 3,01 3.32 3.56 3.92 4.20 0.83 -0.08 11.58
6101145 28.04 28.01 28.10 28.34 28.45 28.56 2.28 3.10 3.57 3.94 4,22 4.63 4.99 0.83 -0.08 18.89
6101215 28,05 28.05 28.15 28.38 28.48 28,60 2.13 2.89 3.35 3.67 3.95 4,32 4,64 0.84 -0.08 14.45
6101245 28.52 28.63 28.7% 28.93 29.03 29.13 1.98 2.72 3.12 3.44 3.68 4.04 4.32 0.83 -0.10 18.75
6101315 28.91 29.10 29.22 29.47 29,64 29.77 2.00 2.77 3.18 3.52 3.76 4.16 4.48 0.80 -0.07 16.52
6101345 29,02 29.23 29.35 29.68 29.87 29.93 2.12 2.91 3.36 3.71 3.98 4.39 4.74 0.77 -0.06 22.33
6101415 28.60 28.79 28.92 29.25 29,43 29.53 2.12 2.94 3.43 3.75 4.05 4.43 4.76 0.72 -0.06 20.87
6101445 28.95 29.22 29.45 29.87 30.12 30.28 2.07 2.90 3.36 3.69 3.97 4.37 4.7 0.67 ~0.06 19.64
6101515 28,96 29.32 29.64 30,10 30.38 30.57 2.12 2,94 3.43 3.77 4.07 4.49 4.83 0.59 -0.06 16.03
6101545 28.74 29.14 29,46 29.87 30.14 30.35 2.30 3.18 3.69 4.07 4.37 4.82 5.17 0.52 -0.04 25.97
6101615 28.38 28,74 29,05 29.46 29.71 29.88 2.27 3.17 3.69 4.05 4,35 4.81 5.17 0.43 -0.03 12.16
6101645 28.34 28.79 29.20 29.68 30,05 30.26 2,42 3.37 3.92 4,31 4.64 5.11 5.50 0.35 -0.03 23.10

75 em 100 em 125 cm 175 cm 225 cm 275 cm 75 om 100 em 125 cm 150 cm 175 cm 225 ecm 275 cm

6130845 25.78 25.68 25.85 26.046 26.21 26.21 1.55 1.82 1.91 1.90 2.21 2.38 2.52 .52 -0.05 9.87
6130915 26.51 26.41 26.51 26,79 26.86 26.89 1.45 1.68 1.77 1.64 2.03 2,17 2.30C 0.56 -0.06 13.20
6130945 26.67 26.69 26.86 27.25 27.45 27.68 1.96 2.29 2.51 2.52 2.85 3.05 3.24 0.64 ~0.07 51.45
6131015 27.23 27.23 27.36 27.70 27.83 27.39 2.05 2.37 2.61 2.67 2.97 3.20 3.38 0.60 =0.06 33.10
6131045 28.95 28.88 28.99 29.23 29,32 29.34 2.25 2.64 2.88 2.94 3.28 3.53 3.74 0.83 -0.08 32.00
6131115 28.96 28.88 28.96 29,17 29.23 29.25 2.29 2.865 2.93 2.97 3.33 3.59 3.81 0.69 -0.08 25.51
6131145 28.36 28.35 28.41 28.76 28.93 29.08 2.65 3.13 3.0t 3.57 3.90 4.23 4.486 6.66 ~0.08 23.32
6131215 28.45 28.43 28.51 28.87 29.06 29.24 2.77 3.26 3.59 3.73 4.09 4,42 4.69 0.70 ~-0.08 25,77
6131245 29.17 29.32 29.50 29.66 29.75 29.90 2.87 3.390 3.7 3.81 4.22 4.53 4.88 0.87 -0.08 19.54
6131315 28.86 29.08 29.29 29.59 29.76 29.97 2.59 3.02 3.31 3.41 3.76 4,07 4,35 0.43 -0.06 19,38
6131345 28,27 28.70 29.07 29.44 29.66 29.93 3.07 3.57 3.91 4.10 4.48 4.83 5.16 0.26 -0.05 19,67
6210815 21.68 21.77 21.89 22,05 22.18 22.28 2.72 3.23 3.66 3.95 4.23 4.59 4.88 0.49 -0.03 16.67
6210845 22,37 22.52 22.71 22.92 23.07 23.18 2.85 3.46 3.92 4,23 4,55 4.95 5.27 0.57 =-0.03 31.94
6210915 22,96 23.13 23.31 23,58 23.72 23.84 3.00 3.57 .12 4.40 4.77 5.17 5.5 0.64 -0.04 23,23
6210945 23.27 23.41 23,6t 24,01 24.13 24,33 3.12 3.73 4,25 4.61 4.94 5.36 5.72 0.70 -0.,95 22.22
6211015 24.16 24,26 24.41 24.73 24.83 24.96 3.33 4,01 4.63 %.97 5.40 5.82 6.31 0.77 ~0.06 9.37
6211045 24,82 25.01 25.20 25.u44 25.60 25.72 3.26 3.95 4,52 4.87 5.24 5.69 6.07 0.81 -0.07 18.80
6211115 25.20 25.42 25.58 25.84 25,97 26.10 3.27 3.95 4.51 4.86 5.23 5.66 6.07 0.84 -0,08 24.35
6211145 25,48 25.68 25.82 26.13 26.23 26.31 3.62 4,42 5.05 S.44 5.86 6.33 6.84 0.86 -0.11 25.13
6211215 25.83 26.01 26.17 26.49 26,60 26.73 3.58 4,33 5.00 5.37 5.81 6.26 6.81 0.87 -0.13 40.18
6211245 26.26 26.47 26.71 27.07 27.16 27.35 3.35 4.04 4.62 4,97 5.36 5.78 6.25 0.86 =~-0.14 34.41
6211315 26.74 27.00 27.28 27.68 27.81 27.97 3.27 3.91 4.50 4.82 5.20 5.63 6.06 0.83 -0.09 17,15
6211345 26.86 27.13 27.37 27.85 27.97 28.13 3.26 3.93 4.52 4.84 5.24 5.65 6.06 0.80 -0.07 25.35
6211415 26.76 27.04 27.31 27.78 27.99 28.17 3.25 3.93 §.49 4,84 5.24 5.68 6,15 0.70 ~0.06 27.60
6250945 23.32 23.35 23.40 23.57 23.70 23.81 3.29 4.00 4.56 4.95 5.39 5.88 6.34 0.73 ~0.06 23.73
6251015 23.90 23.98 24.08 24,25 24.38 24.49 3.60 4,39 5.08 5.41 5.87 6.42 6.91 0.79 -0.08 22.52
6251045 26.66 26.82 24,92 25.14 25,26 25.36 3.65 4.41 5.07 5.42 5.94 6.41 6.93 0.82 -0.08 26,57
6251115 25,50 25.64 25.74 25.96 26.08 26.15 3.99 4.94 5.67 6,06 6.61 7.16 7.75 0.85 -0.08 21.99
6251145 25.85 26.03 26.12 26.38 26.55 26.62 4.42 5.43 6,25 6.69 7.30 7.84 8.53 0.87 -0.08 27.42
6251215 27.14% 27.32 27,42 27.67 27.82 27,90 4,16 5.07 5.80 6.22 6.76 7.32 7.90 .87 -0.08 31.54
6251245 27.27 27.45 27.57 27.81 27.97 28.09 4,19 5.15 5.88 6.32 6.89 7.38 8.04 0.86 -0.08 22.78
6251315 27.23 27.43 27.57 27.77 27.91 28.02 4,02 4.97 5.63 6.06 6.55 7.1 7.68 0.83 -0.08 35.31
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Table A-6. Vapor pressure at Stations 1, 3 and 4 for June, 1976.

por Pressure (mbar) I

Station 1 Station 3 Station 4
Date |56 om 75 cm 100 om 150 om} |50 om 75 om 100 om 150 cm 200 cm 250 om| |56 om 75 cm 100 om 150 om 200 cm 250 em|

6090845 18.78 18.23 17.84 17.51 18.94 18.59 18.57 18.17 17.94% 17.89 19.24 18.63 18.481 18.07 18.03 18.00
6090915 19.56 19.02 18.62 18.26 19.70 19.33 19.27 18.79 18.52 18.39 20.03 19.39 19.18 18.84% 18.71 18.67
6090945 20.66 20.00 19.61 19.06 20.99 20.50 20.26 19.67 19.32 19.05 21.10 20.41 20.08 19.65 19.32 19.28
6091015 21.75 21.09 20.61 19.97 22.38 21.82 21.53 20.93 20.58 20.23 22.56 21.82 21.37 20.81 20.41 20,26
6031045 21,67 20.89 20.44 19,80 22.04 21.45 21,04 20.33 19.90 19,52 21.92 21.09 20.48 19.72 19.22 18.90
6091115 21.05 20.28 19.88 19.19 21.3% 20.75 20.33 19.69 19.37 19.19 21.60 20.70 20.14 19.44 18.92 18.66
6091145 21.18 20.51 20.19 19.62 21.66 21.17 20.76 20.086 19.76 19.51 21.92 21.13 20.78 20.39 19.93 19.68
6091215 20.84 20.33 19.96 19.40 21.72 21.17 20.63 19.94 19.63 19.41 21.97 21.15 20.74 20.26 19.88 19.63
6091245 21.47 20.65 19.93 19,03 22.33 21.77 20.99 20.27 20.00 19.92 22.38 21.96 21.26 20.34 19,90 19,59
6091315 20.60 19.72 18.97 18.13 2t.44 20.81 20.10 19.40 19.00 18.79 21.52 20.81 20.21 19.86 19.16 18.60
6091345 22.09 21.00 20.37 19.80 22.71 21.96 21.40 20.65 20.19 19.88 22.61 21.52 21.07 20.57 19.84 19.46
6091415 21.38 20.43 19.90 19.35 22.04 21.33 20.82 20.%19 19,80 19.51 22,18 21.15 20.81 20.35 19.65 19,37
6091445 21.99 21.08 20.66 19.96 22.54 22.00 21.62 21.01 20.54% 20.31 22.65 21.85 21,71 21.25 20.8% 20.57
6091515 20.15 19.35 19.03 18,45 20.67 20.28 20.00 19.49 19,11 18.97 20.52 19.90 19.89 19.57 19.26 19,01
6091545 20.52 19,88 19.47 18.94% 21.26 20.84 20.29 19.63 19.22 18.96 21.34 20.70 20.36 20.00 19.53 19.18
6091615 21,05 20.40 20.00 19.46 21.62 21,17 20.67 20.09 19.69 19.44 21.78 21.20 20,79 20.44 19.97 19.65
6091645 19.35 18.67 18.38 17.98 20.22 19.91 19.66 19.34 19.13 18.84 20.48 20.07 19.72 19.29 18.96 18.85
6100845 23.36 22.42 21.86 20.99 25.16 264.65 24,47 23.96 23.74 23.52 23.57 22.54 22,13 21.26 21.03 20.93
6100915 25.35 24.30 23.67 22.71 25.42 24.57 24,25 23.45 23.00 22.67 25.46 24.42 24.00 23,29 22,93 22.72
6100945 25.91 24.89 24.43 23,34 25,83 25.02 24.65 23.72 22.94 22.43 25.88 24,85 24.58 24.10 23.61 23.38
6101015 25.03 24.00 23,23 22.24 24,93 24.00 23.40 22.48 21.81 21.36 25.17 24.16 23,86 23,32 22.77 22.42
6101045 25.03 23,73 22.80 21.90 25.27 24.17 23.77 22.9% 22,48 22.20 25.61 24,42 23,96 23.27 22.67 22.16
6101115 26,24 24,94 24.06 23.16 26.90 25.83 25.11 24.08 23.48 23,28 27.31 26.12 25.68 24.78 24,14 23,63
6101145 26.07 24,83 24.32 23,28 26,62 25,77 25.02 24.01 23.43 23.12 26.92 25.85 25.17 23.82 23.09 22.96
6101215 26.48 25.12 24,47 23.3% 26.04 25.16 24.40 23.35 22.83 22.37 26.63 25.6C 24,96 23.86 23.22 22.92
6101245 26,15 24,99 24,28 23,43 26.55 25,65 25.09 24.02 23.45 22.98 27.16 25.94 25,55 24,92 24.42 23,79
6101315 25.99 28.67 23.93 23.05 26.82 25.94 25.36 246.32 23.71 23.08 27.54 26.33 25.96 25.17 20.46 23.93
6101345 25.91 24,60 23.87 22.62 26.58 25.72 25.11 24.06 23.41 22.83 26.76 25.55 24.81 23.68 22.66 22,15
6101415 24,63 23.21 22.48 21,24 24.88 23.97 23,27 22.11 21.39 20.84 25.16 23.97 23.13 22.08 21.05 20.44
6101845 24,26 22.90 22.12 20.98 25.01 23.98 23.43 22.23 21.546 21.09 25.69 24.28 23.65 22.91 22,18 21.58
6101515 24,02 22.79 22.08 21.07 25.18 24.23 23.8% 22,83 22.14 21.79 25.25 24.18 23,61 22,85 22.20 21.78
6101545 24,29 23,09 22.45 21.57 25.19 26.30 23.69 22.86 22.46 22.20 204.67 23,79 23.24 22.42 21.81 21,55
6101615 23.45 22.41 21.77 20.96 23.9% 23.04 22.55 21.82 21.43 21.11 23.94 23.12 22.58 21.9% 21.48 21.09
6101645 22,55 22,03 21.50 21.07 23.15 22,53 22,12 21.67 21.20 20.93 23.49 22.97 22.71 22,47 22.11 21.82

75 cm 100 cm 125 cm 175 em 75 em 100 em 125 cm 175 cm 225 cm 275 om 75 cm 100 om 125 em 175 cm 225 cm 275 cm

6130845 21.60 20.62 19.77 18.86 21.71 21.20 20.52 19.60 19.28 19.01 22.16 21.65 21.07 20.50 19.96 20.25
6130915 20.73 19.61 18.69 17.69 21.24 20.5% 19.76 18.70 18.23 17.86 21.39 20.65 19.95 19.09 18,57 18.71
6130945 18.68 17.80 17.15 16.60 19.18 18.46 17.86 16.99 16.50 16.17 19.71 18.92 18.01 17.18 16.45 16,58
6131015 20.85 19.96 19.46 18.77 21.56 20.66 20.12 19.25 18,72 18.40 21.70 21.01 20.19 19.82 18,71 18.76
6131045 28,03 23,14 22.42 21,76 264.76 23.92 23.02 21.95 21.52 20.97 25.30 24.64 23,93 22.96 22,10 21.68
6131115 25,47 24,47 23,82 23.37 25.97 25.31 24.47 23.40 22,99 22.50 26.37 25.65 25.00 26.18 23.38 23.00
6131145 26,82 24.07 23.71 23.51 25.55 24.96 24,35 23.65 23.42 23.21 26.04 25.53 20.90 24.25 23,86 23.68
6131215 24,92 24.27 23.99 23.79 25.80 25.19 24.67 24,02 23.84 23.69 25.91 25.53 24,92 24.34 23.98 23.63
6131245 26.21 25,46 25.17 24.79 26.63 25.86 25.34 24,76 24.38 24.06 26.96 26.36 25.73 24.91 23,78 23.07
6131315 25,39 24.75 24,58 24,14 25,99 25.30 24,80 24,46 24,14 23.94 26.07 25.60 25.11 24.49 23,58 22.93
6131345 23.06 22.61 22.39 21.94 23,99 23.42 22.91 22.57 22.26 22.06 24.34 23.86 23.61 23.15 22.75 22.43
6210815 13.49 13,15 12.69 12,40 14,19 13.75 13.37 12.90 12.84 12.67 14.54 14.10 13.79 13.29 13.02 12.73
6210845 13.73 13.11 12.80 12.7t 14.33 13.81 13.31 12.80 12.72 12.48 14.78 14.28 13.75 13.27 13,02 12.69
6210915 13.45 12,91 12,56 12.15 14.54 14.04 13.47 12.98 12.83 12.58 14.81 14.33 13,85 13.33 13.09 12.84
6210945 13,25 12,66 12,21 12,01 14,20 13.76 13.26 12.71 12.52 12.28 14.21 13.95 13,73 13.27 13.60 12.93
6211015 13,43 12.84 12.36 11.98 14.58 14.04 13.51 12.91 12.62 12.36 13.80 13.65 13.51 13.18 13.79 12.63
6211045 13.44 12.89% 12.46 11.86 14,56 14,03 13.64 12.96 12.79 12.43 14.64 14,12 13,70 12.94 12.46 12.25
6211115 13,53 12.99 12.57 11.96 14.74 14,17 13.78 13.15 12.94 12.57 15.09 14.54 14.07 13.24 12.73 12.58
6211145 13,79 13,09 12.67 12.27 15.03 14.36 13,83 13.18 12.84 12.81 15.11 14.56 14,04 13.28 12.84 12.69
6211215 13.97 13.27 12.87 12.50 15,32 14,74 14,26 13.72 13.34 12.96 15.61 15.09 14,66 13.92 13.48 13.23
6211245 14,25 13,59 13,22 12.9% 15.63 15,07 14.66 14.22 13,92 13.57 15.78 15.21 14,76 14.05 13,68 13.28
6211315 t4.61 14.00 13.55 13.30 16.18 15.59 15.17 14.63 14.23 13.88 16.30 15.73 15.33 14.63 14,17 13.77
6211345 14,95 14,22 13.65 13.25 15.83 15.18 14,78 14.04 13.77 13.39 16.10 15.52 15.05 14.38 13.84 13.70
6211415 15.05 14.28 13.69 13.30 16.13 15.48 15.03 14.33 16.02 13.60 15.89 15.37 14,98 14.37 13.91 13.89
6250945 15,88 15.26 14.97 14.49 16.28 15.78 15.45 15.05 14.63 14.38 16.57 16.15 15.69 15,28 15,00 14.85
6251015  16.14 15.58 15.24 14.62 16.44 15.87 15.60 15.13 14.71 14.49 16.67 16.15 15,65 15.23 14.89 14.78
6251045 16.35 15,09 15.73 15.11 16.65 16.11 15.89 15.40 15.01 14.80 17.15 16.68 16,12 15,70 15.28 15.22
6251115 16.61 16.33 15.95 15.29 16.97 16,49 16,25 15.73 15.33 15.08 17.13 16.61 16.14 15.67 15.25 15.13
6251145  16.46 16.15 15.82 15.25 17.07 16.66 16.35 15.92 15.58 15.27 16,97 16.48 16.18 15.77 15.44 15.35
6251215  17.54 17.25 16.88 16.27 17.96 17.51 17.25 16.76 16.46 16.14 18.35 17.83 17.51 17.04 16.72 16.54
6251245 17.08 16.84 16.50 15.95 17.63 17.28 17.06 16.63 16.30 16.08 18.33 17.84 17.45 16.95 16.57 16.23
6251315 16.79 16.53 16.23 15.66 17.52 17.24 16,97 16.51 16.19 15.97 18.27 17.71 17.36 16.85 16.50 16.15




Table A-7.

Date

6090845
6090915
6090945
6091015
6031045
6091115
6091145
5091215
6091245
6091315
6091345
6091415
6091445
6091515
6091545
6091615
6091645
6100845
6100915
6100945
6101015
6101045
6101115
6101145
6101215
6101245
6101315
6101345
6101415
6101445
6101515
6101545
6101615
6101645

6130845
6130915
6130945
6131015
6131045
6131115
6131145
6131215
6131245
6131315
6131345
6210815
6210845
6210915
6210945
6211015
6211045
6211115
6211145
6211215
6211245
6211315
6211345
6211415
6250945
6251015
6251045
6251115
6251145
6251215
6251245
6251315

Vapor pressure at Station 5 for June, 1976.
| e Vapor PYesSsure (mbar) —-———w—mmmmm- |
Station 5
|50em 75 cm 100 cm 150 om 200 cm 250 om|
18.61 18.16 17.87 17.60 17.36 17.14
19.73 19.21 18.97 18,70 18.42 18,23
20,95 20.25 19.80 19.52 19.16 19.10
22.28 21,49 21.00 20.66 20.39 20.17
21.48 20,63 20.08 19.49 19.21 18.87
21.09 20.28 19.81 19.22 18.98 18.63
21.48 20,85 20.41 19.91 19.49 19.26
21.48 20.87 20.41 19.90 19.55 19,22
21.79 20.96 20.40 19.89 19.52 19,32
20.89 20.08 19.55 18.96 18.44 18.08
22,07 21.33 20.83 20.12 19.50 18.91
21.88 21,15 20,864 19.90 19.30 18.84
22.37 21.69 21.29 20.88 20.40 20.29
20.47 19.93 19.63 19.36 18.97 18.87
21.2% 20,72 20.29 20.01 19.76 19.33
21,39 20.93 20.52 20.16 19.90 19.48
20,03 19.53 19.31 18.93 18.76 18.56
22.99 22.36 21.75 21,00 20.49 20.27
24,89 23.98 23.43 22.54 21.99 21.68
25.99 25,00 24.29 23,35 22.63 22.23
25,28 24,29 23.60 22.59 21.95 21.42
25.00 23,97 23.22 22.52 22.15 21.64
26.75 25,74 25,05 24,30 23.97 23.39
26.66 25,72 24.91 24,02 23.44 22.84
26,32 25,34 24,58 23.56 22.91 22.21
26.98 25.84 25.09 23,97 23.26 22,57
27.12 25.86 25.16 24.03 23.31 22.72
26,48 25,47 24.96 24,00 23.50 23.12
24.67 23,64 23.02 22.02 21.45 20,93
25.30 248,29 23.58 22.65 21.92 21.41
25.03 24.06 23.34 22.60 21.99 21.54
24.27 23.32 22.78 22.31 21.76 21.30
23.58 22.69 22.21 21,69 21.14 20.71
22,85 22.26 21.87 21.49 20.96 20.66
75 cm 100 cm 125 em 175 em 225 com 275 cm
21.82 21,03 20.34 19,34 18.73 18.60
21.62 20,78 20.06 18.84 18.30 17.82
19.27 . 18.47 17.89 16.88 16.54 15.84
21.28 20.47 19.94 19.04 18.77 18.18
24.86 23.82 23.10 22.32 21.95 21.80
26.21 25.27 24.54 23,82 23.31 23.05
25.96 25.34 24,92 24.27 23.62 23.43
25.98 25.41 25,01 24,44 23.84 23.63
26.50 25.80 25.22 24,55 24.24 23,73
25.81 25.33 25.01 24,45 24,24 23,72
24,51 24.16 23.88 23,36 23.12 22.59
14.25 13.77 13.51 13.11 12,92 12.73
14,52 14.00 13.54 13.08 12.70 12.35%
14.52 13.98 13.55 13.01 12.66 12.36
13.97 13.59 13.27 12.78 12.52 12.34
14.48 14.05 13.68 13.14 12.78 12.42
14.48 13.88 13.38 12.88 12.40 11.948
14.66 14.04 13.57 13.03 12.56 12.10
14.65 14.05 13.64 12.87 12.44 12,13
14.93  14.34 13.92 13.25 12.85 12.48
15.02 14,45 14,02 13.5% 13.18 12.76
15.81 15.20 14.69 14.12 13.75 13.28
15,75 15.06 14.55 13.76 13.39 13.02
15.47 14,83 14,35 13.62 13.20 12.84
16.39 15.96 15.60 15.20 14,85 14.59
16.49 16.09 15.69 15.28 14,99 14.63
16.92 16.43 16.03 15.59 15.21 14.85
16.97 16.48 16.09 15,62 15.24 14.88
16.79 16.36 16.03 15.56 15.17 14.88
18,03 17.56 17.22 16.73 16.34 16.03
17.88 17.49 17,11 16.66 16.08 15.66
17.87 17.47 17.10 16.70 16.25 15.86
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Table A-8. Vapor pressure at Stations 1, 2 and 3 for July 10, 1976.

| Vapor Pressure (mbar)———rm——————————— e |

Station 1 Station 2 Station 3
Date [50 cm 75 ¢m 100 cm 150 cm}|50 cm 75 cm 100 cm 150 om| |50 om 75 om 100 om 150 om 300 m 350 om |

7101007 23.67 23.16 22.84 22,32 25.06 24,48 24,17 24.51 25.30 24.63 24.26 23,67 23.23 22.97
7101022 23.64 23,12 22.78 22,28 24.91 24.32 23,96 24,06 25.27 20,58 24,17 23.56 23,11 22.83
7101037 24,08 23.43 23.07 22.46 25.00 24.35 23.93 23.01 24.91 206.19 23.78 23.12 22,69 22.35
7101107 23.60 23,08 22.67 22.16 24.89 24.24 23,82 24,317 25.23 26,52 24,09 23,40 22.94 22.66
7101122 23,32 22,89 22.40 21.91 24,53 23,87 23.39 33.94 206,91 24.18 23.78 23,12 22.62 22.34
7101137 23,03 22,38 22.32 21.95 24,15 23,55 23,07 41.55 24.65 23.98 23.55 22.98 22.47 22.17
7101207 22.99 22.59 22,03 21,51 28.25 23.60 23.15 22,52 24.69 23.94 23.45 22.74 22.20 21.89
7101222 23,57 23.04 22,51 21,96 24.55 23.83 23.37 22,72 25,29 24,48 23,97 23.29 22.71 22,38
7101237 23,31 22,66 22.29 21.79 24.62 23.91 23,52 22.89 25.22 24.45 23.94 23.26 22,79 22.45
7101307 23.36 22.74 22,28 21,74 24.55 23.77 23.32 22.68 25.06 24.26 23.70 23.02 22,53 22,18
7101322 23,09 22,49 22,07 21.56 26,29 23.58 23,17 22,57 24.80 24.06 23.52 22.79 22.3% 22.01
7101337 23,31 22.65 22.28 21.71 24,33 23,65 23.26 22.63 24.75 206,03 23.50 22.71 22.20 21.79
7101407 23,39 22,78 22.42 21.91 24,81 24.10 23.66 23.06 25.27 24.56 23.99 23.23 22,72 22,38
7101822 21,77 21.19 20.92 20.46 25.03 24.38 24,01 23.43 25.48 24.80 24.26 23.58 23,09 22.81
7101437 22,40 21.79 21,46 20.94 25,44 24,76 24.33 23,69 25.83 25.10 24.52 23.78 23.28 23.02
7101507 22,04 21,45 21.1% 20.63 25.05 24,40 24,01 23.47 25.50 24,82 24.28 23,60 23,12 22.87

Table A-9. Vapor pressure at Stations 4 and 5 and air temperature at Station 1 for July 10, 1976.

| por Pressure (mbar) | | ————— Air Temperature (C)——w-=— !
Station 4 Station 5 Station 1
Date |30 Gm 75 om 100 om 150 cm 200 om 250 om| |50 em 75 om 100 om 150 om 300 cm 350 om| |50 om 75 em 100 om 150 cn|

7101007 25.15 24.58 24,22 23.72 23.38 23,11 25.24 24,61 24.21 23.70 23.32 23.09 32,15 32.19 32.18 32.26
7101022 25.12 26,51 24,09 23,53 23.16 22.90 25.30 28.68 28,27 23,71 23.31 23.05 32,52 32.57 32.58 32.66
7101037 25.03 24.42 23,97 23.38 22,95 22.67 24.94 24,26 23,82 23.20 22.77 22,48 32.86 32.89 32.89 32.92
7101107 24,95 24.29 23.85 23.22 22.89 22.58 25.06 24.39 23,95 23.36 22,94 22.65 33.56 33.62 33.62 33.66
7101122 24,38 23,75 23,32 22,68 22,31 22.03 24.82 24,10 23.67 23.04 22.60 22.31 33,71 33.84 33.82 33.86
7101137 24.38 23.79 23.34 22,63 22,10 21.84 24,63 23,86 23.51 22.91 22.52 22.25 33.82 33.96 33.89 33.91
7101207 24.76 24,08 23,56 25,01 28.70 26.21 24.71 23.91 23.50 22.87 22.47 22.19 34,30 34.46 34,41 34,43
7101222 25,09 24.37 23,83 23.17 22.84 22.36 25.32 24.49 24,03 23.38 22.96 22.65 38.59 34,73 34.73 34,78
7101237 24,68 24,02 23,52 21.27 20.69 20.41 24,81 20.05 23.58 22.97 22.53 22,27 34,79 34,91 34.98 35.01
7101307 25,03 24.29 23.75 25.05 24.83 24.25 24.96 24.15 23,68 23.06 22.63 22.31 35.22 35.38 35,86 35,50
7101322 24,53 23,87 23,53 24,59 24,37 23,73 24.85 26,01 23.54 22.91 22.47 22.14 35,33 35,49 35,55 35,61
7101337 24,52 23.83 23.31 24,40 23.92 23.56 25.05 24,11 23.70 22.98 22.56 22.27 35.38 35.53 35.60 35.65
7101467 25,24 24,58 24,08 23,52 23.22 22.70 25.33 24,40 23,96 23.25 22.83 22.51 35,48 35.62 35.69 35,76
7101422 25,33 24,70 24,22 23,70 23.46 22,93 25.27 24.35 23.97 23.33 22.98 22.73 35.51 35.70 35,78 35.85
7101437  25.52 24,85 24,29 23.66 23.34 22.86 25.79 24.87 24.43 23,75 23,37 23.02 35.56 35.74 35.82 35,93
7101507 25.38 24,69 24.16 23,57 23.39 22,85 25,34 24,42 24.01 23.39 23.C6 22.74 35.40 35,63 35.72 35.83

Table A-10. Air temperature at Stations 2, 3 and 4 for July 10, 1976.

l Bir Temperature (C) |

Station 2 Station 3 Station 4
bate |50 om 75 om 100 om 150 om| |50 om 75 om 100 cm 180 on 200 om 250 cm| |50 cm 75 cm 100 cm 150 cm 200 cm 250 cm}

7101007 31.46 31.59 31.69 31.85 30,93 31.24 31.24 31.57 31.50 31.63 30.91 30.96 31.02 31.21 31,29 31.35
7101022 31.78 31,94 32,04 32,18 31,22 31.54 31.56 31.88 31,85 31,98 31.10 31.19 31,28 31.50 31.57 31.62
7101037 32,02 32,14 32,22 32.44 31.34 31.65 31.68 31.97 31.94% 32.03 31,47 31,57 31,62 31.85 31.87 31.93
7101107 32,70 32,93 33,04 33,20 32.06 32.41 32.48 32,78 32.77 32,92 32.08 32.26 32.37 32.56 32.64 32.70
7101122 32,95 33.21 33,28 33.48 32,28 32.69 32.71 33.03 33.05 33.22 32.36 32.57 32.67 32,97 33.07 33.12
7101137 33.14 33.35 33.45 33,66 32,47 32.89 32.93 33.23 33.31 33.50 32,60 32.87 32,96 33.47 33.59 33,67
7101207 33,48 33.76 33.91 34,14 32.84 33,18 33,30 33,55 33.68 33.84 32.82 33.05 33.17 30.38 30.49 30.59
7101222 33,75 34,01 34,16 34,40 33,06 33.40 33,56 33.82 33.93 34,10 33.19 33.41 33.51 33.87 33.98 34.09
7101237 33.96 34.26 34,47 38.71 33,25 33.63 33.80 34.10 38,22 38,39 33,03 33,25 33.44 36,18 36,37 36.49
7101307 34.29 34,63 34,85 35.09 33.54 33,98 34.16 34,47 34.63 34,80 33.38 33.64 33.85 31,11 31.29 31.41
7101322 34,44 34,76 34,96 35.24 33,71 34.14 34.34 34,67 34,81 34,97 33,57 33.86 33,80 31.47 31.64 31.75
7101337 34,45 34,78 34,98 35,28 33.74 34,18 34.37 34,73 34,90 35.07 33.61 33.91 34.09 31,78 31.99 32.09
7101407 34,53 34,92 35,17 35.42 33.87 34.38 34,55 34,96 35.15 35.34 33,72 36,01 38,25 34,53 34,76 34,89
7101422 34,66 35.05 35,29 35.59 33.88 34,38 34.63 35.02 35,18 35.39 33,78 34,12 34,32 34.61 34.84 35,03
7101437 34,66 35,00 35.20 35.54 33,96 34.43 34.69 35.05 35.18 35.37 33.81 34.16 38.37 34.67 34.87 35.05
7101507 34,62 34,98 35,18 35.51 33,92 34.41 34,84 35,06 35.19 35.39 33.85 34.22 34.44 34,74 34,95 35,12

Table A-11. Air temperature and windspeed at Station 5 for July 10, 1976. Net radiation (Rn), soil heat flux (S) and wind direction (6)
are also shown.

l —————————————— Air Temperature (C) | | Windspeed (m
Rn s [}
Station 5 Station 5
Date ISO cm 75 cm 100 cm 150 cm 200 cm 250 cm| |50 cm 75 cm 100 cm 125 cm 150 cm 200 cm 250 cm| (1y/min) {ly/min) (degrees)

7101007 30.74 30.91 30.94 31.11t 31.15 31,18 3.58 4.23 4.63 4,93 5.26 5.67 5.80 0.81 ~0.11 10,00
7101022  30.98 31.16 31.19 31.38 31.44 31,47 3.52 4.22 4.60 4.92 5.21 5.65 5.72 0.83 ~-0.12 10.00
7101037 31.29 31.49 31.53 31.71 31.79 31.82 3.51 4.4 4.52 4.83 5.07 5.44 5.57 0.85 -0.13 999.99
7101107 31.90 32,14 32,23 32.46% 32,54 32.59 3.90 4.68 5.00 5.46 5.74 6.21 6.22 0.89 -0.17 10.00
7101122 32,23 32.49 32.57 32.82 32.93 33.01% 3.87 4.68 5.01 5.51 5.73 6.28 6.29 0.90 -0.17 10.00
7101137  32.47 32,75 32.86 33.09 33,20 33.29 4.00 4.79 5.17 5.64 5.88 6.43 6.41 0.90 -0.18 10.00
7101207 32.62 32.91 33.01 33.28 33.39 33.48 4.05 4.83 5.31 5.67 6.02 6.47 6.52 0.90 -0,19 10.00
7101222 32.93 33.22 33.33 33.62 33.72 33.81 3.56 4,27 4.60 5.00 5.24 5.70 5.77 0.90 ~-0.18 10.00
7101237 32,79 33,11 33.22 33.49 33.68 33.77 4.09 4.87 5.34 5.71 6.06 6.52 6.58 0.89 -0.17 10.00
7101307 33,31 33.65 33.78 34.06 38.23 34.34 3.93 4.73 5.12 5.55 5.82 6.33 6,32 0.87 -0.16 10.00
7101322 33.29 33.65 33.81 34.13 34,31 34.41 3,87 4,68 5.08 5.50 5.80 6.32 6.39 0.86 -0.15 10,00
7101337 33.39 33,79 34.00 34.34 34.51 34.62 b4.22 5.03 5,48 5.92 6.22 6.75 6.73 0.83 -0.14 10.00
7101407 33.54 33,91 34.1C 34.42 34,60 34,71 4,26 5.17 5.61 6.10 6.41 6.98 6,91 0.78 -0.12 10.00
7101422 33.52 33.93 34.16 38.5%1 34.68 34.79 4.24 5.18 5.61 6.12 6.40 7.02 6.91 0.76 -0.11 999,99
7101437  33.61 34,00 34,23 34.57 34,71 34.83 3.93 B.72 5.13 5.53 5.81 6.28 5.36 0.72 -0.10 10.00
7101507 33.66 34,07 34.32 34,65 34.81 36.92 3.88 4.68 5.04 5.46 5.71 6.17 6.19 0.65 =-0.08 10.00
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