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- ABSTRACT

-

D r1ng the 1970'5 at the Unlver51ty of Alberta, theses

been wrltten‘by three prevlous'authors The present study is . a

d1rect contlnuatlon of the work of Sandhu (1978) Water\yapour,

~ ﬂeraln\'small hall and graupel were sampled on days~w1th thunder-

. showers in central Alberta. Oxygen 18 content was determlned by R
. T

e - T

_mass’ SpECtrometry The purpose of this the51s was to evaluate
the collected data,‘and to test the feas1b111ty of u51ng these
ground level measurements w1th a theoretlcal 1sotop1c cloud

model to study the processes of preC1p1tat10n formatigni,//f

P

A recap1tulat10n of the cloud models is given in

-

: Chapter II.. Table 2.1 on page/l§,llsts the models and

"f

summarlzes the1r various constralnts A very s1mp1e model

N
deflned by Equataon (2 9) on.page 23 has been used to convert

the measured 1sotop1c del-values to cloud condensat1on tempera-

\ -

‘ tures. These formatlon temperatures are contalned 1n Table 4.3

for raxn and in- Table 4.4 for graupel A graph1ca1 comparlsonQ
is shown 1n Flgure 4 5 on page 68.

E Short term varlatlons were dlSCOVGTed in the water vapour

\

del values so»that the re11ab111ty of the vapour measurements

1

became, and rema1n5 an - 1mportant questlon Consequently the

use oﬂ the theoret1ca1 models fbr 1nd1V1dua1 showers was

serlously hampered The formatlon temperatures of the graupel

P T . N ) ) ’ ' v
il ie . oW . .
K. T . ' . .




‘o
\

‘sahples ranged from 0°C to -20°C with a fairly uniform distribu-

tion. The rain samples were more numerous than their graupel

counterparté, but “they suffered varyiﬁé amounts of evaporative

a

enrichment during their descent from cioud to ground. Possible

' corrective measures have been suggested in Ch?ptcr;v*for\fhé'“'
‘rain del-values. . L ;- . m\
. I o
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CHAPTER I R

HISTORICAL SYNOPSIS

1.1 The Naturally Occurrlng Isotoplc Forms of Water

Even before the dawn of the nuclear age, G11f111an (1934)
€>
had measured a slight distinction between the "heavy" waters of

zhe oceans and ‘the ”llght" waters of terrestrial freshwaters
7 o
e attrlbuted the observed dlfference in spec1f1c grav1ty to a '

dlfference in 1sotop1c comp051t10n Within the oceans of the :

i

world, however, the absolutezvarlatlon-of the relatlve‘concentraJ

-.
B

tioni‘Of the isofopic»forms of water is extremeiy small: 10°/co
for deuterium, andv1°/;° for oxygen—lS-(Hoefs,*1973§ Epstein and

Mayeda, 1953; Friedman,.1953). The correSponding variation inl
[in X

"meteorlc waters is more than 20- times that of sea water (Cralg,

a

196La) Consequently,‘mean ocean watér has been considered as a

standardﬁwdesignated SMOW (Standard Mean Ocean Water), where

L]

; 0.15576 x 10~>  (Hagemann et al., 1970), and
H_Jsmow. - | AR : S

1.9934 x 1073 (Craig, 1961b).
dsMow - o

'In'practice, iSotopic abundance-ratiOS"are determined
by mass’ spectrometry where an unknown sample ratlo is compared

with the approprlate standard ratio. The result in parts per

et wriat




L,
L

‘thousand, .is expressed as a del- value

18 R . -R ‘ '
S OSample = sagple standard x 103 .y
standard , ‘ '
: 180 ‘ o '
where R = 16 . for example (Craig,'1961a,b; Epstein and Mayeda,

1953). At ‘the present time, precision is routinely of the order

“of + 2.0°/4, for deuterium, and + 0.2°/00 for oxygen-18 (Hage

et al., 1975#1Hoefs 1973). SMOW is now the accepted world-wide
standard for both hydrogen and oxygen 1sotopes

, The chemical behaviour of ‘each isotope of a given element

depends strong1y>on the extra-nuclear structure (Hoefs, 1973;

Dansgaard, 1961). The nucleus is more influential in determining

an-iSotope's phySical properties. For thls reason, isotopes can

‘ be separated relatlvely ea511y on the basis of some physical pro-

perty such as den51ty or b0111ng point. Table 1.1, taken from

,the.work of Wahl ard Urey (1935), 1lists the measuredgsaturated,'

A4

vapour pressures for the isotopic forms of water at 5 temperatures.
A control sample was used at the lowest temperature, and the en-
tries in the Table are comparable to present day values

Isotopic effects are most pronounced amongst the 11ghtest

' elements, and- espec1ally among the 1sotopes of . hydrogen In

the case of water, the lightest isotope has the highest saturated
vapour pressure at any specified temperature. Although H 18
and 02160 haue nearly equal molecular weights, the_heavy-hydrogen'

form shows the greater reduction in its saturated~v?pour pressure.



TABLE 1.1.
- SATURATED VAPOUR PRESSURES OF THE ISOTOPIC FORMS
OF WATER AT - VARIOUS TEMPERATURES

(WAHL AND UREY, 1935)

Temperature Saturated Vapour Pressures, P, (mm of'l{;) o

: FQ{H216O) P(H2180) p(HD160) p(D2160)
Cc) ' v L

11.25 10.0 9.86 9.23 .  g8.53

11.25 ST B 9.89 - 9.18  8.53

250 21.0 .5§o.82 19,51 18.25

5.6 435 asas 40.80 38.50

46. 35 70 76.41 . 72,53 69.07

1000 -760.0 757.7 740.7 7228




k]

<o

The isotopic forms 6ﬁ‘water'can thus be separated by fractional
d1st111at10n both in- the laboratory and in the Earth's atmosphere

as suggested by Epsteln and Hayeda (1953) The more volatile

_ H2 6O—component‘of sea water is preferentially removed from the

ke T . . B - .
" oceans by evaporation, tends t« remain in the vapour phase, but is

eventually‘deposited as snow at high latitudes and altitudes.

6180 = ~60%°/00 for Snow near the.§outh Pole,(Aldaz and Deutsch,

- 1967). | e . -

1.2 Empirical Meteorolqgieal RelationshipS~

In a trend similar to that of terrestrlal freshwater,

pre01p1tat10n becomes 1sotop1ca11y llghter w1th 1ncrea51ng latl-
\

‘tude, with 1ncrea51ng altitude, and from warm to cold season in

. 1
non—trop1ca1 latitudes‘(Hage et‘al » 1975; Dlncer 1968; Epsteln,

\
1956 ‘Dansgaard, 1954; R1esenfe1d and Chang, 1936) Dansgaard

(1964, 196#}§found‘an excellent correlationibetween the annual

‘mean dei-value of H ;80 in precipitation and the annual mean air-

2

. temperature at the surface. The regression line was given by

“ the following equation:

-— _—_... ’ o . ‘. ‘
870 = (0,69 T - 13.6)°/00 - . a.

in wh1ch the temperature term was expressed 1n degrees Ce151us

1\

' Also, for deuterlum,

- R _» o ' L o ) .
SD. —.>(5.6 toir 100..)./3,'° , (1.3)
The averaging process was‘thought to smooth out the ndmerous

/

r[‘

(SIS
3

!



fluctuations in the del-values recorded for individualvstorms;‘

so that tair could be considered as a direct link to the effec-

tive, annual mean condensation temperature. In general, the
heavy isotope content of precipitation decreases with decreasing

condensation temperature, tc (Dansgaard,. 1964). It should be

v

"possible, therefore, to/deduce t, ‘from an observed del-veiue of a

-

iheavy isotope Conversely, it should also be p0551b1e to pre—

dict, for an observed dew p01nt the range of del—value;;for
cloud droplets produced by convective cooling

Equations (1.2) and (1 3) can be comblned so that T _._

air
is eliminated. A relation between,deuterium'and oxygen-18-
Tesults.
R — 18 ., o o
.i.e., & = (8570 + 9)%/os : _ (1.4)

This reIationship.has been called the precipitation liﬁe (Dincer, '
1968) Since the isotopic species of water are fractionated

»dur1ng the processes of evaporation, condensation, and free21ng,

'and since these processes apply equally well to both HDl60 and

H2180, it seems qu1te logical for the fractionation of deuterium . o

'to parallel that of oxygen 18 (Hoefs, 1973) Equation (1. 4) is

#
'usually written as an emp1r1ca1 equation proposed by Cralg (1961a) ' ‘:, ' _}'“
}

.o = ('Salgdg 10000 - s
The relation wdé,ihowever, originally suggested_bvariedman '
(1953) who comparedvhis‘own deuterium measuremeﬁts with the. o ‘/,uijf/

earlydeygen-iS measuremeénts of Epstein and Mayeda (1953). - " . ,



“Under equ111brrum conditions, these factors, for evaporation: ¥
‘ e

and condensation, are given'approkimately by the ratios of }he'

LR

T '18 (18 'M#‘7'"_mﬁw“m"'"'"*’7’*""”“"'*’::':. o
= e e = il e e . — ..—— i—__ - /’
' 770 Jva :
| S S |

- t1mes its. mole fractlonal concentratlon in the solutlon In

such a case; the fractlonatlon factors depend on- temperature

‘s

B

1.3 Fractionation Factors ' _ ‘
For a quantitative study of isotopic fractionation in

J
v

water, the fractlonatlon factors, oy and . a18; are requ1red

< -

saturated vapour pressure of the light isotope to the saturated

;Vapour pressure of the heavy isotope (Dansgaard, 1961):

ap

'The~idea1 gas law is assumed to‘apply in-the vapour phase, and L
Raoult's law for ideal solutlons 1n the 13 quid \hase' That is, -

the/partlal saturated vapggx_pressure J",_of‘am 1deal 11qu1d

BN \ .

in . solutlonb is equal to its pure saturated vapTur pressure, P P

> T

only (Dansgaard 1961) ’“f"' 7 : j ’

[ ' B

Lew1s and,Cornlsh»{}QSF) Were - the flrst to determlne

g exper1menta11y, anc the 1sotop1c vapour pressures measured
: . /




L, and absolute temperature T.

in the temperature range, 15° C ‘to 100 C

_ to extrapolate values of a.

|

-

'by Wahl and Urey (1935) also yielded" values of a and o1 8’ at

specified temperatures, v1a Equat1ons (1 6) aﬁd (l 7) ~ The 1nte-

grated form of the Clau51us~ClapeYron Equatlon, in wh1ch the la-

'ltent heat of condensat1on is assumed constant, can be wrltten as

‘p~-;-' .,_(mL/RfT)"Y | . (1 8)

\

‘where C is a constant of 1ntegratron and R* is the un1versa1

|

1gas-constant. In Equat1on (1 8) the saturated vapour pressure

el
e

is a functrqn of molecular welght m, . latent heat of,condensatlon .

o

and P 18 can be
(HD ®0) T (H,770)

Lo~

calculated by,Equatlon (1. 8) as well as- P(H
G2

we1ght is then the main. varlable, and the appropr1ate rat1o of

. /. REA
the saturated vapour pressures glves an. expre551on for the frac— o

tionation factor»whlch,resembles Equjtlon (1.8) but has a~

o N
- positive exponent,

Zhavoronkov et al (1955) determlned an equatlon for a

o

viz., g 18 =0 9822 , | o i;;Lprlﬂsa ~~~~ g

e

where R* must be expressed 1n_calor1es mole "‘Kf- "Dansgaard o

18 down to -20 C. Table 1. 2-contalns

these "class1ca1" values of aD and a18, at var1ous temperatures,.

and was or1g1nally prepared by Dansgaard (1964) from the. work of

a
a3,

fMer11vat et al. (1963) and Zhavoronkov et a1 (lQSS). These,were =

the vilues used by Miyake et al. (1968) and by Linton (1972).

% .
¢

Voyr Themolecular

%18

) e;

(1s. 788/R*T) ! e



TABLE 1.2

£ JILIBRIUM FRACTIONATION FACTORS FOR

DEUTERIUM (aD) AND OXYGEN-18 (a

18)

DURING A VAPOUR;LiQUID PHASE CHANGE

(DANSGAARD, 1964)

)
l\
Temperéture_ i
(tc) “p %18
100 1.029 1.0033
80 1.037 1.0045
60 1.046 1.0059
40 1.060 1.0074
30 1.069 1.0082
20 1.079 . 1.0091
10 1.0101
0 1,QiL§.
-10 1.0123
-20 1.187 71,0135

i M L 0,

o kgt ik

P RTINS G L)

bt T

PRICE PP Ry



The fract¥onation factdrs, espeeially at sub-freezing

- ‘ . - - k3 - -
temperatures, have proven difficult to obtain precisely even 1in
. R

controlled laboratory Studies. ‘Majoube (1971) determined emr’

_ : ‘ : b
pirically two improved relationships for op and ayg°

v

o ' 3 - . -
In q %o 24:844 x 107, 76.248 , <5 612 x 107 (1.10)
%p 2 T
. T | L.
. 3 Y ¥ \‘\ .
Cin a2 1137 X107 0:4156 _ 5 oe67 x 1075 (1.11)
18 2. T .

in the "temp-

These curves were based on .nearly 50 data—points
[

erature range 0°C to 100 C, and g1ve 4- dec1ma1 accuracy for the

- Stewart (1975) conf1rmed Majoube s (1971)

}

fract10nat1on factors

determinat1ons for. o but con51dered those for %g sllghtly
. by

Nevertheless he used them in hlS thesis as\they E;}S’PGM

too large.
. in Figures 1. 1\\nd\\\; on pages 12 and 13, respectlvely
LA Tables 1.3 and 1.4 list fractlonataon factors for deu-

- s

v terium-and oxygen~18 respectlvely, and give an indication of

the h1stor1ca1‘trend in the1nnaccuracy ﬁigures 1.1 and 1.2
o

show the correspondlng, present- day curves. Evidently the

fractionation factors, for equ111br1um evaporatlon de conden-

'sation, are now quite well~known in the normal»temperature

bkrange of liquid water. Values for supercooled water may be

extrapolated with a reasonable degree of confldence Of course

non- equ111br1um conditions ociir in the real natural world

-

‘but the deviation from equ111br1um may often be qu1te small

(Stewagp,,1975;'Facy et-al., 1963). ‘2 o ,

it AR i
Sard R

R
SR

o {5.« %

=
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t TABLE 1.3

A COMPARISON OF MEASURED FRACTIONATION  —
FACTORS FOR DEUTERIUM () '

-20

(Vapour-Liquid) } ' o (quour—Ice)
' &;hlrand Merlivat 'Merli?at | Meriivat
t Urey et al. et al. Majoube and Nief
°c) (1935)  (1963) (1971)  (1971) (1967)
100 1.026 1.029° 10253 1.0271 L
80 1.038 1.037 - 1.036 _ 1.0366 .,‘—-
60 " 1.051  1.046 1.048  1.0487 -
40 1.064  1.060 1.062  1.0645 . -
30 01071 1.069.  1.072  1.0740  --
20 1.078 | 1.079 1.082 - 1.0850 -  --
10 1.086  1.091 ' 1.094  1.0977 -
0 1.095 '17106 109 1.1123 1.132
2100 - 1.124 1,127 1.1293 115
17 1.150  1.1492  1.173
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\\
TABLE 1.4

A COMPARISON OF MEASURED FRACTIONATION

FACTORS FOR OXYGEN-18 (als)'

(Vapour-Liquid) ' ,.' ' (Vapoﬁr—lce)
_ Wahl and Zhavoronkov =~ .. - Matsuo and
.t Urey - et al, - Majoube" Matsubaya °
(°C). (1935) (1955) ' (1971) S »(1969)
100 1.0030 - 1.0033 o 1.0050 .
80  1.0050  1.0045 = 1.0059 .l
60 1.0066  1.0059 - 1.0070 -
40 1.0080 1.0074 1.0082 oo
30 f1.0689 . 1.0082 1000 - --
20 1.0099  1.0091 1.0098 -
AT
10 1.0111 1.0101 1.0107 -
0 1.0125 1.0112 1,. o i;0117 ' 1.0119
100 -- L.0123. 1.0129 1.0127

-20 - 1.0135 ©1.0142 ©1.0135
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Figure 1.1 E}quri"libriu_m‘-fractiona‘tion factor for deuterium ,
as a function of temperature ( Majoube, 1971 ). .

-



£
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'F’ngure 1.2 Equxhbrlum fractlonatlon factor for oxygen - 18
as a functlon of temperature ( Ma)oube 1971 )




1.4 Oxygen 18 Studies at the Universitytof Alberta

' The idea of using oxygen 18 as an atmospherlc tracer and
cl1mat1c 1nd1cator has been discussed by meteorologlsts and
phy51C1sts at the Unlver51ty of Alberta for about a decade |
For example, Gray and Thompson (1976) have recently demonstrated
a correlation between an annual mean air- temperature and the
18O—abundance in the cellulose of tree rings. A number of
precipitation'sampling experlments have been carrled out since
1970, and'the results have led to three previous theses. The
present study is a contlnuatlon of the work of Sandhu (1978).

West (1972) and Linton (1972) gave the flrst comprehen—.

sive reports on the oxygen- 18 work at the Un1ver51ty of Alberta.

\

Linton (1972) descrlbed ‘the theoretlcal studies of Dansgaard
- (1964, 1961) and’ mod1f1ed the four cloud models of Mi yake et
.al. (1968), but he restrlcted his discussion of experlmental
results to the summer ralnfall data of 1970 and 1971 at Edmonton
.He did not. attempt to sample water vapour He was particularly
_concerned with the change 1n 6 0 with time dur1ng periods of
sustained rain, and to account for the observed trends in hlS
‘data, he est1mated some enr1chment in oxygen 18 durlng the
rain's descent: from cloud to ground - |
The work of Linton (1972) was contlnued by Hage et al.
(1975) unt11 265 prec1p1tat10n samples had been collected In
addit1on, these authors attempted to sample water vapour by

.fdraW1ng a1r slowly through a c011ed condenser ‘embedded in a

slushed carbon ledee and ethanol freez1ng mixture. | They



~

confirmed that nearly éomplete recovéry of the vapour was accom-
piished by this method. Howevér, vapour del—valueg were not
published, and their discussioﬁ concentrated on the ﬁarked
distinction between tﬁg resulfs for rain and snow. Aﬁ unusually-

/

large variation in 6180 was found within gnd besy;en individual
snowstormsQ The descent phenoména described by Lintonr(1§72)
weré thought to bebinapp;}cgble‘to faIling Snow, .It4was con-
cluded,vtherefbre,'that,~iq wintér; the effective copdensatioh

. lable‘at Edmonton;'and thét the water

temperature was highly vari
vapour feeding the snowstorms had at least two different origins
and/or histories.

In the present .study precipitation samples were collected,

this time ~in association with the Alberta Hail Project of

Penhoid,,Alberta. Field sampling'took'place,during three summef

" hail seasons'in central Alberta. Unlike liquid precipitation,

when cioud‘drbplets are'completeiy frozen into snow pellets!or

hailstones, the oxygen-18 content is not appreciably enriched

> -

" during the deScent'from cloud to. ground. . Some enrichﬁent may

occur, however, during the freezing or wet-growth process

(Bailey et al., 1969). This noﬁei_feature of fixation'by

freezing has made the isotopic analysis.of,hailstOnes_éﬂpopular

area of[research since about the iiﬁéiof'F?CY et'al: (1963),



CHAPTER 11 , . o

OXYGEN-18 STUDIES AND CLOUD PHYSICS | S

2.1 Cloud Modelling

Perhaps the first step in understanding cloud structure

\ and precipitation development is to identify the water vapour
. . o . : .

3

1
\

18

able attention, and this concept formed a tacit premise of the .

source. It is here that oxygen-18 in vapour form may be used

: : : o, 1 S
as a tag or trace element. Then, if the 8O-content in the

water vapour. entering the cloud is known, the corresponding

0-abundance in the condensed droplets can be calculated as

~a function of cloud temperature by means of a numerical model.

VI) .

Thus it would seem that vapour Sampling\éhéuld Treceive consider-

study,-

| Miyake et ﬁl. (1968) described four isotbpic CIoud.
modelg_based.én claqd type and condensafion pfocess} Thé math-
ematiCal;equations were derived fro the mass conse;bétioﬁ of. .
the isotbpic‘species;‘ Conservation éf bulk ﬁass waéwrigidly co

retained in the closed models,»bUt‘ﬁot in the open ones where

cloud dropiets were allowed to precipitate Qut of a cooling

parcel of air. - Liquid condensation was considered to be an__

N

équilibrium‘process‘for cloud-droplet formation, but non-

equilibrium conditions were encountered during the growth of jce

‘crystals by deposition; Frozen condensate was essentially

>
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isolated from the remaining vapour and did rot influencé any:
subsequent‘condensatign. ,
The'four-modelé'can be most easily interpreted as follbws:
M1, a\0105ed system‘with equilibrium betwéen the total
vapour and total condensed phases;
M2, a closed system with deposition on to ice crystals;
M3, an open sxstem~with equilibrium betweéﬁ tdtal vapour
and the remaining cloud dropléts, some water removed
as rain; | |
- M4, an openvsystemAwith deposition on to ice crystals,
éome of which_pfecipitate.
Thé models Have been listed in Table 211 along. with Linton's

(1972) basic equation,for each one. R is an atomic abundance

ratio as used in?Equatibﬁ (1:l). ‘ﬁ repfesents thelamount of
water substance in grams in a parcellof air. _For'the cloéed
syste@s, N:= NC + Nv = (NQ)Q', The sﬁbscript, 6, denotes'thg |
initial cbndition,at the lifting condensation level or cloud
base. Othef subscripts arévused,to iﬁdicate the foliowing:‘
water vapourvbf-v,
liqyid water by w,
, K\‘ o _ haiiAor graupel by’h,’
/;) unspecified condenshte‘by_c.
iAlfﬁough Miyake et é}; C1968) set out ‘to géscrib§
»mathehaéically the proéess_ofvadiabatic condensation followgd. 
.\ ¥bX'PreCiﬁ}tation, they. nevertheless used in thei# models the _b

dry adiabatic law;:br,PoissbnTs'Equation; in the form:



TABLE 2.1 ,

THE FOUR ISOTOPIC CLOUD MODELS »
AND THEIR DEFINING EQUATIQNS

Mathematical Equation

Miyake's Linton's , ' "~ Used to Derive
(1968) - (1972) - . . 18,
Label Label Description of Model GC 0 = f(t)
M1 L1 . Closed system with (N.R)
IOOUEI RN vV Vv'o _
equilibrium between Rc = 77 :
the total vapour (— - 1) N + (N)
. : o v v'o
and condensed
phases.
M2 - L2 »I Closed system with

equilibrium. at the
. vapour-liquid - -
condensate inter- e (Nv)o - Nv

e A . '
face only; some :
condensate frozen. I I

M3 L3  Open system with /,
equilibrium between
the vapour and con-
densed phases R, ° N+ oN_

T . v v c
remaining in the o
cloud. 7

M4 T 14 \ Open system with
- equilibrium at the
vapour-condensate c c
interface only. - de N

dR, (o - 1)AN, - Nda




//.-'/’4\_ T - ' To l/(Y“ - 1) .
- vev, | T @

where V was the total volume of the system, and y//the “ratio

- of spec1f1c heats, —Eg for dry a1r Linton (1972} substltuted a.e T
a ) v . . v :

pseudoadiabatic cooling process and worked with the virtual

temperature, o I

where T -was the saturated mixing ratio for air at temperature
’T, and € = 0.622._;HiSAmodels‘were.otherwise very similar to -

those of Miyake et al (1965),'and ﬁe ihtroduced the terms P o

//L/'>

”wet” and ”dry” to d15t1ngu1sh ‘the two sets of models

Figure 2.1 has’been complled from L1nton s 9 2) thesis L

for the sake of oomparison. T/e,curves are labell cordgng _-//”’;’///’

- / . . - ,1-'\ -
to columns 1 and 2 of Table 2 1: is a ne inear, = G

e discossed in‘théﬂoext section.
N L ) . >.~‘ ~
The clogd/pa/imete} W or LWC, equals V’ and is called the § B

simplified form. of odel Ll,/t

11qu1d water content of the cloud It was held'constant by
Linton (1972) dur1ng the calculatlons for ahy, part1cular,

open model. | ‘> S \

2 2 The Slmpllfled Model (SM)

When Facy et al (1963) 1ntroduced 1sotop1c analys1s
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Flgure 2 1 Differing nsotoplc cloud models which. relate 6c %0
to cloud temperature. SM was calculated usmg

values of o 18 from Table 1.2.
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-~

to the study of hailstone formation, they chose L1, as a first

— | - L | i

\\\\\\\model, to describe the adiabatic updraft region of a hail-——
\\ ' . »—‘f’/»// : .
generating cumulonImbus—-—Since’they did not collect any vapour

‘samples, they‘h;d to’ estlmate the initial value of [}—- in the
air nass feedlng the storm. Even so, they were able to. plot
///// [: j]aga1nst hailstone radlus and to correlate the deutér1um
;/5/ concentrat1on w1th temperature and helght Thus' they deduced
a rough growth hlstory for thelrfhallstone without the benefit

of the more elaborate models

v { Mlyake et al: (1968) defined the model Ml by the equat1on:

= = O'v(Z;S)

. '(aPyN"“Nv_)o :

B | T e - ,\
, ,/lThe—fractlon of rema1n1ng vapour, F&, can now'be introduced

. e
I .

“to give '..Aa
R \
: vio .
. - (2.4)

< - 1) Foo+ 1

. v ’
where F.__ = v e (2.5) =
-f*f"“’"v'zﬂﬁsz)b (rJd, ' o :

The subscrip;, o, referred to cloud'base, and!the absence?Of'
subscr1pt o, 1mp11ed a general height above the cloud base. fhe‘
| saturated m1x1ng ratlo, T and hence F v’ could 51mply be read:

|
: f}om a tephlgram by follow1ng,a.mo1st—ad1abat.; In the@case.ofo
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oxygen—i8,-the\fractionation factor, Grgs could be taken from

Figure 1.2 or calculated from Equation (lﬂllji .(Rv)o, therefore,

constituted a.crucial measurement, and, in the present’work,

|

~ 6'*80 for water vapour was assumed to b% constant from the

ground up to cloud hase. .Thi§ assumptioh was also made by Facy~«

et al. (1963).

Eqﬁation (2?4) can be expressed in terms of del-values

by using the defining_Equatidn (1.1).

- R
standard 103

' i.e 6C1801 = = x
“standard -
(R) =R .
((Sv180)0= vRo i st§ndardb X 103‘
‘ ' standard
" Subtracting gives
18 18 - _ oy 10°
GC 0 - (dv 0)0\ = Rc - (Rv)o X g .
' I o R 3 standard
Substituting Equation (2.4) tOAeIiﬁinﬁte Ré yields
| - B B S - 1) F
18 18 . - 3 i g8 (o v
5. 0 - ﬁéav 0, = 10723870, | oo ¥,
- ! . ,.'. A - S M . ~

The denominator, [} + (1 -'a) F;:], ranges‘ffom-l.qgwhen FV

to.a when FV = 0. _qﬁésv \
", B" .
el ey
o T N i e
v q’ -

"(2.6)

(2.7)

/

/

/ )

et A i s o Ly
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. ' ‘ @ '
ie. 12 E.* a - u)F;l A (2.8) o

4

‘Since a is never much greater than 1.0, the denominator in Equation

(2.7) is also approximately 1.0. The term, %évlg

0) , on the
o’
‘right hand side of (2.7) can be set equal to -26°/co, an

average value for water vapour during summer -in Alberté (Sandhu, -

N

1978). 'If the fractionation factor is wriftén.as 'a = i + x3 ’
| ' ST ‘ 10
~Equation (2.7) becomes, approximately, e %‘
- R ) : ’ ' A
.18, o . 18 . ' B SR
§ "0 = (8 °°0) + 0.974XF (2.9)
; C v o) v . .
o _ N
which defines the simplified model SM. \
2.3 The Applicability of the Cloud Models . |
. * When Miyake et al. (1968) proposéd their four basic "{
models, they also suggested the conditions under which sach: g
model could be applied. The:bpen models, M3 and M4, represented - "g»

i

~ frontal, stgatiform precipitation. ‘Extensive rain or snow of  .
this ﬁype hasvbéen»diééussed-since Dansgaéfd's (1953) pb;e}va—li
tion 'that SQISO dis#inctly ihcféaseq\with time dﬁfing:thé1 
"-paséagé of a,strong:warm frdnt o?er»DeﬁmarkT. -
| Tﬁe c1Q$éd models; Ml and MZ, werevthought to coffespond: 
to convective $ho§érs ﬂhere the precipitation effiéiency was
low. In these models, thévgfowing reservoir of c}oud‘cpndenﬁate
and the:dimin;sh;ng Yépou% sdurce‘wéfe neygr:§eparated fréﬁ-the
clopd; As the adiabatic cooling procéédéd, fhe,increaéiﬁg

Bt
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volume or bulk\condensate permitted oaly a slow c;Lnge of GCISG
witﬁvtemperature or time. |

‘ The'distincgion botween_equilibrium and non-équiiibrium
'Ahodels rurned out to be rather academic in the case of .cloud
formation. Equilibrium coodensation'was.always,considered to
apply, at least at the mlcrophy51ca1 vapour condensate interface.
AcCording to Miyake et al. (1968\, M1l and M2 d1ffered by only
about 2 del- unlts at most, nd-ﬁ3 wasvpractlcally_ldentlcal

. . A
to M4L A comparison of L1 and L2 can be ‘seen in F1gure 2. 1 on

ﬁfff‘\“‘\g‘f\page\ZO " In the case of fractionation via dep051t10n'1n a

\
1 “

vapour_ice system, however, the non-equilibrium models seemed
especially applicable.-~Therfractiohation factors for such a
" model have been_incloded in Tables 1.3 and 1.4 under‘tho heading

B N : - 4

of "Vapour-Ice”.
N As menrloned in the ¥reced1ng sectlon, Facy et al.

(1963) found L1 to 'be quite satlsfactory for a qualltatlve , \

descrlptlon of the growth of a large hallstone The 51mp11f1ed b

model, SM, glven by Equatlon (2.9), was ‘an approx1mate form of .. . \ \
‘lLi{’ Mlyake et a}. (1968) preferred model M2 for the growth e

of large‘haiIStones Dansgaard (1964) 1ncorporated the Ray1e1gh
rcondensatlon formulae 1nto a prec1p1tat10n model to be d951gnated

D4 in Figure 2.2, and spec1f1ed by

e L EsESD T any

where Z has been used to,designate_aﬁy generai isotope. The
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quantities, a , o, and o were fract1onation factors referring
to the 1n1t1al condensatlon temperature, an 1nstantaneous conden-
sation temperature, and the mean condensatlon temperature,
ﬁespectively;' 6CZ, in this»casef denoted an 1nf1n1te51mal
element of condensate.

Flgure 2.2 has been assembled to illustrate tne‘potential
.varlatlons wh1ch can occur among the d1fferent mpdéls b4 was
calculated from Equatlon (2.10), and as for Flgure 2.1, the‘
. values of a18 were taken from Taﬁle 1 2 M2, L1 and SM all
turned out to be practlcally 1dent1ca1 In the limiting case'
pof the. open models when W //9 L3 L4, and D4 were all equlvalent
and rep;eseﬁfeé’i"ﬁeofet1cal Raylelgh condensatlon w1th no

intermediate ‘cloud. AN

-~

The 184, concentratlon of the condensate,'dclgo; -

-

represents the entire condeﬁsed phase in the closed models "On
the contrary, in the open models, it r:presents\only that ‘
:portion of the total conde sate which remains lnktne cloud.

When W = 0, as in D4, it a&plles, in fact, to an'infinltesimally
small portlon which is immediately ‘isolated after formatlon

In the open models, some of the ¢ ndensate is removed v1a pre-
cipitation‘and can then be sampled ‘at ground level.

\ According to Dansgaard (196412 the Raylelgh condensat1one
‘process D4 leads to much more‘ftactionation, for small quantit1es,
than the closed equilibrium processmanagesfor the entite con-
‘densed phase,; In nature the growth of 11qu1d cloud droplets

" by coalescence, and the equlllbratlon of condensate and cloud

.
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~ CLOUD TEMPERATURE (°C) = -

B

- Figure 2.2 The range of the isotopic cloud models. L2 shows
~ the least fractionation, L3 is the open model

favoured by Linton (1972), and D4 is the Raylelgh
llmlt ‘when. W= 0 0 g/m3 ' :
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vapour by isotopic exchange will prevent dramatic fractionation.
In most cases, then, the delenalues of~preclnitation samples
collected in the field can be expec;ed toifollow the”curve,of
model Ll._‘Equilibrium conditions will tend to he the rule, not
the eXceptlon, and deviations shonld be small. D4 is the ulti—
mate limit of fractionation and mlght perhaps be detectable as
.a functlon of ha1lstone -radius in reg1ons of dry growth.

Llnton's (1972)‘mode1‘L3, with W = 2.0 grams of liqoid
cloud water per m3, has been inclndedvin Figure 2.2 because it

fits D4 closely for about_40°C'of'cooling.‘.It was the model he

. favoured for general use. Its variable liquid water content

gives flexibility to the model, but from a praCtical viewpoint,
‘the cloud parameter W is just one more numerical quantity to be

‘estimated for each shower. The precise variation of W with

A

- space and time during a shower would be a.further_complication.
When W < 2.0 grams of liquid”water per;ms,.LS would not

represent the del-values of'precipitationvsamples much better

.

than D4
L1nton (1972) was concerned about the h1gh del-values
‘given‘by model L2. He would have predlcted greater fract1onat10n

to occur under non-equmllbrlum cond1t1ons - He attr1buted the

-d11emma to the closed nature of the model L1 anerZ The

/
removal of condensate via prec1p1tat1on would 1nva11date the

closed‘models. Consequently, he concluded that a closed system

was not a reallst1c approach to the atmosphere. He'then\favoured

|
i B

‘ the_general1ty of ‘the open model L3,-w1th equ111bration-between



cloud droplets and«vapour, and with some'allowable precipitation.
Miyake et al. (1968) also seemed to favour the open

system with equ111br1um between cloud water -and rema1n1ng vapour.

In such a model, relatlvely large changes in del-value can be

predicted and then. ver1f1ed by taklng consecutlve slmples dur1ng

_prolonged periods of precipitation. Under natural conditions,

no cloud can be expected to obey a mathematlcal moge exactly.

In fact natural clouds evolve, from closed to open systems,

and from equilibrlum to non-equilibrium cond1t10ns when freez1ng’

occurs; Thus each'model is somewhat applicable some of the t1me,-

"but none is completely so.

‘ 2 4 The Appropriateness of Cloud Model and Local Weather

The varlous numer1ca1 models were def1ned and-constrained

by their mathematlcal equatlons Exper1menta1 eV1dence must

a

be observed in the field to support any one model's su1tab111ty

-

—

at . a g1ven time and under spec1f1c weather cond1t10ns It is’
puzzling, in h1nd51ght to Just1fy the "dry" models of Miyake
et al. (1968) as‘valid predictors of condensation and precipi-
,tationvphenomena o |

The experlmental ey1dence for the'present study came
from vapour and prec1p1tatlon samples collected in central
Alberta and reported by Sandhu (1978) The theoret1ca1 models
descrlbed heretofore often assumed the source water vapour to » -x

be in equ111br1um w1th SMOW, and S0 1mp11cated warm mar1t1me

.,icl1mates thh (6 )o = —8.1 /°° at t- = 30°C. Such a cond1t10n

would. be oompletely 1rre1evant to Alberta s cool, sem1-ar1d

X
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, ‘climate where,’according to Sandhu.(1978),

(6.180) = -26°/0s and t_ < 15°C.

v o , o -

Lowering the initial condensation temperature,lto, wasrshown
by Linton (1972) to increase the slope of 6C180 against cloud
dtemperature; but the del-value of the initial condensate
remained unchanged.

From Figure 2.1 on page 20, it is clear that a relatively
large dlfference exists between the closed and open models 1f
the closed models correspond to‘convect1ve showers and the
Qpen models. to frontal prec1p1tat10n (Mlyake et al. 1968),
the open model L3 will be inappropriate most of the time dur1ng
the summer months in central’ Alberta. It 1s known(from c11mat1c
records that Edmonton experlences a pronounced summer maximum
of convect1ve prec1p1tat10n and falls well below Dansg_:rd'
(1964) 11near regress1on line (Hage et al., 975) Because
of the dlfference between the closed and open models, 1t may
be p0551b1e to d15t1ngu1sh these two maJor types of prec1p1ta—
tion from the measured del values of collected samples.

The present work was concentrated on summer convect1ve
_preclpitation. So the qpen models were d1sreéarded at ‘least
,at'the outset. Relevant synOptlc weather maps were consulted
‘however,.tO'search for warm frontal act1v1ty. The model SM
‘was used to estimate a.tentative condensation temperature for

each precipitation‘sample.
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2.5 Experimental Procedure ..

" The water vapouf and precipitation sampies were collected
<in'thebfield'by a number of workers other than the author. The
work was conducted during the summers of 1974, 1975, and 197%
in central Alberta east of the-Rocky‘Mountains. A roving
‘cellection vehicle was'eften used se that the samples could»be
taken under showers;*theélocationbof which had beén»previousiy
identified by the Qeather radar of the Alberta Hail Project at
‘Penhold Airport.
Suéface air-temperature and wet-bulb femperature were'
recorded on location before the beginninglof'fainfall? when
‘the ambient air was thought to bevfepresentative of "the air.
feeding the cloud. The prevailing weather‘eenditions we}e.COm;
pared w1th those at nelghbourlng weather statlons Penhold,
Rocky Mountaln House Calgary, and Edmonton Synoptie‘weather
‘maps, radiosonde profiles, and‘satellite photographe were“
‘assembled as additional refe;ﬁnce materiai' | w
The vapour samples wefe collected as described by .
Hage et al. (1“ 5). The. free21ng -out temberature ranged from
—SS°C\to -70°Z (Sandbhu, 1978) The standard dev1at10n of .
the resultlng de) values, a. crucwally 1mportant quantlty, was
0. 6 /oo for the vapour samples It was thus.three tlmes the
exper1menta1 error expected for the solid and 11qu1d samples

2 or 3 ml of water were :equlred for a single labora-
tor& measuremedt. Consequently, liduid samples could be collected
id just‘a‘few_mindtes of rain, whereas vapour samples requireh

more than an hour unless they were takeh;in plastic bags a



U 4

31
- condensed later. .The laboratory analysis for 180 content was
carried out in the Physics Department of the Un1ver51ty of
Alberta at Edmonton. The total time for one analyt1c Tun in
the laboratory was of the order of a few days.
The laboratory procedure consisted‘of two parts:
first, the equilibration ofvthe water sample with a standard

C

carbon dioxide gas, and second, the 1sotop1c ana1y51s of the

.. carbon d10x1de on a ratlo mass spectrometer. Both L1nton (1972)

‘and Sandhu (1978) have described the laboratory technlque in
_some detail. The originators, of the method however, were
Epstein and Mayeda (1953). West (1972) gave the first account -
. of the modern equ111brat10n procedure at the Un1vers1ty of
Alberta, and it was this, part of the laboratory work which took
'24 hours Or more to establish equ111br1um between the water .

- and carbon d10x1de. Sandhu (1978), who supervised’ the labora-
tory,reductions, suggested an equ111brat10n time of 30 to 70
hours‘at 26°b; On, the mass spectrometer the f1na1 stage of

‘the analysis, Coleman and'Gray (1972) obtained del- values with

a prec151on better than + 0 2 /oo ‘ o ‘i' »B



" CHAPTER 1I1I

EXPERIMENTAL RESULTS AND SOME DISCUSSION

3.1 Unusually ‘High Del-Values

The ndmeriCai data for this study have recenfly been

tabulated by Sandhu (1978) who di;tussed the results on a daily
basis. Tables of the measured del-values have been compiled in

"‘_Appendix'C for reference. In Appendix D, all the raw data?points'

are presented in graphical form.
A carefﬁl\exgmination of the figures in Appendix D will"
‘reveal a few spurious results. 'The most obvious is the graupel ’

-sample taken on 5 August 1975, witﬁKBElgp = +6.8°/0o. Positive

del-values in precipitation samp1e§ are ra;;‘énd\have geen attri-
buted to héayy—isotdpevenrichmenf from partiai évapo;zfié of
falling %éﬁndrops near'ghe oceans. -

Ehhait et al. (1963) reported values of de‘up to +44°/°°
‘andtsimUItaneous measurements of swlgo up to +8°/;oiin rain’
samples‘collected ih semi-arid‘regions of South Africa. The
oiygenfi8‘enrichmeht ihirain méyvbe as higﬁ as 8;6r 9 del;ﬁnits 3
under1extrehé conditions, but Linton's (1972) caléulations showed -
that ehriéhménts'of 2 or 3 del-units were‘moreétybical'estimates.

- Ehhalt et al. (1963) measured a decrease in 6w18

0 of 1.7°/00 on
one occasion during the first hour of a thunderstorm in Heidel-.
: » Vo : .
.berg. —
For solid precipitation, such as;graupel, evaporAtive .
TSN

.32
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|

\

enrichment during descent has been dssumed in

negligibly small Ho ver, Balley et al (1969) calculated and -

cooled water droplets accreted by grow1ng hatlstones The maximum

—

- observed increase, in an 1c1ng tunnel, was about 6° /oo for deu- T ——

/

‘terium and 1. 5° /°° for oxygen 18.:

' The graupel sample of 5 August 1975, ‘with 6 = +6.8%°/¢0,

was apparently formed from vapour with 6 18 0= -18° /oo Or lower.

_The graupel del-value»was, therefore,'much.too large to be derived
| ‘ from thevobserved”rapour, but the source of the.error was not
.obvious. The collection.and laboratory procedures were lntended
.'to‘be identical for‘allosamples. Consequently, although this o
.v”spurlous sample wasvyery evident and’easily culled>from“the data,
baits occurrence‘madekall the other precipitation measurements
sllghtly more suspect than the quoted error of +0 2° /oo in the'
mass spectrometry |
No positivehdel—values were noted for 1iquid or vapour
X samples.. The highest ones recorded uere“about ;4°/oo for rain.
o ° Because of the relativelyclarge enrichment possible in falling
ralndrops, all the 11qu1d samples were con51dered to be valld,

~_ As a consequence, enr1chments of the order of 6 del unlts, on'

N

S\

\\\\E\fune 1974 for example, had to be accepted and accounted for,

¢ v ¥

S There were - 3 vapour samples which were thought by the

Ny

\ o author to b mewhat doubtful namely those w1th the hlghest
del Values on: 23 Max\l374 24 May 1974 and 30 JUue 1976.  The

f1rst{vapour sample of 23 “May 1974 was collected dur1ng a snow- -



- record. :

and rain shower under saturation conditions. ',Liquid'fog droplets

may have been 1ncorporated w1th the condensed vapour If so,

'ue'would Jie between. that'of the pure vapour

and that of pure rain. Such a result is 1ndeed ev1denf'1n Flgure ‘

| ‘-* ) s e i e . e S e e .

D 1 of the Append1x
The bottle contalnlng the vapour condensed on 24. May 1974
was the only sample collected on this date. Evaporative enrich-~
ment was suspected, and thc del-value,'-18.$°/°°,[was probably
too h1gh On 23 May 1974, less than lérhours prevlou; o the>
_ measured. 4apour del” value was —30 9° /00, one of the lowest on
.On 30 June l976,‘four,vap0ur sanples'were,tahen within3A
6 hours at the University of Alberta. %hree gaue concurrent'
del values lower than -20° /oo The odd exceptlon was: found -
to have 6 185 - -9.5%/ 60 Thls value looked dlstlnctly out off
place, but no explanat1on for the dlscrepancy uas apparent
.Sandhu (1978) not1ced the close prox1m1ty of v1rga wh1ch could

7/
account for some enrlchment but not 11ke1y so much. as 10° /oo

-~ a

When these 3 spurious vapour samples were disregarded,

. the rema1n1ng 66 had an arlthmetlc mean of 26 2 /oo Sandhu s

(1978)- mean of -25.8°/0o was based on 69 samples. The standard

deviation of an individual measurement wds 3 3°/oc. Thus, if

~ the. dlstrlbutlon of del-values were Gau551an or normal measure-’

ments hlgher than -16° /oo would be exceed1ng1y rare, about three
o .

in a thousand Values lower than 36 /oo could be expected to

-Joccur w1th the same frequency The lowest recorded del value was

3

o Pt
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s e EV1dent1y ‘the d1str1but10n is not symmetrlcal for high

’

del- values are more probable than low ones. On occasion, maritime
.- ’ v “
8

Il<‘x

air with 6 -10° /oo*may reach Alberta. Such an occasion is

Ly

shown by the weather maps centered around 30 June 1976 and repro—'f
duced in Figures 3.1 to 3 4 (U S.A. Department of Commerce, 1976)

On that date, anrupper flow of maritime Pacific air was estab- .

-

lished across the Rocky Mountain§ at-about latitude 4P°N,ffVery :

. . ;little'water.vapour Was'removed by‘preCipitation on the mountfins,
and the air must have reacned Alberta practicallv undepleted:in“
heavy isotopes. | | |

The mar1t1mea1r was detected at ground lgyel by del values

: 51gn1f1cantly higher than average. Even 6 18 -9.5° /oo, the

I3

% hlghest del- vafue observed . for. water vapour cannot be completely

1gnored in thlS case. Deuterlum measurements would be extremely
9 e

valuable 1nsubstant1atlng these unusually hlgh del values whlch e

M . . . - +
. . . L en

are rare but still p0551b1e

3 2 Statistical Results for Water Vapour

) @ SRR
Nearly half of ‘the vapour samples‘came from the ' o

d:m

fleld work of 1976. Mean del-values were calculated for each
'season asf?ollows:' - S . o - N \"
. ’ : . ] L ) o . .

(-25.7 + 0.9)°/00 for 1974 based on 16 samples,

. (;26l7gi_0.8)°/§9nfor 197Sfﬁased‘on 18 samples,

i+

1 0.5)°/00 for 1976 based on 32 samples. "

;, . The 1976 sc.son wzs apparently quite representative with respect\
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~ Figure 3.1 bu_rfacé weather map for western North America
~ showing very little rain at 6:00 a.m., M.D.T.,
. on 30 June 1976. \ L | -
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Figixre 3 2

500-millibar weather map for western North .
America at 6:00 a.m., M.D,T., 30 June 1976."
Pacific vortex was promjgiy,
winds aloft were strong.®
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Fxgure 3. 3 500-m11hbar map for western North Amenca
’ at 6:00 a.m., M. D.T., 1 July 1976 . ‘Southerly
ﬂow over Alberta was stlll well estabhshed |
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Flgure 3. 4 Successive daily rainfall charts for: 28 June (top),

- 29 June (middle), -and 30 June (bottom ), 1976
Amounts measured in 0.01.inches.
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to measurements of Gv 0. The indicated errors are standard

deviations/ﬁf the meéﬁ and are inversely pfoportipnal'to the
square r00£ of théAnumber of séﬁplesf— They are propOrtional,bas
‘wellf'to thg standard“deviation of the del-yalﬁe.population which
was‘éstimaféd 85'3;30/00 based on all 66 sémples;
The geasonal trend in 18O-content réported by Danégaafd

(1961) for the semi-continental location of Copenhagen'waSVei—
peéfed to be hodified in-central'Albgrfa. The.Cobenhagen tendency
had.been equally conépicuéus in both rain and vépour sampleg.
. Ehhgii ;t al. ti§63), however, found the trend in rainbsuppressed;
, o; even reversed, for the‘inferiOr,régions of South Africa, buf
présuﬁébly it'was S£i11 believed to oééur ih‘thé‘atmospheric
water vapour. In Alberta, it was found to be present in water :
Vapour; graﬁpel; and_rain,Jwith stétiétically the same magnithde
.for eacﬁ case. o | | :

. , , |
-In the lower half-of.Figure 3.5, the del-values of tﬁe

vapduf samples are plotted_against calendar date. The least-|

‘”équareé regression_line‘represents the seasona}\;rend’during A\
May, June, ard July,fbut not August. The.ﬁﬁper"line in Figuré
3.5 is\thé‘correspoﬁding reg;ession line for small hail. The
data for rain are sumharizéd in Figure 3.6 on page 49. fhe I
slbpes of.the various regréssion‘linés are iﬁcruded in,fable 3;1
, ‘ v - :
-.on page 43. | ’ |
‘ For water Vapour,.the élope of the regression line is

(+0;055 i_0.017)°/90 per day. Thus the seasonal trend i$ sma11

but still'sighificantly different from'zeyo.' The calculated

~
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\F 1gure 3. 5 Oxygen-18 concentratlon in graupel (top),:
and atmospheric water vapour (bottom) during
, May, June and July in central Alberta,

\
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correlation coefficient, p, is (+0.37 + 0.13). According to

Keeplng (1962), the quantlty, p 4—2:25— , has the Student-t .
~Av~ I l_p
- !

-

distribution with tn - 2) degrees of ffeedom_and.can be used

td test the null hypethesis‘that-p = 0. n is the tdtaivnumbe}.
of samples bm trials. Because of’theilarge number of vapeur
samples collected over the three years, the correlation between
the vapour del-values ‘and calendar date is dlfferent from zero
w1th greater than 99 confidence. Tt is nevertheless smali in
magnitude because of the large intninsic scatter in the measured
‘dei—values.

The sfandard errerlpf estimatéi(Keeping, 1962) is‘a

measure of the variqﬁee about fﬁe fegresSion line\and is
less ‘than the standerd deviation of the del- value populaﬁlon
For the vapour samples, it is 2.8%/co0, compared with 3.3%/00

for the standard- deviation of an 1nd1v1dua1 del value. The
regression line is thus a better predictor than the mean del-
value of thevebservations, but, because of the large uncertainty

remaining, it'still cannot be relied’hpon to'estimate (8 18O)o

N

in the atmosphere on a speciiied date. The water vapour fee&ﬁ

any one particular émorm or shower must. be sampled ‘as beforé/

18 o - ’ n
0) . o P

to get the best estlmate of (d o
. The samples used to'compile Figure'3.$ were all ollected

' at ground leye{. Tﬁe‘va;iatien‘of dvlgowwifh height‘ebove ground

'f_‘is still an opem“question. It mey not Be‘large since the |
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“$PMBLE 3.1
‘ STATISTICAL RESULTS FOR SAMPLES COLLECTED

'DURING 1974, 1975, and 1976
-« .

3

T - Atmospheric Water Substance

Item-of Intérésf. e o Vapour. Rain Hail
Number of samples. 3 _66\ . %52- - 33
Standard deviation of a ~ 8

single sample (°/oo) BN 3.3 ‘ 4.4 3.1
Mean del-value (°/oo) , -26.2 -14.7 -17.9

\Standard déviatioﬁ of

the*mean,(°/oo)y - 0.4 0.6 0.5
Correlation coefficient with =~ E : ,

respect to calendar date . +0.37 . +0.28 - +0.42
Slope of regression line : : : _

with respect to calendar date . +0.054 +0.057  +0.059'
Correlation coefficient with »
' re§pecttp GVISO . . +1.0 - +0.60 - +0.50
Slope of regression line with . o :
© respect to 5v180 L - +1.0 +0.:75 ~ +0.87

ALY < S SR -

Y
o)

. \ .



Miyake et al. (1968) measured a lapse rate of approximately \

I
|

atmosphere is often well mixed by winds and thefﬁél turbulerce.
x

—2 /oo r km on one occa51on during raln on the slopes of Mount
Fu31 They"%also r&?orded a drop %ﬁ 18O of 8° /oo in less :than

18y &
%6, jowat,.a front @iexample,
. LA S

AR

.#néfrest for it will

' . . ‘:,‘ v R
~indicate a discontihuity and idéntify'fﬁ@fassociated weather.

Ehﬁalt (1974) has published‘Verticai}profi}es of GVD
from water vapbur séﬁéﬁes.taken during aircraft flights over
North America and the/Pacific Ocean. More often’than not{
6QD decreased with height up ?o the‘tropopause.,an’flights over-
iand masses, however, the profiles showed ground-level inversions :
iﬁ GVD nearly 50%-of ;he time. In these cases, SVD increésed
slighfly with heighf in the surface layer. before it resumed the
typicai.lapse rate of —32°/ao per km. Most ef the sampling was

done over Scotts Bluff Nebraska, where the standard dev1at10n

of an: 1nd1v1dua1 deuterlum lapse rate was 12°/., per km.

Knlgh; et al. (1975) published a typical, June profile for deu-

terium in clear air. 6 D was practlcally constant at —140°/°° from

Q,

the ground up to/a helght of 2 km

3;3-'Statistic31 Resu1ts for Small Hail and Graupel

Because of the fixation ef the 18Ofconcentration‘in ice
by ffeezlng, it was expected that the graupel samples would be
the most.relleble. The mean of 33 measured del- values coverlng

the three yearsswés (-17.9 + 0.5)° /oo (Sandhu, 1978).. The.
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number of smail hail samples was about half the numbergﬁgr weterl
rapour, but the scatter was.about-the‘same in’ the two groupe.
The standard eeviation of the graupel population was estimated
as 3;1°/°§. Tﬁe vaiue of -17.9°/.0 was precisely the del-value
given by Hage et al. (1975) for the epnual‘mean of a1l precipi-
tatien‘at'Equpton. |
The ikdividual, seasonal meanskfor grauéel were:

(-18.7 + 0.6)°/00 for 1974 based on 11 samples,

(-15.9 +1.2)°/00 for 1975 based on 12 samples,

[+

(-19.3 + 0.5)°/00 for.1976 based on 10 samples.
These means showed\more year—to-year‘variability than the cor-
responding ones for water vapour The year 1975 in partlcular

8

had relariwely large fluctuations in 6h . Both the ‘highest

( 10. 8 /oo) and lowest (-23. 6°/00) ‘del-values for hail occurred
in 1975. - o o S
In addition; it was rafher surprising to discover that -

- the seasonal means for hail and vapour changed in-opposite

\ directions from one year to the.next. Thls out- of-phase varla-

-

tion suggested that»the dei—values for hail and vapour'mlght
not be so well cofrelared'after eliri‘Tabie 3.2 Has beeﬁ con-
structed, therefore,Ate illﬁerrate.the lack of a strong ebrrela-
tion between>6h}80 and Gv}80 - |
'Cblumn 1 contains the nine dates on which samples of
!
both graupel 'and water vapour were’ collected Columns 2 and

list the measured del-values. The regression 11nes of Figurc

3.5 were used to calculate the residuals wh1ch are g1ven in

v

o tbarn
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TABLE 3.2

DEL-VALUES FOR 15 SIMULTANEOUS SAMPLES OF GRAUPEL
AND WATER VAPOUR COLLECTED MAINLY IN 1974A

Deviation of : Deviation of

Date of s 18, 4 18, Sh%go'ff°m i Gvéso ffﬁﬁ 1
Sample h v ngre551on Line Regression Line,
74/05/15 . -20.8  -27.7 +0.2 +0.65

" 20,9 =277 ¢ +0.1 - +0.65

v~ L2120 -27.7 o -0.2 . +0.65
74/05/17  -20.0  -24.5 | +0.9 43,75
74/07/04 -19.6  -26.8 15 “1.15

" -19.7 . -26.8 . -1.6 -1.15

, \ | . ,
74f07/05  -15.4  -26.2 +2.6 - -0.60
o 263 262 | 7 060

w72 2262 s ~0.60
74/07/09° -17.4  -20.2 w4 Y s

no -17.0 -20.2_*~ 408 E ' 45.20
75/06/16  -20.1  -29.5 . . - - -1.0 - -2.86
75/06/20 . -20.8  -26.6 a0 o
75/08/05  -17.6  -18.0 - 14 o g }5.92
76/07/08° -18.5  -26.0 0.7 - -0.55

\ 2
¥

Py

i

e e e o e
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\

4i' ! ) . \

columns 4 and 5 for graupel and vapour respectlvely It can

.

be seen that the large vapour re51duals are not palred with

large hail residuals, and, on 5 occasions out of*lS, the members -

of a pair have opp051te 51gns;
Accordlng to Equatlon (2.9) for the 51mp11f1ed‘mode1

8h180 should be directly proportiOnal to EGV 8O)o. Since both

the'graupél and vapour del-values were found to be significantly ' - ﬁ

correlated with calendar date,‘they would also be correlated, to ,}

~ R . ! X v
i, . .

some extent, with fach other. Actual regression analysis of
the 15 simultaneocus vapour and graupei“saﬁples in Table 3.2
yiolded a.correlation-coeffiorept ofst+0.50‘i_0.28)3‘and a

" slope, b, of (+0.87 + 0.42). TIn Equation (2.9), b = 1.0.

\ The partiai cbrrelation ooefficient.for the grauoel,and vapour'

del- values, w1th calendar date held constant ‘was +0. 37

RN A correlatlon coeff1c1ent of 0.37 does not imply strong

'correlation but it is not zero either.' Since the graupel del-
values are likely to be the more’ rellable the vapour measure-

ments must be carefully scrutinized. 'Yet'bogh’the graupel and :

»'n
3

}s‘ &he vapour results, taken in their entireties, have statlstlcally_

~ the same varlance and show the same seasonal trend Ev1dent1y
18 o
GV o, measured at ground level, is not alwaﬁs a re11ab1e

- h'

‘.estlmate of (6 Ox)at cloud base.‘ On the other hand,»sinca\the

2

S 7corre1at10n is 51gnificant1yldifferent from zero, the surface
measurements do -represent the vapour feeding the cloud some of
~ the time. The slope of,the-graupélfvapour regression lino; 0.87,

is quite satisfactory and proVides a degree(of'confidenéé in the
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|

_experimental techniqpe and in the measured del—values on the

fwhole." e S

}
a

3.4 Statistical .Results for Rain

' Figure 3.6 was prepared in order to compare -all available -

- Y

rain data for May, June, and July in central Alberta. The glo- \\'

”

bal survey of the ‘International Atomic. Energy Agency - World °

-_Meteorologlcal 0rgan12at1on Jncluded Edmonton as a continental

.weather stat1on of North Amerlca The IAEA WMO del values

were prec1p1tat1on -weighted, monthly meansﬁand were tabulated

for 5 years (IAEA 1970, 1969) The numer1cal data ‘have been .

'ireproduced in Appendlx B. The lowest 11ne of - F1gure 5 6 was

L 41

deduced from L1nton ] (1972) data for the sprlng and Summer ;

' ralnfall of 1971 in Edmonton : I

The regression 11ne, w1th respect to calendar date, for

v

the 1974 1976 rain del- values appeared to be very representat1ve
’ n sp1te of_ the 1arge variance of the del-value populatlon _ The

standard dev1at10n of 4.4°%/00 was distinctly larger than the

N

3 3° /oo for water vapour The slope of the regre551on 11ne,

. howeVer, was practlcally 1dent1ca1 w1th the graupel ahd vapour

-durlng the summers of 1974 and 1975, -they occurred at ‘a rate-bf "

values- » ,
The excessive varlance was caused in large part by 5

8

“or 6 dramatlcalky hlgh values of 6 d; In 1971 L1nton (1972)

~did not f1nd any del- values for rain hlgher than -10° /°°, but

~

about 3 per season. In the dase of water vapour, the unusually

- A vy

AL,
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| - . ' 1961-1965
1 - |GAEA, 1970,1969) ~

144 R A
' 1974-1976 |

(Lmton 1972)

0'-18.,.5. '

111 21 31 10-20 30 10 20 30 e
| MAaYy | JUNE _l_' JULY S

—

- ; " Fi 1gure 3. 6 Oxygen 18 concentratxon in rain samples collected‘
' durmg May, June and J uly in central Alberta



\ high del-values were considered to be spurious, and, ;ith a little /
hesitation, were*disregarded. Dealing with the rain sanples
was not so easy. All the samples wére retained because,‘in
theory at least,'evaporatiye enrichment_could amount to 10°/eo /
or even more (Dansgaard, 1964; 1961):t - '/

‘"The very high dei—values-also contribated to the oyeralii / ““*w:
meﬂn ot -14. 7°/°; which was not particularly-abnormal when com- |
pared ‘with the TAEA-WMO data (IAEA 1970, 1969). It was ' a/“
nevertheless 3.0°/00 higher than the 1971 mean (Llnton, 1972),"
and 3;2°/°; higher than the corresponding mean of the graupel

- i ' e
samples No doubt some of this dlfference can be attrlbuted to ' : '

f

the partial evaporatlon of falling ralndrops, but it is also

likely that on the average, summer rain in Alberta is composed -~
of water droplets condensed nearer to the cloud base than ‘the )
constituents of‘small hail. ‘The relative importance of these. . &
twoexnlanationsis not yet ciear. - . a .
- The indivdduad,.Seasonal means'for,rainxwere:'
(-15.7 :_d.8i°/ao for 1974 based on- 23 samples,
(-13.3 + 1.2)°/00 for 1975 based on 19‘samgles,
(-14.8 + 0.9)°/eo for 1976 base'd & 10 samples.
4
These means var1ed in parallel W1th thoS@ for graupel ’
. f~corre1atlon W1th vapour del -value was al#o $1mllar to the graule
) ralue and was glven near the bottom of fgble 3 1 on page 46
/ Simultaneous;values of Gw 80 and 6 0 were strongly correlated
. . © —

= (0.72 + 0.34) for these two forms of precipitation, X
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THE EFFECTiVENESS OF THE MOBELS,
~ ¢

4.1 The Observational Data and the Closed Models

|

Until the onset of prec1p1tat10n from a cooling cloud,
a closed 1sotop1c model should prov1de an adequate description
of the fractlonatlon procésses. Stewart (1975) came to the

dbnc1u51on that atmospherlc condensatlon to form cloud drop-

lets led approx1mately to 1sotop1c equ111br1um ‘between the

~ cloud liquid water and the remalnnng water vapour. In the case |

of hall formatlon Mlyake et al. (1968) suggested the use of

.model L2, wh1ch was 1dent1ca1 to L1 unt11 the flrst occurrence .

‘of freezing. '5_’ ' .

Equatlon (2. 9), which defined the 51mp11f1ed form of Ll
can be written as the d1fference between the del -values of the
condensate and the or1g1na1 vapour
18 8. o '

0 - cev 0), = 0.974 X F, C(4.1)
An 1n1t1a1 prec1p1tat10n sample, taken at cloud hase, would
be a good estlmate of 5 18 . A smalil ha11 or graupel sample
would Tepresent the cloud conditions ‘at the t1me of free21ng

The non- equ111br1um closed model, L2, diffevs from L1
and SM because of 1ts step by step condensatlon Process. Each

\\

&

i
"

B
LRS- .
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step is termiﬁated by the freezing of the outer shell of conden-
sate surrounding a growing précib@pation pérticle. In thi;\way,
the frozen ice becomesJiSolated ffbmqthe éemaining vapour and is
no lohéer in ;sotopic equilibrium with it.-

-The differential equa£ion for Rayleigh condensation
(Danégaard, 1961) 'is gssumed to apply to the remaining vapour,
“and to the condensing qupér liquid}shell; rather than to the
tofal.condensed.and frozen water. As the steps become smaller
and smaller, this modél_describes the growth.bf précipitation

by a vapour-solid mechanism. So, at the vapour-condensate

' “interface, , '
- | ' dF -
dR v . : . ' :
v v . o \
Co ‘ \
Or, in terms of del-values asndefiAcd by Equation (1.1),
- : dF o
- 18 o3 18 . v ~
d(6,770) = (107 + 6 °°0) (@ - 1) P L 4.3)

Rc’ the isbdtopic abundance ratio for the total condensed’

hes

phase, was given in Table 2.1. It can be derived from the édn—

servation of mass conditions, for the entire system is still RN

" .
-~

,Closed;"Theréfore,

~

for oxyge?—l?, | NcRc + NVRv
/ o - \ P

i .
and for oxygen#?6,( NC‘+ N, | '(NV)Of

|

! . . . » ¢

‘ o &
(Nvvao" " . ' : .

- timmew et
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g ' . (NvRv)o RV
Solving for RC gives RC = N R
: c
B ‘- B : (NvRv)o QRV i}
or alternatively, R = , as in Table 2.1.
' ¢ (N) - N
v’io v

‘

Introducing the fraction dfremaining vapour Fv leads to

(-8 % = (avlso)o- F6 %0 (4.4)

v

In practice, the imitial conditiohs at cloud base are observed,
. 1 ) .

or estimated, and then used-in the right'hénd‘side of Equation
- : .

(4.3) to calculate the change in.lego corresponding'to a small

condensation dFV. "This.gives a corrected value of GVL8Q to

be used in Equatien'(4.4) to determine 6¢180. The proEess'is

repeated,<andvcondehsatipns‘afe'thus calculated according to

}

3

thevsteps of dF L
If the fractlonatlon factor were known as a simple .
functlon of the remalnlng fraction F 5 Equatlon (4 2) could be

integrated Such a functlon could be obtalned by selecting

' ~
palrs -of F 's and t's from the approprlate m01st -adiabat on a
. :

“

'tephlgram The temperatures would then be converted to a's by'

means of F1gure 1 1 or.l. 2, or by the correspending Equation

(1. 10) or (1,11). j,;'*'

e,
B

Tables 4.1 and 4.2 group together the various dayéﬂﬁhieh

previded.measﬁrements“suitable %or model. testing. In all, 16

dates have been tabulated. Simultaneous estimates of'Eo,

(5v180)6, and~6¢180 were made for the dates specified in column 1.

@
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TABLE 4.1
\ . N

INVENTORY OF THE OBSERVATIONAL DATA FOR 1974

Date of | Number of Samples
Samples ™ Vapour Precipitation Type of Weather

<

1 6 Upsiope showers in cold air
74/05/17x 1 1 T Orographié showers durirg )n
: \ - - Arctic outbreak o : e,
74/05/23 2 -3 Cold-frontal showers
I 7 < m %
74/06/03 1 2 * widé®fread thundershowers in
' - : extensive low pressure
74/06/05 1 3 . Light convective showers
74/07/04 . 1. 7 ~_ Post-frontal, convective, -
' ' - evening, showers in cool -,
maritime air R
 74/07/05 2 6 Convective evening showers )
T - \ ~ in unstable air-.aloft
Yafds09 2 3 . Post-frontal light showers
e e ' : ' in lee trough

74/07/11 S | 2 ' Stratiform cyclonic rain, 2 cm.

4
~ 0
\ "

. . ) A
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TABLE 4.2

INVENTORY OF THE QBSERVATIONAL DATA

~.FOR 1975 AND 1976

55

b

in cold polar air

4«

Date of Number of Samples
- Samples Vapour Precipitation Type of Weather
. : o : . a
75/06/16 1 4 Pre-cold-frontal showers™
75/06/17 1 1 ;ng?t convective shower
75/06/20. 1 4 ,Moderate convective shower
75/06/21. 2 3 Cold-frontal ‘showers
75/08/05‘ 1 '3_ Cold—frontal showers
© 76/07/08 7 9 Widespread convective
' ‘ showers with extensive
\ low pressure over western
} North America
v76/07/14 ‘ 4 1 Convective afternoon shower:




Only occasiohafly was there more than one vapour sample on'a
given date. -The number of precipitation saﬁples, however, was
on the average 3 or 4 per day

Figure 4. 1 shows the results for 9 July 1974 _ The temp-

-eéature té, at the- llftlng condensatlon level was ll C .ThéfL.

del- value of the vapour feedlng the cloud was estlmated at

A

-20.2° /oo, and consequently\the del value qf the 1n;t1a1 c0nden—

1‘ K3

sate was calculated to be -9 8° /oo The curves of F1gure 4 1
all origihate at this point, (GCISO = -9.8 Joo, t = ll C) he
‘ point‘of initial condensation.\

Nearly Iinear-curves repfesent tﬁe‘isotopicmcloud'models

SM awd L2.. The non- equ111br1um model’ L2; indlcates that preci-
. A .

'pltatlon of an observed del—va ue must'haVe_Beenfcehdensed'at'

a colder cloud temperature, t

, than would have been the case

/ : : ,
under total equilibrium. The|open models give condensation

/
/

‘temperatures which are wagmef than those OfPSM..'Thﬁgﬂthe medel
SM setves’at least as a reaso able compremise; and can’be used
with some confidence tY esti ate condeusation'temperatures, |

especially near the GQOud bage. ‘From the eurve for SM, the ’
'eondensation tempetatures were found‘to be' +0. 8 C for the rain

sample and -16. 4 C and -20./0°C for the graupel samples

4.2 The'Evapdratien Proble

Most of the rain samples were enriched to some extent

by evaporation below cloud base. ' The exact amount.has been

difficult tolState‘quantita'ively, and Sandhu (1978) did not



Y

c

L\

o

_U_

D

-

E

M :

.

B

R .

A"

i
| R 4- _ 5 N\

E \i/ ‘ ‘\\

W\

. 8- rain \\
°c) . | \ |
o 12 ‘% ' - . -
R0 -16 14 . 12 -10

618

Fxgure 4.1 Cloud models SM and L2 for 9 July 1974.

v



A

.58
postuﬁate any numericalfééfrec;ions; Dpring‘periods-df p:olonged;
raiﬁ, ﬁt has been thdﬁght iﬁ the past that, as the atﬁosphéric :
humidity_iﬁcreésed to 160%; evaporative'anichment‘decreised
towards zero YDansgaérd; 1964; Ehhalt et al., 1965):'

Two separaéélshowers werevobserved'on 8 Julyv1976. Nine
seéuéntialﬂprecipitation.samples wefé co11ected’;§ well as 7
vapour sémplgs, some'of“whigh Qere taken immédiately before £he

start of the,showefs. The;empiricalldata hayé been plotted in

Figure 4.2 for the shower at Alder ‘Flats, Alberta, and in .

Figure 4.3 for the later shower at Winfield.

At ‘Alder Fiats? the afternoon air-temperature was 21°C,

and the relative humidity at the surfate was 47%. The height
(A :

of the cloud base was about 1 km above the\krouhd. Five rain

samples were collected during the first‘shower, and, when

placed in_se uehce, showed'a distinct "amount effect" (Dans éard,
P quence ‘ 8

~

- 1964). That is, the observed'del-yalﬁeS‘of the rain samples

decreased with time. ~The initial del-value was about 3°/oo
higher than,the"followihg ones, as the samples became progres-

sively less,enriched with\mime. The‘minimﬁm enrichment,’r
N : . '

s B - (s}
¢

“ SO)O;vwas 0.7°/00 fé% the first sahple! The actual

ehrichment;‘aS‘estiﬁzied from the other 4 samples, was about
3.2°/00 under the prevailing weather cbnditions.

IS

‘The evening hails;ofm at Winfield, about 35 km east of
Aldér-Flats, occurred two hours later on the same day. The

results shown in Figure'4.3, however, are more difficult to

interpret. At ground level before the storm, the air-temperature
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Figure 4.2 Cloud models SM and L2 for 8 July 1976 _

at Alder Flats, Alberta.
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Figure 4.3 Cloud models SM and L2 for
| - 8 July 1976 ‘at Winfield, Alberta.
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“was 20§C, the relative humidity‘53%, and the del—value‘of water
vapour wes fluctuatiﬁg around -26°/co. Three_vabOuEfsamples
were bagged before the rain began, bur their del-values, -27.2,
-25.6, and -25.1:/00, were cohsistently“lower than those at
“Alder Flats by 5°/eo. . The arirhmetic mean, -26;00/00, was

\

The '"amount effect” (Dansgaard, 1964) was evident again,

adopted in Figure 4.3.

and the earliest rain sample had the highei?/del—value. If/

;26.00/00 were a true estimate of (Gvﬁso)o,_then the calculated

value‘of téclso)o would.be -1S.$°/°?, and'coneeouently all 3

- rain samples would lie well to-the right of the point of inifial
condensation. .Evaporatire enrichment could be invoked to'gcoount
for the High del—va&ues, but_ the emount of enrichment would be
much greater than that observed at Alder Flats even though -the
weather condltlons were not much different. As aﬁ»alternative
hypothe515 the relleb111ty of the vapour measurements should

be chalienged. Similar'measurements on 30gJune_1976 were\observed.

to be highly variable o b o

- At the end of the storm, a graupel shower was encountered

and .a samp}e_of.small "shot 51ze” héll was collected Its
.

measured del-value was -18.5°/co.- The correspondlng‘cloud
. ) - \\ ! : . B 8 : . . : )
temperature of condensation, according .to model SM, was close to -

o?c.. Accordlng to model L2, it. was 44;6°C, but even so, this’

"temperature seemed tOO warm fOI‘ graupel | : '

v

‘ Rogers (1976) c1tes a model of <1ngie—ce11ed conveotive

11j<hower which was observed with radar by Brownlng et al. (1968)



on 2 May 1967 at Pershore, England. Thé shower was thought
to be'representatlve of .many such showers with a single, mature,
~weak updraft confined to the u;per part of the cloud where' the
temperature was about -30°C. The ice crystals which formed
there grew to graupel- 51zed partlcles until they could noflongcr
be balanced by the weak updraft Some further growth by accre—
~tion must'have occurred at warmer temperatures durlng the, descent
_but.downdrafts were predomlnant at low levels and qu1ckly
, developed a precrpltatlonstreamer\ Most of the growth there—
fore, must have occurred in the cold, upper regions of the cloud
In a reV1ew paper, Braham (1968) described the condensa-

-

: tlon—preclpltatlon process. in terms of a vertlcal contlnu1ty
prlncrple for stratified clouds The cold, upper.levels pro;;
V1ded the 1n1t1al\1ce crystals which then served as prec1p1tat10n
embryos for lower reglons.' Growth by dlffusron and depos1t10n
had a maximum rate‘when the temperature was around -15 C.
Consequently, if the shower studled by Brownlng et al (1968)'
is typrcal of summer showers in central Alberta, and rf the
,:graupel is removed qulckly from the lower ‘and warmer cloud 1eVelsq
‘then the condensatlon temperatures would ‘be expected to range from
-30°C to —15 C In actual fact .very few samples were found 1nv
 this range- | | ;

However;:ln the case of convect1ve clouds w1th strong

i

-

'fupdrafts,'Braham (1964) detected graupel partlcles by the time
~the clouds had reach%d top temperatures of -10°C: The research

,ﬂ'concentrated on the summer cumulus clouds of M15sour1, U S.A.

[J
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a more humid area than Alberta.r Nonetheless, it was a surpr1se
to discover ice pellets and snow pellets in v1rtually every.
cloud-whlch reached a top temperature between -5°C and -10°C,
provided the cloud had flrst developed large liquid drops by.
coalescence, that is by‘the "warm-ralnﬂ mechanism.

The temperature of a hailstone growing.by the accretion‘p
of supercooled cloud droplets is elevated towards 0°C because
of the heat of fu51on released by~ the free21ng droplets (Ludlam,
1958, 1950; Schumann 1938) ~If the cloud temperature is nea\r"'"_'~
:O°C.as well, freez1ng proceeds slowly, some evaporat1on occurs f

from the liquld surface, and isotopic fractlonatlon takes place .

“‘pailstone slightly enriched. Bailey et3al{ (1969)'
3

kated isotopic fractlonatlon dur1ng the wet growth
tone in an 1c1ng tunnel . The\max1mum enrlchment in
oxygen- 18 was found to be 1.5° /oo | v
Thus” the"graupel sample collected at Winfléld on 8 July
l§76 may.have been enriched,to a del-value of —18 S°};d At~

Alder Flats,'however such a del- value Would have corresponded

to a condedsatlon tem erature near. —10 C where enr1chment would
P

_have been neg11g1ble As a general rule in Albérta s climate,

J

. Snow pellets probably result from dry growth S0 that their

v

1sotop1c concentratlonsarepreserved and can be used as experl—

‘mental controls. On 8 July 1976, the vapour samples collected

\ .
N ’

at Alder Flats seem to be more representatlve of the cloud,

vipour than the ones taken later at Winfield. ;



4.3 The.Distribution of the Rain Samples

Because of the common occurrence of enriched rain in

Alberta, let a variable\% now be introduced to represent enrich-

ment.
. . . 18 18 ' :
o 1.e.l z = dw 0 - (6C”O)O | | ~ ,(4'5)
18 ) e L |
§ égﬂ'ls the measured oxygen-18 content of a rain‘samqle, and
-18

(5C‘ 0)o is the oxygen 18 content of the initial Condensate as.

est1mated from an approprlate vapour sample When z is positive,

the observed del-value at ground level has become so-enrlched

‘that.lt exceeds the del-value of the condensate at cloud base.
The d1str1but10n of z about z€ro.is shown in. F1gure 4. 4'

Out~ of 39 rain samples on 14 dates there. were 11 cases with

‘z> 0 and 5 of these had del~values which exceeded that of the

I",ﬁ %,‘\ . M

»1n1t1al condensate by more than 4 /oo The d1str1but10n has

©

therefore, p051t1ve skewness most of whlch can be attributed to

[

-evaporatlve enrlchment.
If the:del-values of the rain samples could;be corrected
to cloud base, then theif'distribution would become narrdwer‘
thanathe one shown 1n Flgdre 4. 4 ‘ Perhaps‘the‘crudést possible
:correctlon would ‘be s1mp1y to d1sregard the samples with z > 0.
The.remalnlng 28 samples would then form a populatlon with a
mgan, z\; of -2.3° /00, a\standard dev1at10n of 1 3 /oo, ‘and
skewness,'—O 17 This is the populataon contalned 'in Table 4.3.

~

Although the negatlve skewness agrees with 1ntu1t10n,
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39 rain samples'

Frequency

16— ' “«g
144

-12 -

10 4

%

%‘,
P *

. O " _]‘} v N | ]
26 ‘.4“,‘-2_

| / o r - Z./‘.in %o
- Figure 4.4 Frequency distribution of z= _5380 - (JCISO ), -

Ve
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/ * TABLE 4.3
(J ~ B
UNCORRECTED CONDENSATION TEMPERATURES, t _,
FOR 28 SUMMER RAIN SAMPLES WITH z <0,
" ACCORDING TO THE MODEL SM
% (8 18O) ' te to - te
Date of " o ¢ ° X z A o
Sample. (C) (°/ o) (°/o0) oy (0
74/05/1s . 0.0 -16.3 -2.8 -6.6 6.6
" 0.0 -16.3 -2.6 -6.0 6.0
] ; " 0.0 -16.3 -2.3 -5.3 5.3
74/06/08 . 1.5 14.2 2.1 _3.4 4.9 /-
" 1.5 -14.2 . -2.0- -3.2 4.7 1
74/06/05 1.5 -11.0 1.2 -1.1 2.6
74/07/04 4.0 -15.8 -0.9 +1.8 . 2.2
" . 4.0 -15.8 -2.1 -1.0 5.0
" 4.0 -15.8° .-3.1 -3.87 7.8
" 4.0 -15.8 -2.9 -3.2 7.2
"o 4.0 -15.8 -4.8 -8.9 12.9 -
1 74/07/05 4.0 . -15.2 -0.6 +2.6 - 1.4
" 4.0 “-15.2 - -1.9 -0.6 4.6
74/07/09 ' 11.0 - 9.8 *-2.9 +0.8 10.2
74/07/11  10.0 -12.6 -0.2 +9.8 0.2
75/06/16 3.5 ».18.5  -0.3 ¥3.0 0.5
75/06/17 7.5 . -.-15.9 + -2.5 +1.5 6.0
= 75/06/20 9.0 -16:1 -1.7 +4.3 4.7 ~
- " 9.0 -16.1 -5.1 -7.1 16.1
- e 9.0 bo-16.1 -3.1 ~0.2 9.2
1 75/06/21° 6.0 -15.5"  -3.8 ‘. -4.7  10.7
N 6.0 --15.5 -0.7 +4.2 1.8 !
75/08/05 6.0 - 7.1 .-3.6 -2.68 8.0
~76/07/08 11.0 -12.7 ¢ -2.2., T +3.7 - 7.3
.o 11.0 .+ -12.7 0 -2.8 +1.7 9.3
o _ v . 11.0 -12.7 -2.8 . +1.7 9.3 ,
I e FG1le C=12.7-. =201, +4.0° 270
. 76/07/14° 10.0 171 ~0.1 +9.9 0.1
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\ o ‘ . '
the exact nature of the distribution may be difficult to determine.

A log-normal distribution of (-z) is a plausible, first syggé§~
tion because 6f’itS“strong peak near the cloud-base region - °~ !
where z=0. The accuracy of the del-values will become extremely

. . A .

T~

critical, for thelvariable z 4ds the difference between two of

;;Ejp. The mean, E\, was —2.3?/9°'for the 28 rain samples of \

able 4.3, and such%a value may be typical of summer rain in
i

Alberta. If so, more than half of the collected samples can be

expected to have values of z between -2.3°/oo and 0.0%/co.

@ \
A

y

4.4 The Condensation Temperatures and Their Distrihution

The model SM was used to determine a roughlyiaveréged,.'

N .

B3

‘Condensation temperéturé; ic’ fbrneach'ofmthe'28 rain samples
with z<0. Columﬁ:? of Table 4.3 liéts’these‘temperapufes,
“the meén of which is -0.3°C. The diséribution of t. is related
to the del-values of Figure 4.4 %ith z2<0, and it forms the

L - . v L e .-
_ -~ histogram shown at the top of Figure 4.5. The smooth comparison

-

o

" curve repregen@s'a normal distribution having a mean, 0°C, ‘and
a standard deviation of 4.5°C. The actual standard deviation-

;CGlumn 5 of Table 4.3 is 4.7°C.

of the temperaiures in
 S’ﬂi ‘At the hgttom;bf Figure 4.5, the analogbus distribution.
-. - .of ;14 graupel. samples i$.$hqwn. This diagram is based on ‘the

o numefital,measﬁrementéArecdrded,ip Table 4.4. .The extraneous
‘sample. collected on 5 August 1975 has not.been included in the
~diagram. - ‘ \ S _ - a ca e .

§ ‘ . I U
Since only 14 cases were available, and since 3 of these
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0.04 1 :
0.00 T , Y — .
12 -8 -4 .0 4 8 12
o | t. in °c
Relative |
Frequency _
O 12- . 14 N
| . graupel
" 1 ~ samples -
C \\\‘ " . |
0.08+ " ,
R
‘0‘.\0;4,-5
¢ 0.004+——— : T T
> S 200 716 - -8 -4 0 4 -
o ' ‘ & in C '

Fxgure 4. 5 F requency dnstnbutlon of the condensatlon temperatures,
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T te for rain (top) and for graupel ar\d small hail (bottom).



TABLE 4.4

=~

IJNCORRECTED COﬁDENSATION TEMPERATURESL,tC,
FOR 14 SUMMER HAIL SAMPLES FROM CENTRAL ALBERTA

ACCORDING TO' THE MODEL SM

; 6h1§0” (§c180)o to tc
Date of
Sample Clo) - (O (O
& : - |

74/05/15. -16.3. 0.0 -10.5

" ‘ . 16.3 0.0 :-10.7
L .2 -16.3 . 0.0 -11.9
74/05/17 -20.0 13.1 0.0 -16.2 \
74/ 0734 -19.6 15.8° 4.0 - 5.9° L

B 19:7 1587 4.0 ) - 6.1 ]

74/07/05 -15.4 ~15.2° 4.0 + 3.6

e . -16.3 .-15.2 4.0 T+ 1.4

e a2, asz a0 - 0.8 .

74/07/09 ' 17.4 © -.9.8  11.0 2200

w0 170 - - 9.8 110 -16.4
75/06/16 0.1 -18.5 3.5 . . +0.2°
75/06/20 - --20.8 161 9.0 ~5.0
76/07/08 -18.5 155 9.0 0.0 -~

o y
. Ve |
\ . o
N s
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had condensation temperat
to calculate a very signi
population.
their respective cloud-ba
‘cases were retained in Fi
cate a doubtful del-value
considerable?uncertainty
The shomer at Winfield on
!

similar example discussed

The a}pual distri
uniform,
Evidently the formation
stances‘

,JwasAnot closely

~ condensation temperatures

with nearly equal frequer

Braham (1958) red

years»ago when he used T

v

u. S A.

Rty
in Arizona, He o]
temperatures at which th
He reasoned therefore,

clouds was strongly cont

‘synoptic meteorology whi h chara

the clouds formed

The positive

in marked contrast with that of the rain samples.
S . , ‘ _

f graupel,

70

\

ures abpve freezing, it was not possible

ficant mean value of t. for the graupel

condensation temperatures did not exceed

se temperatures however, and so these

Yoz
They almost certainly indi-

gure 4. 5
for the vapour feeding the cloudnand
inithe point of initial condensation.‘

8 Juiy 1976Awas a well documented,
invSection_4.2.b

bution for graupel was surprisingly

at least in these few in-’

dependent on cloud temperafare: All

oetween.b°C and‘-209q‘seemedjto occur
cy. | |
ehed a similar conelusion»more than'20
dar data to study shmmer cumulus clouds »\
served'a w1de range of heights and

prec1p1tat10n echoes f1rst appeared

hat}the microphy51cs of convective

olled by the macroscopic variabl:s of

?terlzed the atmosphere in which
N T :

IR

>
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4 5 The Var1atlon of 1empera ure at
the L1ft1ng Condensatlbn Level

F1gure-4.S‘on page 6 1nd1cated that the condensatlon

temperatures ‘for rain were w 411 represented by a normalgdlstr1-

A

bution when the. excessively nriched samples were ignored. It

was thought that t might aLSo be an approximately normal varidte,

largely independent'of t.- [?igure 4.6 was prepared to illustrate

the closeness of the fit of a normal curve to different popula-

tions of t
o) I

At the ‘top of the figure is shown the to-population for

_the 16 dates of Tables 4.1!and 412; ‘These were the days for which

_ the convective cloud models were calculated. The diagram in

|

the middle is the distribution of all cloud-base temperatures

recorded by Sandhu (1978) The mean has dropped oﬁiy half a

degree tod% 0°@y -and. the tandard deviation is unchanged even.

w
though the number of obse; vatlons has more than doubled The

16 dates: considered in.t‘e top diagram, form a representative

subpopul&tion'of»the midhie group.

At the bottom of |[Figure 4.6, a distribution of completely -

1ndependent data has bee plotted Durlng the sprlng and summer

\

\
of 1978 from May 8th to July 315t m1d afternoon (2200 G. M. T )

\
A\
cloud base temperatures were determined from the ﬁdmonton '

Internaticnal Airport‘s hourly Teports. The bottom‘hlstogram -
*
1i‘thus an- actual record of 85 consecut1ve days centered around

e

. the sampllng seasons used by Sandhu (1978) The_arlthmetlc- v

mean, t;-= 4.9°C, is statistically the ‘same as those of the‘,

.~
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Flgure 4.6 Frequency dlStrlbutIOIlS of the cloud—base temperatures, t
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smaller,.previous groups, compiled durlng 1974, 1975 and 1976

The correspqonding 85 measurements for Penhold, Alberta had a

mean of S.7°C, and the same standard dev1at10n,'4.7 C, as the

Edmonton populepiog; These numericalndata arefiﬁkulated in »
Appendix A. "ﬁ ;“fp‘ | o N ,

a0
¢ = Sy

In Qrder to\obtain'a numericai.statistic which -would
evaluaté rhe goodness-of-fit, a chi;équared rest’was performed
on‘eac? distribution of Figure 4j6. xi 5.0 would imply ai\
perfect fit;‘and the subscriptfvéwas used to indicate the
number of degrees of freedom.ln the rest In general rhe chi—_
squared statistic is a p051tqve rational number whlch 1ncreases
w;th V. )

The goodness-of—fit is then expressed by the probability
ef gettiug a higher value ef Xi ," by the random seléection of
samples, %han-the'ualue actually caleulated\from au experimental
'population. .IfVProb(x2 5calculafed vaiue) = SO% or higher, the
f1t is adequateJy good upder the assumptlon that the eXperimentali

errors are truly rquom The results of the tests have been

collected 1nto Table 4.5. -The hypothesis that t approx1mate%§f
b

'a normal variate is well supported by the chi- squared tests = ”:fﬁ q L
and’ the - goodness of flt 1mproves as the ‘number of samples o L
v - e o . \ : ‘. AL .
T S

: 1ncrea§eq. g

4.6 The Skewed Dis,_tribut'i_ens \.

In Sectlon 4 3, the varlable Z Was deflned as a d1f-

" ference betweenwtwo del-values._ The frequency dlstrlbutlon

Y

. e
.

e A R 2 R St S P S T
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RED
TABLE 4.5
STATISTICAL PARAMETERS FOR THE
POPULATIONS OF to SHOWN IN FIGURE 4.6
Populations of to N
Cloud Sandhu's (1978) - Consecutive
Statistical Modelling - Data of Mid-afternoons
Parameter Dates Only 1974, 1975, 1976 in 1978
n 16 a2 > T8t
Q%an, t
[e) X ‘ . 5 - - ‘
(°0) - 5.5 5.0 4.9
Standard _ ,
Deviation (°C) 3.9 3.9 4.7
Degrees of Freedom 2 4 7
2
Calculated Xy \ _
- (normal curve) 1.71 ) \ 1.79 \ - 3.78
Goodness-of-fit l
(normal curve) 44

S



1de&uced by means of thevmadel SM. The difference (tC -t ).

75

":\ of z, shown in Figure 4.4, had poSitive skewness which was

A

attribdtéd to large amounts of evaporative emrichment in about

N

one quarter of the rain samples. If the del-values could be -

. R . . L. -‘
corrected to -cloud base, it might be possible to evaluate the

change by the skewness of the resulting, adjusted population.
The temperature-equivalent to z is the difference,

(tc - to). Positive values of (to - tc) are listed in the last

_column of Table 4.3 for the.28 rain samples with z <0. When

‘the condensation temperature,tC is thought of as the sum of to

and'(tC ;‘to); its distribution can be seen as an intermediate
between the normal distribution of to and the skewed distribif

tion of (tC - to). When the'excessiyely‘enriched samples were

s

ignored, the skewness ‘of both the z and the (tc'- to) populations

PR . — . ~\r
approaghed'zerai‘ﬁihe actual values. were, in - -fact, —0\17 for® *

z, and -0.43 forv{;C - to). A.nearly symmetrical dist,ributiovn\l
. . B v i

of t& might; therefore, have been expected. ' - k
The distribUtipns,of'23and’(té - to) for the 28 rain
samples of Table 4.3 are’coﬁpared in.Figure 4.7. At the top‘

is the compact distribution of z expressed in parts per thousand.

The lower diagram is derived from the condensation temperatures,f

(o]

appears to have a more spread out distribution than z, and 'to- -

[

\

~

s

be a closer approximation to a log-normal variaté. The goodness-

of-fit between the observed\and calculated hiétribhtions at the - - -

bottom of Figure 4.7 is roughly 78%.
In- its most’géneralféfm, the log-normal distribution’

—

e
i

it

— s bt
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Figure 4.7 Frequency distributions for the 28 rain samples

A log-normal curve (bottom) has been fitted to.
the dxstrlbutlon of (t - to ).
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of a variable x is specified by its probability density function

for all x> 0:

i" {x~x

fx;x th. ’ C)

Ay

The location parameter, X

th)

th’ also called the threshold value,

was arbitrarily assumed to be zero for (tc -t ) in Frgure

o

than zero“élnce cloud\droplets mist grow tQ a threshold of

o

4.7, In reality,bat cloud base; it should be someWhat greater'

o

~

drizzle- 51zed drops before they can fall from the cloud as rain.

The growth process ensures .a non-zero value for (tC - to)th' ;

\

The parameters Band c, pertain}to the normally distri-

buted population of In

X,

~In Figure 4.7, InB=1.8 and c =

1nB is the medlan and- c2 the varianceif_A

]
I
’If the usual symbols,

) [ '
u and'oz, are retalned for the varlable b 1tself rather than for

o 1

1n x, then the var10u5‘parameters are related by the- f0110w1ng

set of equatlons (Moshman, 1953):

/ N \ ’ . ‘ ’.’\
. w = e° ‘= eVér(lnTXJ' , y .
L
\ )
N T Lo ;
¢ X = _v‘ o o 0 . ‘, .
\ th u , w ; " " o R -
w-1D7 / o
‘ : PR © ! Y , .
’ ,r'/ ' B -‘
R | : | | R
) : o . — b y
B = ' ‘_ _ . !
N - 2 . \
W -t

'
\

(8

o 1 : 2 R
-1 - .-vl?- bln(x—xth)aln%]‘ ©(4.6) '

Ccemyt -
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e . ' , o
Skewness, ai = QA + 2) (w - l)%' K { |
, »
Moo= X B(w)l"_ S
2 2 | | o=
g = Rw(w - 1) h (4.7) L

Although' the log-normal distribution was chosen to
‘ & : B o - )
~represent the obgervations of (tC - to) mainly for convenience,
.the~CHoice'Was'not entirely’uﬁjustifiable- Mbshmah‘(lQSS) listed -

a. large varlety of diverse. varlates whlch appeared to be log-

normally dlstrlbuted and Bury (1975) 1nd1cated some of the :
necessary condltlons under which the log normal dlstrlbutlon

could be predicted in advance. He(described the problem ratherd'°”'

qualitatively, however, in terms of '"'a measurable characteristic

~of a Black Box". - L ST ' ‘ - l;?//j

In the case of cloud phy51cs, a cumyfus congestus cloud
~ mlght be regarded as: the proverblal Blac Box.y'180-conceﬁtration
in the ensu1ngprec1p1tat10nwou1d bg 2 measurable characterlstlc

of thls Black Box which wourgwt%sult from causes that could not".

be measured d1rectly or/gﬁén 1dentrf1ed;perhaps;;-Ngyertheless,

. . . p .
b
. 5 .

(i) 'the measurable characteristic were the multiplicative,:
) o ' . : \\ :
. rather than/additive, effect of underlying causes,

'(i1) the causes were independent.random’variables, and o
(iii)the number of causes were large, « - \
then the measurable characteristic'should'be log—horhally.distri-

huted-(Bury, 1975). The~comp1ex mechanisms- of droplet groﬁth,
:‘ . . . '\ g
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%,

freeiing and‘splintering, along'with isotopié fractionation and
exchange, provide a whole gamut of possiblyvﬁultiplicative effects

which eventually>determine the value of.éwlso.

“
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CHAPTER V T . ’ o

- CORRECTIVE MEASURES = ST
\ PO ' \

5.1 Mass Loss from Fallipg Waterdrops

a

In Section 4.2 of the precediﬁg‘Chapter, the pfoblem’__

~of evaporatlve enrlchment below Tloud base.was discussed in some-

[

detail, The var1able z was defnned in- Sect1on 4 3, and samples .

w1th z >0 were sa1d to be exce551ve1y enrlched When these’

samples were disregarded the skewness of the-ﬁel—value.poﬁula-

‘vt1on changed 1ts 51gn from p051t1ve to negat1ve ‘Itﬁmayjbe

¢ v

poss1b1e to'calculate numerlcal correctlons which could be
, .

subtracted from the ra1n del values to compensate for evapora—vv .
"\ ' P ; . I

tive enriChment‘ " The reV1sed,de1—ya1ues.would then be more o
useful to stud1es of prec1p1tat10n formation.

In theory the amount of enr1chment 1n the oxygen 18

ncontent of a falllng waterdrop may range up to tens of del -units

'(Stewart 1975 Dansgaard 1961) Aetual measurements, howeverég
. f__‘)h
suggest “that it rarelv exceeds 10 /o0 Stewart (19’4) mé&%ﬁan exten51ve

study of the evaporatlon problem both 1n the labératory and

‘;durlng a Colorado ralnstorm An enrlchment of 4 /o° per kllo-

'”meter of descent 1s probably a typlcaL average wh1ch ‘agrees.

N

“with Llnton s (19/2) calculatlons and the est1mated 3.2%/e0 L

. enr1chment at Alder Flats, Alberta On 8 July 1976 Ehhalt

.7.,.v \‘.>“‘ .

et al (1963) reported a total enrlchment of 8 0 /oo at one-»*::

\ - .“ ;_

1

80
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_of their Stations in the South African interior.

An exact expression for the rate of evaporation from

a single drop of radius, a,wasyformulated by Kinzer and Gunn

(1951) and apdated by Stewart (1974). The mass'loss'per unit

time is given by:

b7 . 51

[c4

=‘4 ma (e, - Qb) D+ Fent.

-

" “where P, andtpb’are the dens1t1es of water vapour at the drop sf’
surface and “in the free atmosphere, respectlvely D 1s . the ’

dlffu51v1ty of water vapour in air, and v is the fall speed for

v

‘a ralndrop of radius a. The ventilation factor,\Fvent, is
l .
dlmen51on1ess and very nearly equal .to 1. 1 Stewart (1974)
. Zh . N v
used experlmental data to show that EquatLoQ)(S 1)} can be

s!yrltten approx1mate1y as - " _ o O |
' . . N - 2 .Aa - ..’.v ‘J' * - - . .
YL = dmdp - o) kp?-%8y . C(5.2) e
h ' CT . ! i W ’ ’

where k = F (av/21T)J‘r C \ S S )

vent - ‘ i gi

Let the humi@ity-of the air relative to .the drop surface
be h =_52 , -so that (5.2) becomes

‘"“;hj;_drop‘depends.on the radius, drop température, and ‘humidity. The
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o bulk mass loss would depend as well, oh the’frequency d15tr1but10n

— of ralndrop 51ze Integratlon of the mass loss equation must be

'

‘performed over a vertlcal column from the-cloud base to the ground

~

N

Such an 1ntegrat10n would be d1ff1cu1t to verlfy exper1— -~

».

_'mentally, but Kessler (1969), us1ng a k1nemat1ca1 approach managed

'bto obta1n a relatlvely simple alternatlve expre551on \B\sed\on

L
N
\

' 'ground level measurements of ralnfall rates, he determlned an |

iy

'.f'equat1on for the‘fractlon of remaln1ng water, F . I 3

dre o

., o |
i.er F. = — g /- : _ R (5.4)
Y R el 9—-(5-9

~d1T e .

g

.\where Ré is the ;alnfall rate at the surfaég, H is the he1ght of ’

the cloud base above the ground gr (p ) 15 the time rate of °©

change of the "mean saturatlon def1C1t" between cloud base and

W ground" - ' B I

’ Equatlon (S 4) would he espec1ally useful dur1ng long

.: perlods of rain when a number of sequent1al samples could be

»
-~

collected e3511y However 1t should be'applied, in»future,'

to all rain sampl1ng eXperlments for it allows F to be cals
culated from- rather 51mple observatlons of: ralnfall rate, helght
of ¢loud base, 1n1t1al relatlve humlsty, and the elapsed t1me
:s1nce the beg1nn1ng of the ra1n The accuracy;of F would depend'

ma1nly on the prec1s1on of gt (p )

, anedete m1ned F could be 1nserted 1nto Stewart s
\.w o

-(IQZgé equat1on for. the

e

i}?h . : _tr-_ na:_g 3 Z?J\;R.‘

A

*

Tr :tién;tbi

loudybase of‘&\measured‘
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’i,del—valge: n
18 _ .18 18
C8, 0 = 8,700 - (8, P0)
T s 18 ox18. S| o
=8, 0= (8,70 1 - (F) (5.5)
. 1 - aan@ - h) o= .
where the index i = - - 18 K , T ’
\a18aK(1 - h) =
. P \
and 6 ‘% - —b___SMOW
L €. R . \
SMOW ’ .
with q = 18 _ E g '
} 1 - al%@K(; - h) : N //
) oy isﬂthe‘kxnetléAfracp@onation:féCtér;u(D/Dv) '58,.vIn'the
present case, D' is the;di@fdsivif} of H2180. For an evaporating

waterdrop, 6e18

is approached as Fw # 0. - The qubtiént, q, detlermines § 8O for
. B ' G . .

aqgiven bulk atmogphere where  v o ; \
N . o A YA
160. vap . b o S R / L
. B R - ) . .//. “
Jo
' Vo
. /’ \‘
; I
X .
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5.2 An Order—ofggagnitude Correction = . l K oo ¢ T
for the Rain Del-values " "_"“ o

- "“[ . ‘ ‘ :m?

Equatlon (5 5) provides a potentlally accurate ‘méthod

of convertlng rain del values at the surface to their correspond-
4

_ing values at c¢loud base. - Unfortunatelv the data assembled by
Sandhu (1978), and reproduced in Append1X\D d1d not 1nclude

rainfall rates or changes in the ”mean saturatlon def1c1t"

4

- '(kessler 1969) Precise’ measurements of temperature and

hum1d1ty were recorded however, and from these, a very crude

3

L , correction formula has been'COncocted:

18, - e T
T ST S a-I9 - e
: i s 10.0 . G -1 > "1 o

. . - . ‘-» % ' N 18 .' . . - o .
The magnltude Qf‘fdw )éoi{ 1n«parts per thqusand,
is the_adjustment to be subtracted from the meaéﬁred del-value

’

of a particular rain sample'to get its(/loud base del- value
H 1s the- helght of the cloud base above the ground in kllometers.-,
It' places a lower limit on the rad1us of a cloud waterdrop

Drops with radii smaller than thls limit will evaporate com-~

pletely while fall1ng through the atmosphere

A S In the first term on ‘the. right hand srde of Equat1on ' <

(5. 6), t’ 15 the air- temperature at the surface in degrees \{bigf g ‘
K . o AN

~Celsius, prov1ded t:>5 C. For colder temperatures t 1s

arbltrarlly set equal to 5 so that the temperature dependent"

18 . '
) term does not contrlbute to (6 )cor' The'second term on

the right is the relatlvefhumrdrty component_with‘j.# l{.2,,3,...-4'u1

oy
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for samples coj}ected seddentiaily'and numbered "1, 2, 3,
respecﬁiﬁely. th is thus a crude function of time, and Z(j - b
actsfin the same-direction as'gnereasing nomidity during‘prolonged
Tain. ﬂ | |

"The relative importance of kinetic evaporation and iso-

topic exchange in the enrichment of a falling raindrop has

been studieq by‘a number -of workers (Stewart, 1975; Linton,

1972; Mryake et.al., 1968; Friedman et al:, 1962). :when the

atmosphere is saturated‘ there is no net evaporatlon, but

isotopic exchange'will still occur 1f the drop and the atmos-

pherlc vapour are not‘1nﬂlsotop1e equ111br1um. Under dry

conditions, on'the other hand, When'evaporafion is rapid, the

kinetic e.ffect probably dominates (Ebhalt e£ al., 1961). In
N //

Equation (5 6), the relatlve hum1d1ty term tends to become

T
more and more domlnant as }—— decreases

-

oY o _S £

3« It must, of eourse, be remembered that Equatlon (5.6) 1s
not 1ntended to be a phy51ca11y rlgorous formula It canndti ‘
take the place of Equatlon (5.5), but 1t should prov1de a zero-
order adJustment to the rain del- values to correct for evapora— -
tive enrichment. It should glve.results whlch are somewhat
:1mproved over those obtalned by Just 1gnor1ng 511 exceselvely

enriched samples, as was done 1n the preced1ng Chapter.

The correctlons determlned by means of Equatlon (5. 6)

.are llsted in’ thealast column of Table 5.1 under the headlng :

I

18

(8. ) - -Based on 39 rain samples, the mean adjustment is

w ‘cor”

a



~—

\
TABLE.S’I

THE ROUGH CALCULATIONS OF ISOTOPIC ENRICFNE‘\JT

BY MEANS OF EQUATION (5.6)

LS

~
| | | s, '%0)
" Date of St . i— . H v
Sample j (°c) - s (km) (°/o0)
74/05/15 1 11.5 0.52 1.2 -4.8
" -2 11.5 0.52 1.2 -2.8°
" 3 11.5 - 0.52 1.2 -1.8
74/06/03 1 10.0 0.77 0.5 -1.1
" 2 10.0 0.77 0.5 -0.7
. 74/06/05 1 18.0 - 0.41° 1.6 -8.7
" 2 18.0 0.41 1.6 -5.4
" , 3 . 18.0 0.41 1.6 -3.7
~74/07/04 - 1 ¢+ 17.5 0.48 1.4 -6.7
L 2 17.5 0.48 1.4 -4.2
r 3 17.5 0.48 1.4 -3.0
" 4 17.5 0.48 1.4 -2.3
" 1 8.0 1.00 0.0 0.0
74/07/05 1 16.0  0.50 1.2 -5.5
B 2 . 16.0 0.50 1.2 -3.4
"o 3 16.0 ©0.50 . 1.2 -2.4
-~ 74/07/09 1 -24:0 0.53 1.3 -6.7 -
. 74/07/11- 1 16.0 .0.73 0.6 -1.8
o NN "2 16.0 0.7% 0.6 -1.2
75/06/16 1 16.0 0.51: . 1.2 ~5.4
- S -2 160 0.51 1.2 -3.4
75/06/17- . 1 10.0- 0.88 0.4 -0.5
75/06/20 1 14.0 0.76 ~ 0.5 -1.3.
"o 2 14.0 0.76 0.5 -0.9
" 3 14.0 0.76 0.5 - -0.7
75/06/21 1 23, 0" 0.40 1.7 -10.2
" 2 23.0 0.40 1.7 l -6.6
AN 3 23.0- 0.40 1.7 -4.8
76/07/08 21 21.0 0.59 - 0.9 -4.0
L 2 21.0 0.59 . 0.9 -2.7
" 3 21.0 0.59 0.9 -2.1
" 4 - 21.0 0.59 0.9 -1.8
" 5  21.0 0.59 ' . 0.9 -1.6
" 1 20.0 0.56 1.0 -4.6
" 2 20,0 0.5 1.0 -3.0
" 3 20,0 0.56 1.0 -2.3
©76/07/14 1 - 12,0 . .87 0.3 -0.5 -



(-3.7 + 0.5)%¢o0, and‘valuesyof (Gwl 'range from 0.0 to'j_

O)COI‘

-14.2°/oo._ If the samples;collected on SiAugust 1975 are

—

-omitted, as in Table 5.1, the mean correctjon is then -3.3°/00,

or approx1mate1y the average d1fference between the ha11 and

rain del-values treated in Chapter III.

The numerical data for 5 August 1975 have been suspect

’

ever since the mass spectrometer results were available (Sandhu

1978). On that date, however,‘evaporatlon must have taken place

’

*
at an extreme rate.’ The surface air- temperature, 28°C, was

the hlghest of any samp11ng date and the relatlve hum1d1ty,
1)

1

0.31, was the lowest. The calculated colrectlon to cloudlbase

-l4 2%/ g0, was also an extremum.

: Lo It seems llkely, in retrospect that Equatlon (5. 6)
\' T

actually over-corrects when the air 1s very dry Isotopic - ™
exchange would- operate agalnst k1net1c evaporatlon and would ‘
tend to Te- establlsh the\equ111br1um del—Values of 11qu1d and
vapour.‘ Adjustment times would be of the order of a fewaminute§
(étewart, 1975). Nevertheless extreme conditions and largev

enrlchments can be expected occa51ona11y durlng an Albertan

summer. In future experlments therefore, Equatlons (5. 4) and

‘1i£;(s 5) 5hou1d be used to obtaln quantltatlvely accurate correc-.
: tlons and to egeluate Equat1on (5 6) e K"nf'LO

[4 .
o

5.3 The Revised Fre&uency Distributions
Once the correctlons to cloud base have been determlned

o by whatever means, a whole new set of adJusted populatlons

N P



‘r . |
. .V
becomes available. ~Table 5.2 contains four such’populations,,

designated by the subscript adfi The correspondlng uncorrected

dlstrlbutlons were g1ven in Table\A 3. The two rain samples

[

‘collected on 5 August 1975 have been om1tted so that. the total

) number of samples is now 37.
*The population'of-del-values (6 18 O) . adjusted to

approx1mate COHdlth@S at cloud base, has a mean of -18.8° /°°

and a standard dev1at10n of 3.0 /oo. Both values are somewhat

3

lower than their respectlve ground level measurements.‘ The
numer1ca1 va1ues~tabu1ated for (2) adj are all negatlve and;‘
although this is an obvious. 1mprovement, it must be. remembered '

that Equatlon (5. 6) was spec1f1cally deV1sed to reduce the
: y |
number of exce551ve1y enrlched samples having z > 0, *

N : o ‘ T
E 4

'More substantial evidence of improvement'is chown in

-..Figure 5.1, where the actual distributions are compared.f The
;upper histogram represents the uncorrected values of a.exactly
as in Figure 4.7 on page 76. The lower hlstogram is the rev1sed
hver51on ‘based on the 37 adJusted values The mean has changed
'; from -2. 3’/00 to -4, 6 /oo, and the skewness from O 17 to -0. 24

_Moreover, 1t is now p0551b1e to f1t a log—normal curve to the

adJusted data so- that the goodness of fit 18 better than 90%

L

Apparently the correctlon formula has some mer1t in- sp1te of 1ts

Jack of r1gour :and,:1n addltlon the log—normal hypothe51s i

-

;prOV1des a satlsfactory overall descrlptlon of the rain

. del- values. , .
- “The step'from del-values to'cloud condensation- -

[
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TABLE 5.2 = . ‘
ADJUSTED DISTRIBUTIONS OF 37 RAIV SAMPLES CORRECTED
N ACCORDPNG TO EQUATIOV (s 6) :
. . a T = .
;‘\ . L

|

Date\bf
Sample

18
(s,
loo)

Y

944

(°/os)-

(z) (t t )adJ

tq)

(tc adJ
ey

adj

[

74/06/03
" '

- 74/06/05

"

74/07/04

741.07/05. °
1" M

"

174/05/15 .
I |

74/07/09

: 74/07/11

75/06/16
. "

75706/17

~.75/06/20
T

TR

S 75/06/21 .
AN R

76/07/08

"
"
T oon
.\
/ 1"
7 \ "

| 76/07/14

[
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\
: % .
temperatures depends on the specified isotopic cloud model.

18

Unfortunately‘&‘smaﬁlih?or in (Gw O)adj leads to a comparatively
. : ’

large error in tc“ TherZfore, dn exact equation must be
established to forie;t for evaporative enrichment, before it
will be p0551b1e to test the accuracy of the hypothe51zed

numerlcal cloud models At the present time, the experimental

'data are not suff1c1ent1y rellable to distinguish between the

+ .

,Spec1f1c models updated by Linton (1972). The empirical

" results discussed .in this study have thus been treated mainly

in bulk, and the simplified model, SM, has been used as a
generaivapproximation'for all cases.

. Thei?ﬁmiified modelwas used again to produce the 1ast
two‘columns‘of Table.S.Z on page 89, where the adJusted del-
values have been converted to adJusted condensatlon tempera-
tures. L1ke Flgure 5. 1 the hlstograms of Flgure 5.2 show
the‘effect of the correction to cloud base. 4Thg‘range of
temperatures, (tC —”toi, has become more extensive;'ahd:the

distribution is fore skewed. The mean condensation temperature,

measured from the cloud-base temperature t;, has changed from

-6.1°Cto -12.9°C, and the skewness, £ . -0.43 to -1.34.

A few of these resultant temperatures -~ 1é now support thé
shower model of Brownlng et al. (1768) dlscussed in. Section 4 2.

As before a quantltatlve evzluation of the general

1mprovement can be deduced by f1tt1ng a log normal curve to the

adJusted d15tr1but10n and calculatlng the numerlcal goodness—

,of-f1t. The best fit heretofore, shown in Figure 4.7, was
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0.30
0.20-
Relative )
Frequency
, )
0.10-
0.00

1 f 1 |
24 20 .16 -12 -8 4 0
| (te- ty) in °C

Relative | .
Frequency ' ' |
- 0.20+
0.10 A L
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Flgure 5.2 Frequency distributions of (t - t, ):
28 uncorrected rain samples (top)

~ and 37 aéwsted samples (bottom ). o
A log-normal curve has been fitted to the (t,- to)aq; distribution,
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.about 78%. ' In_Figure 5.2'thé-fit‘i§'on1y s}ightly wérsé than
that of the'édjusted del—valﬁes, and is‘closé‘to 90%. Evidenfly
then, fhe observed del-values of rain §amp1esvcan be img;gwed
by correcting fbr‘evaporation. The exact equatidn sfill fem;ins

to be verified, but Stewart's (1974) thésis and Kessler's (1969)

kinematic model surely indicate the next.attempt.



"CHAPTER VI - f Bl

ENDGAME

_e,l;tFEﬁél Synopsis‘l'i

s The collectlonjof preolpltatlon'sanoles nust be one of
vthe easaestvtechnlques of present-day enV1ronmenta1 stud1es
Laboratory analy51s for deuterlum and oxygen 18 concentratlons,
though tedlous,vhas become a routine procedure following:the
method introduced by Epstein and Mayeda (1953). Modern nass
vspectrometers routineiy yield isofbpic del-values acenrate”to
+2%/00 fbr deuterium, and +0. 2° /oo for oxygen 18. These

experlmental errors are one to two. orders of magn1tude smaller

than the changes in the measured del values of atmospherlc \

/

/

In the present decade at the Unlver51ty of Alberta /

zwater substancev(Hage et al., 1975) | : » - \

i
i
b

research work has, for convenlence been restrlcted to the //z
. ,

/
‘_oxygen-18 isotope. West (1972) further conflned his studies /

to snow and ice’ samples from Canadian glac1ers and took advan-

| .
tage of the "locked- in" premise for 1sot0p1c content in ice.
Even so, he noticed some discrepancies between the stratrgraphicb
and the isotopic variations, especially.in the Ellesmere
\glacier,dand he urged that»éautionvbe exercised in_tbe inter-
pretation of experimental data in'glaciology.

= Linton'(1972) ektended the study to summer rainfall

A



i », :
samples at Edmonton, Alberta. He also rev19ed the theoret1ca1

isotopic cloud models of Mlyakeget al (1968) so that the

numerical modelling would be as accurate as possible. The four

s

types of models have been described in “able 2.1,; The evapora-

tion, problem became obvious to Linton curing the course of his

work, and he recommended that the°sampling gechhique should try

“to minimite evaporative enfichment. Subsequently, Stewart‘(1975)

publlshed a quantltatlve review of the effects of k1net1c evapor—

ation and 1sotop1c exchange on the fractlonatlon of falllng

\ Lo . - . S

"waterdrops.

Sandhu (1978) continued the oxygen-18 studies in central

Alberta. This time, water vapouf'as'wellfas\precipitation sam- -

~ples were collected in association with the Albefta\Hai%gProjecti,

The work concentrated on convective showers, .some of which\pro-_
duced small hail or graupel, during the spring and summer of

1974, 1975, and 1976. .The measured del—valuesfare tabulated in

'Appendix C; and the entir data-bahk,'in compact format, is given

in Appendlx D (Sandhu, 1978).
In the present the51s, Equatlon (2.9), a 51mp11f1ed .
form of Linton's (1972) closed model with total vapour’and;cou—

densate in,eqvilibrium, was used to calculate cloud condensa-

‘tion temperatures. Thes\\temperatures were deduced from the

measured del-values of "simultaneousf vapour and presépltatlon

samples. For .ain, ‘condensation temperatures which have not

-

been corrected forcevaporationwaredlisted in Table 4.3. A

rough attempt was made to eliminate some of the evaporative
. LA . . .

v
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enrichment, and consequently,_adjusted values appear in’ Table 5.2.

Fo%:the'small haii and‘greupel samples, formation tempera-
t&res, again based on Equation (2.9), are given'iﬁ TaBle.4m4.

\

Graphlcal dlstrlbutlons of the condensatlon temperatures for rain
vand graupel are shownlln Figure 4.5. When ‘the variates, del- |
values or tempera;ures, are»measured freﬁ their apﬁrop}iate 1
cloud4base vaiues,,ghe distributions.beéeme-distinctly‘skewed.

A population of 37 rainfsamples is well represented by a leg;

normal cﬁrye in Figures Sﬁl:andNS.Z.

6.2 Final Cohclusions

1. :A~see§ona1vtrend iﬁ-atmoépheric oxygen-18 confeﬁt
was confirheh for-eeneral xlﬁeree'in_all three phases of atmos-
pheric Qater substehce. For the - perlod May to July, del- values
increased by 0. 06 /oo per day in samples of graupel rain, and
water vapour. Slnce the scatter qbout the regression line was
large, howeyer, the seasonal norm cannot,be relied upon to
estimate (6&180)0. 'yapouf'samplee ?re'etill,needed and shou%d L
be téken as ciose as possible to cloud base.

N

2. Short;term Qeriations we}e discovered in the vepour
Vdel vaIUes, but they appeared to be random, and in the long run
they d1d not contrlbute apprec1ably to the overall varlance of
the del-value populatlon - They d1d,.however, make the est;matea.
point of inltlal condensation'considerably ﬁﬁeertain forvaﬂkinr

dividual shower. vaidently vapour samplee, collected at the

surface before the onset of precipitation;‘prpvide reliable



to be the most trustworthy. ~The formation of graupel particles,

6.3 Final Recommendations . ’ ' e~

‘already been stressed by Sandhu (1978) who also pointed out Y

estimates of (GV{SOjé only part of the'time. _
1 L . ‘\ v ) . ' ,('

\

3. The isotopic cloud models have all been well computed

-

. . . { - - .
- in«sthe laboratory, but. their use is hampered by the uncertainty
. . A )

in the‘point.of initi%l condensation. The problem is compli-
’ N y d :
cated even further by the partial evaporation ggﬁrain dyring its

descent from cloud to ground. Unless the rain del-values can

be corrected to account for evaporative enrichment, they will

not be very'useful in the substantiation of any cloud model.

The.work of Stewart 61554) and Kessler (1969) offers a poten=. o
tiaﬁly accurate gorreétion'formula based on precipiiation rates S
and Changes‘in relative humidity.

4. The results for small héil and graﬁpel were thought ~—

. . . ' . R = : Y E \
and possibly hailstone embryos, was not observed to be over-
whélmingly temperature dependent. The generation.and growth of
graupel occurred.over a te?pé;:;ure range from 0°C to -20°C with

perhaps a fairly uniform distribution. This last conclusion

"has yet to be confifmed‘by a large number of simultaneous

yapour and graupel samples. ‘ ‘ ) o .i

- L ' - ' %

T . . /
J N

1. The obvious need for deuterium measurements has A - -

the critical role that the watér_vapour-samples_play with

respect to cloud mo@elling. The reliability of thé-vapouf



formation temperature, and in part1cular, dendritic growt

- deposition is known to occur most rahidly around -15°C°(

del- values is perhaps the most pre551ng concern. Slmultaneous

- and instantaneous vapour samples should continue to:be collected

I " '.
their del- values determlned ,- and their repeatab111ty verrf1ed4

The inflation of a large balloon, for example, could provide §
to 10 idéntical samples.

N

2. ‘The varlation of 6v 8O horlzontally, vertrcally,4
and with respect to time, 'should be investigated further. Ehhalt
(1974) has already publlshed some vertical proflles for HD O
Although Hage et al .(1975) were the first tQ;eollect vapour
samples at the University of Alberta, the condensing—freezing

~
-

techuique has been used for two'decades atyleast (Dansgaard,

1961). Until now, however,:shortéferm variations of'd 180 were

not'suspected All the. 1sotop1c cloud models updated by L1nton

,whv.
(1972) requ1red d true estlmate of (6 8 )o' It was thoughtr

that such an est1mate would be suff1c1ent throughout the life- -

time of a convective shower. It appears unllkely now that a

l

single iapour sample can be relied upon for this estlmate.

’

3. West (1972) conflned his research to ice and Snow N

samples of mountaln glac1ers Isdtop1c analy51s of fa111ng

~-Snow mlght be the most satlsfylng area of the heavy isotope

:

work. Ice crystal habit offers an add1t1onal clue to the

(.b'), :

taham,

1968). This growth process should be described’by'a non-

equilibrium model with vapour-ice fractionation factors.



A number of snowbelt régions exist ﬁn Canada, such és
. those in the lee of the Great‘Lakes where the del-value?of the
source water can be measured easily.~ Tﬁe contribution of large
lakes, in,genéral, to fhe heavy—iéotope content of at;ospheric
water substance has yet to be determinedb In Alberta, much
Emeer preélpltatlon is thought to be derived from continental

.freshwater (Hage et al 1975).

-

4. In the éaSe of rain samples evaporatlon below the
Cloud base has been bothersome in the past. ‘An accurate calcu—
lation of the exact amount of evaporativé ehrichment is prgently
‘needed iﬁ arid or semi-arid climates éuch as Albgrf;'s Recent

work by Stewart (1974) 5’8 Kessler (1969) has put the requ1red

correction, formula within- reach

- 5
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TABLE A.1
, . T |
MID-AFTERNOON ‘SURFACE. TEMPERATURES, DEW POINTS AND LCL-TEMPERATURES
 FROM 8 MAY TO 31 JuLY 1978 AT
EDMONTON INTERNATIONAL AIRPORT

- (ALL TEMPERATURES IN'DEGREES CELSIUS)

*
-y

Day of - MAY JUNE i - JULY
Month t ty ;0 t oty t, t ty t ’
1 22 7 3.9 22 4 0.6
2 25 5 0.9 25 8 4.6
3 27 6 1.5 27 9 5.5
4 30 6 1.1 27 9 5.5
5 26 6 2.0 23 12 9.9
6 16 2 -0.7 _ 12 4 2.6
7 : 22 3 -0.8 12 9 8.5 .
8 20 -1 -5.0 23 9 6.0 17 5 2.5
9 13 5 3.3 12 10 9.4 . 20 10 = 8.0
10 8 3 2.0 16 4 1.6 - 20 14 12.9
11 7 4 3.2 15 4 2.1 12 10 9.6
12 . 16 0 -3.1 21 6 2.8 24 13 -10.8
13 16 -4 .7.8 22 o 6.2 20 12 10.3
14 20 3 -0.3 ‘14 ©7 5.6 23 12 9.9
15 11 8 7.0 ‘18 9 7.0 25 13 10.4
16 11 9. 8.7 17 6 3.5 22 15 13.6 .
17 18 2 -1.4 25 8 4.6 16 5 2.6
18 17 -1 4.6 9 4 3.1 14 10 - .8.8
19 22 2. -2.1 17 -2 -1.0 20 8 . 5.7
20 26 3 -1 23 9 6.0 20 8 N7
21 25 4 0.1 23 12 9.9 22 12 10.2
22 18° 8 6.0 18 11 9.7 26 11 7,9
.23 13 -1. -3.8 16 - 7 5.2 28 12 8.7
24 9 2 0.6 23 9 6.0 25 12 9.3
\25 -6 5 4.8 22 7 = B9 26 g 5.3
26 13 5 3.5 23 8 5.0 . 31 12 7 8.1
~27 . 20 2 -1.6 24 10 7.1 15 14 13.9
28 14 4 2.0 29 10 6.0 22 17 11.3
29 - 5w 6 3 2.3 29 17  14s 200 13 11.7
30 12 8 7.2 24 16 14.2 20 11 9.3
31 .16 5 2.6 ‘ : 23 10 7.0




©

- , . | 107

~ TABLE A.2 B Q‘ 1 —
MID-AFTERNQON SURFACE’TEMPERATURES, DEW POINTS AND LCL-TEMP%RATURES
" FROM 8 MAY TO 31 JULY 1978 AT
'PENHOLD ATRPORT, ALBERTA -

(ALL TEMPERATURES IN DEGREES CELSIUS)

' MAY . JUNE ' JULY
Day of . ‘

* Month t . t, t 'td J t, t ta “to
1 21 6 3.0 21 9 6.5,
2 23 7 3.6 - 23 12 9.8
3 ' 26 7 3.0 22 11 8.5
4 28 5 0.1 2. 13 10,7
5 , 23 6 2.5 21 12 10.1

6 ‘ 14 7 .5.6 12 7 6.0
7 22 9 6.1 12 6 4.8
8 18 -2 6.0 23 8 5.0 16 9 7.4
9 14. 0 -2.8 10. 6 5.2 19 12 10.7
10 10 3 1.7 14 8 6.8 21 16 14.9
11 8 5 4,3 : 15 7 5.3 - 16 - 10 9.0
12 . 14 .1 -1.7 18 9 7.0 23, 11 8.4
13 16 1. -2.1 22 9 ! 24 13. 10.7

14 < 19 -1 -5.,0 17 3 0.9 27 13 10.2
15 © 14 3.7 1.0 15 10 9.0 = 27 12 9.0
16 8 6 \ 5.6 12 10 . 9.7 23 13 10.9
17 16 4. 1.4 22 10 7.2 17 9 7.2
18 16 1 -2.0 10 4 2.7 17 11 9.9
19 21 ., 3 -0.6 16 6 4.0 19 9 6.9

200 24 4 -0.1 24 9 5.8 23, 100, 7.3

21 24 5 1.0 21 11 9.0 19 10 8.1

22 21 7 4.0 17 11 9.9 26 14 11,3
23 13 . -1 -4,0 . 14 8 6.8 27 15 12,4
24 6 2 1.1 21 9 6.5 28 14 11.1
25 7 5 4.5 20 9 6.7 26 . 13 10,6
26 16 - 3 0.3 21 -9 6.5 31 13 9.7
27 - 18 30,2 .23 | 9 6.0 21 12 10.1
286 .9 -1 3.0 27 ! 14 11.4 21 14. 12.8
29 13 -1 -4,0 28 | 16 13.4. 22 12 9.9
30 10 7 6.4 23 0 14 12,2 17 - 11 9.9

7 5.6 L - 210 10 7.9

- 31 - 14
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TABLE A, 3
MID AFTERNOON SURFACE TEMPERATURES DEW POINTS AND LCL- TEMPERATURES
FROM 8 MAY TO 31 JULY 1978 AT

' ROCKY MOUNTAIN HOUSE, ALBERTA

\ (ALL TEMPERATURES. IN DEGREES CELSIUS)
L MAY \ JUNE JULY .
Day of . . ~
Month = -t t, % toty ot toty ot \
1 22 5 1.4 = 22 6 2.7
2 24 3 -1.4 24 7 3.2
3 27 4 °.0.6 22 11 8.8
4 29 2 -3,3° 25 5 1.0
5 25 -8 4.5 21 13 11,2
6 12 5 . 3.6 11 7 6.1
7 . 22 3 -0.8 ‘10 9 9.8
4 18 .3 .7.2 22 6 . 2.7 14 8 6.9
9 13 0 -2.8 12, 8 7.5 16 11 10,0
10 8 20 0,7 11 6 . 5.3 20 12 10.4
11 6. 4 3.4 13: . 6 4.8 13 9 8,2
S12 13 -3 6.2 19 5 2.1 23 6 .2.7
13 157 -3 -6.6 21 - 4 0.7 22 12 10.0
14 - 19 -3 -7.5 15 7 5.2 26 8 4.2
15 - 9 7 6.5 16 10 9.1 26 10 6.7
16 - 9 6 5.7 13 10 9.4 20 12 10.4
17 - 17 3 0.0 22 5 1.4 12 9 8.4
18 . 16 -2 -5.,9 10 2 0.3 14 8 6.9
19 22 0 -4.5 17 2 21,0 19. 5 2.1
20 - 23 -2 :7,0 21 6 3.0 22 4 0.3 .
21 23 2 . -2.2 22 10 7.3 21 14 12,5
22 14 . 7 5.4 13 11 10,8 22 14 12,2
23 12 . -3 .6.0 15 7. 5.2 26 11 8.1
24 6 4 3.7 . 22 3 -0.8 26 12 9.0
25 5 4 3.9 7 20 5 1.9 24 8 4.6 ¢
26 14 -2 .-5.,2 22 2 -1,9 29 11 7.1 .
27 18 -2. -6.0 24" 5 1.1 19 10 8.0,
28 12 2 0.0 26 8 .-4,2 - 19 12 10.6
29 - 13 -5  _8.5 25 13 10.6. 21, 12 10.1
30 8 6 5.6 22 13 11,3 .17 9 7.2
1.7 ' . 22 9 6.2

31 -5 1 -




TABLE A4
MID-AFTERNOON SURFACE TEMPERATURES,VDEW POINTS AND, LCL-TEMPERATURES
FROM 8‘MAY TO 31 JULY 1978 AT |
CALGARY INTERNATIONAL‘AIRPORT

‘(ALL.TEMPERATURES IN DEGREES CELSIUS)

' MAY' . © JUNE JULY
Day of
Month toty oty t ty t, ‘ t ty to
1 19 2 -1.,5 20 S 1.7
2 22 6 2.7 .22 11 8.8
3 25 5 0.7 18 10 8.4
4 . 27 5 0.2 21 12 10,0
5 .26 3 -1,6 19 11 9.5
6 - 9 3 2.0 10 9. 8.8
7 - 20 8 5.5 17 9 7.5
8 19 -3  -7.3 25 5 0.7 12 7 -6.2
9 10 3 1.5 11 8 7.4 21 12 10.0
10° 11 2 0.0 11 7 .6.2 23. 11 - 8.2
11~ 7 32,2 15 6 4.0 15 5 2.9
12 14 -5 -8.7 18 4 1.3 24 6 2.1
13 16 0 -3.5 .22 ﬁ' 0.4 26 8 4,3
14 18 0 -3.7 18 -4 -8.3° 27 9 5.3
15 16 3 0.4 9 -7 6.7, 28 7 2.9
16 8 6 5.4 17 9 7.4 22 8 5.2
17 15 2 -0.7 - 22 5 1.3 16 9 7.7
18 16 2 -1,0 \ 6 4 3.5 14 8 7.0 .
19 20 1 -3.0 15 1 -1.8 17 7. 5.2
20 23 0 -4, . 22 3 -0.9 22 6 2.7
21 . 22 2.°-2.0 23 6 2j4 22 + 10 7.3
22 20 -5 -9.7 17 13 12,1 24 11 8.2
23 9 0 -1.8 14 ‘9 8.0 28 10 6.2
24" 4 3 2.% 22 3 -0.9 29 2 -3.4
25 12 -2 -.-5.0. 19 8 6.0 - 27 8 4,1
26 15 -3 -6.8 . 20 6 3.2 - 31 . 9 4.4
27 18 0 =~3,7 22 7 1.4 24 12, 9.3
28 . 15 .2 -0,7 - 28 .5 0.0 21 111 8.9
29 12 i4  -7.3 26 12 9.0 23 10 7.5
30 7 5 4.3 25 9 ~ 5.8 12 11 . 10.8
‘ 5 3.5 ‘ 6.4,

(9]
o

o 29
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111!

" PRECIPITATION WEIGHTED, MONTHLY MEAN,DEL—VALUES RELATIVE TO SMOW

FOR BULK RAINWATER"AT-EDMONTQN, ALBERTA.

'RAINFALL AMOUNTS, IN CM, GIVEN IN PARENTHESES (IAEA, 1970, 1969)

" YEAR

—_—

~
1961

1962 -

1963

. 1964

1965 °

MAY

-13.2 (2'5)
-17.8  (5.7)
-21.3 '(3:21
-13.1 . (5.4)°

(7.4)

-17.0

JUNE.
S1104 4.7y
-15.1 - (7.8)
-15.8  (5.5)
-13.8-  (2.6)

-13.1  (19.0)

" JULY
-14.8  (9.5)
-11.6  (8.0)

-12.8 (6?;)
-11.6 (7.5)
'-12f2 (5.4)
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. TABLE C.1 h
OXYGEN-18 DEL-VALUES, RELATIVE TO SMOW,
- "FOR SAMPLES COLLECTED IN 1974 (Sandhu, 1978)
Date of  Type of o _ . Small Hail
Sample - Sample Vapour Rain -~ and Graupel
1 74/05/15  Vapour: -27.7 _
2 ! Graupel ~20.8
3. " © " Graupel -20.9
4 " Graupel : -21.2
.5 oL Rain -19.1
6 " Rain " -18.9 Y
7. " ~ . .Rain C -18.6 : .
'8 74/05/16 Vapour -29.9
9 74/05/17 .Graupel _ <. ~20.0
10 " Vapour - -24.5 ~
11 74/05/21  Vapour -31.3 4
12 74/05/22 Vapour -29.0 .
13 74/05/23 Vapour £i-22.3
12 . A Vapour . ~30.9
15 "o Rain -19.0
‘16 74/05/24  Vapour -18.5
17 74/06/03  Vapour -25.5 , .
18 " Rain Y -16.3
19 " Rain o -16.2.
-20 74/06/05. Vapour. -22.3 . - -
21 Rain -5.1
22 " Rain -12.2
23 : Rain’ =9.9
24 74/06/06 Rain -16.7
25 74/06/08 Rain 1901
26 74707/03  Vapour -20.9 |
27 74/07/04 ~ Vapour | -26.8 _
28 " Rain -16.7
29 " Rain - " -17.9
30 " - Rain -18.9 _
31 " Hail _ -19.6
32 " ~Rain -18.7
33 " Hail - - o -19.7
34 A Rain £ -20.6 ,
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. TABLE C.1 (continued)
« Date of Type of : mall Hail
S Sample © Vapour = Rain and Graupel
357 74/07/05  Vapour | -28.3
" Vapour- -26.2 , .
37 v Rain o -15.8 :
38 i " “Rain : -10.8
39 o Hail , ' o, -15.4
40 n " Hail A ' : 116.3
41 - m . Hail ’ o -17:2
a2 . o Rain- “17.1 . -
43 74/07/67 = Rain - -16.5 -
44 74/67/09 - Vapour - -19.8 - \
45 o - Vapour - =20,2 :
46 " Hail ‘ o -17.4
47 "o ‘Rain ' -12.7 ‘
48 " Hail L - -17.0
49 74/07/10 Vapour - -24.9
50 74/07/11 Vapour T 231
51 on Rain | . -12.8
52 i Rain -11.9




OXYGEN-18 DEL-VALUES, RELATIVE TO SMOW,

TABLE C.2
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FOR SAMPLES COLLECTED IN 1975 (Sandhu, 1978)

[oy
SOV VAW

[ Y =
U SR

O W oo~

NN RN
BRI S R

TN NN
QYW o~dO

.

Date of
.Sample

- Type of
- Sample

75/05/13
o

75/05/15
"

75/05/16

75/06/12
75/06/16

1"

©75/06/17
"

 75/06/18
" )

",

-

'75/06/19

75/06/ 20

" ’

75/06/21

1"
14

75/06/25

75/06/28 .

Vapour
Vapour
Vapour
Vapour
Vapour
Vapour.
Vapour
Vapour-~
Rain
Rain
Hail
Vapour
Rain
Vapour
Vapour

Vapour
‘Vapour
‘Vapour
+ Vapour

"~ Rain

Graupel
Rain
Rain

Vapour

-Vapour

Rain

Rain

Rain
Graupel
Graupel

Vapour

Rain

Small Hail
and ‘Gtaupel

-28.
-27.
-27.
-27.
-26.
-28.

-30.
-29.

26.3
-19.0

NN OV~ =

221,
-19.

-19.
-11.
-16.

. -14+2-
-18.8

ST

-20.8.

~17.9
-23.6



31
32

33.

34

Rt
36

- 37
38
39

40

41
42
43
44

45 |

46
47
48
49

50

Date of
Sample -

&

TABLE C.2

Type of

Sample

75/07/03
n !

14
"

75/08/05
. "

75/08/06
"

75/08/28

14

. Graupel

- Graupel

Rain
Rain

Graupel
Graupel

Vaﬁour
Rain

- Graupel

Rain ' K
Graupel

Rain

Graupel

Graupel
Graupel
‘Rain

. Rain
* Rain

. Rain
‘Rain

(continued)--
. - Small Hail
Vapour Rain and- Graupel
\ -5.3 |
-3.9 .
-10.8
-13.3
) -12.5
-18.0
-10.0 .
' ' +6.8
-14.3 : N
» -17.6
™~
-14.5 .
: -13.3
. -14.0
. 1-12.5
-12.5 AN '
-5.7 .
-12.7-
© .43
-12.4
8

v

-14,
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&
- TABLE C.3
'.OXIGEN—IS DEL—VALUES;vRELATIVE TO SMOW,
FOR SAMPLES COLLECTED IN 1976 (Sandhu, 1978)
e ' ’ .
\
Date of  Type of . ~ Small Hail
Sample'  Sample Vapour Rain and Graupel
 1m76/06/15 - Vapour - -30.9
2 A ~Vapour -33.1
3 76/06/17 - Vapour . -26.7 \
4 " Vapour -29.0
5 -76/06/18, Vapour -27.3
6 " Vapour - -23.6
7 o Vapour -28.0 .
8 76/06/19 Graupel = » , : -22.3
g. ' " - Graupel ' , -20.7
10 " Rain . +-20.9
1 " Graupel o . E -19.8
12 " Graupel . --19.9 -
13 - 76/06/21 Vapour - -27.7 :
14 w5 - Vapour : -26.8 =
15 "o Vapour -28.4 i
16 76/06/30  Vapour -+ 222.8
7 " . Vapour : -22.5
18 " Vapour L -9.5,
19 " Vapour . -20.2
20 76/07/08 Vapour o -25.3 ~
21 " . Vapour T .24
22 "o Vapour , -23.2
23 " Vapour -23.0
24~ Vapour . S 27,2
25 " - Vapour ' -25.6 ,
26 " Vapour - .-25.1 |
27 " Rain’ o 12,0
28 " Rain - -14.9
29° om . Rain - - . -15.5
30 " Rain 155
31 " . Rain Lo ~-14.8
32 * . Rain . - . -11.3 N
33 " " Rain S - -12.9
.34 ‘v Rain 7 -13.0° - .
35 " " - Graupel o . B -18.5
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.~ TABLE C.3 (continued)

Type. of
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- Date of B Small Hail
Sample Sample Vapour Rain ‘and Graupel
36 76/07/13 &;pour “24.6
37 " Vapour -24.3
- 38 " Vapour 2477
-~ 39 " Vapour, —24.(’
40 76/07/14  Vapour -27.2 _
41 " Vapour -27.7 R
42 - " apour -27.4
43 " apour -27.8 _—
. 44 "o Rain -17.2°
45 76/07/15 - Vépour -28.2 . ‘
46 " -Vapour 528.6
47 b Vapour -27.2. .
48 " Vapour -27.0 o
49 76/07/21 Hail ) : , -17.3
s v Hail o oo-19.0-
51 " Hail . -18.0°
52. Ry Hail . -18.5
53 " Hail -19.2
. :m ’ é R
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Fi igure D 1 Experimental 1sotop1c data for 1974
‘in compact format ( Sandhu 1978).
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F jgure D.2 Experimental iSoto_pip data for 1 .
| ~ in compact format (Sah_dhu;"1978). |
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F 1gure 'D 3 Expenmental lsotoplc data for 1976
in compact format (Sandhu, 1978).
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