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ABSTRACT. A small scale field experiment was conducted at the Indian Institute of Tropical Meteoro-
logy (ITTM), Pashan, Pune and the energy budget at the land surface interface was studied for clear and
cloudy days over bare soil. Using instrumented towers, & net radiometer and soil temperature probe, all the
components of the energy budget, i.e, the sensible heat flux, latent heat flux, soil heat flux and net radiation
were measured directly and the energy balance was computed. It is observed that when considered over the
whole day, the energy budget is fairly balanced. As a part of energy budget, the Bowen's ratio is also

discussed.
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1. Introduction

It has been increasingly realised that land sur-
face processes significantly influence weather and
climate. Charney er al. (1977), Shukla and Mintz
(1982), Sud and Smith (1985) have shown the need
for inclusion of land surface exchange processes
in the meteorological models. To parameterize
land surface processes many field experiments on
medium scale and large scale have been conduc-
ted. Amongst these, HAPEX-MOBILHY (Andre
et al. 1986), FIFE (Sellers er al. 1988) and La Crau
experiments are major ones. In these experiments,
emphasis was given to observational techniques.
and the various fluxes were determined precisely
and validated with the help of satellite
observations.

In some of the bigger programmes like World
Climate Research Programme (WCRP) and
Global Energy and Water Cycle Experiment
(GEWEX), the measurement programmes are
planned to resolve ‘scaling-up’ problems of
smaller grid point observations to mesoscale grid
point observations. That is to begin with, obser-
vations regarding partition of solar energy over a
plain land and over a vegetated land, soil moisture

(r

and roughness, are taken on a small scale of
10 X 10 m or 100 X 100 m. The present study is a
small scale experiment which may be the begin-
ning of an experiment in the understanding of
large grid mesh.

A small scale field programme was conducted
at the Indian Institute of Tropical Meteorology
(IITM), Pashan, Pune, (18° 32'N. 73° 51'E), to
study the partition of energy at the land surface
interface. Earlier studies on land surface energy
balance have been reported by Mitsuta er al (1973)
and Smith er al. (1991). Mitsuta studied the parti-
tion of incoming energy over a period of 24 hours
and tried to find out- the imbalance. Smith’s
elaborate experiment consisted of the installation
of net radiometer. sonic anemometer, soil ther-
mometer, Bowen’s ratio measuring instrument,
flux plates etc. Using these infrastructures, Smith
tried to verify the evapotranspiration equations
given by Penman.

The aim of the present experiment is to study
the partition of the incoming energy at the land
surface interface using tower instrumentation, soil
temperature probe and a net radiometer.
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Fig. 1. Schematic diagram of different instrumented towers used
during the experiment

2. Materials and method
2.1. Experimental derails
2.1.1. Observational site

. The experiment was conducted during 5-22 May
1992 at IITM. Pashan, Pune (18° 32'N, 73° 51'E.
559 m amsl). The observational site is flat, bare soil
terrain surrounded by short. dry grass. The fetch to
height ratio was more than 100.

2.1.2. Instrumentation

Fig. 1 shows the schematic layout of different
towers and their instrumentation. A seven level tem-
perature tower of height equal to 160 cm, consisted
of three terminal linearised thermistor sensors (2
mm diameter) manufactured by M/s Yellow Springs
Instrument Co., (YSI), USA, which were mounted at
5. 15. 20, 30, 40, 80 and 160 cm. Two 160 cni tall
towers consisting of wind and temperature sensors
(dry and wet) were erected. Anemomelers were
installed at heights of 30. 80 and 160 cm and wet
bulb sensors were mounted at 30 and 160 ¢cm height
Three terminal linearized YSI thermistors (2 mm
diameter) were used as wet bulb sensors with wet-
ting arrangement provided with a muslin cloth and
distilled water source available in a small plastic
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bottle. All the thermistors installed here and on the
other towers were operated in resistance mode.
Another probe to measure soil temperature at the
surface. 10 cm above the soil surface and 10, 20, 30
and 60 cm respectively. below the surface was also
installed nearby, In this probe, four terminal
linearized YSI thermistors (3.16 mm diameter) were
utilized. In this system also. the thermistors were
operated in resistance mode (Pillai er al. 1993).

A net radiation measuring radiometer supplied
by India Meteorological Department (IMD) was
deployed on the first tower (160 cm height) for
obtaining the net radiation, Q. Its spectral range is
from 0.29 to 50 pm and a direct output voltage is
obtained with 1 mV corresponding to 35.64 W m~2.
For computing the netshort wave radiation R (S),
two pyranometers manufactured by M/s LICOR
Inc.. USA. with spectral range 0.4-1.1ym were moun-
ted back-to-back on the same tower adjacent to the
net radiometer. Thus, the radiometer facing
upwards records the shortwave radiation, whereas
the radiometer facing the surface estimates the
reflected short wave radiation. Their sum gives the
netshort wave radiation. These radiometers have an
ouput of 100 W m~2 per 1 mV. The outputs of these
three radiometers are recorded on an analog 6-
channel Yokogawa strip chart recorder. The data is
read with a resolution of 0.2 mV for the net
radiometer and 0.1 mV for the pyranometers.

A flux plate was also installed to directly deter-
mine the heat flowing into the soil. The flux plate,
manufactured by M/s International Thermal
Instruments Co., USA, has 2" X 2” dimension with
thermocouples sandwiched between polymide glass
plates. The flux plate, when in contact with the soil,
produces a signal directly proportional to the heat
flux flowing into the soil or coming out of the soil
depending upon the temperature difference at the
land surface interface. An output of 1 millivolt cor-
responds to 25.74 W m~2. To monitor the variation
of the surface heat flux with surface wind, a pro-
peller anemometer with vane attachment was
installed near the flux plate at a height of 20 cm
from the soil surface.

2.1.3. Data recording

Fig. 2 shows the data acquisition set up for the
experiment. Slow data from the soil temperature
sensor. flux plate and net radiometer were recorded
continuously on an analog strip chart recorder. Fast
data acquired from dry bulb,wet bulb thermometers
and anemomelters were fed through a commercially
available 12 channel data logger and recorded on
floppies through a PC.
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Fig. 2. Data acquisition set-up for different instruments
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Fig. 3. Varation of Qy. R (S) and R (L) for 20 May 1992

Data {rom the 160 cm high towers were recorded 2.2. Ner radiation
for a duration of 20 minutes every hour. The sam-
pling was done at a rate of one sample every The net radiation (Qx) was measured by the net

five seconds. radiometer at a height of 160 cm on the tower. The
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Fig. 4. Soil temperature profile for 20 May 1992

net radiation received at the surface is the sum of
net shortwave radiation R (S) and net long wave
radiation R (L). Qu is directly read from the output
of radiometer supplied by IMD, whereas R (S). the
net shortwave radiation is recorded by the LICOR
sensor. The difference between these outputs. ie.
[Qn — R (S)] gives the net long wave radiation R (L).
Fig. 3 shows the variation of Qy R (S) and R(L) on
the day. 20 May 1992. The positive values indicate
incoming radiation towards the earth’s surlace.
whereas the negative values indicate radiation
going away from the earth’s surface. As observed
normally. during the daytime the net shortwave
gain by the earth’s surface is more than the net long-
wave loss. At night. as there is no incident shortwave
radiation the net radiation is equal to the net long
wave radiation loss from the surface.

2.3. Soil temperature

Fig. 4 shows the soil temperature profile upto a
depth of 30 cm, on 20 May 1992, which conform to
the temperature profiles usually observed (Oke
1987, Rosenberg et al. 1983). During the daytime. the
rate at which solar energy is incident is more than
the rate of dissipation. As a result, the accumulated
heat causes the surface temperature to rise. The pat-
tern of diurnal variation of temperature recorded at
the surface is followed in the lower layers with an
exponential decrease in amplitude. There is also a
lag in the time at which the maximum temperature
is recorded in the successive layers when compared

to surface maxima and this lag increases with
depth.

The soil surface temperature has a daily varia-
tion of 25°-30°C. The amplitude of this swing dec-
reases with depth. attaining a value of around 1°C
only at a depth of 30 cm.

24. Energy budget equation

For deriving a simplified equation for the energy
budget near the surface. the interfacial layer is
assumed to be having a finite depth which again
includes small scale surface inhomogenities. This
layer must have finite mass and heat capacity which
would allow the energy to be stored in or released
from the layer over the given time interval. In the
case of vegetated surface. the energy budget of the
whole canopy layer has to be considered.

The simplified one dimensional energy budget
for the thin land surface layer will be,

Ov = O + Q + Q¢ (1)

where. Qy is the net incoming radiation. Qg and O
are the scnsible and latent heat fluxes to or from the
air and Qg the ground heat flux to or from the
submedium.

The energy balance for the land surface inter-
face is given by,

Ov — @Qu + Qe + Qg) = 0 (2)
2.5. Compuration of fluxes

To study the energy balance at the interface of
land surface, it is essential to determine the sensible
heat flux Q. moisture heat flux Qr and the ground
heat flux Qg Evaluation of these fluxes is
discussed below,

2.5.1. Soil heat flux (Qg)

The soil heat flux (Qg) can be evalyated from
known temperatures at two depths below the soil
surface. Considering temperatures at two levels, sur-
face and 10 cm below the surface and assuming soil
as a homogeneous medium, the soil heat flux is
given by (Van Wijk 1965, Fritschen and Gay

L 1979):

Qg = —K dT'/ dz (3)

where, d7/dz is the temperature gradient between
surface and 10 ¢cm level and K is the thermal
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Figs. 5(a & b). Variation of surface soil temperature and heat flux with surface wind during (a) early morning hours

and (b) convective hours

conductivity of the soil. In an earlier experiment
conducted at the same site, during the same period,
the value of K was computed from the damping
depth (Pillai er al. 1993). As the site, the obser-
vational period and soil type is unchanged, the
same value of K is considered for the present study,
ie, 712 10~ W m~! K-!

The soil flux is a highly varying parameter
which depends on many external parameters
including wind and temperature. Fig. 5 (b) shows
the variation of surface soil temperature and heat
flux with the surface wind (horizontal), for 18 May
1992 between 1000-1400 hr. It is observed that for an
increase in the surface wind there is a fall in the sur-
face temperature which in turn causes a reduction

in the soil heat flow into the ground. Conversely, a
decrease in the wind speed raises the surface tem-
perature, thus causing an increase in the downward
heat flow.

In the morning hours, as shown in Fig. 5 (a), dur-
ing the period 0700-0900 hr, on 19 May 1992, though
the surface temperature is continuously increasing,
the same transient effect of surface wind is again
reflected in the surface temperature and the soil
heat flux.

2.5.2. Sensible and latent hear fluxes (Qy & QF)

Using wet and dry temperatures and wind speed
data at 30 and 160 cm, the sensible heat flux and
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TABLE 1

Partition of energy and energy balance om 20 May 1992

TABIE 2

121

Partition of energy and energy balance on 14 May 1992

Time Oy Qn Qs % B Time Qv Qy O Qs B
0100  —84.00 000 1949 —6650 —3699 0900 29400 8733 456 10150 10061
0200 700  —241 034 —7000 —493 1000 38500 14409 2490 12795 88.06
1100 43400 19425 i 417 !
0300 -77.00 -5.18 1.65 —66.50 -6.97 155 LI "
1200 441.00 23391 35.52 140.00 31.57
0400 ~T7.00  -4.15 805 —6650 ~—1440
1300 38500 175.85 33.82 119.00 5633
0500  -7000 3210 288  -6600 2522 1500 9100 8340 1795 7000 —8035
0600 -63.00 ~-1534 1.81 —-66.00 16.53 1600 14.00 2693 613 2800 ~—47.06
0700 2800 1923 677  -3150 33.50 1700 2800 761 094  -1050 ~2608
0800 182.00 85.06 1056 7.00 59.38 1800 -42.00 478 12.31 =2800 -31.09
1900 -56.00 0.00 143 -3500 -2243
0900 32200 13463 5872 —4550 83.15
2000 —5600 296 459 -3850 -19.13
e A0 2N IR W X 2100  —6300 788 152 4375 -1289
1100 47600 23675 77.19 112.00 50.06 2200 —4900 —R99 5.51 —42.00 -352
1200 51100 17587 8094 11550  138.69 Total 175000 93832 16424 44995
| ; ! / 787
BE . W MM -BE e wN Balance = 1750.00 — (93832 + 164.24 + 449.95)
1400 4100 23761 12360 13650 —56.71 = 19749 W/sqm
1500 36400 219.11 15440 10850 -118.01 Qy. Oy Q. Q; and B are the same as in Table 1.
1700 112.00 8099 56.00 3850 -—6349 . S e
With the substitution of ¢, and ¢,, Eqns. (4) & (5)
1800 -28.00 51.16 11140 =700 -183.56 are transformed to,
1900  -91.00 478 1958 —4550 —69386 (Au.AT
Qn = — pCpk?z2 (om0~ (6)
2000 -=91.00 5.30 18.81 =5600 -59.11 pk (Az A2)
Total 270900 160792 913.84 24775 (Au.Ag)
. Qf = — pLk%22 ——— (9, )1 7
Az A 2) (s q’q (

Balance = 2709.00 — (1607.92 + 913.84 + 247.75)

= —60.51 W/sqm

Qy = Net radiation (W/sqm)

Qy = Sensible heat flux (W/sqm)
Qr = Latent heat flux (W/sqm)
Q; = Soil heat flux (W/sqm)
B=Qy—(Qy+Q + Q) Wsqm

where, ¢ps— dimensionless stability factor for

momentum flux

®g — dimensionless stability factor for

moisture flux

¢y — dimensionless stability factor for

sensible heat flux

- : -
2—716 IMD/95

The empirical relations for different stabilities
are (Dyer 1974, Oke 1987):

For stable conditions :

(Opm ¢! = (b 0g)~!

For .unstable conditions :

(op o)1

where,

(om ¢q)—1

(1 - 5 Ri)?

6))

(1 - 16 R)*4 (9)

Ri is the Richardson number being equal to,

4

0T/odz

T (Qu/dzp
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3, Results and discussion

As given above, the estimates of Qy Qf and Qg
were made for all days commencing from 5to 22 May
1992. As far as synoptic conditions are concerned the
period between 16-22 May 1992 was clear with no
clouds, whereas the period between 5-15 May was
cloudy with 5-6 octa clouds all through the day. As
mentioned earlier, data were collected every hour for
20 minutes’ duration. Days on which maximum data
were collecied, i.e. 20 May (during clear sky con-
ditions —19 hours data) and 14 May (during cloudy
conditions — 14 hours data) are chosen for presenta-
tion here. Figs. 6 (a & b) show the variation of (1) solar
radiation flux, (2) sensible heat flux, (3) latent heat
flux and (4) soil flux estimated for 14 and 20 May
1992. Tables 1 and 2 show the balance of radiation,
ie, residue between net radiation and other
radiations for both days, i.e, 20 and 14 May 1992. On
20 May 1992, Qv is negative from 0100 to 0600 hr and
from 1800 to 2000 hr, i.e, the radiation is going away
from the earth’s surface. Similarly, Qg is also nega-
tive,ie, the heatis flowing away from the earth’s sur-
face.Similar trend is observed on 14 May 1992, where
Qn and Qg are negative from 1700 to 2200 hr. The
imbalance over 20 hours for 20 May 1992 is 60.51
Wm=2 and that observed on 14 May 1992 is 197.49
Wm=2 for limited observation of 14 hours’ period.
The imbalance could be because of the other losses
in the land surface energy exchange which are dif-
ficult to identify. Instrumentation errors of the order
of + 10% may also be present. Fig. 7 shows a his-
togram of Qyand (Qy + Q + Q) for 14 and 20 May
. 1992. On the whole, Qy is higher, further indicating
that there are unaccounted losses at the land-surface
interface. Fig. 8 shows the variation and the mean of
the net radiation and the different fluxes observed
for the duration of the experiment.

3.1. Bowen's ratio

The Bowen ratio is also estimated which pro-
vides a simple expression for evaporation in terms of
sensible heat flux, mean temperature and specific
humidity measurements in the surface layer.

Bowen’s ratio (B) is defined as the ratio of
sensible heat flux to latent heat flux,

B = 0Qu/Qr

| C,dT/dz i
L, dqg/dz )

where, ¢ is specific humidity, T'is the temperature, C,,
is specific heat at constant pressure and L, is the
latent heat of evaporation.

Over a dry grass land this ratio is 0.8. The ratio is
between 2 to 6 for semiarid areas. The experimental
site may be treated as a dry place because in the
month of May at Pune, there is very less humidity. -
This ratio was evaluated for 14 and 20 May 1992 and
is shown in Fig. 9. The solid line indicates B for 20
May 1992, whereas the broken curve for 14 May
1992. On 20 May 1992, B was negative in the early
morning hours which may be true because the
sensible heat flux is negative during this period.
From 0800 hr onwards f is between 2 and 3 and this
state continues upto 2000 hr. On 14 May 1992 the
situation is entirely different and the B value fluc-
tuates probably due to cloudiness and reaches a
value of 19 around 0800 hr and later, around noon,
it stabilizes between 5 and 6 and a small kink is also
observed around 1700 hr.

4. Conclusion

A small scale field experiment was conducted to
evaluate the partition of energy at the land surface
interface. An instrumented tower, a soil temperature
probe and a net radiometer were installed at the site
and hourly observations of 20 minutes’ duration
were recorded. From the experiment, the net radia-
tion is measured and the surface sensible, latent and
soil heat fluxes are estimated by the profile techni-
que. Itis observed that the energy is fairly balanced.
Bowen'’s ratio shows marked variations on cloudy
days. Such studies of the land surface exchange pro-
cesses, the fluxes at the interface and the partition of
energy are important in understanding the local
weather which in turn influences the meso-scale
atmospheric processes.
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