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Estimation of Bowen’s ratio from temperature and
humidity measurements using thermistors and
water vapour fluxes over a bare cotton soil

L. K. SADANI and U. P. RAIBOLE*
Indian Institute of Tropical Meteorology, Pune
(Received 9 December 1981)

-7t 0 TR arET sATa (B) ®OATET 2 | At A9 I ST AT R AT I6AT & AT HI AT 1
WY 3 HieX I & WOF 0F 79 awa AT £ v At & A qawd | B # vk, gor fateeor sifiwang (R) ud war geAr
afqag G #1 v w0 et & frwe aro gfiarg ) A @ 7f 1 3t Sery Sl 1980 F W ®G A P giw

A¥erw Fgamar, quf 7 oy

_ater & dag defill & afireari () 1 aver o o0 047 At & gemn A o w31 gad e d A
wq § Ar=eiEa wure Wy q31 & afafzm & St ave A ¥ wd ataw )

ABSTRACT. The instrument described here measures Bowen’s ratio (8 ), i.e., the ratio of sensible
heat to latent heat of vaporization, from the direct measurements of dry bulb and wet bulb temperatures
taken at 1 and 3 metres a.gl. Vapour flux near to the ground was calculated using the observations of f,
net radiation flux R and soil heat flux G. The observations were taken in the winter season in the month
of February 1980 at Central Agromet. Observatory, Pune.

The values of fluxes of mass (E) associated with the evaporation are comparable with the mean
winter class A Pan values. However, these values appear to be some what higher than the expected daily
bare black cotton soil evaporation values in winter condition.

1. Introduction

The vertical flux of momentum between at-
mosphere and ground can be considered as a
continuous drag force transmitted through the air
to produce shearing, or sliding of one layer over
another, known as the shearing stress, This
force is usually taken as constant with height
near to the ground, since under most circum-
stances only a small fraction is absorbed by any
particular air layer, the greater part being trans-
mitted to the air further on.

By analogy with molecular transfer processes
a basic equation of mean vertical transfer of
momentum can then be written as follows :

v =p K, dujdz

where = is the shearing stress, p and f are the
density and time mean horizontal velocity of the
air and K, the eddy transfer coefficient at height z.

Associated with the eddy motions which give
rise to a transport of momentum, there must be a
similar transport of any other atmospheric
property whose average concentration also varies
with height. The two most important cases will
be briefly mentioned here. They are firstly that
of sensible heat and secondly that of water vapour,
with an associated transfer of latent heat. Three
transport equations can thus be written as :

r=pKndifdz (1)
= —Cp p Kn dT}dz ©)
Lg = —L p K, dqldz 3)

Qp and Ly are the vertical fluxes of sensible
heat and water vapour, Ky and K,, are the res-
pective eddy transfer coefficients, Cp, T and ¢
are the specific heat at constant pressure, the
mean dry bulb temperature and the mean specific
humidity respectively all at height z. L is the
latent heat of vaporization over water,

*Present affiliation : Oceanography Division, Naval Physical and Oceanographic Laboratory, Cochin,
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Fig. 1. Meteorological energy fluxes above and
’ below the soil surface, solid ground

From the Egns. (2) and (3) Bowen’s ratio is
expressed as :

dT dT
B . QH _Cp P KH E‘ _.CPKH p:
Iy T _ dg dq
Lok dz L X dz

=yAT/Aq 4

Since heat and water vapour have a common
source at the earth surface, it is reasonable to
assume that a common transfer mechanism would
lead to Kg = Kw wherey = Cp/L is the psy-
chrometric constant and AT, A g are the differ-
ences in air temperature and specific humidity
respectively. each measured over the same height
interval. However, y is taken equal to 1.02 Cp/L
by Slatyer et al. (1961) for fully ventilated
thermometers and considering variation of Cp/L
(for moist air) with temperature and humidity.

The components of the energy balance at the
earth surface (see Fig. 1) can be written into the
equation,

R (Net) = Ly + QH + G (5)
By transforming and rearranging, we get :

. Rnen—G = Lp (1 +_QL_H)

K
.. Qn _
“ Ip
Therefore, the mass flux of water vapour is given
by :
R—G 1 )
£=277 (r4p ©

The success of Bowen’s ratio approach to
measure E, depends largely on the accuracy of
measurement of AT and Ag. An instrument
developed for such measurement is described in
this paper.
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Fig. 2. ercuit diagram for measurement of temperature
difference and ambient temperature

2. Instrnmentation

(i) Transducers

The dry bulb temperature and the wet bulb
temperature differences are measured by using
thermistor sensors; the thermilinear component
(YSI 44212, 1976). The wet bulb sensors are
wetted by moistened wick. One set of the sensors
(Dry and Wet) is mounted in a duct (Psychrometer).
Similar arrangement with quartz crystal tem-
perature sensors were used by McNeil et al. (1975).

The air is sucked through duct at the rate of
4 metres per second by an exhaust fan enabling
sensors to be calibrated with consistency (Shwerdt-
feger 1976). The duct is painted with titanium
dioxide mixed with white paint to reduce the
effect of radiation. Two such temperature ducts
are mounted on the tower at the height of one
metre and three metre levels a.g.d. The ther-

mistor network is diagrammatically shown in
Fig. (2).

The equation which best describes behaviour
of the above linearised thermistor network is
Eow = (—0,00559149 Ey, ) T + 0.59300 E,
where Ej, is the supply voltage and T is the
temperature in degree Celsius.

The value of supply voltage Ei, is calculated
to set the differential output voltage approxi-
mately equal to 1 mv corresponding to 1°C.
Fin is found to be 178.432 mv but conveniently
set to 183.94 mv.

(ii) Circuit theory

The difference analog voltages signal from the
temperature sensing circuit is fed to the differen-
tial voltage amplifier circuit which amplifies the
signal for suitability to the scaling circuit [see
Fig. (3)].

The output voltages from the differential ampli-
fier circuit are fed to the voltage to current con-
verter. The current converter uses recording
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Fig. 3. Differential amplifier and VToC circuit for amplifi-
cation and scaling

galvanometer as its resistance load which is of the
order of 1400 ohms. Here most of the current
is provided by the current converter and only
small portion by differential amplifier. Analysis
of the circuit yields the following equation for the
load current I = Ae/R, X (14 RJ/R;). The
resistance R, by Graeme ef al. (1971) provides a
convenient means of scaling the current. It is
so chosen that each smallest division on the chart
paper corresponds to 0.05ma current which
corresponds to 0.11 °C, The recorder is of 1.0
ma full scale deflection with zero centre facility.
There are 20 small divisions on the chart paper
corresponding to full scale deflection of the re-
corder. The temperature differences are read
from the chart record directly. The temperature
system is calibrated for temperature difference
within the errors of 0.02°C. The circuit is
wired in the manner when 7, >T,, AT is positive
and T, > T,, A T, is positive.

(iii) Calibration procedure

The thermilinear component YSI 44212, Fig. (2),
is a composite device consisting of resistors
(88.2K, 38 K and 23.1 K) and precise thermistors
(T, T, and T, all combined in one piece by
mfr), which produces a voltage linear with temp-
erature shown in the Fig. (2) at point T;. This
output is described by the equation :

Eow = (— 0.00559149 E,) T - 0.59300 E;,
(YS144212, 1976), in the temperature range —50 °C
to 50° C. Its ohomic values at temperatures
20°C,25°Cand 30°C are 1121.2 2, 10474.8 2 and
9825.3 £ respectively. Its voltage values are obtain-
ed against the bath temperatures from 0 to 50 °C
with supply voltage of £, - 183.94 mv. Four
such thermistor composites are calibrated and
numbered for the purpose of identification. They
are to be calibrated pair-wise so that simultane-
ously zero differential output can be checked.
After bath calibration, place one pair of thermistor
composite in a ventilated temperature duct.
Among them, one thermistor is identified as a dry
bulb temperature sensor and the other as a wet
bulb temperature sensor. A very accurate psy-
chrometer (Thies Guttingen range —10°C to
-+ 50°C) is placed very near the temperature duct.
Some readings of dry bulb temperature and wet
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Fig. 4. Mounting levels of the sensors

bulb temperature are taken for comparison. Two
such temperature ducts are made.

The differential outputs of the dry bulb and
wet bulb sensors are fed to the input of the dif-
ferential amplifier circuit which is calibrated
voltage to current wise.

3. Observations over bare soil

Observations were carried out on a bare plot
at Central Agro-Meteorological Observatory, Pune
(Lat. 18°32'N and Long. 73° 5I'E) over some
days in the month of February 1980.

The dry bulb temperature and wet bulb temp-
erature differences AT and AT, respectively
were measured continuously over the same height
interval between one metre and three metres a.g.l
The sensors were mounted on a small tower. The
observations of ambient dry bulb temperature
and wet bulb temperature were taken by measuring
corresponding voltage output on digital voltmeter
and then their values were obtained from res-
pective calibrated graphs. The ambient values
were taken at one metre level only for every 15
minutes. The continuous record of ambient
values of temperature were not possible due to
some technical difficulties.

The observations of net radiation fluxes were
taken for every fifteen minutes interval of time
for Funk type Net-Radiomeater installed at 1.5
metre height from the ground and fifteen feet
away from the tower for the same LAT hours,
The net radiometer values are accurate within
4 3 9% of the calibrated values. In the absence
of measurement of soil heat flux the values of
soil heat flux G obtained by Kelkar et al
(1980) in the month of February 1976, at
the observatory were used in this study of same
LAT hours. It is assumed the values of G are
not significantly different.

4. Calculations of Bowen’s ratio

(4) we have B T, where

hy St
=¥ &q
y=1.02-%'1-within:};1% over a very wide
range.

From Eqn.
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TABLE 1

Surface pressure 950 mb, Location : Central Agrometeorological Observatory, Pune

Temp. & sp. humidity at
e,

s
1 mlevel a.g.l.

—
3 m level a.g.l.

Dilf. of Latent Net  Soil heat Mass
Tima ¢ A -~ — A — Temp. heat of radia- flux Gin flux ;:‘
(IST) Dry Wet Speci- Dry Wet Speci- & sp. B vapori- tion  (cal/em?® (gm/em?/
bulb bulb fic ~ bulb bulb  fic humidity (%107 zation R_ min) min)
Hr. & 7,°C Tw, humi- 7,°C Tw,°C humi- ~ Lv (calloms (x10-9)
Min. °C dity (T,— (Tw— dity AT 4 (caly (Calom?
P AT)  ATW) ¢ (O (gm/ gm) 0 G E
(gm/ (gm/ kg) Net
kg) kg)
15 February 1980
1834 28.5 18.2 9.704 28.445 18.09  9.582 +0.055 +0.122 +1.898 581,255 —0.195 —0.075 —1.73
1934 27.2 20.5 13.326 27.123 20.39 13.203 +0.077 +0.123 +2.633 581.985 —0.183 —0.067 —1.574
2034 22.0 17.5 11.456 21.857 17.313 11.279 +4-0.143 +0.177 -3.381 584.92 —0.158 —0.065 —1.188
16 February 1980
0949 20.5 14.7 8.736 20.412 14.601 8.723 --0.088 +0.013 -+-28.3 585.748+0.648 --0.133 --3.107
1019 22.5 15.6 8.959 22.39 15.325 8.683 0.1l --0.275 --1.674 584.631--0.8 +0.16 9,377
1104 23.4 15.2 8.128 23.345 15.123 8.06 +0.055 4-0.068 --3.389  584.11 0.8 +0.1916 +7.779
1119 23.4 15.2 B8.128 23.345 15.123 8.06 --0.055 --0.068 --3.389  584.11 +0.792 +0.1916 +-7.677
2019 20.6 15.0 9.112 20.38 14.78 8.875 --0.22 -+0.237 --3.879 585.726—0.147 --0.0666 —0.996
2049 21.5 14.9 8.557 21.214 14.724 8.474 -10.286 -0.083 +14.41  585.24 —0.147 —0.0666 —0.567
17 February 1980
0819 11.6 9.5 7.267 11.446 9.434 7.303 --0.154 —0.036 —17.7 590.8454-0.387 +0.0817 —6.71
0834 16.5 12.1 7.565 16.335 11.968 7.515 +0.165 +0.05 --13.74 588.076+0.387 -+0.817 +-2.187
0949 21.0 14.5 8.311 20.934 14.478 8.3119 +0.066 +0.0009+306.6  585.458--0.637 +0.33 +0.2719
1249 28.5 15.0 5.802 28.445 14.89 57 +0.055 +0.102 -+2.27 581.2554-0.717 +0.1617 +7.786

Cp AT
P10 —— Where AT =T, — T, & Ad = 6, — 4
Y

Where L—mean of latent heats L, and I, at

L

temperatures Ty and 7, respectively. ;tl)lt:(ljo'u:h? difference between two levels
Let T.. T, and T, T, be the dry bulb and .
wel bulb temperatures at one and three metres Ly (W' — W) = C (T, —Tw,)

a.gl.
read

respectively (see Fig. 4). While AT is

directly from the chart record obtained by

the instrument, Ag is calculated from recorded

wet bulb and dry bulb temperatures at level one

as given

SW = WY = CIL( Ty — Ty ) X 1000 gmykg
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TABLE 2

Mean value of mass flux (mm/hr)

Dates (Feb 1980)

Period e \

(LAT) 15 16 17

Morning observation

0800-0900 - —+0.224 —0.019
0900-1000 — +0.309 +0.35
1000-1100 —_— +0.61 +0.53
1100-1200 —- +0.49 +0.57
Evening observation

1700-1800 - — —0.088
1800-1900 —0.117 — —0.101
1900-2000 —0.11 —0.047 —_

Location : Central Agro-Meteorological Observatory, Pune.

where, W, and W, are observed and saturated
mixing ratios corresponding to temperatures 7,
and Tw, at surface pressure and

W
G = m—_;_—”,‘l X 1000 gm/kg
Similarly L, (W'y—W,) = C, (Ty— Tw,) and
Wy = W'y —Cy/L (T,— Tw,) x 1000 gm/kg.

Where, W;and W," are observed and saturated
mixing ratios corresponding to temperatures 7,
and Tw, at surface pressure and

W .
qs = 1000_; W_a % 1000 gm/kg

Mixing ratios are expressed as gm/kg. From the
value of ¢, and g,, Agq is found,

5. Discussion of g and E (Bowen’s & mass flux
of water vapour

The Bowen’s ratio values are found to be very
small of the order of 3.2 < 10— to 28.0 x 10—4.
Therefore, Ly almost equal to ( Ry, — G). Also
Qg s larger than Qg. Therefore, the heat input from
surface to the atmosphere is mainly in the latent
form. It is the case of increased atmospheric

humidity (Oke 1978). Very few wvalues of 8 are
negative.

The mass fluxes of water vapour E are found
to be positive in the morning increasing from 8
to 12 hrs LAT. They are of the order of 0.0003
to 0.001 gm/em*/min. It is the case of evapora-
tion which indicates that E is away from the sur-
face. The values of E are found to be negative
in the evening hours as can be expected from con-
dition for dew deposition in winter. It will be
interesting to transform mass flux into surface
evaporation and thereupon to compare the result
with class A Pan observations.

The mean hourly value of observed surface
evaporation is of the order of 0.357 mm/hr. The
surface evaporation values are comparable with
mean hourly winter values of the order of 0.300
to 0.4372 mm/hr of class A Pan observations for
the same place (India Met. Dep. 1980). However,
these observed values of surface evaporation are
on the higher side compared to expected daily
soil evaporation. The various .measured and
calculated parameters are tabulated in Tables
1-2 for dates 15, 16, 17 February 1980 respecti-
vely.

6. Conclusion

The instrument for measurement of Bowen's
ratio using ventilated thermistors for temperature
and humidity measurement was found to be quite
suitable for carrying out the energy balance studies
near to the surface. The instrument was tested
for some days in winter season only.

From the calculations of fluxes of mass, mean
hourly values of evaporation were found to be
comparable with observed values of class A Pan
but on the high side compared to soil evaporation
values. The discrepancy may be reduced by a
more suitable choice of heights near the ground
than the levels used in this study.
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