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PRECIPITABLE WATER AND PRECIPITATION

by
VLADIMIROS E. ANGOURIDAKIS

{Institute of Meteorology and Climatology, Aristotelian University of Thessalontki
¥ ¥
{ Reccived 25.3.77)

Abstract : Hygrometric conditions of lower and middle troposphere at the Athens
area (Hellinikon Airport, ¢ =37° §4' N, A=23° 44’ E, h= 15m} are examined
and also their relation with precipitation.

INTRODUCTION

In this paper we study the hygrometric conditions of lower and
middle troposphere and especially precipitable water (total and in
various thicknesses) and also its climatological relationship with pre-
cipitation. We also examine the dynamic causes that determine {he
above relationships and by statistical processes we give graphs, va-
lues and mathematical expressions that contribute to the prediction of
precipitation.

Relative or similar studies have been effected by: Bannon-Steele?,
Barnes®, Benwells, Berkofski® ¢, Bloutsos?, Bolsegna®, Brasefield!?, Coo-
ney®®, Crisi?3, Gutnick-Salmela, Helinwell-McKenzie-Kelley's, Hutcher-
son'*, Hutchings¥’, Karalis®®, Klein®®, Luis-McQueen®’, Lowry?, Lowry-
Glahn®, Mastenbrook®, Moller®®, Peixoto®s, Peixoto-Crisi¥?, Paterson?®,
Pullen®*!, Raschke-Bandeen?', Reber-Swope®, Reitan® 3, Repapis®®,
Retalis-Papathomas-Zervos’s, Schwartz®, Showalters®, Sissenwine-Gran-
tham-Salmela®, Smith®, Smith-Howellst, Solot®, Starr-Peixoto-Liva-
das®, Swayne®, Tomlinson®s, et al.

The geographical area covered by our study is that of the Attica
basin and specifically the Hellinikon airport (p =37° 54" N, A =123°
44" E, h =15 m) and the period examined is 1968 to 1974.

The hygrometric conditions of the atmosphere and particularly
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those of the troposphere, are directly related with the qualitative, and
under certain conditions, the quantitative prediction of precipitation
(regardless of the method followed) and is an important meteorolo-
gical and climatological factor.

Another, equally important factor, whose combination with the
previous one contributes to answer satisfactorily the probleme of rain,
in the height of constant pressure surfaces {and its wvariation with
time) and consequently the thickness of in-hetween layers.

The statistical and dynamic examination of the relation of the
above factors, and their effects on the pluviometric regime of a place,
consist the aims of the present study.

Because of the great numher of values of the above factors, which
enter the problem, rendering it more difficnlt, certain acceptances
are necessary in order to facilitate the procedure.

One such acceptance, depending from (and ocassionally imposed
by) the way in which informations on atmospheric conditions are ob-
tained, is that, no matter what the hygrometric parameter used, this
has a finear variation between two consfant pressure surfaces. This
acceptance resuils in a considerable simplification, especially in the cal-
culating part of the problem; however the errors resulting from this
are also considerable.

As a matter of fact, the afore menfioned scientists, in collecting
their basic material, used only data of standard levels or levels whose
pressure differences are integral multiples of a standard value (i.e. per
50 mbs) thus automatically accepting the above assumption.

We, at present, avoid as far as possible their acception, by using
data not only from standard Jevels but also from all the significant
ones mentioned in the information (R/S). In this way we could in-
troduce into the problem as many actual; data values as possible in-
stead of calculated ones.

Finally, we have chosen precipitable water as hygromefric para-
meter, for the following reasons:

— Its calculation is easy, uniform and exact.

— 1t can be calculated from eagily obtained information (R/S)
which constitute the basic material of this study.

— In each case it represents, as far as possible, the prevailing at-
mospheric conditions.

— The acceptances necessarily introduced into the problem, do
not affect this parameter considerably, so that the error resultant from
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these acceptances does not finally exceed the order of observational
errors,

- Geographic Survey and Ground Relief of the Area Ezamined.

Aftica stands at the S8E end of Sterea Hellas (Roumeli) and is
separated from it by the mountaing Kitheron (elevation 1409 m) and
Parnis (elev. 1413 m). From this dividing helt, extending to some 40
km, Attica like a triangular tongue of land advarnces some 80 km south-
wards, ending in cape Sounion, between the sea areas of Saronikos
(SW) and Evoikos (E) Gulfs.

= —
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R0, 2:?%@
7 S . A )

B o ST

c T

HAR I, ATTICA BASIN

This is generally a mountainous area between whose mountain
‘masses lie four plains, the principal one being that of Athens, the area
-examined herein, extending to some 220 km?; this is the «plain» of an-

ent Greeks, today’s «basin», where the urban complex of Greater
Athens is limited from N'W to SE by N by the mountains Aegaleo

e
¢
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(453 m), Parnis (1413 m), Pendeli (1107 m) and Hymettus (1026 m).
Thus the basin is separated from Sterea Hellas by a «wallw rising to the
N some 1000 m high, while to the S il ends at the sea area of Saroni-
kos Gulf.

A chain of low hills divides the basin in two unequal sections from
N to S; these hills are the Tourkevounta, Lykabettus, Strefi, Agoraeos
Kolonos, Arios Pagos, Akropolis, Hill of the Nymphes, Pnyka, Philo-
pappos, Ardittes, and Hill of Sikelia.

Within the basin and almost along its longitudinal axis, from NW
to SE, stand the three stations whose data are used in the present stu-
dy (Map I) that is:

1. Hellinikon Airport: ¢ =37¢ 54 N, 2 =23° 44' E, h = 15 m.

2. National Observatory of Athens: ¢ =370 58 N, A =239 43" E,
h =104 m.

3. Nea Philadelphia: ¢ = 38° 03" N, 2 = 23" 40" E, h = 138 m.

The R/S whose dafa we use herein, were effected at the Helleni-
kon Airport (Upper Air Station).

The distances between the above three stations are approximately;

— Nea Philadelphia - National Qbservatory of Athens: 85 km.

-— National Observatory of Athens - Hellinikon Airport: 10 km.

Among these three stations, that of Hellinikon Airport is consi-
derably affected by the nearby sea area of Saronikos Gulf, while the
other two can be considered as inland stations, and because of their
relatively high elevations, they register different rainfall amounts than
the station of Hellinikon.

Material arnd Sources.

Our basic material has been taken from Daily Weather Bulletin®
and Monthly Climatological Bulletin®® of the Hellenic National Meteo-
rological Service (E.M.Y.). These have been completed with data taken
from the files of the E.M.Y. (Climatologicil Section and Upper Air
Station) and the National Observatory of Athens's as well.

The R/S of 00:00 and 12:00 GMT have been related with precipi-
tation recorded during the twelve hours of 18-06 G.M.T. and 06-18
GMT respectively for each day. For the specific site of Hellinikon Air-
port, rainfall data from its own station have been used. However for
the overall study of Attfica basin, we have also used data of all three
stations, that is Hellinikon Airporl, Nea Philadelphia and National
QObservatory of Athens,
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Since these three sites stand at quite a distance from each other,
precipitation might be recorded in one station without been observed
in either or both the other two. Because of this, and since an upper
air sounding gives the atmospheric conditions aloft at quite a large
range around the site where the release 1s effected, we defined as
«bwelve-hours with precipitation» at the Attica basin, the twelve hours
when precipitation=0.0 mm was recorded in at least one of the three
stations, and as rainfall amount of these twelve hours the maxinum
rainfall recorded in any of the three stations.

From the whole number of R/S effected at the Hellinikon Upper
Air Sration at 00:00 and 12:00 GMT during the period 1968-74, we
have chosen to use the ones giving temperature and humidity data
up to the 500 mbs level or even higher, and we characterize the remai-
ning R/S as incomplete, becasue «motor boating» occured in them or
mechanical failure of the humidity element of the rahiosonde before
reaching the 500 mb level height.

Process

By applying the method proposed by Solot* and the formula of
Magnus and Tetens, we have drawn a program that was introduced
in the UNIVAC 1106 computer of the Arisrotelian University, and
yielded the following data:

— Specific humidity : q (gr/kgr) for each thickness between two
consecutive surfaces recorded by the RJS.

— Precipitable water: Pw (mm) for each thickness as above.

— For every month of the period examined, the daily values of
total precipitable water and the amount of total precipitable water
for the month in question, for the R/S of 00:00 and 12:00 GMT sepa-
rately. at

Concerning the use of Magnus and Tetens formula E = E,. 10 b+t
we give the following explanations:

Ag it is known, in the above relation, constants a and b acquire
different values when air femperature changes from positive to nega-
tive values.

We in this case have taken info account the change of a and b only
as long as air temperature reached values <—10° C. And this, on one
hand because as it is known atmospheric water stays in the liquid pha-
se even at temperatures much below 0° C (Perrie®, Borovikov et al$,
Bayersi®, Mason??}, and also because many years of research work con-
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ducted at the Mt Olympus Scientific Research Center (elev. 2817 m)
gave us the experience of liquid phase persisting at temperatures from
—be to —10° C.

Precipitable Water and Precipitaiion

A. Total Precipitable Water,

According to whal we mentioned above, we have divided the cases
examined into the following categories:

1. 00:00 GMT
1. Sum total of dry and rainy cases {D 4+ R): 1875 cases.
2. » » » cases (D) 1470 »
3. Sum total of rainy cases (R) : 405 »
IT. 12:00 GMT
1. Sum total of dry and rainy cases (D + R): 1216 cases.
2. w» » » dry cases (D): 985  »
3. » » » rainy cases (R): 231w

The mean values of the period-monthly and annual ones-of the
following parameters: total precipitable water, absolute maxima and
absolute minima, standard deviation and wvariability for the above ca-
tegories of observations, are given in the adjoined Tables Ia, Ib, IT¢, and
their annual variation is given in Graph I. In these same as above Ta-
bles we also give the differences of mean precipitable water for each
month at 00:00 and 12:00 GMT; while Table Ic (last column) also con-
tains differences of precipitable water between rainy and dry cases.

We have found that:

— The mean total precipitable water (for all the dry and rainy
cases) has a single annual fluctuation, with a maximum in the warm
and a minimum in the cold season.

— In dry cases and for every month, the mean total precipitable
water of 00:00 GMT always has higher values than that of 12:00 GMT.
The same applies in rainy cases too, with the exception of January,
March, July and September.

— For every month the mean total precipitable water of rainy
cases has always higher values than the corresponding values of dry
cases, at the 00:00 GMT observation and the 12:00 GMT as well.

— The absolute maximum of total precipitable water has been re-
corded during the warm season and the absolute minimum during the
cold one.

WYnoeiakA BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.




[a]
[T} - -
© ,Wu oI . .
= g o« @ - T Q
= T 5 2 o 2 >
© o Z p -C = <
o, > w B - = )
o o z X o
B=Nrs = - < I =
Z o = - x ( ()
o & © - a
— o = <
— o
S .z - £ 3
..Iu..w. < —
..onuf I e}
Pl =2
- © -a [=] Nenl
w T -z % 3
o o -° & =
Ll w o Y S |
® g w ~ ~ 5
== v [ - = %
o 3 = X - = =
= o 3 L 5 o
«Wt o - [V
2= - - 4 & 2
< a
o T ) -t oE = S
o € - = a O
o B - © ° w
5 S S
= 8 e c
= g c 4
2 g 5
o B oe -2 =
- Z
Ma s g m.
B g " =
[T " - c [a]
0w v @ -« g
Q =W < v o e
& 3 33 - £ <
2 - - g
© —
- I -z g S
[ =4
~1 Iy =3 el
m,m, 34 = g >
= i -r
@ = s
he I
= a g




- 0L'% 81 L'y 00 TLL '8 8°0% - - T 06T 912%¥ 44
— BLTVLT (% — B8 VL €% — — 707 S8 00  UVEL
— ELBT9T %G %0 69°T1% (65 T9T 8'e 20 971 IS N 4
— 8LTVLY Ty 70 ERANA €08 9°8% 7'y £'61 €81 00 a
- 697167 %G 9'ET 69T LE L6  98% 6y E 0Ly 87F %
— FL1L'8T g¢ €T 69 TTLE VEE  6°6% oy 1'8b 9cT 00 N
— FLOL'ET €9 0'ob 0L0V'E 098 1'e 0°¢ ¢y 105 621 3 o)
— ZL0V9E Ve (A BLOVIY ¥6E L'9% 8'¢ 9°32 687 00 0] .
- 946 8T TEY g 0L'6 '3 8°6€ ELY 3 0% v'yE 66 v =
- 696 L% 0¥ 80 89°6 V% YO0y YEC 9 v'9% %91 00 8 <
— 98 Y ka1 - 848 LT 1LE LLy 9% vl 314 68 47 o
— 1.8 8% g9% — vL'8 1Y £8% 061 z's A 0T 00 v RS}
— BLL LT LET 00 TLL 8 80%  £1% e 8'F 997 56 143 g
— 69°L Bl iR B0 CTAIANA LTy 18y 3¢ ¥'8g 3€r 00 r =<
- EL'9 61 8'qY 00 BL9 91 v'98 7'aT 1% 'z 5% 12124 3
- 109 €T 93T — 0L'9 VI A XY T'e £'9% LST 00 r _|
— 0L'G "9 BT — 8L €T L8% 9% 0y 9% L8 W0y T3 o
- BL'E BT a6 — 69°G "Z2 3L T'ET Ly £1e 79 00 W =
— 309 0% L8 €0 0L% 0% 9% $98 Ty &r ) 26 4 =
— 0L% 'g ¢'8 00 0Ly CTL 063 L% A 897 g91 00 v =
- ELE T 9'¢ 00 0L8 6% €'L% €67 0% 90 g8l 08 47 o
— TLg %D g% 7L 69°€ ‘ST 'CT 96 Lg Vg gST 00 W o
- 04T "8F Ly 00 69°¢ 8% G'I% 8% z'e 5l 621 oL 4 o
- LT L 9 - 3L’ "GO 83 88T b PYy Wl 00 g g8
€0 6L'T %I g9 09 0L’y L 108 888 Ly £0 6€Y 18 47 S
— LAA: e'g 7'g 04T '8 8Ly L'6% 3y 79 897 00 r 8
wul urm wur wur U gT R 00w nw
DHY HLVU Mg DHUd HLVA LY | % A o F BmIY  md N IAD HINOW &
IWONININ WANIXYIN 3]
(g +d) g4SVD 40 TVIOL s
(ww ) vunngy pun vwzvl — (% 4 ) Apqoe 4 —{uou o F) oM
suon v P PLopunl§ — (W S J) 15108 apgeridsad oy uvew fpog NS
PL-806L (NOMINITTIH) SNHHLV W
(=
v ATGV.L >




- 048 81 Ly - BL8 LT PLg - — 07 %8t G986 e O]
- EL°TTLT [ — 748 1T §ch — - L6T 0L%E 00 dVHEIL C
- ELGT9T %6 - CLETE '8¢ [ %'e 9’0 &gt 44 s <
- ELETLY [ - 89°C1'8% 9°ET a%e ¥e 68T 631 00 a i
— 69 T1°6T ¥e — 69°11°9¢ %'8% €'LT % L' &9t (4% 4] k]
- TLTT'8T g8 - 69°11°9% &8'60 6°5C 6% T el 00 N >
- L0188 €9 - G901 %Y 98T 1'GE [ 5 Z6T W0T (4 2
- TL0THE Vi - TL0T°6T 9%t 0°9% ¥4 9°0% 6%T 00 0 3
- 46 BT TET — 0L°6 9 7'%e 682 'S g 0'8% 78 s et
- 696 LT 0y — 16 % 88 91¢ 4'g 0°9% AN 00 5] o
- 5.8 T VA - BL°8 "LE F'ig g8l L'y g1 6°GT %8 ol =
- T8 "82 oy - L8 T &Ly 6T g'a LT A 00 v S
— TLL LT L'8T — 4L 8T 9°GE 908 £¢ £'T 6°5T 78 1 =
- 69°¢ "l %67 - Ll BT 8'0% 78T z's G'8T £%T 00 I !
- ZL'9 6L 8'Gl - 84'9 "HT 9°%E 891 0% 124 0'%% 60T Tl g
— L9 (BT 9%t - 0L'9 "1 0 667 (] 9% 9% 00 r 5
— 04°¢ 9 811 - 84L'C "B L°6% 0 0% L'e L'z S8t 88 e S
- TL°8 6T 96 - 699 B¢ A e 8% 1% 9%t 0o W W
- 3% 0% 4°8 - L% T 02t 9'9% 6°C ¥ 9%l 9L v b
- 0Ly G- q'8 - L% 0L '8¢ 9'9% £y 097 651 00 v @.
- §L°6 T 98 - 0Le "yl 9%T L'8C 9 90 LTl 8¢ T
- TLE R 9% - 0L'E 6T L'%% 6T 0% IR £6 00 o\ g
- 0L'F '8T L% — FL'T L LT 9%e o't Tl zel 144 4] =
- TLE L (] - TLT "S% 8'1¢ §'9% a'g %ET Ly 00 u n_nuv
— 8T ST G'9 - 0L 'S 8Te 6°LT qe [ 9'Cr 34 ¢l <
- FLT LT 88 - 047 "9T 8'2% 768 6'% R 2 007 00 r m.
o sstvst wrw W (wua)zp-00  ww 3
DHId CARe #d  DHYHJ HLVA md % A oF MdV Md N LIND HINOW W.
= = WNWINIIN WNKIXVIA IS
e i AN >
~Os (T) SASVO AU d
MWW _—“_. ..We vunuipy pun vuarop —(% A4) frpgqoieo 4 — (w0 F ) m..zo,.a.um&mﬂ popuni§ — (e s ) 49104 a1qvy1dwoasd jojor uwmewt Rpod
$8 Sig FLOT - S961 (140d.0 7 uoynuiapy) susyry
sa i i< i 2 1 =
2505 ! ;

T



TABLE I¢
Athens (Hellinthon Awrport) 1968-1874

Daily mean total precipitation water (Pw mm) - Standard deviations
(+ o mm)— Vartability (V%) - Mazima and Minima {mm)

RAINY CASES (R)

MAXIMUM MINIMUM PREC.MEAN .

MONTH GMT N Pw APw +to VY Pw DATE PREC. Pw DATE PREC. mm APw O]
mm  00-12 mm mm  mm mim DATE/ D-R C

mim MONTH mm <

J 00 68 15.6 4.5 28.6 27.8 8. 1.70 5.4 7.8 16. 1.74 0.0 1.8/20.5 2.3 W\,
12 28 16.4 —0.8 6.1 37.0 30.4 7. 1.70 6.0 6.4 14. 1.73 0.3 1.6/14.9 3.8 =

F 00 57 15.3 3.4 22.3 21.6 24, 2.69 0.1 9.5 27. 2.1 4.4 2,1/19.8 2.0 [e]
12 20 14.7 0.6 4.1 27.7 21.5 28. 3.69 0.0 10.2 17. 2.70 0.0 4.6/30.6 2.4 M

M 00 60 16.0 3.8 23.4 25.4 15. 3.69 7.4 5.4 2. 8.73 0.5 3.3/32.6 2.7 @
12 22 16.6 —0.6 4.4 26.6 27.3 29. 3.70 0.0 9.4 5. 3.70 0.2 3.0/16.4 3.9 L

A 00 36 19.6 4.4 22.4 29.0 11. 4£.70 0.0 11.5 11. 4.70 0.0 1.7/10.0 3.6 W.
12 19 19.0 0.6 3.6 19.0 26.7 30. 4.74 0.3 12.9 16. 4.70 0.0 0.4/ 1.8 4.5 =

M 00 16 22.3 2.1 18.6 27.1 19. 5.74 0.0 13.9 4. 3.70 3.7 0.9/ 2.9 1.1 _W.
12 13 19.9 2.4 3.7 18.3 25.8 26. 5.73 0.0 12.6 10. 5.74 0.2 2.9/ 9.3 1.5 .

J 00 11 28.8 3.8 13.1 39.3 13. 6.69 0.0 25.0 28. 6,69 0.0 0.5/ 11 2.7 w
12 5 28.1 0.7 4.3 15.4 364 16, 6.74 0.0 228 1. 6.70 0.0 2.4( 3.9 41 ©

J 00 9 31.0 Rk 17.5 41.7 12. 7.73 0.1 23.3 5. 7.72 0.2 0.6/ 1.1 2.7 o
12 11 31.9 —0.9 5.7 17.9 40.8 8. 7.72 0.0 23.0 13. 7.69 0.0 £.7/10.3 6.0 w.

A 00 5 34.0 4.3 12.7 39.8 1. 8.73 0.2 26.9 27. 8.72 1.4 12.0/20.0 6.9 S
12 5 29.4 4.6 3.9 13.2 31.6 26. 8.72 0.0 26.9 30. 8.74 2.9 4,5/ 7.4 3.5 w

bs 00 17 29.2 6.8 23.3 40.4 24, 9.68 0.3 13.6 29. 9.70 0.2 0.4/ 1.0 3.2 ©
12 17 3.3 —21 4.3 13.8 39.8 1. 9.70 3.5 19.1 9, 9.73 0.8 3.1/10.6 8.3 [

0 00 &0 25.3 5.1 20.0 35.4 14, 0.72 1.2 12.6 7.10.721 2.6 3.0/17.2 4.7 W
12 25 23.8 1.5 5.1 21.4 36.0 2.10.70 10.0 9.7 24,10.70 0.0 3.9/19.3 4.7 D

N 00 32 211 4.8 23.0 331 27.11.69 1.3 8.1 30.11.73 1.1 5.4/23.4 2.7 m
12 12 19.6 1.5 5.8 29.4 29.7 27.11.69 13.6 10.2 22.11.73 0.7 1.9/10.1 3.3 Q

D 00 54 18.5 4.5 241 - 30.3 2,12.69 0.2 9.7 5.12.70 1.1 3.7/28.5 4.6 o
12 i2 17.% 1.1 3.5 19.8 29.7 2.12.69 0.4 6.6 7.12.74 0.1 3.2/26.2 4.1 e

TEAR 00 405 23.1 — — 1.7 12, 7.73 0.1 5.4 2. 3.73 0.5 2.7/89.5 3.3 nvm
12 231 22.4 0.7 — — 40.8 8, 7.72 0.0 6.5 14. 1.73 0.3 2.9/55.2 4.2 =4

o
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B. Variation of precipitable water with height.

The variation of precipitable water with height for every atmo-
spheric thickness between the levels: surface - 1000 mbs, 1000-850 mbs,
850-700 mbs, 700-500 mbs, 500-400 mbs., and 400— < 400 mbs, as an
average for the period and the area examined are given in the adjoined
Tables: ITa, ITh, Ilc, and their mean annual variation in Graphs [Ta,
1Ib. Conclusions drawn from these will be discussed at the end of this
study.

The dominant characteristic of the above Tables is that, in all
cases the values of 00:00 GMT are higher than the corresponding values
of 12:00 GMT, and the values of rainy cases are higher than the corre-
sponding values of dry ones.

From these same Tables it also resulls that almost 90 9% of the
total precipitable water is confained in the atmospheric thickness lying
between the 1000-500 mb isobaric surfaces.

Finally Graphs ITa, IITb, IIIc, I1Id, where we have traced iso-
pleths of precipitable water at 00:00 and 12:00 GMT, for both rainy
and dry cases, clearly illustrate the distribution of precipitable water,
with height and per month, in the lower and middle troposphere. We
should mention that isopleths of precipitable water in the above Graphs,
have been traced per 2 mm of precipitable water. Yet, in view of the
small Pw values in the upper and lower thicknesses of the space exa-
mined, we have added curves of 0,5 mm and 0,1 mm Pw,

We believe that these graphs are of particular interest for clima-
tological purposes, since they give the hygrometric conditions of the
atmosphere throughout the year from the climatological point of view,

C. Saturation Thickness and Precipitation.

From what we have already exposed, is clearly evident the exi-
stence of a relation between precipitable water, the height of constant
pressure surfaces and precipitation in a certain place.

The quest of the degree of this relation and its evaluation as a
method for the prediction of precipitation in a certain place, is the ob-
jeet of this chapter but also one of the main objectives of this study.

According to the notion of saturation thickness-introduced by
Swayne* in 1956— this can be considered as the minimum thickness
at which water will stay in the gas state.

Besides, Lowry®e (1972) described and applied a method for gra-
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TABLE Ilc

Mean values of precipitable water (mm) per thickness (Hellintkon: 1968-74)
C. Total of rainy cases (R)

Sur.
MONTH -1000 1000-850 850-700 700-500 500-400 <400 TOTAL sur .-1000 1000-850 850-700 700-500 500-%00 <400 TOTAL
mbs mbs mbs mbhs mbs mbs mbs mbsg mbs mbs mbs mbs
0000 GMT 1200 GMT

0.9 7.3 4.8 2.3 0.3 041 15.6 1.0 7.6 4.7 2.8 0.3 0.1 16.4
0.7 7.5 4.6 2.4 0.3 01 15.3 0.5 7.3 £.5 2.2 0.3 0.1 14.7
0.7 7.4 4.9 2.7 0.3 041 16.1 0.8 8.0 4.9 2.7 0.3 0.04 16.7
0.7 8.6 5.8 3.9 0.5 01 19.6 0.7 8.2 5.6 4.0 0.5 01 14.0
0.9 10.0 6.6 41 0.5 0.1 22.3 0.9 9.5 6.2 3.0 0.3 0.1 19.9
14 12.2 8.6 6.0 0.8 0.2 28.8 1.2 13.0 8.3 4.9 0.6 0.1 281
1.0 13.5 9.7 5.9 0.8 0.2 31.0 1.4 14.6 9.5 6.0 0.8 0.2 31.9
1.2 15.0 10.0 6.7 1.0 0.2 31.0 1.1 14,3 7.6 5.6 0.5 0.1 29.4
1.4 12.8 8.6 5.5 0.7 0.2 29.2 1.6 13.6 9.0 6.2 0.8 0.2 31.3
1,3 11.4 7.4 4.5 0.6 0.1 25.3 1.2 10.7 74 4.3 0.5 0.1 23.8
1.0 9.8 6.1 3.7 0.5 04 211 1.0 9.3 5.9 3.0 0.4 01 19.6
0.9 8.5 5.5 3.2 0.3 0.1 18.5 0.9 8.4 51 2.8 0.3 0.1 17.4
1.0 10.3 6.9 4.3 0.6 01 231 1.0 10.4 6.9 £.0 0.5 0.1 22.4
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GRAPH IIa

Annual mean variaiion of precipilable waler (mm) per Ihickness
Athens {Hellintkon): 1958-74 : 0000 GMT
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phical correlation of precipitable water, thickness, and precipitation.
Agcording to this method, upon a rectangular coordinates system, whe-
re axis X denotes the elevations of the 500 mbs constant pressure level:
hs ppm, and axis Y the natural logarithm of the corresponding preci-
pitable water (In Pw}, observed at the surface to 500 mbs thickness,
a point is marked for each chservation, from the corresponding values
of the above variables. This point denotes bu (,) a dry case and by
(x} a rainy one.

Thus Lowry arrived at a straight line determined by the points
corresponding to rainy cases, and gave its mathematical expression as:

hy = 5550 + In Pw + 01 E

where : hs the saturation thickness (gpm)
Pw the precipitable water observed as above, in inches.
E the station elevation in meters.

We, in this case, applying Lowry’s method for the Hellinikon air-
port have gone even further, dividing rainy cases in two categories:
(&) cases when the amount of precipitation recorded was 0,0 <R <50
mm and (b) cases when the amount of precipitation was=>5,0 mm.

The results have been very satisfactory and this is evident from
the correlation coefficients of log Pw and hs in the first and second
categories of cases described above (Tables ITJa and Iflb).

Besides the correlation coefficients, the above Tables also give
the mathematical expressions of the straight line defining the satura-
tion thickness as an average of the period examined, per month and
PEr $eason.

Moreover, after studying this subject for the precise site of Helli-
nikon airport, we have also studied this same subject for the whole
area of the Attica basin, and drawn the correlation coelficients of the
above quantities as well as the mathematical expressions of the straight
line determining the saturation thickness, per month and per season
(Tables illc, IIId).

Finally, ag an example — and for seasons only — we give graphs
1Va-IVh, which resulted from the application of Lowry’s graphical
correlation, for Hellinikon airport — 00:00 and 12:00 GMT— for cases
with precipitation <(5,0 mm and cases with precipitation=5,0 mim.
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Conclustons - Discussion

From the gtudy of what we have already mentioned, we arrived
at the following conclusions:

— The total precipitable water of both (D) and (R) cases, for
both observation times, increases during the warm season, with a ma-
ximum in July or August, and decreases during the cold season with
a minimum in January, February, or March; thus its mean annual
variation follows, with a high degree of approximation, the mean annual
variation of air temperature in the area examined

We interpret this form of fluctuation of the total precipitable water,
as follows:

{a) Warm season: (i} The increase of temperature entails the in-
crease of evaporation (from ground and the adjoining sea area), having
as a direct result the concentration of water vapors, first in the surface
layers of the atmosphere and then of higher layers (due to convection),
with final result the increase of precipitable water. (i) The increase
of temperature in the various air layers together with the increase of
the height of constant pressure levels during this season, result in the
increase of capacity for water vapor of the air mass examined, keeping
it away from saturation point, and having as a consequence the main-
tenance of high values of precipitable water. (iili) In case of the arrival
of a new air mass (new water vapors), over the area examined, there
is again an increase of precipitable water, since the air mass already
has an increased capacily for water vapor (§1ii) and is far from sa-
turation point; thus, only if other condifions concur (i.e. instability
etc.) condensation oceurs, hut as a rule the arrival of new water vapors
during the warm season contributes to the increase of total precipita-
hle water.

(h)} Cold season: (i) Low temperatures reduce or even eliminate
evaporation, at the same time increasing condensation (a, —, =, clouds)
and as a consequence reduce the amount of total precipitable water.
(i1) The decrease of height of constant-pressure levels, because of which
—in combination with lower tempetatures— the capacity for wafer
vapor of the air mass examined is also reduced, facilitates the condens-
ation process and this again results in the decrease of the amount
of total precipitable water. (iii) The arrival of new air masses over the
area examined, decreases as a rule during the cold season the amount
ol precipitable water, because the resulting mixture (of the old and
new air mass) has a maximum vapor pressure, smaller than the arith-
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metic mean of maximum vapor pressures of 1ts component air masses
(old and new one}; thus the mixture is brought nearer to saturation
point, and with the assistance of the already small air capacity for wa-
ter vapor (§1) condensation is produced, which of course decreases
the value of total precipitable water.

— Except for the months of January, March, July and September,
in the group of rainy cases, in every other case, for every month sepa-
rately and for the whole year as well, the amount of total precipitable
water at 00:00 GMT (Pw,) is higher than the corresponding amount
of 12:00 GMT (Pw,,); the difference between the two amounts: APw=
Pw, — Pwm generally increases from the winter towards the summer
season and vice-versa.

We attribute this fact mainly to cloudiness being as a rule smaller
at night than during the day-time. As a consequence, the increase of
cloudiness during the twelve-hours of daylight, induces the decrease
of precipitable water at 12:00 GMT. On the other hand cloudiness,
being as a rule heavier during the winter season, and persisting at a
high degree even at night, tends to equalize the hygrometric conditions
of the air during the two twelve hours, thus deereasing the Pw diffe-
rence.

Finally, we remind that the above mentioned exceptions are ob-
served in the group of rainy cases, and the consequently cloud condi-
tions of the nocturnal twelve hours of the above months should be con-
sidered responsible for the reversal of the difference APw = Pw, — Pw,,.

— The mean total precipitable water of rainy cases for every month
and the whole year, at 00:00 GMT and 12:00 GMT as well, is higher
than the corresponding value of cases with no precipitation: Pwg >Pwy,.
We consider this fact a significant one, since it consists a «qualitativen
prediction of precipitation, and we interpret it as follows:

As already mentioned at the beginning of this paper, for every
time of observation (d) of rainy cases, we have alloted a twelve-hours
period: (d —62) — (d 4- 6»), during which precipitation was recor-
ded. If we consider at random a rainy case, regardless of the cause that
produced the precipitation, it is known that an interval preceded when
the air mass has been gradually approaching the saturation point.
Thus, during this preliminary stage, the amount of precipitable water
increased (more or less, according to the rain-produecing mechanism).
But as a rule, such conditions are followed by convergence of alr mas-
ses® 27 thus after the beginning or even the end of rain, air masses
surrounding the one over the area affected, converge and bring into
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it new water vapors, in this way increasing again the total precipita-
ble water. Notably sometimes, in cases of rainstorms, this convergence
is so strong thatl, because of large amounis of water vapor being con-
tinuously added to the overlying atmosphere, the amounts of total
precipitable water recorded, are extremely high?e,

Agcording to the above, it 1s of no importance whether precipi-
tation is observed before or after ohservation time (d) since in both
cases the total precipitable water will certainly increase. This i3 very
important, because the increase of total precipitable water precedes
precipitation, so that its assessment renders timely prediction of pre-
cipitation possible.

— It has been found that almost the whole amount of water va-
pors of the troposphere (= 90 9%,) is contained in the 1000-500 mbs
thickness and as a consequence the Pw of this thickness is the one that
models the mean annual variation of the total precipitable water. The
surface to 1000 mbs thickness as well as the thickness above 500 mbs,
have a small range and rather irregular annual variation of their pre-
cipitable water, depending on the particular conditions ocasionally pre-
vailing in the troposphere.

— The excess of Pwg over the corresponding Pwyp per month, per
year and for both observation times, is also found in individual thick-
nesses.

—We emphasize here the climatological significance of isopleths of
precipitable water (Graphs ITa, b, ¢, d) which not only give the mean
hygrometric conditions of the troposphere for every month in the area
examined, but also stress the superiority of precipitable water values
in rainy cases over values of dry cases.

— Finally, the improvement of Lowry’s graphical correlation me-
thod, by separating rainy cases in small (<(5,0 mm) and large ones
(=5,00 mm), is made clear from the examination of correlation coef-
ficients of these two groups, as they are given in Tables ITla and IIIb,
while the application of this method for the Attica basin in general
goes to show that it can also be applied in a larger area, adjoining the
gpace of the R/S launching (in this case the Hellinikon airport Upper
Air Station).
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HEPIAHYH
TETIZIMON YAQP KAI BPOXOIITQZEIZ

OTTh
BAAAIMHPOY EM. ATTOYPIAAKIL

{*Egyagwijow Mevewgokoyias Havemarnulow @cooalovixnc)

"Ex 1 natavopfe tol Semictpov G8wtog, tHe Etmotag petaforig tou
rel w6V wApaTdy oyfozav el T cuwvdfouv pé TV Ppoyny, wereTdron 4
OYPOUETRINT) XATROTHGLS THS XUTWTEpes XKoL pEcyg Tpomaspuioas, &l 1f) Bd-
oet Tdv otayeiov 3091 R[S mpaypatomonletadiv elg 76 depodpdpuiov Tob
EXdpvined (CAOTven: ¢ =370 54" N, A = 23° 44" E, h =15 p} «Hc mepis-
Sou 1968-74 xal waza vag dpag 00 GMT (1875 R/S) =t 12 GMT (1216
R/S).

"Ex ol cuvbhou wév dvwtépw R[S, ol 636 cuvdudlovran us Bpoyhy
onpewwlelony elg wiv Dewpovpévyy meproydy xotd td dvrlortoryov dwdexdw-
pav, & dv «l 405 xare v 00:00 GMT xab «f 231 xere wv 12:00 GMT.
Avgpopgpolivian obtwe ol wetnyoplen Tév &fpbywv (D) nal Bpoyepdv (R)
mepithoswy, xal 7 dEloddynog Tév onpsovpdvay B@opdv peteld Ty
wpdy (dvtiotoiyev) Tl dettoluoy B8ertog Tav EBpbyov wal Ppoyzpdy mept-
mrdoeswy, ddnyel el cupmepdopwta cupfdiroviae gls THY mpdyvaoty TG
Bpoy s,
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