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An analysis has been undertaken to ascertain the accuracy of the conventional summation method for computing
precipitable water in the atmosphere from upper air data. Errors have been found to depend on lapse parameter, o
which is known to vary with latitude and season. ’

Of late, our military planners have been taking growing interest in climatology, particularly, in
~respect of high altitude and desert regions of this counfry. Atmospheric humidity is one. of the
important climatic parameters, and the water vapour content of the lccal atmosphere is one of
the constituents (of atmospheric turbidity that determines the intensity of) incoming solar radiation?,
diffused sky radiation, and their spatial distribution?, as well as the radiation balance at the earth-air_
interface3. Apart from its obvious application in agricultural meteorology, a quantitative knowledge of
the same is useful in the assessment of performance characteristics of solar energy devices, and estima-
tion, of solar energy resources. ' : -

The most accurate and reliable method of estimating ‘precipitable water’ in the entire vertical at-
mosphere, is the sophisticated spectroseopic method? which, however, is not suitable for routine prac-
tical measurements. A method was developed by the present authorst for estimation of precipitable
water from the value of surface humidity. This method, however, requires the knowledge of the lapse
parameter, characteristic of the vertical moisture profile, which has been found to vary.from place to
place and in different seasons, At stations provided with radio-sonde equipment, the précipitable water
upto the highest level of observation is computed from upper-air data wusing the conventional sum-

"mation method® which assumes, asafirst approximation, a linear relationship between specific humidity
and atmospheric pressure between any two levels. We have shown* that this assumption is not justi-
fied and that the water vapour pressire ‘e’ varies as p* where ‘p’ is the total pressure and .« the lapse
parameter. For six Indian stations studied by;us, « has been found to vary from 2-90 to 3-83. It
will, therefore, be pertinent to enquire about the accuracy of the conventional method of computation.
The present paper makes an attempt to analyse this problem. ’

CONVENTIONAL SUMMATION METHOD

The mass of water vapour per unit mass of moist air, or the sgecific humidity, ¢, varies with total
pressure, p, so that the precipitable water, Wy from ground level (p,) upto  any level p, will be given
bys.

‘ F i
o=y [ dt B
[ .

where g, the acceleration due to gravity, may be regarded as a constant over the range involyed.

For the purpose of computation, the entire range is divided into n layers, separated by pressure
levels 29, Py, Pgevrvvvnn s s Pry v oeeen ve. Pn-1, P, the last being the highest level of observa-

Prs
tion. Equation (1) is thus replaced by the summation formula, o :

ch——j ‘Z {"'2“(9r—1+Qr)(p'-—l+ p’)? (@)
g : i
'=’1L; ' : J
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Phe expressmn to be summed up for the n layers is nothing but the product of the mean specific humldlty‘
of the rth layer and the pressure drop across it.

Accuracy of the conventional ‘method

Assuming that the actual vertical moisture profile is characterised by a lapse parameter, g, the
vapour pressures, ¢, and e, at pressure levels py and p respectively, will be related by the equation?,

ofeg = (P[Po)* | (3)
The specific humidity, ¢, on the other hand, is given by®

_ 0-622¢
~ p—0-378e

Since e/p is maximum of ground level and never exceeds 0- 05 even under extreme. condmons the
above may be apprommated by

q = 0-622e/p

S ®
without any,éigziiﬁcant errort,  With the help of equation (3), equation (4) becomes :
. . g=0622(e/p) (plpg) %=t ‘ (5)
Substltutxon of this expressmn for q in equation (2) ylelds
046226/ 5 |
Wen = —5-79—29 z {(P 2Pt Pr/Po )& 1} (Pre1 ~ 1r) (6)
. r=1
“If the layers are ta,ken at equal: pressure mtervals 80 tha,t Prey — P = (Po — pg)/n = Ap, equation
(6) beeomes - . o -
o FE - : .
: ".0622(&/ )A ,
Wy =Rl Ap {m, PR S

r=1

The accurate value, W,, of the precipitable. water from Pp tO p,, can be obtalned by performing the
mtegratlon in equatlon (1) after substituting the expression for ¢ from equation (5)

0-692
ot 1 ®

The result is,

W, =

From equation (7) and (8) we have

| Wen/ Wa z 2 [1 1%5}0)q ; { (Prea/P)* + (Do D)™ } 4 (9)

Introducing dimensionless pressure ¢

= p/Fpy, We have

$r = Doy b0 = 1, Ap = AP/I’o (l‘¢n)/” (10)
with these valies, equation (9) ta,kes the form '

1—~gp,
Won/ W 2: ((1 ~¢ )a) 2(¢r—1d_1 -+ 95 a1,

whlch after some mmphﬁcatlon, leads to

7
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The percentage error, £, due to the,conventional method Will be giiren;by : ’
¢ = (Wm/W — 1) X 100% S : (12}

_ Sl.nce dr=114+(1—4¢,) r/n it may be seen from equations (11) and - (12 that f isa functlon of oy ¢,,
and n (and, therefore, A ¢). Equa,twn (11) is not suitable for routine computational work, since it in-
volves the sum of & complicated series. It was, therefore, considered necessary to evolve a suitable
empirical formula giving percentage error £ asa function of a, ¢, and A ¢.- -For this purpose the series in
equation (11) was worked out for four values of «, viz., 2,3;4, and 5. ’I‘hls range was chosen because,
although most of the stations have & lying between 3 and 4, some stations have been found w1th o below
3 or obove 4. The results of the calculations are given below :

I Foro =2, E = 0 for all values of ¢, and NA$.

This is obvious because with a = 2, ¢/p and hence 7 should be proportional to-p [v1de equations

(3) and (4)]

IL. For a = 3, | | |
AN = g (11 "i‘;,) % 100 13)
III. Fora = 4, . - ,
»AEV/('A%)'?" = —-1——3-15—”2— X 100 N
IV. For g =5, | e =
= {j"' ﬁ:i”s)) - 6((11 i")) (A9)? } X 100 | (15)

Tt will be seen from the foregomg, that the ratio £/(A ¢)2is independent of A ¢ for all the cases upto
a==4. For g =5, the ratio shows a slight dependence on A¢, but within the practical range, with
ground pressure 1000 mb, highest level of observation from 200 to 800 mb, and -pressure interval for each
layer from 50 to 300 mb (¢,. from 0°2 to 0:8, A ¢, from 005 to 0+3), the effect has been found to be

neghglble

Values of &/(A¢)? computed from equation (13), (14) and (15) for 4;,, _T) 2, 0 4 0 6 and 0 8 are
given in Table 1. .

T.u;m 1

fl(Aqﬁ)' As A FUNOTION OF a AND 4,

/ ‘ Lupse parameter (a)
Highest level of observation ( ¢, )
\ i 2 3 4 5
02 ()} 4032 9615 1654
0e . 0 8205 862l 1576
0-8 o 0 2581 7853 141 7
08 0 2049  60.98 1210
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Values of log [¢/(A ¢)%] obtained from Table 1 were plotted against.log («—2) as-shown in
Fig. 1. This was done because { = 0 when« = 2. It will be seen that the points for each value of ¢,
practically lie on a straight line, and that all the straight lines appear to converge to one point,
corresponding to log (& — 2) = 0-805 and log [¢[(A ¢)*] = 2-635. ‘ :

‘The slope, m, of each line, being a function of ¢,, & relationship between them was established -

as shown. in Fig. 2, in which log (m—1-23) was 1.7+ 5
plotted against log &,, yielding a straight line - m=1.23+0.628 ¢',,;
with a slope of 1:570. ) : : e = :

T6d sLore=1570

. Leg (m‘-s-zs)

1394 y v T T v LR )
™8 Ti9 00 O+ 02 0.3 O+4 05 06

169 (4=2) , ' Log

Fig, 1—Relationship between Tog [ f/( A¢)%] and

" Fig, 2— Relationship between m and ¢n.
Log (a—2) ,

The final formula arrived at on the basis of the foi'egoing is

: <, 1°23 -+ 0-6284y15"
fgoape = H2RE=ZD (16)
- 3-203"
Replacing the original variables; equation (16) becomes
o 1-23_+ 0-628 (p [,;6')1.57 ,
414 (@ —2) - " -
= P (A PP % | (1n

. With the help of equation (17), it should be possible to estimate the percentage error due to the con-

" ventional summation method of computing precipitable water for given values of «, py, p, and A p.
However, Table 2 has been prepared for ready use, wherefrom valuescanbe read for ground pressure

1000 mb or near about, with the highest level of observation at 200, 400, 600 and 800 mb, & ranging from

2-5 to 5-0, and pressure interval of observations varying from 50 mb to 400, 300 or 200 mb, as the
case demands. ' : )

10
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Tazre 2

PARCENTAGE ERROR ( ¢ ) OF CONVENTIONAL SUMMATION METHOD OF COMPUTATION OF PRECIPITABLE WATER IN RELATION TO
HIGHEST LEVEL OF OBSERVATION (Py,), LAPSE PARAMETER (a), AND PRESSURE INTERVAL OF OBSERVATIONS (A p).

(GBOUND PRESSUBE p,=1000 mb)

3

Pressure ' Lapse parameter (a)
Highest level of internal ‘
observation p, Ap . .
(mb) {mb) 25 3.0 35 4.0 45 50
50 0-04 010 017 024 0-32 © 041
100 0-17 0-40 . 068 0-08 © 130 1-64
150 . 087 090 o152 220 2.92 3-89
200 ) 200 0-66 1-61 2470 391 500 656
250 104 251 - 422 610 812 1026
300 149 362 6-08 879 1170 1477
400 265 6-44 1081 15-63 © 2079 2626
50 0-03 0-08 015 o022 0-30 0-38
100 013 0-33 059 087 118 - 152
150 0-29 075 1-32 1-96 267 343
400 200 052 134 2-34 848 474 609
/250 080 © - 2-09 366 544 741 952
300 116 " 3.01 527 784 10-66 1371
50 002 007 012 0-19 0-26 0-34
600 100 009 026 048 075 ~ 106 1-38
150 021 059 109 1-68 236 310
200 0-37 ©1-05 1-93 - 299 4-19: 5-52
50 0-02 005 0-10 0-15 022 031
800 ) 100 . 0408 019 038 - 062 090 o122
150 0-14 044 0-86 1-39° 202 275
200 024 . 078 183 248 360 488
DISCUSSION

It appears from available literature that no serious attempt has been made so far to ascertain the
accuracy of the conventional summation method for computing precipitable water in the atmosphere
from upper air data which include new point temperatures at various specified pressure levels. The for-
mula used for the purpose implies a tacit assumption of a linear relationship between specific humidit
and total pressure. If this were true, the value of; &, the lapse parameter, should have been equal to
2in all cases, while most of the stations studied by us have yielded values of ‘@’ between 3 and 4.

It can, however, be seen from Table 2 that for pressure interval upto 100 mb, errors lie within reg-
sonable limits for all values of « upto 5, error increasing with increasing . Pressure interval of
150 mb seems to be alright for « upto 35, while that of 200 mb for « upto 3.

An vmproved method of computation

The question then naturally arises as to what should be a better method of computation, since ‘%’ is
known to vary from station to station and also shows a seasonal variation. We have attempted to answer

this question in the following manner, .’,.;,"““’“-"-2“.__‘
~ ) ’ \ 11 fcrlrf'tlc:é\
r‘"ﬁ,\‘eﬂ"’\m’\’\*\%& h: n
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Let a, be the lapse parameter for the rth layer between pressure levels Pr—y and p,. Then the pre-
clplta,ble water, Wy, in this layer, accordmg to equation (8) will be "given by4 -

0-6356,_1 v i '
Wy = —— : [1 —~ (pf[p,_i) '] om (18)
where the vapour pressure is expréssed in millibars.

- Fromeqation (3), we have

eam USRS © AU e U [ -
. _»?{/31'-1 = (Z?r/:pr—l) T o ) (19) .
, eo,ﬁhét equation ’(18) reduces to AP ﬁﬁ
T - i-n 0635 ; .
S fe- W',_.‘}\A*-—— . ~(§'—1 —e,) om, (20)
- Now from equatmn (19) we can wrlte . - - .
e Cloglefem) T T T T e
2 22 : f‘ g (wfpi) o o
Wlth ’ohls expressxon for Oy, equatwn (20) becomes e
 ~(.‘. lo eﬂé‘,;) Con L
Hence the total prempltabie waterin all-the n }ayers from pgto- p,, will b&given by - - -
log (‘rfar—q) o ) 3
W 07630 Z’[ fro 7T "e’)/ log pfﬁf-l) o (23)

— may benoted that this method is-quite-general-in-so far &&&tdoesnot require the Inowledge -of ‘a’,
nor: does it assume a constant.value of ‘«’-for all the layers. Equatien (23) may, therefore, be regarded
as-an 1mproved. method for- computa,txon of. preclplta,blewa,ter from upper air data.
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