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ABSTRACT. Simplified empirical formulae have been used to compute radiative, soil heat, latent heat and
sensible surface heat fluxes based on routine meteorological surface ogservations. These empirical formulae
enable us to compute these fluxes without involving too many complicated input parameters. Computations have
been performed for the four red:lrcsentative months of the season of a year for the city of Delhi. On comparison,
net radiation and latent heat flux show good agreement with their observed values. Furthermore, a sensitivity
test performed by varying turbidity in the atmosphere shows that a two-fold increase in turbidity may cause a

change of 15-50%, of the net radiation at various times of the day.

1. Introduction

The heat balance equation for the earth and earth-
atmosphere system can be written as

2. Flux computations

List of symbols

@ Latitude of the place under study
R=LE+ Hy;4+ G (1 8 Declinition to the sun
€ Decadic absorption coefficient (dm®* mol™)
) 8y Emissivity constant, .95
The surface fluxes of soil, heat and water vapour are o S,efan_m’;,mm constant, 5.998 x 10* wm®
useful for many purpose, viz., the estimation of stability Peschrometric' cotibtint 66 oy
near the ground, the determination of evaporation rate ¥ i 5
useful in hydrology, agriculture and for various air P ol
pollution problems. B Constant used for latent heat flux, 20 wm™
a’ Accounts in fractions the moisture content in soil
(a) .65 for dry periods, (b) .95 for normal periods.
In India, though a good network of observational = I;?,“’,{;‘{:’;:‘a‘{,;,‘?;g‘c"“‘ inchear sicincheding Fayleigh
stations exist, but the radiation measurements are done )
only at very few stations. These measurements are % Albedo of the surface
available fully or partly only at eighteen stations in ABSNo, Amount of energy depleted from NO, absorption
India (Mani 1980). In the absence of such measure- oy c cent 2
ments, estimation of net radiation and associated surface a oaicinca, o low ket Meyery .15
fluxes is based on some formulae using many input Cc’ Coeflicient for middle cloud layer, .50
parameters which are usually not available. With this Cn' Coeficient foe High clond | 70
objective, the present study deals with the computation ,H S iﬁclc;mo; ti“c ::.l dr:y:il; &;t g
of net radiation, in addition to the G, LE and Hg by Tt ke e e
making a choice from the available simplified formulae o
using routine meteorological surface observations for ‘ Vapour pressure at the surface (mb)
four representative months of the season for the city of 3e Vapour pressure deficit
Delhi. These formulac have been verified against the k Evaporation rate
observations with highly sophisticated computations ENo, Arount of energy transmitted after NO, absorption
y sop p ' P

by other authors.

Soil heat flux (wm™)
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Hsg Sensible surface heat flux (wm™)

I, Net longwave radiation with cloudless skies (wm™)

k Turbidity coefficient

LE Latent heat flux (wm™)

l Pathlength, 10000 dm

L Latent heat of evaporation (wm™)

N Absorption due to cloud cover

[NO.] Molar concentration of NO, (mol dm™)

P Surface pressure (mb)

r Mixing ratio

Is Saturation mixing ratio

R Net radiation or radiative flux (wm™)

Ry Total incoming shortwave radiation

RH Relative humidity in fractions

re Surface resistance, (a) 60 sm™ for normal periods,
(b) 120 sm™ for dry periods

ra Aerodynamic resistance (sm™)
Slope of the saturation vapour pressure versus tempera-
ture curve

T Air temperature at screen height (K)

U, Total pressure corrected precipitable water vapour
(gm cm™)

W Water vapour pathlength in cm

zZ Zenith angle.

Sign convention—The value of G is considered to be positive
if it designates an income of heat to the underlying surface and
all other fluxes are considered positive if they designate disbursal
of heat from the surface.

2. 1. Following meteorological input parameters are
required for the flux computations :

(1) Diurnal variation of mean monthly surface
temperature,

(2) Diurnal variation of mean monthly relative
humidity,

(3) Mean monthly cloud cover,
(4) Albedo of the surface and
(5) Surface pressure.

These data have been obtained from Mani (1980)
and Mani and Rangarajan (1982) and are based on
climatological mean of around twenty years.

(i) Radiative flux

The total incoming shortwave radiative flux after
taking into account the attenuation by various species
present in the atmosphere can be given as follows :

R, = Spcos Z(r— Ay) N exp (— k[cos Z) Exo,
(2
(@) Absorption by permanent gases. Rayleigh and Mie
scattering

According to Atwater and Brown (1974), the trans-
missivity coefficient in clear air including scattering 18

given by the formulae :

7 = 1.021 — 0.0824 [——~

(b) Absorption by Nitrogen dioxide

NO, is an efficient absorber of visible radiation as is
shown by its pronounced brown colour. NO, absorp-
tion has been parameterised, based on Beer-Lambert’s
law, where loss of irradiance after transmission through
;faaltlh]ength ! can be given after Campbell (1977) as
ollows :

ILQ) _ o~ W MNOI
L 4

410 nm

—e(A) NO, / Zz

ABS  — f Ly — I, 10 O NOweos

NO,
A =290 nm
= Eyo, S
E_ =1--ABS_. IS

NO, NO'.I/ (6}

Absorption of NO, is considered only in visible region
from 290-410 nm wavelength at 10 nm interval be-
cause () is significant in this region. Typical values
of [NO,| and «(}) is obtained from Campbell (1977).
Maximum irradiance is found to be 159 of incident
irradiance at 400 m.

(c) Absorption by aerosols and dust particles

It has been taken into account by turbidity coefficient
k and the overall effect is accounted by the exponential
factor in Eqn. (2).

(d) Absorption due to water vapour

The relative absorption of solar beam due to water
vapour can be given after Mani and Rangarajan (1982) :

ay = .110 (ug —6.31 X 1074) 0-3 —.0121 @)

It is cumbersome to obtain and use the total pressure
corrected water vapour on hourly basis so a simple
parameterisation of the same have been used after
McDonald (1980) based on surface observations as

follows :

W \0-3
Ay = 077 (_COS—Z ) (8)

where W is approximated after Perrin de Brichambault
(1968) by the relation W=.17e. Details of the calcula-
tion of e from RH is given in Appendix I.

The value of Ay based on observations, using Eqn. ()]
is found to be .124. From Eqn. (8) used for the present
study, the value of Ay is found to vary between .114 &
.165 during day time. While the Ay is .124 at 10 IST
which is in a very good agreement with Eqn. (7).

(€) Depletion of solar radiation due to clouds

Absorption of incoming solar radiation by clouds may
be given after Haurwitz (1948) as follows :

N=i11—Ci(l—T) ©

=]
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Figs. 1(a&b). A plot between observed and computed net radiation for the four months of the year for

the city of Delhi

Here =1, 2, and 3 represents low, medium and high
cloud types respectively. C; is the cloud cover of each
category, T; values may be obtained from Schayes
(1982).

(i) Net longwave radiation — According to Budyko
(1974), the dependence of net longwave radiation on
humidity is given as :

I, = 8 oT4 (.254 — .0066 ¢) (10)

The effect of cloudiness on net longwave radiation is
usually accounted for by the following formula :

I=1I5[1 —(CgC1+ Co'Ca + Ca'Gy)] (11)
Finally the net radiation is given as :
Net shortwave radiation (R,) minus -
Net longwave radiation ([)
(ii) Ground heat flux — Following empirical relations

for G based on Nickerson and Similey (1975) have been
used :

I

G = .19 R (daytime) (12) .
G = .32 R (night time) (13)

(iii) Latent heat flux — The following formula after
DeBruin and Holtslag (1982) have been used for the
estimation of latent heat flux :

e S R—G) L 14
LEMuS_{_T(R G)+ B (14)

Appendix I contains the details for the computation
of S.

(iv) Sensible surface heat flux — From Eqgns. (1) and
(14) we get the following for the estimation of sensible
surface heat flux :

S

Hy=(1—a) 57— (R—G)—p (15)

4. Results and discussion

Computed net radiation has been verified with the
observations given by Mani (1980), for October, Feb-
ruary, March and September selected as four repre-
sentative months of the season for the city of Delhi.
The plots in Figs. 1(a) and 1(b) between observed and
computed net radiation, show that most of the points
lie close to the straight line region. The correlation
coefficient for October, February, March and September
is .9879, .9893, .9881 and .9872 respectively implying
a good agreement of R with observations.

Figs. 2(a-d) show the diurnal variation of R, G,
LE and H,; for the month of March, September,
February and October respectively. The maximum
amount of R is noted in the month of October followed
by March, September and February. We find that
rest of the fluxes follow more or less the same trends
in their diurnal variation,
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Figs. 2(a-d). Diurnal variation of R, Hse, LE and G for the four months of the year of the city of Delhi
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In the daytime, relatively large positive values of the
radiation balance are converted to latent heat, sensible
heat and heat exchange in the soil. In this situation,
the latent heat flux is noticeably larger than the sensible
surface heat flux, and the heat inflow into the soil is
considerably less than either the latent heat flux or the
sensible heat flux,

Atnight R, G and H,; are negative which are compara-
tively small in their absolute values, and the heat expense
due to evaporation is very small as there is no source
of energy at night. Outgo of radiative heat is com-
pensated by the gain of heat from the turbulent sensible
heat flux and heat outflow from the soil.

Table 1 shows the comparison between observed
and computed values of twentyfour hours integrated
latent heat flux for the four representative months of
the season. Observed values of latent heat flux from
Pan evaporimeter in mm has been obtained from evapo-
ration data of the observatories published by India
Meteorological Department, New Delhi. The results
show that computed LE is less than the observed LE.
This suggests that the value of B in Eqn. (13) from
DeBruig and Holtslag (1982) should be more than
20 wm—? at this latitude. The flexibility for the value of
B can also be observed from the scatter in their data
set which varies between —10 and -+ 100 wm™?2 for
summer conditions. Based on observations, it appears
that the value of g of 35 wm™2 will be more appropriate
for summer conditions and ~ 30 wm—2 for winter and
pre-monsoon season and 25 wm—2 for monsoon season:

A release of pollutants, viz., particulate matters,
aerosolsetc leads to an increase in atmospheric turbidity.
A sensitivity test for the month of March shows that
increasing the turbidity causes a significant amount of
depletion in net radiation. For instance, an increase
of turbidity by a factor of two decreases the net radia-
tion from 14% (12 IST) to 50%; (8 IST).

5. Conclusions

With the help of simple empirical formulae and rou-
tine meteorological surface observations diurnal varia-
tion of radiative, soil heat, latent heat and sensible
surface heat flux have been computed for the four repre-
sentative months for the city of Delhi. R has been

computed after taking into consideration all possible

kinds of attenuation from the various species present in
the atmosphere. R and LE on comparison shows a
good agreement with observations.
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Appendix 1
The saturation vapour pressure at air temperature 7'
is given as :

A'lg) - (B')g | T [
e = ¢ 10 % Cof ()

where ¢y=10 mb, A (¢,) = 8.4051 and B'(e,) = 2353.
The vapour pressure e is defined as (Gill 1982)
e = p.r/(.62197 4 r) 2)
where r is given by the relation
r = RH. r, (3)

AND O. P. SHARMA

Putting e=e¢, in Eqn. (2), we get following expression
for r,:

r,=.62197. x/l —x (4)
where x = ¢,/P,

Slope of saturation vapour pressure versus temperature
curve can be given as :

’ r / 'B’ (eﬂ)
(e,) - B'(g)jT =22 5
Ko aef/aT': eo lo.i € €'/ T2 ( )
y Cs B' (89) 6
§ = A ©)




