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Direct Measurements of the Inergy Balance

over a CGrass Surface -~ A Preliminary Report

by C J Richards

Summaxy

Since the spring of 1976 an experiment has been in progress at
the Meteorological Research Unit, RAF Cardingtoh, designed to
measure directly the components in the energy budget over a grass
surface, and to study their variation over time scales ranging from
one hour to several months, The instrumentation used in this
experiment is described, and some theoretical background presented.
Measuremente made during the spring and summer of 1976 show that the
energy budget is capable of changing significantly over periods as
short as a few hours, Evaporation, in particular, is found to exert
e very strong influence on the energy budget.
l, Introduction

Much attention h#s been paid receﬁtly to the problem of
desc;ibing and modelling the atmospheric boundery layer; see, for
example, Smith and Carson (1974). In particular, attempts have been
made to describe the behaviour of the surface boundary layer in terms
of external, readily assessed physical and meteorological parameters;
eg Smith (1975). The surface boundary layer, which comprises the
lowest few tens of metres of the atmosphere, is that layer directly
influenced by the underlying surface and in which the turbulent Iluxes
of momentum, heat, and water vapour vary by only a small percentage
from their surface values, It is a very important region of the
atmosphere because, not only are man's activities largely confined
to it, but also many of the basic energy transformations occur within

it. On a clear day, for instance, incoming golar radiation is
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absorbed at the earth's surface, and converted into radiant energy of
longer wavelength and also into other forms of heat energy. How
this conversion occurs depends very much upon the nature of the
surface. For a typically vegetated land surface the net incident
radiation is converted into (a) latent heat of evaporation, and (b)
ordinary (or "sensible") heat. Some of this sensible heat is con-
ducted down into the ground as a soil neat flux, and the rest is
used to heat the overlying air through a combination of eddy diffusion,
rediative, and molecular conduction processes. The balance struck
between these energy components will vary from one surface to another,
and can also change daily over a given surface. Small scale motion
systems in the atmosphere are strongly influenced by the nature of
the underlying surface; for instance, cumulus convection, the sea
breeze and heat thunderstorm, or radiation fog - and this influence
becomes stronger as the scale decreases, It is ‘therefore logical
to presume ithat any attempt to understand these sysiecms would be
incomplete without a knowledge of the energy budget at the surface.
Despite theoretical attempts to do so there have been, until
recently, few attempts at measuring directly the components of the
surface energy budget over a prolonged period. Blackwell (1963)
has described some experimental work at Cambridge in wh ich measure-
ments were made to assess the importance of evaporation in the
energy budget. However, in an experiment at the Meteorological
Research Unit, Cardington, the energy balance components over a
grassy site have been mel3ured since 1976. This paper forms a
general introduction to this expériment and presents some of the

data that was collected during the spring and summer of 1976,
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24 Definition of the Energy Balance Eguation

From the principle of conservation of energy it is clear that
all gains and losses of energy at the earth's surface must balance.
For a uniform, horizontal land surface this balance can be expressed
by the equation:

Ry = H+G+LE (1)
where RN is the net receipt of radiant energy at the surface, H is
the flux of sensible heat transferred from the surface to the air
above it, G is the downward flux of heat into the soil, and LE is
the energy required to evaporate surface moisture; (see Munn, 1966).
RN represents the radiation balance among the following components
(refer to Fige 1):

Ql = direct, shortwave radiation - the solar beam;

Q2 = diffuse, shortwave radiation - scattered from clouds and

the atmosphere; :

Q3 = shortwave radiation scattered by the surface -~ upward;

Q, = longwave emission from the atmosphere ~ downward; and

4
Q5 = longwave emission from the ground - upward.
Therefore Ry=Q +Q,+Q) -Q -Q (2)

By convention, positive RN repregents a net gain (or warming),
end negative Ry a net loss (or cooling) of radiant energy. Positive
H defines the heat energy available for warming the air, and it is
associated with an unstable temperature stratification in the
surface laye:r, ie ad Jdz < 0. Negative H defines the downward heat
flux throvgh a stable layer, ie where d‘e/alzz > 0. G >0 represents
the downward soil heat flux which arises when the temperature of the
soil decreases with depth. @ < 0 describes the upward flux of heat

generated by the reversal of this temperature gradient. Positive
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LE defines the upward transfer of water vapour into the overlying eir
through evaporation, and constitutes the latent heat flux. LE< O
defines condensation, such as dewfall. The latent heat flux is
related to the rate of evaporation E through the equation

LE = ExL (3)
where Lv is the latent heat of vaporization.

For a vegetation-covered surface LE strictly represents the
energy loss due both to evaporation of surface moisture and the
transpiration of water vapour from the vegetation cover itself, In
this respect, LE defines the net water loss, or “"evapoiranspiration",
from the surface. "Potential evapotranspiration®” is the evaporation
from a vegetation cover that is never short of water. In practice,
the actual evaporation, as defined by LE; depends very much upon
the available water in the ground, and if the reserves of soil
moisture are not regularly replenished by rainfall, LE can fall very
quickly below the equivalent potential rate of evapotranspiration;
see Penman (1949). In this respect, the moisture available in the
ground exerits as important an influence on LE as does the atmosphcre,
(A review of the physics of evaporation is given by Penman, 1956).

The components of the energy balance are defined in terms of
their flux intensities, using watts per square metre Mm‘z). For
comparison purposes, the solar constant S = 1400 Wm-z.

MEASUREMENT OF THE SURFACE ENERGY BUDGET - INSTRUMENTATION

3. The Exverimental Site

The experimental site at Cardington lies about 4 km southeast
of Bedford within the broad clay vale of the River Ouse. It
provides an excellent exposure to the weather from most directions.

There are, however, two large hangars (approx 50 m high) about 0.5 km
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to the north, and the outer suburbs of Bedford lie about 2 km to the

northwest. Both the site and its immediate surroundings are grass-
covered, but the surface of the agriculiural land beyond varies from
arable and cereal cover to rough pasture and small woods. The

fetch over grass is limited to between 400 and 800 m, and this
restricts the constant flux layer at the site to a depth of little
more than 4 me A plan view of the instrument enclosure at Cardington
is given in Fig. 2.

4. Measurement of Net Radiation and Soil Heat Flux

The net radiation, RN in eguation (1), is measured directly
with a ventilated radiation balancq meter of the Kew Observatory
pattcrn, supported parallel to the surface at a height of around 1 m.
The sensing elenent is a thermopile which is embedded in & blackened
plate, and meesurements are accurate to between 5 and 10 pexr cent.
The calibration of the instrument is checked at approximetely six
monthly intervals., Useful measurements cannot be made when it is
raining.

The soil heat flux G at the surface (z = 0) is an extrapolated
estimate based upon measurements at several levels below the surface,
This is becauvse it is physically impossible to measure thie quantiiy
without disturbing the surface. Furthermors, not only does the
finite size of the sensor produce an unavoidable volume-integrated
measurement, but also the sensor must be buried deep enough to
prevent any direct sky or solar radiation reaching it. An alterna-
tive approach to the problem would be to measure the soil temperature
profile with small thermo-electrie sensors, and to calculate the
heat flux through the soil using the equation of thermal conductivity.

Unfortunately, the conductivity coefficient in soil can vary greatly



T e
with depth since it depends on density and moisture content in the
soil; and these variations are often exaggerated in the surface
layers; see, for example, Geiger (1950)., An amenable solution is
to use suitably calibrated flux plates, and this apprcach has been .
adopted in this experiment. Five flux plates were buried in a hole
at depths of 5, 10, 20, 40 and 80 om (Fig. 3), with the top plate
lying in contact with the root system of the thick turf cover on the
surface, Care was taken to ensure that the goil removed from the
hole before the plates were buried was replaced at approximately the
seme depth afterwards. A second, shallower hole was dug zbout 20 m
away, and two plates installed at j cn and 10 cm for comparison
Parpesces. The estimate of @ is based upon extrapolation of measure--
ments at 5, 10 and 20 cm depth, and confidence in this quantity is
limited to 20 per cent; although it probably exceeds 50 per cent on
clear days when the flux divergence in the top 10 cm of soil is 3
particularly large, as is likely when RN is chenging rapidly with
time.
5 Measurement of Latent Heat Flux
Evaporation measurements are made routinely at Cardington,

independently of the experimental programme. - Evaporation from a watexr
surface is measured daily using a Met Office British standard
evaporation tank. The latent heat flux, LE, is derived frem hourly
measurements of the evapotranspiration from the short-cropped grass
surface of a weighinglysimeter; (see Blackwell, 1963). This is a
square ‘tank of surface area 2 m2 and depth 50 ecm; and it contains a
sample of soil representative of the surroundihg site,  The change
in the weight of this tank due to evaporation from the surface or
‘rainfa.ll upon‘it is monitored automatically. If AR mm is the

.. . L)
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equivalent depth of water evaporated from the surface of the lysimeter
during a period.[&t sec, the rate of evaporation E per unit area is
given by

E = 2—?—-2— 1~c,»_9_,'111.1sec"1 o (4)
The latent heat flux LE is then derived from equation (3), and its
anits are Wn ™ if L, has dimensions of joule.kgm"l.

Although the lysimeter cannot normally resolve variations in the
evaporation rate over periods of less than one hour, it has neverthe-
less proved to be a direct and consistently reliable means of measuring
LE continuously, with an accuracy of between 10 and 20 per cent; and
all the LE data in this paper originates from this source,

The latent heat flux may also be derived, indirectly, from the
gradient of specific humidity in the surface layer using the traunsport
equation: :

B = - pKyo §2 (5)
and measurements of q at six levels are being made for this purpose
(see section 6a)e. Unfortunately, the success of this method depends
upon a reliable formulation of the diffusivity coefficient, Kq; and
this is normally derived experimentally from the direct measurement
of LE and dq/dz over a variety of stability conditions. Recently,
a fast response hygromoter (v~ 1 Hz) has been fitted to the Cardington
turbulence probe (see section 6b) in order to measure directly the
eddy flux of water vapour and, therefore, LE through the equation

LE = gwiq" (6)
The performance of these three methods in deriving LE, ie equations

3, 5, 6, is yet to be evaluated.



6. Measurement of Sensible Heat Flux

The sensible heat flux H cannot be measured as readily as can
RN’ G, or LE, Three methods are available for estimaiing Hs
Be aerodynamically,‘from the gradient of potential temperature -
using the transport equation
H u-fCPKhd@/M (7);
b. directly, by eddy correlation techniques using the eddy
flux egnation
H o= o0 wer (8);
and o©. indirectly, using the balance equation (1) itself, in

which H is expressed as a residual in terms of RN’ G and LE,

H = Ry =G -LE (9)

e Aerodynamic Method

thus 1
i

In the transport equation (7), K, is the eddy diffusivity -
for heat transfer, and can be described by a generalized relation-

schip of the form

ka,z

o -5;:—- (20),

where ¢h is the non-dimensional temperature gradient and a
function of the stability parameter z/L; see, for instance,
Sutton (1953) or Priestley (1959). The representation of ¢h
is inevitably semi-cmpirical and many formulations have heen
published; (see Haugen, 1975). A comprehensive descriplion
of #, and alse ¢h, the non-dimensional wind shear, has been
given by Businger et al (1971), derived from a data set
gathered by AFCRL in Kansas. These functions were found to

provide good flux-profile relationships over a variety of *
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Unstable (z/L< - 0.l1) ¢m
Near Neubral (- 0.1 z/L{0.175) ¢

Stable (z/LP0.175)

stability regimes, and they have been wsed in this experiment

to derive Kh‘ They are:

(1-15 z/L>d%
0.74(1-9 2/L)™®
143 2/1410.2(2/L)° (11)

P

0.74+3 z/L+9.2(z/L)2
1447 /L
0.74+4.7 z/L

___;&B&b‘,&
1 b ]

where von Karman's constant was taken to be k = 0.35. (Note
that many other workers still favour k = 0.4).
The stability parameter, 'z/L, and the Richardson number,

Ri, are related by the equation

Ri = 3z/L Pn (12)

gz

However, since it is impossible to solve this equation analytic-
ally for negative z/L, z/L is expressed explicitly in terms of

Ri by fitting a sixth order polynomial in Ri fo a plot of Ri
against z/L, and this means that ¢h, #, can then be expressed

as functions of Ri. The Richardson number is calculated from

20 minute-meaned profiles of wind speed and potential temperature,
to each of which is fitted a log-quadratic regression funciion

of the form 2  + a, logez+32(1ogez)2, where 7 is height and a ,
&y 2, are regression coefficients,

At Cardington, wind speed and temperature are measured av
heights of 0.5, 1, 2, 4, 8 and 16 m above the ground using two
20 m high masts. One mast is fitted with a set of six light-
weight photo-electiric cup anemometers. Cn the other, dry and
wet bulb temperatures are measured using standard platinum-in-

i
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steel resistance thermometers, which are screened from direct
radiation by means of weather-proof housings (Fig. 4). A motor
is fitted to the mast at each senring level, and this ensures
both elements are ventilated with a steady current of air. A
thin paper-tissue wick fitted over each *wet' element is

supplied with distilled water from a bottle, that is mounted on
the outside of the housing. The resistance elements on the
masts form arms within an extended bridge network, and temperature
changes at each level are translated into voltage differences,
which are logged in the recording laboratory. Temperature

differences between one level and another on the mast cannot be

: ; o
measurcd with sm accuracy much better than 0.1°C.  Both

temperature and wind speed are sampled at two-minute intervals,
the wind measurements representing the mean‘speed during the
preceding two-minute period, and data sets each of several days
duration can be gathered. The masts can be lowered for
gervicing and routine meintenance; eg calibration, replacement
of wicks and topping up of water bottles.

The friction velocity u, in equation (10) is calculated

from the relationship
k(z-d) du
jri -é;—)- - = (13)

where 4 is the zero-plane displacement. Since the grass over
ithe experimental site is cut regularly, d <Kz and has therefore
been ignored. By substituting velues of ¢h and , into
equation (10), K and, hence, H can be calculated.

It should be noted that the statistics upon which equations
(11) are based are valid only for Ri < 0.2l or so, and this

~



restricts their application in very stable conditions. However,

in these circumstances turbulence in the surface layer is
probably so smell that the (downward) sensible heat flux is
virtually zero anyhowe

The accuracy with which H can be calculated by this aero-
dynamic method is clearly limited by the semi-empirical descript-
ion of ¢h’ At Cardington, it is also limited by the restricted
fetch over grass, and therefore by the relatively shallow
constant flux layer (4-8 metres deep) at the site; (see Wood,
1977)« For these reasons, the sensible heat flux cannot normally
be measured by this method to much better than 20 per cent.

b. Eddy Correlation Metvhod

-The eddy correlation method is essentially the only way of
measuring H directly, and the fast response instrumentation
efforded by the Cardington turbulence probe is used for this
purpose; see, for example Readings and Butler (1972), and
Caughey (1977). The sensors on the probe measure the instan-
taneous components U, V, W of the wind vector and the itemperature
T, and, more recently the specific humidity q. The eddy heat
flux, defined by equation (8), is derived from the fluctuating
quantities w' and T' through statistical correlation theory,
and it can be measured to within 10 per cent. The probe is
pounted on an extensible, mobile mast which is raised to a
height of 16 m, and the output signale are sampled at a frequency
of several hertz. The large physical volume of data generated
tends to limit the length of each data set to two or three hours
duration, in contrast to several days' worth of heat flux data

which is available from wind and temperature profile data.
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For these reasons, long term (eg daily) measurements of H are
based wpon the aerodynamic method, profile data permitting,
and eddy flux measurements with the probe are used periodically
to check the performance of this method. A preliminary
comparison of both methods (a) and (b) is shown in Fig. 5,
using data gathered in 1976. Although there is scatter about
the 450 axis, this graph does show modest agreement beiween
the aerodynamic and eddy correlation methods, with a standard
2

error of probably around 30 Wm .

¢. Residual Method

The validity of estimati?g H as a residual quantity using
equation (9) depends; of course, upon the energy balance
equation (1) being satisfied in the first place. In practice
this equation is not satisfied because the peasurement of
=
is given by Ry - (G + LE + H). Measurements of these energy

G, LE and H is far from pvrecise. The resulting “imbalance"

balance components over a wide variety of conditions during 1976
show that this imbalance is a rather unpredictable quantity,

but on the whole equation (1) is found to be satisfied within
the error limits associated with the components. This method
has therefore been used to derive H in the absence of profile

measurements, with a standard error of between 20 and 40 Wmﬁz.

PRESENTATION OF DATA

Some Typical Soil Heat Flux Profiles

Before presenting some typical measurements of the soil heat flux

it will be useful to review briefly the relationships governing the

flow of heat in the ground. All natural ground consists essentially

_of (a) soil, (b) free water, and (c) air, occupying the spaces
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between the soil particles. The relative proportion of these
components governs the specific heat per unit volume (?C) of the =oil
at any depth, z. It is only a constant for perfectly.dry 80il, and
increases in value with the water content of the soil; see, for
example, Geiger (1950).

The rate of flow of heat through the scil G is given by the
conductivity equation

G = - ﬁs 30/32 (14)

where E; is the thermal conductivity, and 35%2 the vertical
temperature gradient in the soil. és varies in the same sense as
the density and soil water content, just like the specific heat (VC).

The rate of change of temperature is related to the heat flux

divergence in the soil through the equation

ey e
ot (PC)‘EZ o
By eliminating G from equations (14) and (15), the heat conduction

equation ir one dimension is obtained, assuming ﬁ s is constant wiih

depth, thus:

o8 . k.26

ok 'az 2 (16)

where K = ﬁS/'ec is the thermal diffusivity of the soil (units: Mzsec-l).
The solution to this equation depends upon the boundary conditions
imposed, but if a sinusoidal time-dependent boundary condition, of
angular frequency () , is applied at the surface (z = 0) in order to
simulate the daily radiation wave at the surface, a solution can be

derived for the soil heat flux G at any depth z, thus:?
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G (z¢) = Clo e-—>\2 Sc"ra (w&—)xZ)

N i

where /\1 2__‘!(

This describes a progressive wave of phase velocity V, given by

= /\)2 Keco (18)

whose amplitude decays exponentially from its surface value Go, and

(17)

lags in phase linearly with depth. Thé amplitude, Az, of the soil
heat wave at any depth z is related to the amplitude, Aref’ at some
given reference depth Zref thus:
nz/ﬂﬂf = exF[%(ZrcF“Z)J (19)

(The solution of equation (16) for the temperatureéa (zyt) has a
similar form as equation (17), but it lags in phase by TV /4 relative
to ¢ (2, t)). Emation (19) can be used to determine the "pene-
tration depth" of either the daily or annual heat wave into the soil.
This depth is the level at which the amplitude of the soil heat wave
is reduced o one per cent of its surface value.

Fig. 6shows profiles of soil heat flux on June 26 1976, during
a hot, fine period at Cardington, at various depths between 5 and
80 cm. The net radiation at the surface is included for comparison,
end this curve reaches its maximum daytime value at around 1200 GMT.
The associated heat wave generated at the surface is conducted down
into the ground with an increasing time (phase) lag, as predicted by
equation (17). The wave travels with a mean velocity of 3.5 cm hr-l,
and it reaches the 40 cm level in late evening. Since(J can be
obtained from the half-period of the wave motion, which is about
10 hours, equation (18) can be used to derive the value K = 0.54 x
10-6 Mzsec—l for the mean diffusivity in the top 40 cm layer of soil,
A value of 51 cm for the penetration depth of the diurnal soil heat
wave ig then obtained from equation (19). This value agrees well

i
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with the experimental data in Fig. 6, since the diurnal oscillation

in the soil heat flux profile dieappears between 40 and 80 cme The
steady downward flux of S,Wm-2 at 80 cm reflects the lomger term
(ie seasonal) warming of the soil at this depth.

It is interesting to examine how the observed amplitude
reduction with depth shown in Fig. 6 compares with theory, as given
by the ratio Az/Aref in equation (19). This ratio has been tabulated
in column 2 of Table 1, expressed in terms of the peak-to-peak amplitude
(ie diurnal range), Qs,of the heat wave at 5 cme Column 3 gives the
diurnal range of the soil heat flux measured at each depth z, (though
the surface value of 145 Wm—z is based on the method of extrapolation
mentioned earlier)., Lf the observed diurnal range at 5 cm is mulii-
plied by the percentages of column 2, the theoretical variation with
depth of the peak-to~-peak amplitude is obtained, and this is shown
in column 4. A comparison of columns 3 and 4 indicaies that the
observed amplitude decay agrees well with the exponential law of
equation (19), Fxcept at the surface where the theoretical and extra-
polated values differ noticeably, The agreement is not perfect
because various assumptions are implicit in equation (19). Firstly,
soil is not a homogeneous medium. Density, conductivity, and
specific heat can 21l vary with depth, in which case K is no longer
a constant. To illustrate this point, it can be seen in Fig. 6
that the mean phase velocity of the soil heat wave in the 2040 cm
layer, (which depends on K throughequation 18)), is half that in the
10-20 cm layer. Secondly, the nature of the driving wave at the
surface z » 0 is only approximately sinusoidal in clear weather.
The shape of the diurnal radiation RN wave is perhaps better described

by a normal (ie "Gaussian") function. In cloudy weather, R, wouid
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be such a complex function of time that the solution of equation (16)
would be impossible.

In order to illustrate the conmsiderable heat flux divergence that
typically occurs within the top layer of soil during a fine period,
Fig. T shows isopleths of heat flux on a depth-time plot over a three
day period toward the end of Junme 1976. The gradient of the two
sloping lines on this diagram gives the mean downward velocity of the
heat wave into the ground. The diagram demonstrates how difficult
it can be to obtain a realistic measure of the surface soilheat flux

in these conditions.

8. Typical Diurnal Variation of Surface Layer Temperature and

i {
Wind Shear on 2 Fine Daw

In Fig. 8 the evolution of the surface layer temperature profile
is shown for a fine day during August 1976, with meaned hourly
profiles (GMT) plotted against a log-height scale, The diagram shows
that the overnight inversion in the surface layer breaks down shortly
afier sunrise (0500 GMT), with a near neutral layer establishing
itself for an hour or two, during which time the temperature rises
rapidly. During the morning the static instability of the layer
increasec steadily, and a temperature lapse of between 2° and 2.5°C
develops between the 0.5 and 16 m levels. This superadiabatic gradient
does not change significantly during the midday period, ie 1000-1400 GMT.
From mid-afternoon onwards, however, the layer begins to cool from
the surface, and it becomes neutrally estable at around 1700 GMT, about
an hour before sunset. During the evening an inversion develops
and strengthens in the layer, and is accompanied by a _steady fall
in temperature. This cooling, however; is considerably less rapid

than the warming which occurs after dawn.
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Fig. 9 shows the wind shear in the layer during the same day,

when a moderate southeasterly airstream covered the area, it
illustrates the classical departure of the vertical wind profile from
the log law in non-adiabatic conditions. When the layer is stable,
eg around dawn and during the evening, the profile is curved toward
the U axis because du/d(log z) increases with height. However, as
the superadiabatic temperature gradient develops the curvature
reverses its sense very noticeably. This behaviour is; of course,
described by the well-known differential relationship, du/d(logez) =
(u*/k)¢m, where the dependence of ¥m on stability is given in
equations (11). It may also be noted that the wind speed in the
lower part of the surface layer is closely associated with the change
in static stability; it increases rapidly during the morning, changes
little during the forenoon and afternoon, and decreases slowly in
the evening.

9., Discussion of the Surface Energy Budget: April—Aueust 1976

The summer of 1976 was exceptionally dry in Britain, and many
accounts have been written about th is period of drought; see, for
instance, Perry (1976), Green (1977), and Ratcliffe (1977)s In order
to illustrate the effect which this drought had on evaporation at
Cardington, Fig. 10 gives a comparison of the evaporation from open
water'and the evapotranspiration from grass with the average for the
previous six years. It will be noted that, although evaporation
increased rapidly during the spring and early summer %o reach a maximun
of 156 nm in July, evapotranspiration during the same period actually
fell, reaching a minimum of less than 40 per cent of the mean by
Avgust:  This reduced evapotranépiration exerted a most noticeable

effect on the surface energy budget dui‘ing this period.
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Figs. 11(a), (b) show the daily variation of the components in
the energy budget at Cardington, averaged over the period 0600 to
1800 GMT, and alsc the daily rainfall, from April to August 1976.

Of the four terms in the budget it will be noted that the net
radiation RN is generally the largest, and, furthermore, is usually
subject to the greatest daily changes. This is because RN is
strongly dependent on the elevation of the midday sun, and on
meteorological factors such as cloud cover and depth, and atmospheric
turbidity. The other components in the energy budget reflect the
variations in RN to a greater or lesser degree. Soil heat flux, G,
for instance, follows RN closely, put with greatly reduced amplitude.
In fact, any one of the four componente in the balance equation can
fluctuate rapidly, and the nature of the energy budget can therefore
change significantly daily; see for instance, the periods 24-26 May,
18-22 June, and 14-18 July.

The latent heat flux LE is a generally complex function of the
net radiation RN’ the drying power of the wind, and the moisture
content of the soil. Where there is an adequate supply of soil
moisture, LE is a strong function of RN' During April and May this
was the case, and LE was typically the second larget term in the
energy budget, exceeding H and G (Fig. 11(a)). However, as the
summer advanced and the ground water supply was depleted through
evaporation and transpiration, LE fell steadily and became the
smallest term in the budget during August, accounting for less than
10 per cent of Ry (Fig. 11(b)). During the same period the sensible
heat flux, H, increased in magnitude and became the second largest
terme When it did rain LE recovered somewhat, usually at the

expense of H; see, for instance, the 15-22 July. However, this
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modification to the energy budget was typically shortlived, and the

newly &aocquired ground water was soon depleted through evaporation.
A large reserve of soil moisture, regularly replenished by rainfall,
is necessary to support evapotranspiration near the potential rate
during the summer.

A detailed hourly analysis of the energy budget on six days,
including cloud cover and screen temperature, is given in Figs. 12(a)-
(f), and it illustrates some aspects of the diurnal variation ofthe
energy budget during the spring and summer of 1976. On fine days,
RN reaches a midday maximum of between 400 and 500 Wm-z; see Figs.
12(b, ¢, e, f)e The soil heat flux G tends to lag in phase behind
RN by an hour or so, as is illusiratcd for the partly cloundy days
shown in Fig. 12 (a, d4). This phase lag implies that G is not a
true surface value and probably reflects a limitation of the extra—
polation method discussed in section 4. The sequence of diagrams
in Figs 12illustrates well the role reversal of LE and H during the
summer. The period from 23 June to 7 July was particularly hot,
during which daytime temperatures exceeded 30°C, and the latent heat
flux fell rapidly; ocompare Fig. 12(d) with 12(e). From 20 July to
27 Avgust virtually no rain fell at Cardington, and the sensible
heat component dominated the daytime energy budget. It is worthe-
while noting how the small LE term became less and less dependent on
Ryy responding mainly to any available surface moisture, For
example, overnight dewfall on clear days tended to boost LE for
several houre after dawn during this period. Indeed, +the daytime
maximum of LE was sometimes reached very early in the day during
Avgust, and this contrasts with the obvious RN dependence earlier

in the year, eg 6 April (Fig. 12a).
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Despite the apparent absence of surface moisiure by day in
Auvugust, (the ground was cracked and backed hard), the grass cover
on the lysimeter continued to transpire some water, although it
amounted only to around 0.4 mm per daye. Because thé grass on the
lysimeter did seem marginally greener than the surrounding surface,
it may have overestimated the latent heat flux at this time.
(Bvaporation from non-irrigated lysimeters is sometimes criticized
for being unrealistically small during periods of drought )«

Although the soil and sensible heat fluxes are primarily
functions of the net radiation RN’ a large latent heat flux can
reduce the size of G and H appreciably, particularly if RN ie not

o

very big. 1In some cases, the chilling effect

av the sur
to strong evaporation can even drive these terms negative. Figel2(d)
gives an example of a day, 20 June, on which the energy balance was
dominated by a large LE term following some rain during the previous
24 hours. During the morning the latent heat flux increases 8o
rapidly in response to a drying wind that G and H are suppressed for
much of the morning. H is even driven negative for a short time
around 0900 GMT. The maximum sensible heat flux on this day is
delayed till late afternoon, after the latent heat term has long
passed its peak. It is noteworthy that the rise in air temperature
during the day wag very much smaller than, say, that on 24 May

(fig. 12c), when H was much greater.

10. Concluding Remarks

From the measurements of the energy budget during the spring and
summer of 1976, the following summary can be made.
i, Individual terms in the energy budget can be subject to

rapid short term (eg hourly) fluctuations. The budget,

=20=




itself, can alter significantly from one day to the next.

ii. Of the four components, the net radiation, RN’ is generally
the largest by day, and changes in RN are reflected in the other
three components to a varying degree.

jii. The latent heat flux, LE, is primarily dependent on RN’
provided there is an adequate supply of moisture in the ground
to permit transpiration at approximately the potential rate,
When, however, the reservoir of water in the soil becomes

seriously depleted as, for instance, during a drought, then LE

depends less on RN and rather more on available surface mcisture,

(eg dewfall).

ive When an appreciable fall of rain does occur during on

otherwise dry period, the latent heat flux can recover rapidly

to a value near the equivalent potential rate of evaporation.

This is usually a temporary feature of the energy budget, unless

there is renewed rainfall.

ve The soil and sensible heat fluxes are functions of RN by

day. The soil heat flux usually constitutes between 15 and

25 per cent of RN’ but the sensible heat flux is very dependent

upon the magnitude of LE.

vi. The incident radiation is conducted down through the soil

'gs a heat wave, with an amplitude that decreases exponentially,

and a phase lag that increases linearly, with depth. The

diurnal wave does not penetrate much deeper than 50 cm (in clay

s0il). .

The exceptional character of the swmmer of 1976 bas served well
to illustrate how quickly the surface energy budget can change over
_various time scales, and it has demonstrated how much the components

in the budget depend upon one another.
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Figs 12 : Hourly Energy Budget, Cloud cover and Screen Temperature
at Cardington:
(a) 6 April 1976 (c) 24 May 1976 (e) 1 July 1976
(b) 7 May 1976 (a) 20 June 1976 (f) 16 August 1976
X = = - x Net Radiation, R

N

x x Soil Heat Flux, G

e 0-000.00 Latent Heat Flux, LE

©
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Cloud cover is indicated by the row of plotiing symbols at
top of each diagram. Abbreviatione beneatn give cloud
type. Significant weather is given by the symbols of the

"Present Weather" (ww) synoptic code.

TABLE 1 Comparison of the Actual Soil Heat Flux Profile with the

Theoretical Prediction.
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Fig. 10. Monthly evaporation at Cardington — March to October 1976




=t

LS

om, T

-~
—-.-.'--

15

ww [[equtoy Aling

o}
() L
WA\ 18bpng ABieue eopying

April to June 1976

Mean daily (0600 - 1800 GMT) Surface energy budget at Cardington

Fig..11 (a)



<

-
—"‘-’—

o

wuw [[pyuiny Ajng

August

July

10

28

June

22

ly surface energy budget at Card

1976

)
¥
.

(0600 - 1800 GMT) June to Augus

ington:

aai

Mecn

Fig. 11 (b)



Wm2 Cloud cover
500'@@@@@@@@@@@@@
Sc Cu/Ci Cu/Ci Sc/Ci
400 = W 20°C
- 15
300 = +—'+\+ - 12
-8
200 |
100 -
\0&--0.
\x ~‘o._
0 Lot O > Y N =
806N /08 10 12 14 1650 xuIB~x GMT
6 April 1976\\@
Fia. 12 {a)
Wm2 Cloud cover
50r 0 @ @ @ @ O O 9 OO OO0 @
C Sf Sf/Cl )(-- -X Cl CU C‘ Cb/c
S T % :
= = :] /x \\ "K :
400 | / % Lot S IC
/ & 4
> \ 4 20
300 -1 16
- 12
\
200 \ g
\\
\\\x‘
100 !
- N
: "\:\.
i Ko . 3¢
¢ o el | \Iju
. L 8 10 12 14 16 18° GMT
7 May 1976



-

4 v

Wm~2 Cloud cover

- 9 0 DD DO OSSO
Cs Cs Sl Ci Ci Cs/Ac
X s X
400 - 24°C
d20
\_*_
300 1 =116
-112
200 -18
5 )
100
0 =i ~ = A e ST
x’Oéidty 038 10 12 14 16 18 b GMT
24 May 1976
Fig. 12 (c)
Wm~2 Cloud cover
50r @ ¢ @ © ® ¢ @ @ 9 & & G @
Sc As Sc Cu Cu Cu Sc
©0 oo ® a
400 |- /"\ < 24°C
/ N
x/ N +/+\+____+ 2 < 20
/ /+/ — s 3
300 = /+/+/—'+ \ -1 16
+/+ / \ P
/+/ N oH =12
25 X \
_——-X” o"o\ LE X
200 |- R %
Last” : \
100
0

x=06" 08 0 1 14 16 18 GMT
20 June 1976




-

Wm~—2

500

400

300

200

100

500

400

300

200

100

00000

Cloud cover

. O O BB Db 6

Ac x\\Axc Ac/Ci Ci - 37°C
D S ek SO
St TN ~+ T 48

Cloud cover

" ©©0,0800000000O0

i,

G

o L O
24
-1 20
16
-1 12

16 August 1976



1. 2 3. 4,
Depth Az/As Diurnal Range Diurnal Range
L percent measured predicted
cm. Wm—2 Wm =2

1568 145 g
: 100-0 /78 78
10 63-8 54 50
20 260 17 20
40 4-3 36 3-4

Table 1. Comparison of the Actual Soil heat flux profile

with the Theoretical Prediction
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