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Estimation of Fluxes from
Routine Meleorological Data

1. IntroductLion

Estimation of surface fluxes is essential for determining atmospheric
gtability which is in turn very important for air pollution modelling.
Among the surface fluxes, the sensible heat flux H and the momentum flux,
normally represented by the friction velocity U¥, predominate. These
fluxes can be measured cither by the eddy correlation method, or less
dircectly by wind and temperature profile measurcments combined with
empirical universal functions based on similarity theory. Often, none of
ithese measurcments is available, and it is necessary to give rough
estimates through the usc of standard metecorological observations of cloud,
temperature, humidity, wind and precipitation.

- The present study concerns this ostimatibn. Particular atiention was
paid to two difficult points in this study:

(a) The cstimation of nel radiation Rﬁ from solar clevation and cloud
informalion;

(b) The estimation of the sensible heat flux H and the lateni heat
flux LE by the resistance method which involves the estimation of surface
resistances.

For a uniform, horizontal land surface ithe balance of incoming and
outgoing cnergy is governed by ihe cquation

Rp ~H+ LE + G (1)
where G is the downward flux of heat into the soil. During day time, solar
radiation is the main source of the net radiation. A part of the incoming
encrgy is reflected back into space from the surface, but long-wave

radiation from the ground, clouds and the atmosphere also contribute to the




net radiation flux. During night time, cooling of the surface and

-

long-wave radiation from clouds and the atmosphere determine the net
radiation. Rp 1is much larger and more changeable during the day than at
night. This paper focuses upon the day-time situation. Thé way Lhe
available cnergy is partitioned into sensible, latent and soil heat fluxes -
depends on several factors, such as soil type, vegetation, and the state of
the ground. This partioning will be estimated using Monteith's (1965)
formula, after inferring the surface resistances. Then, the implied
friction velocity u* can be obtained through an iteratlive proccdure;

Comparison of these fluxes with independent data is deemed
satisfactory and encourages the belief that the method is useful in
practical applications, being not only recasonably accurate but sufficientily
simple to be used with a hand-held programmable calculator.

2. Net Radiation Estimation

During day time the net radiation is directly related to the incident
solar radiation at the eartﬁ's surface. Clearly it is a function of many
variables. Here we consider the most important, namely solar elevation and v
cloud cover. (Lumb, 1964; Smith and Hunt, 1978; Nielson et al, 1981).

Normally net radiation is calculated by é semi-cempirical equation, such as

Rp = Ao + A1 S + Az S2 + A3 S3 (2)
where S - Sin 6. 0 is the solar elevation, which is related to the ¢
latitude O of the station, (Julian) day nurber n of the year and the local

time t. According Lo the standard formula,

$ = 5in0 = Sin¢Sin A + cos$ cos A cos o (L-12) (3)



where

(4)
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N
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A is the solar lalitude (the latikude at which the sun is overhead). N,
the number of days in the year (365 or 366). For the southern hemisphere
equalion (4) should be modified by changing 81 Lo 264.

The problem is Lo evaluale empirically the coefficients of equation
25 Ao - A3z, which are mainly reclated to cloud cover.

Cloud information froﬁ standard meteorological stations is reported at
the beginning of the hour and consists of the total amount and the amount
and type at ecach of the three standard levels - low, medium, and high.
Cloud amount is given in eighths (oktas) of the sky covered, with a ninth
category associated with thick overcast clouds. There are ten classes of
cloud type. Cloud data are.however not as simple or as precise as other
routine meteorological data. Therefore for practical purposes, both in
evaluating the coefficients of equations (2) and in the estimation of net
radiation, cloud data will be grouped and simplified. Lumb (1964) grouped
the data mainly according to cloud type, into ninc catcgories and presecented
nine sels of cocfficients for an equation similar to (2). Nielson et al
(1981) divided the data into nine different classes, mainly according to
the total amount (except high cloud), and prescnted tre associated
coefficients of equation (é) for each okta.

Based on the analysis of Cardington data, which were collected during
a micro-metcorological experiment held in March 1976 - March 1977, we
conclude that the grouping of the cloud state can be much simpler,

requiring only two classes. The following points lead to this conclusion:




(a) The ten Lypes of clouds fall into Lhree basic categorics:

Cirrus, Stratiform and Cumuliform. Cirrus (Ci, Cc and Cs), consisting of
mainly ice crystals, is semi-transparcent. It has little effect on
radiation. Cirrus always appears al high altitudes.

(b) Wwhen cumuliform cloud is present the day is normally "partly
cloudy"”, and therc are breaks in the sky. The presence of cumulus in the
lower layers over land implics that there is enough surface heating to
generate it. Ahy cloud layers above the cumulus are normally thin. The
alternately illuminated and shaded surfaces scem Lo receive almost as much
sunshine as with clear skies. Morcover, data show that when there are only
1- 2 oktas -of cumuliform clouds the net radiation may be greater than when
ihe sky is clear (Smith and Huni, 1978). The recasons are probably that the
high 'walls' of cumuliform clouds arc good reflectors of downward
radiation, and that cumulus is often ag;ociatod with clear polar maritime
air.

(c) Any practical method should be based on data that would be
readily available. Roﬁtinc reports of cloud information, although
apparently complicated, are still very limited. As noted above the cloud
observation is Laken at the beginning of the hour. But the net radiation
reported is the hourly mean of readings.taken cevery one or two minutes.
This is usually not satisfactory since the cloud cover can change
completely within an hour. Also, since the observatiéns arce taken from the
ground, any cloud in the higher layer that cannot be sceen is not recorded.
The three-—layer cioud reports could omit some sub-layers. And the
thickness of cloud is not moasurgd, although this will obviously have a
large effect on the results. Such deficiencies of cloud informalion cause

sovere limitations for the modelling prediclion of the net radiation. From



the data analysis shown later it is clear that it would be a migleading

approach to attempt to group the cloud state into more finely partitioned
classos,

Fig 1 and 2 give two examples of the cloud-radiation plot. Fig 1
shows the time variation of Rp in a normal 'bartly cloudy' day. It is
clear that ihe radiation values at low solar celevation, particularly during
night time, are small and rather stecady. On the other hand at most hours
of the day time the radiation value fluctuates, sometlimes violently. The
cloud reports and the hourly mean values of Rp are shown at the top of the
Figure.

Fig 2 shows an cxample of scatter plot of net radiation against solar
clevation under the two extreme cloud states: clear sky (including a fow
situations of total amount < 2) and overcast (total amount > 7, not
counting high clouds). It is based on Cardington data from Mar — Aug 1976,
which included 20 clecar days. The points are very scattered. Even for the
clear days, when there was almost no cloud reported during the whole day,
the range of observed‘Rn is still more than 100 W/m2 at any specified solar
elevation. Scatter is even wider on the overcast days. Fig 2 shows thak
the two areas of points covering the two extreme cloud states adjoin and
even overlap each other at low solar elevation. This figure again shows
that it would not be véry meaningful Lo group the cloud states inlo very
fine classes. Other imporlant faclors presumably aséociated with

aktmospheric turbidity and state of ground, have yet Lo be identified.



In fact, it is-clear from the Cardington data analysis thal when the
total cloud amount is 3-6 oktas (including high cloud ::7- 8 oktas) tlhe
observed values of radiation are scattered predominantly wiLhin ithe range
of the points for the clear sky situation, as can be seen by comparing Fig
3 with Fig 2. Based on this study the model was developed as follows:

Oonly two conditions for the state of cloud cover are considered:

I, Total amount < 6 oktas, including high cloud Chx € 8 oktias.
I1. Tolkal amounk 2> 7 oklas, not counting Cy.
The coefficients of equation (2), based on the analysis of Cardinglon

data, 1976, are shown in Table 1.

Table 1
Cloud condition Ao Ay A2 A3z
| -45.0 102.5.1 - 742.2 =172, %
II 6.2 41.6 155.9 99.6

Figs 3 and 4 show the comparison between observed and calculated
results obtained by using the model above. Fig 3 is a scatter plot of
radiation at all observation times at Cardington during the period Apr -
Aug 1976. It consists of 52 days data, totalling over 700 hours.
Unreliable valucs were excluded; those mostly refer to situations with rain
or fog. Curves I and II presented in the figure are equation (2) for cloud
conditions I and II respectively. It is scen from Fig 3 that at high solar
elevation the net radiation for cloud condition I is much higher than that

for condition II, as would be expected. In contrast, at low solar




elevation, in the early morning and late afternoon, the radiation for
condition IT is higher. This is duc to the contribulion of long wave
radiation from the cloud.

The points scatter round the 45° line in Fig 4. The corrclation
between observed and modelling values is very good (r = 0.95).

It has been noted that, as shown in Fig 2, the points are widely
scattered cven in clear sky situations. This is not altogether surprising.

As mentioned earlier, in addition to the error of observation there are
still many other variables affecting the surface net radiation, e.qg. the
number of acrosol particleé in the air associated in part with the state of
air pollution. Unfortunately there are few data on atmospheric turbiditly.
Visibilily might not provide a good criterion on which to supplement
judgement for this purpose since it is only a property of the lowest layer
of the atmosphere. Cardington data show that in late June to the beginning
of July therc were seven sugccssive clear days; the net radiation at this
period was smaller (50-100 Wm 2) than that of the clear days in March,
April and August (at Lhe same solar elevation) although the visibilily was
better for many hours.

In order to cvaluate the generality of the m;dcl'derived above it has
been tested against several independent data sets. The resulls are shown
in Figs 5-14.

. Figs 5-8 show the comparison of the model with two other independent
Cardington experiments held in Junc, 1982, and Apr - May 1983,
respectively. The agreement is reasonable. fThe varialtion of Rp in a

typical "partly cloudy" day (cloud condition I) in the 1983 experiment is

shown in Fig 1, along with the hourly average and modelling values.




Figs 9-10 show the comparigon for a data sct from Kow Obscrvatory in

1978. The calculated value is slightly lower at high solar clevation.
Even so the model works well (xr = 0.94).

cardington and Kew may represent the situation in England and cven in
some European countries, where the ground is covered by short grass. For
stations with a quite different ground state (e.g. sparsce grass or bare
ground.or with some other cover) the albedo may be quite different, and
some parts of the model should be modified.

Figs 11-12 show the results for Wangara data (Clarke et al, 1971).
The Wangara experiment was held in the winter of 1967, Hay,‘Australia,
where there was almost no vegetation. The coefficients of Lhe modelling
equation (2) were different, as shown in Table 2:

Table 2

Cloud condition Ao Al Ao A3

I -45.8 269.0 830.0 ~400.0 x

331 =113 233757 159.0 125.5

The clouds are grouped into two classes as before. IL can be scen
that the radiation is much stronger than in England.‘

The Wangara model (Table 2) was tried against the data sel from
another experiment held in Aust;alia -- the 'ITCE', which was held in
Conargo in the summer of 1976 (Garratt et al, 1979). Because of the
shortage of cloud reports (only Lhree times a day), only seven days were

chosen for comparison. The results arce shown in Figs 13-14. There is an



apparent feature in the 'ITCE' day time radialion: on clear days (cloud <

2), at the same solar elevation, the nel radiation in ihe morning is higher
(~20%) than that in the afternoon. This may be related Lo the much lower
surface layer temperature in the morning.

Based on the analysis above it may be concluded thal the
semi-empirical cequation (2) can be used for estimaling nel radiation. The
coefficients of the equation are mainly related to the cloud cover. For
normal situations, grouping the cloud states into only two classes is
adequate. For stations with quite different ground state the coefficients
should be determined afresh.

3. The Monteith formula

Monteith (1965) presented a genceral formula for the latent heat flux
within the atmospheric surface layer above a vegetated surface. The
formula uscs the concept of surface resistance, which, in fact, expresses a
combination of the energy bglance cquation (1), the relationships between
fluxes and gradients of mean quantities and an a priori cvaluation of
surface conditions. A short review of the method is now given which will
help in the laler analysis.

The resistance method, widely used by plant physiologisis, is based on
an analogy with Ohm's law. The general form is

Flux - Polential difference

Resistance
Depending on which quantity the flux refers Lo, the potential difference
corresponds Lo the appropriate mean field parameter. Thus, for momentum

flux (here we consider the square of the friction velocily, U*2), the
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potential difference refoers to wind speed difference (Au); for sensible

heat flux (H), Lthe temperature difference (AT); for latent heat flux (LE),

the water vapour pressure difference (Ac):

Al U(Z2) - U(Z1) :
2 D = — o « R~ VA
% I'm Ym i
e Al L ECBy) = T(Z2) .
H = - A PCP - h P‘"P ( 6 )
S el UpCp i e e 7y ) Ol ER ) p
1LE S Y 5 i v (7)

where Zj, Zz refer the heights at which the appropriate parameter is
measured; P, the densily of air; Cp, the specific heat of air at constant
pressure; Y, the so-called psychromeltric parameler, which varies only
slowly with Lemperature; rgp, rh and ry are the resistances for the transfer
of momenlum, sensible heat and latent healk respectively, from height Z; to
A

The meaning of these resistances can be seen more clearly with the

help of the familiar flux-gradicnt relationships:

o ) (s
L (&) (9)
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(10)

where Pn( (), Pu(() and ¢u(() arc the similarity functions for momentum,
heat and water vapour, which have been expressed cmpirically by many
authors (sce, e.g. Dyer and Hicks, 1970). § = 2/L (L is the Monin-Obukhov
length). K is the von Karman constant, x is the absolute humidity, and Tx
and xx are two scaling parameters defined by

H = oCp Ux Tx ¢315)

E=UxXx »« (12)

If (8) - (10) are integralted belween heights Z; and Zz and compared with

(5) - (7), it follows thak:

= IZZ nll) g ~‘

3
™. < RO= Bie 2 ® S0 Ym(21, 22, L) (13)

) :
i i%; !;1 Qﬁégl’dz 7z i%;‘wn(zl, Z2, L) (14)
Z2
Lo Oe(l) . ik
i KUx JZQ 7 4 K Use ‘{"\"(Z 1, 22, L) (15)

where Ym, Vg and ¢y are the so called integrated similarity functions. It
is commonly accepted that ¢p(() =~ ¢w((), so that ¢n = dw, and rp - xy.
Since the Y's are funclions of atmospheric stability (defined by L) the

resistances rp, rh (rw) arc governed by atmospheric turbulence and are

12



therefore named acrodynamic resistances, If the wind is measured at a
height 2y, and the temperature and humidity are measured at height Zyp,
then, in the simplest situation with ncutral stratificakion and a roughness

length 2,5, we have

1 Zy 1 Zy 2

fim = foo R R R e g ) (10
= " Sogli i 4> Zr
¥a & YXh = Yw = RZ0(Z0) (ln B 1n 7 ) (17)

Methods of estimating raz for different atmosphere stabilitics will be
discussed lakter.

Rewriting (6) and (7),
NZ o) - T(Zr)

H - - e Cp (6')
e (Zo)- e(Zr) . pCp : :

LE._
: y (7")

In order to evaluate H and LE, the temperature T(Zg) &nd the vapour
pressure e(Zo) have to be estimated at the surface. Monteith introduced

another resistance, the so called stomatal resistance rgg, given by

e - Ss(T(Zo)) - e (Zo) p;:p | e

st

- where ¢ g(T(Z o)) is the saturated vapour pressure at the temperature T(Zo).
Evaporation from the surface is assumed Lo be mainly via the myriads of

intercellular spaces - the stomala, the microscopic openings of the surface

13




of the leaves. The water vapour pressure inside the stomata is the
saturated value at the leaf temperature, which can be assumed to be T(Zo)
(Szeics and Iong, 1969). The evaporation then depends on the state of the
stomata (whether they are open or closed) and the difference belween the
saturated vapour pressure inside the stomata and the water vapour pressure
outside. rgi does not therefore depend in any direct sense on atmospheric
turbulence. rgi: will be studied in more detail later on the basis of
actual data.

Lelt A = 2eg(T)/3T, and

A _A(N(Zo)) +A (T(Zr))

= > (19)
Then
es(T(Zo)) = ea(T(Zr)) +4(T(Zo) - T(2Zr))
~ es (T(2r)) +A. ra.H/pcp (20)

Combining (20) with equation (1), and using (7) and (18), gives Monteith's

main result:

LE ;.Z. ra/y + ri
rgr + (1‘+E/Y)ra 2

(Rp - G) (21)

where

rs = fea(T(Zr)) - o(zr)) . BR . 2o (22)
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rij is called the ‘climatological resistance' and is related to the humidity
of the surface layer. The complementary cquation to (21) gives the

required heat flux,

Ya + rst - Yi

o (X+87Y) ratrge

(Rn-G) (23)

4. The sltomaltal Resisltance rg |

As menlioned above, the stomatal resistance rgp depends on the surface
conditions, namely the physiological properties of the vegetation and the
micro -meleorological stalte in Lhe vegetated surface; Lhe lakter is mainly
defined by the waler content of the soil and the temperature of Lhe surface
layer.

If the surface cenergy balance data, i.e. Rp, G and LE or H, have becen
measured directly, then (22) or (23) can be'used in reverse Lo estimate Lhe
value of rgi-. (The estimation of rgz, rj and A will be presented later).
Fig 15 shows Lthe daily variation of rgt aﬂ Caxdington, for six months,
Apr-—-Sep, 1976, obtained in this way. The mean value of rgi for the
four -hour period around midday (10-13 GMT) is considered. The daily mean
temperature ((MAXIMIN)/2) and rain records are shown akt the top of the same
figure. IL can be seen that:

(a) In the two hot/dry spells of the year, in late June to carly July
and in August, the stomatal resistance became much higher than that in the
other periods of the year. This is because of the abnofmal dryness and the

congequent change in the surface state. The sltomatal openings become very
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small when insufficient water is available to the plants from the soil.

(b) Rainfall is the main factor affecting the variations of rgg.
After any appreciable rainfall (daily rain » Imm) r gt drops rapidly to its
normal low value (round 50). Afterwards, rgpr increascs day by day, morc

quickly when the temperature is higher (as in late June).

By late August the grass and soil had become extremely dry, resulbting
in the rather slow recovery of rgt in September when sporadic rains were
experienced. This situation lasled until iate September. From Ockober to
March of Lhe next year the stomatal resistance kept to a low value (1less
than 200), ‘the variation being similar to that in April 1976, which is
shown in the figure.

Based on this analysis the following model can be used for cstimating
ret:

Spring (Mar—May)

N
40 4l/2 (T < 10°C)
st =
50 d (T > 10°C)
Summer and early Aulumn (Jun-Sep)
i) Green grass
50 + 50 4 (T < 15°C)
Tet = » (28
50 + 100 d (T > 15°C) |
ii) dry grass
500 + 504 (T < 15°C)
rél*=
500 + 100d (T 2:150C)

16
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Autumn and Winter (Oct-Feb)

rgg = $0.41/2
where d is the number of days after an appreciable rainfall (7 lmm). If
the daily rainfall is less than 1 mm, then rgg keeps the value of the
previous day. T is the mean temperature of that day.

Thig is ralther a rough model, but it is easy to use, Table 3 gives an
example of the use of this model in estimating the daily rgi for the period
of Apr -Jun, 1976, Cardington. The daily records of rainfall, mean
‘temperature and the mean actual rgp of 10-13 hours are presented as well.
The agreement between ‘'actual' and model rgi is mostly good. The large

differences beltween the btwo arise on some days, e.g. 17 -19, May, because

-the 'actual' rgi is a midday mean value, but the rainfall occurred later in

the day.
The analysis above is only for around midday, probably suitable for
9-16 hrs local time. The variation of rgg with time of day is shown in Fig
16. The Lwo solid lines in Fig 16 represent a two-month (May -June) mean
and a four -month (May -hug) mean respeckively. The trends are very similar.
The value of Tgt in the early morning is much lower, particularly on a
clear day wilh dew when rgg —~-0. The stdmatal resistance increases with
time till about 9 am; then keepé nearly the same value until about S5 pm. In
the late afternoon, rgg sometimes becomes much larger for a few hours than
the midday valuce. This may be a result of the reduced water supply after
many hours of sunshine and strong evaporation. For the dry/hot period,
22~25, Augusi, the hourly change of xgt is very large. But for spring,

winter and some months in the Aukumn, the stomatal resistance is rather

27
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5. Ll?rg‘_:“x_(ir(xlyn:siig resistance
The acrodynamic resigtance ry is governed by atmospheric turbulence.
Because the latter is maintained by heal and momentum transfer, il is
obvious thak rz depends on those quantities and can be expressed in terms
. of the known flux-profile relationships. Equation (17) gives an evaluation
- of ra for ncutral stratification. For the more genceral siluation equations
(13) and (14) (or (15)) should be used Lo evaluate rgy.
Based on the similarity function ¢n, @p given by Dyer and Hicks
(1970), for the unstable case, we have:
Yim 1n (’f-é—;i— ; ;—(:1{—?1:) $-2 (tan-) X3 - tam 1 /X3) (28)
e o (%ﬁ- : ’%—;’_i— (29)
5 where X 1 = (1 — 16 Zo/L)1/4, X3 - (1 - 16'Zu/L)1/4, Y1 = (1 - 16 Zo/L)1/2,
Y2 - (1 -- 16 2Zp/L) /2, L = -(T/g). pCpUx3/H.
et s From (14) and (29)
Since Uy , H and . are at this stage unknown, an iteration method should be
used for this evaluation. The procedure is as follows:
Step 1. Pake the neutral case value of ray (from (17)) as the first
estimaltion. In this case
Ux = KU/1n(Zu/Zo) | (31)
s and H is estimated using (23), giving the firsk estimation of L.

19



Step 2. Substitute these estimations of Ux and L into (30), second
estimations of ra and H arc obtained. A new Ux is derived by using
U = KU/Um (32)
Step 3. Using Lhe second estimates of H, Ux and L, rcturn to step 2.
Repeat Lhis cycle until the successive values of ry (or Ux, H, L) do not

change by more Lthan some specified required accuracy, say,

InN - I-Nq*
=0 N 0.0 (33)
G

In practice it appears that only very few steps (normally less than 3) are
needed to achieve the required accuracy.
It is clear that at the end of the iteration quantities H and Ux are

also oblLained.

From (23) R
; 8H 1 1+ A7
. T iaen | Gi s wit i
s
or approximately
48 _ . %a . (A+A/Y).ra sra (36)
H ratrge—Yi (1+48/Y) xa + rg ra

Eq (36) can be used to evaluate the error of estimating H due to ‘the error

of estimaking Ya. Based on the data of two very unstable situations (May

9th, r g = 100, rge = 200, rj = 60, A= 2; July 18th: rg = 100, rgg = 1000,

ri = 90, A= 2.6). -

AR Ara

H ra 6277

20



.

The estimalion of H is thus nol very sensitive Lo errors in the cstimation
of ry. For some purposes the ncutral case rg, shown by (17), can bo used
in estimating an approximate value of I,

6. The olher variables in Monteilh formula

Here we pregsent estimation formulao for the other variables appearing
in the right side of the Monteith formula (23),
(a) Rp-GC

The model for estimating Rp has boon prosented in section 2. The soil
heat flux G at the surface depends very much on the type and state of the
soil,‘tho present and past history of R,,, and the state of ycgotativc
cover. Forlunately it is a relakively omall Lerm, usually abouk 20% of Rp.

The following equaltion can be used for Lho omlimation:

3
Rn - G= (1.2 - 0.4 )R, (38)
-1'“
where
Sm - Sind Sin A 1 Cou ¢ Con A (39)
(B). . T3
FProm (22)
Tao —(,%G,(esm o(Zr)] (40)
21




Here T is the measured temperatlure. The following approximate cquations

can be used in cevalualing eg(T), pCp. and

eg(T) = 6.11 + 0.4 T + 0.025 T2 (41)
pCp = 1305 —~ 4.3 T (42)
y= 0.646 I 0.,0006T (43)

Given the dew point Lemperature Tg or the relative humidity h, one of the

following equations can be used:

SR o e

ry = —£E [es(T) - op(Td)] (14)
SR _

L= (Rn'G) es(T) [ {22 b h/lOO) (45)

(c) 4

As shown in (19), A is taken as the avérage between A .at
temperature T and A at surface temperature T(Zo). T(Zo) can be cvaluated
by using of the flux-gradient relationship (6). Bul for the moment the
following formula is suitable for practical use:

™MZo) =T+ a. ra e ol (46)

<P

where
5.25 . 1023 xgt — 6.25 . 1006 | rg 2 (regt < 400)
a= ' (47)
2 6 "(rsg; > 400)
A= deg(T)/aT can be cvaluated from'(l}l), or more preciscly

A (T) - 0.45 + 0.02 T + 0.0015 T2 (48)
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Then,

A= 0.45 + 0,01 (T+Tg) + 0.0008 (T2 4 To?) (49)

where To = T(Z2o).

Y &5 Discussion

A method has been presented for estimating heat flux (and momentum
flux) based on routine data reported by standard metecorological stations.
The model for estimaling net radiation has been proved by several
independent -experiments, Combining with the simple model (24) for
evaluating rgg (not considering the houriy variation of rgg in the morning
or directly aflter rain), the sensible heat flux can be calculated by (23).
FPig 17 shows a comparison of Lhe sensible heat flux calcula ! by this
method with Lthe observed values, for the Cardington data, "197/6, where Lhe
observed values of sensible heat flux were derived from the measurements of
nek radiation- (by Kew-type radiometer), soil heat flux (by standard
heat -flux -plates) and latent heakt flux (by lysimeler), using the eneryy
balance equation (1). This comparison shows reasonable results: the
correlation is 0.84, and the standard error 32 W/mZ2, Fig 18 gives a
comparison for the Cardington data, 1983, in which the ‘observed’ sensible
heat flux was derived from wind and Lemperature profile measurements of a
16 m maskt, A finer'model of evaluating rgi, i.e. considering the hourly
variations of r gt in the morning and after rain, has been used. Fig 19

shows a comparison of the friction velocities, in which the Ux calculated
by the iteration method given in section 5 was compared with the values
derived from Lthe wind profile data. The agreement is salkisfactory.

We can conclude that the resistance mekthod is a practical and useful
method in estimating the fluxes, particularly as profile measuremenls and

other direct measurements of the fluxes are not usually available. It is
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clear from the analysis above that the resistance method is suitable
locations where the ground is covered with dongo vogetation, such as short

grass. For stations with rather bare ground the resistance method must be

used with care.
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feperdix 1
Dr F B Smith's model of estimating rgg:
Lol W be Lthe present weather code (W # 2 implies precipitakion, W =~ 0,1
implies no precipitation) and R an indicator of soil moisture content,
R =1 soil wet;
R = 2 so0il contains adequate moisture;
R = 3 ®oil dry
which is obtained from M (lthe state of ground code),
M - O surface dry
M ~ 1 surface moist
M = 2 surface wet - H = O
M > 3 snow or ice covered
Then if 4 is the number of days afler the last rain,
d <5days M-=0 *R = 2
Mim T R
Bosd oo 10 M =0,-1 >R =2
¥ d > 10 M =0 - R =3
Mo 3 e R =D
rgi: can be cstimated as follows:
Oct - March
ret - 80 1f W= 0,1

rgr < O ifw=>=2
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gt = 50 1f W = 0,1 and R = 1,2
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LIST OF FIGURES
Fig 1. The hourly varialion of Rn on a normal 'partily cloudy' day, 10 May
1983, Cardington. The cuxve was drawn based on the 10 min., average
data, of which the recading was taken every 10 scec. The hourly
cloud reporis presented on the top, total amounts are shown in the
circles.
@ hourly mean value
o Calculated value by our model (Eq (2), Table 1)
correlation = 0.94.
Fig 2. The scatter of Rn under two extreme cloud states.
e clear sky (no cloud, a fcw hours of total amount < 2)
6 overcast (total amount > 7, excluding Cg)
(Based on Cardington data, May -Aug, 1976; 20 clear days, 15 cloudy
days).
Fig 3. The scatter of Rp with respect to gsolar elevation S under two cloud
conditions, (e condition I, © condition II).
curve I : Rp —~ -172,153 4 742.282 4 102.5S -45.0
curve II: Rp -~ 99.653 4 155.9 52 4 41.68 + 6.2
(Based on Cardington data, 50 days in Apr~Aug{ 1976. 32 days of
cloud condition I (15 clear days), 18 days of cloud condition II).
Fig 4. Comparison of observed net radiation (Rpo) with calculated (Rpc) by
the model. The data sek is same as in Fig 3. The statistical

comparison of R po and Rpg:
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Fig 5.

Fig 6.

Fig 7.

Mcan |Standard Div (on)

correlation (Y)

H

Standard exror (SE)

Rno | 202 152

Rews. | 195 140

48

Same as Fig 3, but based on the 1982 experiment, 2--20 June,

Cardinglon. Only 6 days can be used for this analysis.

Same as Fig 4, but for the same data as in FPig 5.

Mean on r SF.
Rno 181 169
0.93 62
Rne 174 161

Same as FPig 3, bulk based on the data of Cardinglon experiment, 20

Apr - 19 May 1983. The whole dakta, except rainy hours, had been

used in analysis. There was no clear day in the experimental

period.
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-

Fig 8. Samc as Fig 4, but for the same data as in Fig 7.
Mean Un ; 5 S.E
Rno 186 148
0.92 60
Rnpe 197 147
1
Fig 9. Same as Fig 3, bulk based on the data of Kew, Apr -Aug 1978. 36 days
had been used for analysis, including 21 days of cloud condition I
(8 clear days), 15 days of cloud condition II.
Pig 10. Same as Fig 4, bult for the same data as in Fig 9.
Mean on ) 5 S.E
Rno 229 160
0.94 58
Rnpe 213 150

Fig 11. Same as Fig 3, buk for Wangara data.
Here, curve I : Rp - 400,083 41 830.0 S2 4 269.05 - 45.8
curve II: Rp - 125,583 +4 159.052 4 133,78 - 11.3

Based on the whole Wangara data sck, except rainy hours.
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Fig 12. Same as Fig 3, but for the same data as in Fig 11.

Fig 13. Same as Fig 11, bul for the ITCE experiment.

Fig 14.

Fig 15.

Fig 16.

Fig 17.

Mean O n 15 3.E

Rpo 172 125
0.92 50

Rno 164 126

days data.

Based mainly on 9

Same as Fig 3, but for the same data as in Fig 13.

Mean On g S.E

Rno 305 197
0.94 72

Rne 326 202

Daily variation of rgi, Apr~Sep; 1976. Daily mecan temperature and
rain reccords arc shown on the top. For appreciable rain the daily
amount of rainfall arc shown.

The hourly variation of rgg in day time. The average periods of
the data are shown by each curve. Cardinglon data, 1976.
Comparison of modelling values (Hg) with observed values (Hg) of

sensible heak flux, for the data of Apr-Jun, 1976, Cardington.
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Mean 0 n b 4 3.E.
Ho 114 59
0.84 32
He 113 50
Fig 18. Same as Fig 17, bul for Cardington data, Apr -May, 1983,
‘Mean on r S.E
Ho 105 58
0. ez 27
i
He 92 48 |

Fig 19. A comparison for the friction velocity Ux, basced on the data of

Cardinglton, 1983,

Uxg —- U «x obtained by profile mecasurcments.

Uxc — U x calculated by resistance method.

Mecan Uy % s 5 S.E.

Uxgo 0.40 0.14
0.95 0.05

Uxe 0.38 0.12
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Yot Yol
Rainfall Rainfall o T
pate (mm) a3 ‘Actual' Model Date (mm) T | *Actual’ Model
Apr 1 i 10 h 0 May 17 0.1 13 350 50
2 1.6 9 (0] 0 18 1.1 14 270 0
3 6 50 40 19 1.4 9 120 0
4 Tr 8 G0 40 20 0.3 12 i 50
5 T ¥ A 70 410 21 11 250 100
6 0.4 12 70 10 22 15 320 150
7 132 6 /. (¢} 23 14 300 200
8 Tr 4 50 40 2% % & 14 370 (o)
9 8 30 60 25 5.5 12 / 0
10 10 0 70 26 41 e 11 50 50
11 8 50 80 27 11 70 100
12 Tr 6 40 80 28 19 13 100 0
13 3.8 9 40 (0] 29 2.6 13 / 0
14 o2 7 /. 0] 30 12 70 50
15 10 50 40 31 32 14 120 0
16 0.1 8 80 40 Jun 1 0.2 15 80 100
a7 8 60 60 v Tr 14 90 100
18 Tr 10 / 60 3 8 130 150
19 10 60 70 4 Y 13 200 150
20 28 8 70 80 5 O3 15 250 150
21 9 60 90 6 18 270 350
22 9 50 100 7 37 330 450
23 45206 6 74 100 8 20 350 550
24 D52 6 80 100 9 19 450 650
25 TL 8 60 100 230 16 700 750
26 Tr 8 60 100 A2 Tr 35 800 750
27 Ty 9 80 100 12 2 o 17 / 750
28 3 140 110 13 1 by 1100 850
29 4 4% 74 110 14 18 1000 950
30 Tr 10 90 110 15 Tr 16 800 950
May 1 0.6 7 170 100 16 Tr 14 850 950
2 Tr ] 90 110 17 0.6 14 800 950
3 3.0 £ 5 § v 0 18 0.3 17 800 950
4 DL 1 11 80 50 19 9.3 13 / 0
5 052 13 110 50 20 15 60 100
6 16 100 100 21 14 360 150
7 Ty 14 150 100 22 18 400 350
8 15 130 150 23 23 500 450
9 0.4 16 200 150 24 23 600 550
10 15 60 200 25 21 800 650
3 0.1 9 74 200 26 25 1000 750
12 2.0 15 ) / (0] 27 25 1200 850
13 o g E 11 70 50 28 24 1400 950
14 9 350 100 29 ! 2) 1300 1050
15 2.6 10 / (0] 30 21 1250 1150
16 11 200 50
Table 3. The calculated value of rgi for Apr-Jun, 1976, Cardington, along with the

dalka of rainfall, mean Lemperature (T) and the ‘'actual' value of rgp (the mean
value for 10-13 GMT).
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