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ABSTRACT

During the past fwb’decades, naturally occurring stable

isotopes of oxygen and hydrogen have been used in different labora-

°
——

tories to study the‘pgecip§tation‘formation process. Although this

has resulted‘due to Field;“laboratbny and theoretical difficulties.

“In the c¢ase of hail studies; field sampling of precipitation and

. . -
water vapour is hazardous and difficult to conty?l. Laboratory

‘ ) . / g
analyses fequire specidlized sample preparation’ techniques and

' .sophisticated mass spectrometers.

A program of sampllng vapour and precupltatlon in Alberta

was undertaken durlng the sprlngs and summers of l97h 1975 and 1976
\ -

in order to\understand and_quel,preC|plta¢|on'processes,'typical

of this region; with stabLe isotopesl A simple conveetive cloud

madel has been consndered to lnterpret Lhe observatlons The -

temperatures of fermation of hail and graup:/ were calcu\ated

employing this model. . Results’ show that smgll hail and graupel

. . .- I
appear to collect most of their maSS“in the warm'regnons.ofvghe

a

€ - \ .
7 N
Isotopee values obtalned in the ‘resent”study have been

-

compared with established relations betweed 8D, 6180 and mean temperaﬁf

tures. ;Satisfactory agreements are obtained"an most cases. Suggest-

ions for further work have been'made.

technique has been known for severaldecadesrelatively little progress
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CHAPTER | .

INTRODUCT I ON
A

1.1 Genersl

Most of our usable water is released in the form of precipita-

tion f?om the atmosphere. For over;a century scientists have aftempped
. to understand precipitation and other associated phenomena. It is

only during‘tﬁc last threc decades that the broad szj8ct of cloud

physics has become better understood mainly'because of tethnicél de-
.velopménts in the probing instrumentation. A detailed review of this

subjett is beyond the scope of this study. However,‘excel]ent books

on cloud physics by Byers (1965), Fletcher (1969), Mason (19%1, 1975),

and Rogers (1976) are available.’

S

1.2 lsotopic Content of Water and Its Designatiorn

. { -
Atoms of many elements are found in nature having different

.

'atomic.weights. Those atoms which have the same atomic number but
different atomic weight are called idotopes. The chemical properties
of isotopes of a given element are almost identical because the

properties depend mainly upon the orbital electrons. The isotopy of

~

1



elements influences physical processes like diflusion, absorption,
evaporation and condensot ion, the last two being of special interest
to the pfcscnl study.

A‘watv;'molcculv consists of two hydroger atoms and onc
oxygen atom. HYdrogcn has two stable isotopes 'y (Hydroqvn) and “H

(Deuterium or D), whercas oxygen has three (YP0, 170 and 140) . In the
] ) ' .

case of water, #elto and H?‘ﬂo are the most abundant after HW‘GO. An-

. other isotope of hydrogen, 3/ (Tritium or T) which is unstable is

worthy of mention here. In the environnwni tritium comes mainly from
thcrmoﬁuclear explosions. Production of T by cosmic radia&ion is of
minor signfficancé} The e*changc reactions between T and light water
moleculés give rise to tritiated water (HT0). _.These have becn used
as tracers to étudy the natural water systems (lntérnational Atomic’
Energy Agency, 1969, 1970, 1971). | |

The abundance of HzleO in natural.wéters'is ?OOO part? ber
million. The absolute concentrations of lisotopic species are diffi-
cult to measure accurately. However, the difference in the 180 content
of twé samples ¢an be determined with high precision using mass
spectrometric techniques. The measufements‘afé reported giving delta
values (§) de%ined by the expression

3

§(%40) = (R Z1) x 103 (parts per thousand) , (1)

sample/Rstandard

where R and R are the 180/160 or D/H atomic fatiOS(Jn

sample standard

the sample and standard, respectively. . The reference standard employ-

ed is SMOW (Standard Mean Ocean Water) as proposed by Craig,(l96l).



! Ay} .

When o sample 5 value has heen meosured in terms of Tocal or work ing

a
standard, its valoe on the SMOW scale can be obtained trom the

following relationship, provided that & i known relative
standard !
L4 i "
to SMOW.
\
4' /
4 o
sample sample standard qamp e standard -
5 [. N Pl R mndare PN [RRK N tandar« % 10 7 ”/(_)()(7)
SMOW standard SMOW standard  SMOW

W

1.3 | sot()p(ts_j n t|1_(:_"_H)_'.(w1_r_p_i7(>‘<’;_iﬂ<’ a L ,,__C)’f“;] ¢

Isotopic fractionation of water, i.e., changes in the frac-
tion of H,I,l“QO or HD!UO in nature can be attributed tora number of

physical, chemical and biological processes. [I'n the atmosphere, the
, p I

following processes lead to changes in the abundance of isotopes

t

(fractionation) : » .

1. Evaporation of vapour from water body surfaces and

. ”~ N
land and ‘evapotranspiration from ve@efation.

2. Condensation of vapour during cloud formation..
3. lsotopic exchange between vapour and its environment,

°

4. Evaporation from falling precipitation.

.Comprehensive discussions of this topic have been given by Dansgaafd
(1964%, Craig and Gordon (1965) and Dincer (1968). The main results

= of the previous studies can be summarized as follows: I

i’

/

1. The |sotop:c composition iof ocean water is nearly COnstant

" ' with°concentrations of 997680 2000:320 ppm (parts per mlllnon)

for H,160, H 180 and HDIBO, resfectively. For instance
2 2 Y

9
LY

X

p—rt
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2.

3.

N

I8
N .\\ . . v\, * 3
N Y )
~— -3
Remow ~ 1.9934 x 10 3 by convention for H. 180 - H.1®0

%
(Craig, 1961). o N

The isotopic species are fractionated during evaporation and

. 0 . .
condensation processes because of differences In transport .
rates to and from water body surfaces land and vegetation.

When liquid and vapour are in eqUiiibrium the ratio « of

’

the atomic ratio of Hj 80 to Hp 160 in iiquid:(RLZ to that in

the vapour (RV) is dependent on temperature (T) oniy This

ratio of the abundance ef the heavy isotope in the liquid

relative to that in the vapour is proportional to the ratio

¥,

“£f the Saturation vapour pressure of. the common isotopé

(e, 16, to that of the heavy isotope (e, 18,) in accordance
T H, P40 Hy " °0 ~

with Raoult's law. This ratio is called the fractionation

. } »
factor (o) and it can be written as:

a = RL/Rv = \?H2160/¢H2180

!
L}

The frécfionation factor decreases with increasing tempera-

ture.

A ilhear correlation between the mean annual surface tempera-

ture T( C) and 8180 values was derlved by Dansgaard (1964)

from. available data for high latitude non-continental atmos-
' ' i

pheric precipitation. This has the form -

®

5180 = 0.69 T - 13.6 (%/g0) - . . (3)

It was also concluded that heavy isotope content of precipita-

tion showed a minimum in winter and a maximum in summer.
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E 3
5. On the basis of 400 samples of water from streams, lakes and
precipitation, Craig (1961) established the following linear

relation between 8D and 5180:

s0 = 8 ¢s'% + 10 . W)
. N -‘ _ .

The value of slope and thg constant dependg upon the air
hrmidity, kinetic processesbduring evaporation, and isotope

exchange processes. The ''umiversal'' nature of this approx-

imate equation has been confirmed by more recent studies .
(Rychkov and Vetshteyn, 1976; Hage, Gray and Linton, 1975;
Miyake, Matsubaya and Nishihara, 1968).

1.4 Hail Studies ' .

The first applicatfon of isotopic tecHnique to obtain jn-

. - ~ : N

formation on the growth environment of a hailstone was demonstrated
by Facy, Merlivat, Nief and Roth (f96}). These authors determined

. . ! ’ v
the D/H ratio of the successive layers of a

hailstone and used these.
-values, along with the knowledge of‘the verticaf structure of the
atmosphere during the sHower, to trace its life historf. They "assumed
fhat the isotopic Contegt of each Téyer of the hailstone represented
that of the supercooled cloud dropléts which were accrgted duiing

its formation. During condensatioh,‘isofopic frac;ionation leads to
enrichment of the liquid phase in heavy isotopic molecules,.HDO and
H2180. As the condensation proceeds aﬁé the air-parcel riseg the

remaining vapour becomes progressively depleted in the heavy isotopic

" species.- Thus the isotopic analysis provides a measure of temperature



and consequently ‘the height at which that layer was formed.

Since then a number of articles on the ‘isotopic analysis of

~
rd

¢ haiistones‘from different'regions of the globe have been qulished
; (Majzoube, Nief and Roth, 1968; Baiiy, Hulston, Mécktin and\Stewart,
1969; Macklin, Merlivat and Stevensoh, 1970; Knight, Ehhalt, Roper
and Knight, 1975; Jouzel, Merlivat and Roth, 1975; Macklin, Knight,
Mdore, kniéht, Pollock; Carras and Thwaites, 1977 Rgss, Schooling

s A
and‘Vogel, 1977). None of these studies includes measurement of iso-

N

‘topic ratio of the vapour feeding the cloud.

1.5 Hodel]ing of Precipitation

1t i§ well known thatva cloud is fofmed by adiabatic cooling

of a saturateQ a{r parcel during ascent. The major process in the
’formation of rain, hail or snow involves the capture of cloud drop?v
lets. The isotope content in the precipitat}on depends upon the iso-
tope content in the cléud droplets. When this capture involves the
‘instantaneous freezing of cloud droplets, such as dﬁfihg graupel
(snow‘pellet) formation, the & value of the cloud droplets is ""frozen"
into the particle for future field Eampl{ﬁg. Liquid precipitat}on on
the other hand ténd§ to change its isotopic value during subéequent

growth in the cloud and during evaporation below the cloud base. Two
N -

types of mode]s}for the cooling processes, namely closéd and open models,
under equilibrium and non-equilibrium conditions, have been described

in the literature to explain the isotopic content of cloud and: yapour.
. . ¥ .

N

In a closed model, cloud droplets and vapour are not separ-

ated during cooling, i.e., the cloud droplets are not precipitated

y



#

,‘.D
out. In the case of an open model, some of the cloud dropiets-are
precipitated out of the system. This causes the remaining vapour to .

become more quickly depleted in heavier isotopes than in the closed

model. . . | F o \;l
Non—equilibrium modeis attempt to model pJocesées in thch

the delta of vapour reiative to the- delta of the condedsed water is '

L .
not determined by the fractionation factor during evaporatlon or con-

densation. For instance, i7 Ra ieigh»distiiiation's apour is determined
. . . : Sy MY 8

1

and the fractionatiof f or: therefore 4 is in-

b a4
Y ] iqu i apour

dependent of the vapour which had preV|ousiy evaporated

Miyake, Matsubaya and Nishihara (1968) have stud;ed the
time variations of the isotopic content of precipitation of bo}h warm
frontai (continuous) and cold frontai'precipitation (showers). With o

warm fronts the heavier isotope content in precipitation increases

with time at a fixed point on the ground. In showers, however, no _
. -

e

simple rule 'in isotopic variations-with time is observedﬁ This is L7~
’ - E v // .
S —

because the delta value of precipitation is lower if it forms high
in a'cloud and higher with greater evaporation beiow “the cioud ba?e

. The latest attempt in modeiilng halistone growth USIng iso-.
topes is that of Jouzel, Merlivat and Roth (1975).. They have anaiyzed
and discussed variations in the isotopic content of hailstones ow
the basis of the model proposed by Chishoim (1970). According to’
ths mode 1, eioud is lelded 1nto two-regions; an Updraft‘core un-
affected by entrainment phenomena and the boundary zone influenced

by these phenomena. The relevance of the above models will.be dis-

cussed further 'in a later chapter.



1.6 Objectives of the Study.

S

g

b

This study.was. initiated with the following four objectives:

To obtain H2180/H2160 and HDO/H,0 ratios in vapour for con-

tinental air masses and relate this data‘to precipitation

data on an hour to hour basis.

Py

To interpret and explain isotope variations in vapour and

precipitation in terms of simple cloud mode ls of showers

‘

and thundershowers.

To use a simple. cloud model to estimatesthe temperature at .
which snow pellets and small hailstones form,§ince these

rge. hailstones.

pafticles are potential embryos for la
T's

To compare oxygen-18/oxygen-16 Variations;in various forms -

.

of precipitation from Alberta wi th published studies from

other regions of the globe.




CHAPTER 2 ’

. EXPER[MENTAL PROCEDURES

N

2.1 . Procedure for Collecting Water Vapour

:
A

Chapter 1 reviewed previous research on:the isotopic con-

r

tent of precipitation from convective clouds. .Thfs study was designed

to monitor the isotopic content of the water vapour feeding such clouds

s

as well as the brecipitatfon«whibh is formed. To perforh an adequate
number of gxperimentg if was freqbent]y necessary to collect water )
vapour samples from a travelling van (encléseé light'fruck). Porta-
bility dictatéd'the design of the Qapour condenser. A forty kilogram
‘block of dry ice was fqund to last for one week Qﬁén stored in fhe
van's freezer. This made extended trips possible during whizh vapour
tou]d be.collected using‘dry ice.as a cooiant and to.preserve haitl-
stones. |

Vapour was Cgllected using standard condensers or Horibe
traﬁ; made locally fro; glass tub{ngﬁ Outer glass ﬂugipg (1.2 cm oid.)
was coiled around a center glass tuse (5 cm o.d.) which had knobby-
restrictions to air flow to give the condenser an approximate total

diameter and height of 8 and 30 cm; respectively. Air was sucked first

into the broader center tube and then around the outer coil by connect-

9



ing the condenser with polyethylene tubing to a twelve volt air mattress

pump. During suction, the condenser was submerged in a dry ice-

" ethanol slush bath. The ideal temperature of 'such a slush bath is

.-700C, but it was found that -SSOC to —6OOC was easier to maintain in:

the field.'>Slush bath temperatures were ﬁaintained and ﬁoﬁed during
field experiments. The pumping speed of the twelve;volt>air mattress
pump was lowered by reducing‘the cross-terminal voltage to abour four
“volts. |

The equipmeni was  mounted in the van during field experiments.
t . R ' . S
The air intake was at the front of the van. It took between one and

two hours to collect two to three milliliters of waterfequiialent ice

in the condenser. This amount of water was required or the oxygen

. ¥
isotope analysis. About one-half to one-quarter of a cubic meter of

<

air passed through the condenser in the one to two, hour samﬁllng time.
. DO

During the sampllng time the ice would occasuonally burld up and reduce
air flow at the point where the arr left the ]arge dlameter center

tdbe and entered the outer coil. At that time the pump was turned

off! the condenser removed from the slush batH, ard the bottom of the
condenser was subﬁerged in a’tray of water to melt the ice blockage“
* The condensing experiment was then‘reéumed{ ~When enough ice was
éollected fhe condenser was removed from the slush bath. The air

a

entrance and -exits were plugged quite tightly with foam rubber, and
. . .
the ice was allowed to melt and collect at the bottom of the condenser

“for a few hours so that it could be poured out into é bottle.
Experiments were performed in the laborafory to determine -

the influence of the rate of air flow and slush bath temperature on the

isotope content of the sample and on the fraction of the water vapour



o

;ondensed. The results of these tests were favourable with delta

values generally within 0.5 parts per thousand and about 95 percent
. \

of the vapour was collected under typical conditions. These tests

were mainly done in the third summer of.sampling (1976) after previous

_experiments indicated that added confidence in the vapour collecting

)

technique should be developed. B

.
2

By the third summer of experiments (1976), it became evident
‘that the isotopic confent of near ground water vapour varied consider-
ably during typical summer days due to Qarying ground wétness and day-
time atmospheric mj;ing. To get instantaneous vapour sambles, some
large plasti; bags of volume approaching onefhaif of a cubic meter

were made up. Using these bags to store air samples, it was possible

4 . . ' -
to reduce the vapour sampling time from one or two hours to a couple B}
N . M

of seconds. In this way breezes were monitored as frequently as seven

times as a thundershower approached. The bags were stored in the van

and the vapour condensed by pumping the air out at a later time under

condenser conditions similar to earlier ""non-bag'' experiments.

2.2 - Procedure for Collecting Precipitation

[y

During thé spring of_l97b experiments were designed to
> o ~ N
collect graupel (snow pellets) from convective: clouds on the same

"dates as water yapour samples were collected. Commercial size plastic

garbage bag§ were held open for a minute of. two to collect the snow

pellets or rain which was falling. Sometimes mixed rain azd small

hail were co]leéted. A small bottle was used to quickly dip the

precipitétion from the bottom of the sampling bag before significant



evaporationrcould‘occur. Occasionally freshly fallen graupel was
picked off the ground. tzveral samples were frequently taken from a
single shower. A field trip to the mountains that spring resulted

in snow also being sampled by the bag technique and by removal from
the sﬁow-pack. Mos£ precipitation samples were about ten milliliters
in volume. . ‘

With .the coming fosummer, snow pel1ets.scldom reach the
ground on the piains before melting or at least bartly meltihg.' Two
techniques were devised to sebératé'raih from the unmelted ice p¢++ef§¥A
The ice pellets were to be ‘analyzed for isotope content for comparison
to the vapour's -isotope content so that one could eétimate the cloud-
" temperature at which.they formed. The first technique for separating
rain and hail used a Box with sponge rubber in the bot tom. When ex-
posed’ to preciﬁitation the rain water was soaked up by the sponge and
the ice particles stéyed on top. After bottling the ice particles
the rain water was Wrung out into‘anotherbbotile. The sééond method
of separating hail from rain had the precipitation coming fhrough a
funnel in the roof of fhe van_after which the hail was déflg;téd by
a 'screen and the rain fell through fhe screen.

Hail was frequently picked aff the ‘ground and stored in the
van's freezer for later ana]fgis and bottliné. Frozen hail samples
lwere élSo available ffom_the Alberta Hail Project (ALHAE) sampling

.

progranf and from individuals who had stored hailstones in their

o

freezer.
Sequential precipitation samples were frequently taken to

getvminute by minute changes during the showers. Bag samples were

-



2.3 Conduct.of Field Experiments

" ALHAP's research site near Red Deer was used along.with a two-way

generally not timed accurately enoligh to get precipitation rates but
standard ALHAP beakers were often used to collect timed precipitation

samples so that precipitation rates could be calculated.

Diring the first spring (1974) two hour vapour samples were

<

.

collected priof to thé onset of graupel showers. "These showers were
sbught ouf using a cér qnd the vapour samples were taken aﬁlthe
University- of Alberta?:‘?requent weather notes were made during these
experiments. The only field méasufemehts bes{des precipitétion w¢re
wet and dry bu1b temperatures. These experiments were conducted to
try to measure the temperature of g}éupeijformation by using the iso-
topic content of fhe vabour and the gﬁaupél particles.

. L -

Late in May of 1974 a trip to the mountains was made to test
the newly—equipéed van and to devel;p sampling techniques for all
precipitation types. These.experiments are discussedlin the seétion
on 1974 results.

During the summer of 1974 the weather radar situated at
radio in the van to guide the ekperiments to sites of probable Eail-
fall. Water vapour samples were taken du;iﬁg the morning and again
on the way to shower activity. Vabour sampling was interrupted during
showers since ipnwould notige representative of air feeding the clouds.
Frequent notes bn paper and on tape recordings were takeg)during these

N .

"hail chases' as well as during the two hours of yapbur sampling. All

sampling was done by experienced meteorology students.

-



During the summer of 1975 emphasis was put on water vapour
sampling and sgeking out heavy rain and hcavy mixed rain and hail
showers because our 1974 éxperience indicated that the influence of

~evaporation on the isotopic content of rain water could be eliminated

©

during very heavy precipitation. |t was unfortunate that even using
radar quidance, little success was achieved that summer in locating
very heavy precipitation events. These experiments were based on the

theory that when heavy rain/;nd hail fell simulténeously, most of

_the rain was from melted hatlstones. In this case the isotope content

o

of the rain, small hail and vapour would tell whether the unme | ted
hailstone centers were formed at colder or warmer levels in the cloud

than the rain which would come from melted outer layers of hailstones

'

or melted small hailstonesg.
: Y :
During 1975 the two' hour samples of water vapour were showing
considerable diurnal variations. This indicated a need for instantaneous

vapour samples and a study of the variation of the ‘isotope value of

©

vapour during the approach-of thundershowers.
/

The spring of 1976 was devoted to tests of the vapour sampling

techrniques under laboratory conditions.
' ' 4

The summer of 1976 was devoted to frequent sampling of water
vapour through the bag sample technique as showers approached and to

the seeking out of heavy shower eveﬁtg&using the 1975 techniques.

k3

The results of these three years of experiments are covered

on a dayiby—day basis and summarized in the third chapter of this

study. < It should be stressed again‘that extensive field notes were

necesSary to make sense out of these case studies. The'objgctive of



measuring the isotopic hydrology «of individual thundershowers was

always the prime objective of the observers.

2.4 Meteorological Data

Surface wet and dry.bulb temperatures were mcasurea in the
field using a sling psychrometer. The meteorological data needed to
calculate the isotope model in the next chapter are given in Appendi x
A. Some of the information contained in this Appendix was obtained
either from the Atmospheric Environment Service, of Envirohment Canada
or from the Alberta Hail Project. Some important weather observations

taken from field study notebooks are also given in Appendix A.

2.5 Oxygen lsotope Analyses Procedure

Water poses serious problems when introduced into the mass
spectrometer ,ionization chamber for isotopic analyses. However,
180/160 ratios of water samples can be obtained indirectly by analyzing

carbon dioxide equilibrated with a given liquid sample. The following

exchange reaction occurs: i

H,180 (liquid) + €160, (gas) Z Hp'%0 (liquid) +,0160180 (gas).  (5)

For precise detérminations, the amount of C0, used must be considered,
: oc.

.particularlyf if its isotopic composition differs significantly from

the sample. Linton (1972) has discussed the consequences of .ignoring

this correction under experimental conditions similar to those employed

in the present study. For less precise measurements, it is not

’ B d
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necessary to know the fractionation factor i, defined as

187106
(Yo/1v0) oo

Y ey (©)
6
(*70/ O)H,o

The fractionation factor is tempecrature dependent and decreases with
o

increasing temperaturc. If water is the‘dominant component of the

system, then s

18 - 18
8 Osystem' S Owater v (7)

Isotopic separation factor of CO,-water system has recently been dis-

cussed by Horibe, Shegehore and Takakakuwa (1973).

2.6 Equilibration of Water Samples wi'th Carbon Dioxide

The following procedure, developed by Eﬁstein and Mayeda

(1953), was used. It is also described by West (1972).

1. About 2-3 ml of water were bipetted into each of six 25 ml
equilibration flasks. A drop of HNO, was added4to help in
establishing equilibration.

2. After closing, the flasks were attached to the vacuum line.
Sampleé were frozen with liquid nitrogen and thén the air
was pumped out with a fore pump.

3. A thaw and freeze procedure was canried out for about 5
mihutes in a dry ice-ethanol élush bath and at room tempera- °

ture, and the air removed from the samples with a mercury



diffosion pump.

Lo commercially available €0 was introdacad into the tlasks.
with the pressure ranging from BY-170 wn Hg (5032007 kPa).
Flasks were czl(v;$~d tightly and then removed from the vacuaum
Tine.

-

Fquilibration was carried out L!‘ a constant temperature bath

.

maintained at 2606. The flaskﬁ!zz\t left in thg bath for
30-70 Bourf duration. |

6. After cquilibration, the flasks were again at tached to the
}guilibration vacuum line and water samples frozen in a
dry ice-ethanol slush bath.

7. Using a liquid nitrchn bath, €O, gas from o%gh sample flask
was then transferred through two slush baths to breakseals

. , .

or screw-type flasks. In the present study, mainly break-
seals were used to avoid leakage.

8. The breakseals were then sealed and labelled for mass

spectrometric analyses.
A

2.7 lsotopic Data

4
Expékjmental work was carried out in the Physics Department,
University of Alberta, using the equipment and facilities of Dr. J.

Gray. The mass spectrometric procedure described by Coleman and Gray-

(1972) was followed for measuring 18g/160 ratios.
Measured 6180 values relative to the local standard and with

“respect to SMOW are givén in Appendix B along w}th the volume of sample
§

and the‘pr955ure‘of €0, used for equilibration. Four 8D values, ’

It

Y
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reported in Table B-1 were determined by Dr. H.R. Krouse of the Univers-
_ity of Calgary. Calculations of delta relative to SMOW were made using

equation (2). No correctiong have been applied for various pressures

of €0, used in the equilibraffon of 'water samples.

[

3



CHAPTER 3 ' hd

RESULTS AND DISCUSSION

3.1 Closed System in Equilibrium Model

An attempt is made-to interpret the isotopic measurements

. _ ]
emp]oying this . simple model. It is an adiabatic model of a Qonvective

‘cloud in which vapour ii in isotopic equilibrium with the condensed
water and none of the cloud water (is precipitated out: Also, there is
no mixing of the cloqd parcel with the ajr surréunding the cloud.

The following relationships can be written in terms of ﬁ,

the number of moles of various isotopic species in the closed equi-

librium system.

N1B 4 N1EB = N1S ‘ (8)
(ol v vo .
N16 + N16 = N16 (9)
c v VO
N18/N16 R
Fractionation factor a = c ¢ - = (10)
' N1B/NLE R
v'c v
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; N16
Fraction condensed F = —— i (r1)
. N16 :
vO
N18 _
initial isotopic ratio in Vapour R. = vo x ‘ (12)
vO Nle
Vo

The subscripts ¢, v and vo refer to condensate, vapour and initfal

vapour, while the Superscriéts 18 and 16 denote H2180 and H2160

"molecules, respectively. Rearrangement of the above equations with

the elimination of N's leads to the following relationship.

R ' ,
R = vo - 7 (]3)
¢ (1/a = 1)F + 1 -

P

~Eqdafion (13) gives the isotopic ragio of the condensed cloud water.
(Rc) in terms of the isotopic ratio of the water vapour (RVO) enteriﬁg
the cloud base at the lifting éondensation level (LCL). Both F and o
are functions of cloud tgmperature and they éan be calculated at

- .
various altitudes by means of a tephigram if the cloud base (LcL)

4
temperature and pressure are known.

In terms of delta va]des, equation §}3) can be appfoximated

by:

. - 3, - ' e
s -6, = (103476 )(a- DF Caw

2
H

where éc is the delta value of the condensing water and Gvo is the delta
value of the vapour at cloud base. For the delta values obtained in

. : . 0 .
our experiments, 6vo can be approximated at -25 /oo for use in the
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¢

right hand side of equation (14). Furthermore, if a is written as

: : o N
a = 1+ ifﬁﬂj , ‘ | 4¢ (15)
then for a = 1.0135 at -20°C, x = 13.5. Values of a used in this
study ate 1.0135, i.0123, 1.0116, 'and 1.0101 for témperatures-of -20,
_iO, 0, and +IOOC,'respectively (Dansgaard, 1964). Therefore, x.
varies from érouné 13.5 at -20°C to ID.l'at IOOCL These éré normal
élpud‘temperatures employed in the calculétions. Thé $ v%)ues of the

condensing cloud water dc can, therefore, be approximated at various

temperature levels in the cloud by:

6. = 8, + 0.975 Fx | : (16)

From‘éhe values of x at various temperatures one finds that

»

x increases by about 1.25 units per 10°¢C of cooling starting with

t 10.1 at 10°C. A. tephigram gives F as a function of cloud tempera-

X
ture. CalCulatiné equation (16) for 5, one finds that 5# falls off

by 4.1, 2.8, and- 2.0 /o0 for_thé first, second, and third ten degrees
of cooling above the cloud base, provided that the ciogd basé'tempeﬁa-/
qure is around 0°C. If the éloud~base‘temperature is 10°C (warm for -
Alberta) écvwould fall off by about 2.7, 2.5, and 2:0.0/00 for thé
%irst, second and third 100£ of cooling abqve the cloud bése. Snow
pellets, and to'some degree hails}ones,'form‘when cloud droplet§’wfth
-characteristic GC freeze by riming on their surface. This indicates

the model's ability to estimate the cloud temperature at which a snow
Y

peilet formed by finding its & value and 6vo to +0.2 °/oo. As in-



dicatsd above, %he accuracy- of snow pellet formation tempgratures‘cal—
culated with this model is.g}eater in a cloud with ; cold base than a
cloud with a warm base since 6c fal]s more quickly with temperature ii>
a cold-based ;1oud.‘ Téis assumes that a snow pellet (graupéT‘éérticle)
&L,a smallvﬂgilstoné forms by freezing aécretéd supercooled water
‘droplets which do not change their 8 value when they freeze. It is
also assumed that the snow pellets or small hailstones are able to
maintain their'éC value as théy melt on descent from the freezing level.
Figure | summarizes schematically how the § value of vapour

and cloud water varies witﬁ altitude in ;his model.  Arrows indicaté

how the & values WOU]B véry if th? cloud has a significant precipitation
efficiency. In that case, the cloud water which is rich in Hy80 near
the cloud base precipitates éut,'leaving lower values at higher alti-.
tudes. This precipit;&ing model was called the Opeén Sy;tem in Equili-
brium by Miyake et al. (1968), and was also used by Facy eé al. (1963)7 “
it has been compared to clouds caused by slow, warm frontal accent but

it p(obably has some similar}fy to a_cumu]onimbyg‘shower with high
precipitation efficiencies as well. This fodel indicates that the §
values *of the cloud dropleﬁs at a given altitu;e in the cloud- should be
lower as the precipitation efficiency increases.

‘ tn summary; Figure 1 shows that Gc at c]oud‘baségwill be
about»]0714 o?ﬁv“féacél to x) higher than 6v, and thatvdc will decrease
by about 4, 3, 2’o/bo, respectivély, for each éucc@ssive 10°¢C of cool-
ing in a convective cloud with a base temperature of 0°c. GC will
decrease somewhat less quiék}y with altitude in a cloud with a warmer

base temperature.
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An analogous study to that described above, for the fraction-
ation of HD1®0 in a convective cloud could have been used to check the
results of the H2180 model. Unfortunately, at the .time of these ex-
/periments, deuterium analysis faciiities‘were not readily available
on the University of Alberta campus. As mentioned in the previous
.chapter, four nater samples were sent to the UnlverS|ty of Calgary
for analysis,’and the results are discussed later: Both H0160 and
HZISO models could be usee tovcalculétetheac!ond}temperature at.wh;ch-
‘;now pelfets or hailstones formed.f'ReJiews by ﬁansgaatd (1964) and
Cralg and Gordon (1965)tindicate'that the difference between the

precipi :atlon formatxon temperatures calculated by these two mode\s

N

would n indication of the npoh-equilibrium processes at work ln‘

the cloud and during melting and evaporation below the ctoud base.
Such a studvaould be a useful continuation of the work reported

here, however, it would probably not successfully isolate the con-

" tribution of the various non-equilibrium effects.

.’

3.2 Discussion of 1974 Results

The delta values of 1974 samples as well as some meteoro-

logical parameters are dlsp\ayed in Flgure 2 Some of these results

"o

have already been discussed (Charlton, Gray and Sandhu, 1975). The
observatlons are discussed on ‘an event basis emphasizing those situa-

tions when samples of both vapour and preCIpltatlon were co]lected

MAY 15. Three samplesvof small hail (3 dots in the symbol
for graupel or small hail), two samples of rain water and one of

vapour were collected, all within 20 km of Edmonton. Arrows in Figure
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2 show temperatures of the cloud water at the corresponding & values, -
calculated using equaiion (J6), a tepﬁigram, dvo and the temperature
data given at the bottom.o% Figgre 2. Compafing the § values with
various temberatﬂrcs indicates. that the small hail (=5 mm in diameter)

collected cloud droplets, on the average, at-the -10%¢C level.

MAY 17. Calculation of the cloud tqmperature at which the
graupel grew was made difficult by large fluctuations in surface dew
point (2.5 to —2.50C); This variation in sdrfacé moisture, plus some

\

surface %emperature variation, gives a cloud base temperature between

- .0 o : . .
2°C and -5°C. Surface observations from three airports near Edmonton

indicate that a cloud base temperature of -SOC is most realistic.”-In
that case the graupel must have groWn at temperatures' between -20. and
-300C. Also shown in the May 17 data are the T vs. 6C values for the

1
possibility of warmer cloud temperatuyes indicating that the graupel
dréw on an averagé at -18°C. This exercise clearly shows the need to

'know cloud base temperatures accurately'if the model is to be used

to estimate growth temperatures of .graupel or hail.

MAY 23. This was a showery day in Banff National Pgrk. A
vapour sample wés taken while ascending to BowrPéss (ajtltude about
2.1 km) where fal{ing snow and snow‘pack was collected. A vapour -
sample was'also taken white descending after the precipitation had
ended: The vapour séﬁple with the high GV (-22h3 O/éo).was taken in
'the even?ng-during descent towards Calgary and remote from showers.

Snow from the top'thrée millimeters of the snow pack at

Bow Pass was collected for comparison to the falling snow since it

seemed to have fallen recently. There is-a discrepancy in these
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~samples of 2 %20 which is difficult té explain. The cloud base was near
to the altitude of Bow Pass where the temperature and dew point wero
Z.SOC‘ .Using this information and equation (16) the growth temcha-
tures of the snow were about -SOC for the falling snow and -1Sdt for

the tap* 3 mm of the snow pack: However, there are two reésong'why

this model does not represent snowfall from what was probaBly primarily

orographic snow. First,_there'is likely a significant precipitation
. T .

efficiéncy in which case the § value of Eﬁé\brecipitation would be
'iower than that calculéted‘at a given tempeﬁaturé level (see Figure 1) .
The second problem lies with the fact that the growth process of the
snow inAthis case‘appearéd to be primarily deposition (the opposite
of §ub1imation) since the crystals were only lrgﬁtly rimed. The reader
_;is”féferred to Miyake ef al. (1968) for caiculations‘involQing an
open system in iGe nén—équilfbrium and the use of fractionation factors
appl%caﬁle to sublimation-deposition processesi

The snow pack compares well ih delta value with the mountain

creek water collected the previous day if some enrichment of creek

' e 1 . .
water through evaporatkon before runoff is .taken into account.

JUNE 3. 'Gv is highef than on brevious days, probably because
the vapour sample was taken .in the afternoon when thundershowers were
widespread. § for two rain samples which contained some small hai l
are similar, but considerable evapora{ion of the pfeéipitation must .

A . !
have occurred, sirice their & indicates a mean growth témperature of

only -2°%c.  The vapour sample may indicate H2180 enrichment of the

vapour through evaporation of precipitation.
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JUNE 5. The high delta values indicate t;hnl rather strong
evaporation was probably occurring. The showers were light. The
variation of delta in these rain samples also indicates considerable
variation in the amount of evaporation below cloud. Strong evaporation
is also indicated by the fact that, without taking ipto account evapora-

tion, the model of equation (16) would indicate that the rain formed,

near or below the cloud base.

JULY 3. No showers occurred on July 3, but oh the previous
day, many hailstorms occurred between Calgary and Edmonton. A vapour

sample taken at Red Deer showed high dv (-22.5 O/oo) in the mid-morning.

JULY L. A vampour sample was taken before 1800h when thunder-
showers began in the area. 6V was_cons;dcrably ﬂgﬁgr(dv = -27 °/00)
than the day before indicating regional advection of air with lower 6V
than the previous day. Violent thundershowers begén north of Red Deer
around 1800h and continued unti} after midnight as the? moved east-

ward.

1900h. Three consecutive samples of mixed rain and hail
were obtained in about five minutes as a shower approached the station-

ary sampling vehicle. During this time the & value of .the precipita-

tion fell from ~17.5 to -19 o/oo, indicating decreasing enrichment due

to below cloud evaporation as the below cloud relative humidity in-

creased. This phenomenon has been studied by Hage et al. (1975),

Miyake et al. (1968) and Craig et al. (1963).

L)

2000h. A sample of hail was collected at the side of the
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pe
road. 1t had fallen from a different thundershower than the 1900h
samples, but it yielded a & value much like the previous mixed rain

. . . . /
and hail samples. The hail was about 5 mm in diameter,” The growth
v ?/
. L . o} .
temperature of the hail as indicated by the model is about -37°C which
is unrealistic. Apparently the Gv for the afternoon vapour sample was

unrcalistically low in the sense that it did not represent the vapour

feeding the evening thundershowers.

14

2100h. Two samples of rain from another shower continue to

'yield similar delta values.

/

2400h. A very violent thundershower occﬁrred during whi ch

four ceﬁtinntéfs of rain fell in ten minutes. Small hail was separated
from the rain and |its 6‘value was determined. In sdéh violent showers
little Be}ow cloud evaporation could occur as is indicated-by the very
low & value of the rain, the lowest of‘all our samples. In fact, the
rain's & value Qas lower than that of the hailstone cores which were
separated from the rain. The”outer part~of the hailstone is assumed
o have mglted.‘ fhe conclusion is that the center of the”hailstones
were formed at é warmer level ?f the cloud than the water which made
up the rain. This is one further example of hail embryos coming‘from‘
the lower levels of a cloud.' Jouzel et al.wj]975) found similar re-
sults-in three Alberta hailstones. Thiswas the experiment which led

us to seek very heavy showers during the next two summers.

The first vapour sample was taken over a period of two. hours
followed by the second sample which was taken over a period of two

hours during which showers were developing in the area. Studies in
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1975 and 1976, to follow, indicate that SV varies considerably with
time. All precipitation samples plotted in Figure 2 were from differ-
ent showers, <o they are d}@flrglf to.compare. The higher 6V value

- P el
indicates that the samples were formed near the freezing level of the
cloud. Clearly, thcy&V values from the carly afternoon and tate

afternoon are not high enough to represent the vapour feeding the

evening showers if below cloud evaporation is not taken into account.

JULY 9. Two vapour samples collected in the late morning
and early afternoon of July 9 have very high values i—ZO ©/o0),
apparently because the ground was wet. It had‘rained continuously the
day before. It was a relatively hot day, surface temperature ZHOC,
andrshowers deQeloped in the evening. ‘& values of hail samples are
about 5 O/oolower than the rain which contained some ice. The growth

temperature of the hail as indicated by the model is about -20°¢.

JULY 10. The delta value of the vapour sample (-24.9 °/00)
is a representative value for a sunny summer day in Alberta. The ground
was dry in Edmonton and the dew point was a typical summer value of

9°¢.

JULY 11. This wéé a day of ‘continuous rain so that one
expects the vapour to be in equilibrium with the réinQater.’ In this
case the rain samples would have the same § value as‘the cloud drop-
Iegs at £he LCL calculated from the mode].‘ 0f course, the LCL does

not exist since this is not a day of convective weather.
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Figure 3 displays the results of the 1975 experiments.  The
same general trends as those found in 1974 observations are evident.
Those dates when samples of vapour and precipitation are available

are stressed in this discussion.

JUNE 16. Calculated temperatures of hail formation are
. .0 . . .
high (0 to -5 C). It is evident that the vapour sample taken in the
early afternoon does not have a high enough delta value to represent

the evening showers.

JUNE 17. The vapour sample was taken during a rain shower

so that the rain is nearly in equilibrium with the vapour.

JUNE 18. Four consecutive vapour samples were taken between
morning and afternoon. Morning fog dissipated early. Nearly overcast
stratocumulus developed by noon; In the afternoon the cloud dissipated
as humidity fell. The first vapour sample has an average delta value
because it is in equilibrium with the wet ground. The second sample
has a high delta value, probably because this was taken just as the
last surface water was evapqrating. The last équace water would be

180, The third vapour sample indicates a normal delta

very rich in Hjp
value that has returned with continued development of stratocumulus
cloud. The fourth sample was taken late in the afternoon as the dew

point fell and the cloud dissipated. Its delta value is low because

dry air of lower delta value is being advected into the area.
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JUNE 20. A vapour sample was taken in the early. afternoon

fWﬁén-light showers were developing. The first precipitation sample

consisted of mixed rain and hail from early in a shower. Its high
L . .
delta value indicates that considerable enrichment of heavy isotope

rﬁﬁas occurfing. Later during the shower, rain and hail were separated

'~ and they had similar delta values indicag%ng a temperature of formation

. o L . -
in the cloud of about -57°C. Their similar delta values also indicate
little below cloud enrichment due to evaporation if one assumes that

Rt
the liquid¥portion is melted hail. One final rain sample near the

end of the shower had an intermediate delta value.

@

\/

JUNE 21. The large difference between the delta values of
the vapour is mu;h like that which occurred on JLne 18. This also was
a day which began with the ground wetted by the previous day's shower
activities. Since each rain sample_was from a different shower, the
large variation in the delta values of the rain may be attributed to

variations in the vapour's delta values as well as to differing degrees

of below c]pud evaporation.

JULY 3. Unfortunately, the vapour sample for this date was
lost in the laboratory. Thigfwas a day of héavy thundershowers and
some walnut-sized hail was-reported but none was sampled. In tﬁeb
early evening three samples of pea to grape-sizeghai]‘were obtained
from two different storms. TEeir relatively high delta values (-10.8,
-12.5, and -13.3 o/oo) indicate that the vapouf feeding the cloud must
have been rich in 180 by about 5 o/oo. This” conditiop appears to |

H
have occurred again on- August 6 and August 28, two more hail days

when no vapour samples were collected.



AUGUST 5. The delta value of the vapou? (-18 O/oo)“a_md of
one sample df hail (+6.8 °/00) are probably‘unrealjstically high. A
secbﬁd sample of small‘hail had a near normal delta value (-17.6 O/oo).
There were prob]ehs,with the mass specfrpmeter during the aﬁalysis of

~

this date's samples.

3.4 Discussion of 1976 Results

Observations for 1976 are given in Tables A-111 and B-1I1I
‘\(Appendik). Final results are shown in Figure 4. In general, trends

similar to those of 1974 and 1975 are observed in the 1976 measure-

ments. Some of the interesting situations arevdiscuséed below.

JUNE 19. No vapour sample was collected on this day prior

. to the showers. However, the § values of the brecipitation samples
;;re measured and are shown in Figure 4. This figure indicates that
the 8 value for Qgpour collected on June 18 and 21 is around -28 °/00.
This 8§ value is used to calculate the cloud temperatu;es. Afrows shown
in Figure L indicate that the rain and graupel were formed between the

-8 and OOC levéls.

3
JUNE 30. Four bagged vapour samples were collected, the

last three on the top of a 15-storey building. The day had exteﬁsive
instability but very little prechitation was reéching the ground.
'The very high delta value (-5.5 o/oo) was recordéd at a time when
virga (evaporating prq(f?%tation)_was very close to lhe collection

'y:

point. Completely evaporated rain éould'give such a high value.

"% a*g .
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JULY 8. _ngen vapbur sampleé were céilected. Measured §
values, are typical of:tbe vapou} from central Alberta. Sv”varies by
about 4 ®/00. The causes of this vériatfon are nof yet clear. -Calcula-
tiohs,.using equation (16) and two sets of valges for sﬁrfage fempera-
tures and Gvo’ were performed. .These calculations suggest that the
small hail formed at the 0°¢c or g%er-SOC level. |f the suggested model ’
is"correci, there is clearly a need for the vapour feeding the c(oud

to be higher in delta value than that measured at the ground.

JULY 14, Fouf samples of vapour taken in the laboratory over

a period of three hours showed little variation in their delta values.

-

Titis shows that the vapour sampling technique can give’cbnsistent

L3

3.5 General Discussion’

‘Calculated mean & values from the data given in Appendix B
are -26.0, -23.8, -17.9 and -1436 for vapour, snow, hail, and rain, R
respectively. The mean value of 6v is lower by about 11 °/00 than D

the mean & value for rain. O0'Neill and Epstein (1966) found that. GV

 fell to values of between -20 and =24 %°/00 during a_Ca]ifornia stormy

period whi]é calm weather conditions gave § = 14 °/o0. Other studies
of the isotopic content of Watér vapour include those by Ehhalt (lé?h)
who repérted the vertical profi{és of HTO, HDO and H,0 in the tropo-
sphere for some places in the United States. In most cases the heavy
isotope content' of the water vapour decreasés as a fgncfion of the

altitude. These observations .imply that 6v'measured at the surface
A

would be lower on days of deep convection. The large variations and
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mean values -of 6V found-in this study are consistent with those found
by Fécy et al. (1563) at a continental location. In Alberta, summer
convective precipitation comes mainly from locally evaporated water.
Me an 6V values and variations>of 6v for maritime locations are con-
siderably low;r as reported ih the studies discussed above and in Craig
and Gordon (1965). ‘

In general, the rain samplese show higher'g values than
graupel or hail. This\does not necessarily indicate that rain was ”)
formed at a lower Jevel in the cloud since evaporatioﬁ below-cloud
base would enrich the heavy-isotbpe in precipitation. %tudies of
this phenomenon, whicﬁ do not necessarily occur in fsotopic equilibrium
or by Rayléigh distillation, have been published by'Hagénét al. (i975),
Miyake et al. (1968) , Daﬁsgaard (1964), Craig et al. (1963), Friedman
et al. (1962) and Stewart (1975).

Four samples of precipitation (Table B-1) were anralyzed for
D éontent‘in order to check the established relationéhip between &D

and 5180, Craig (1961) observed the following linear relatiionship

betweehlélso and §D u ing four hundred samples of néturally'OCCUrring
i 1

water. ©

~

§p = 86180 + 10 (°fo0) (4)

-

‘Dansgaard (I96b)‘using least square analysis on monthly values from

»

individual stations found slopes and intercepts that varied from 3.5

to 8.0 and -30 to +30, respectively. Recently, for Edmonton precipita-

tion, Hége, Gray and Linton (1975) havg calculated the slope and inter-

cept'of‘jjéation (4) to be 7.8 and +0.4, respectively. " Using mean

values of 5180 = -19.2 ®/00 from four 1974 samples, siope = 7.8 and
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intefCept = +0.4, the computed value of 8D is found to be -149 o/éo.
This value is in excellent agreement with the mean value of -150 /00
found in this work.

’ Using linear regressidb on the mean monthly delta values and

mean monthly temperatures (T, °c) for only the summer months at Edmonton,

Linton (1972) obtained the following equation:

- §180 = 0.37 T - 20.0 (%/00). (17)
© The slope and intercept of equation (17) has been discussed in detail
by Hage, Gray and Linton 21975). There is no intention to discuss Cp
the climatology bf'isotopes in pre;ipitation and repeat brevious dis-
cussions here. It.is sufficient to mention that the. isotopic data
‘obtaihed in the present study are consistent witH equation (17) and
subport Hage et al.'s (1975) argument that almost all warm season
precipitation in ceatral Alberta, shielded by High mountain tanges to
the west, originaies from'wétef vapour produced by re-evaporation of
precipitation over land’(including transﬁfration).lA |
_Ré;ently Jouzel et al. (1975) have presented é detaiied

~

interpretation and discussion of the i§6topic measurements made on .
‘three hailstones produced by ; storm which occurred onvAUgust 7,v197l,’
in Alberta. The haximum and minimum 6D values as a function of the
radius within the hailstones, takeh from their Figures S\and 6, are
‘bethen -125 and -lSQ 0/op. Using these values and Hage et al.'s
slope and intercept in eQuatioh.(B),»6180 has been calcdlated, and it”

is found to vary between —15;h and -19.2 ®/00. This is in good agree-

ment with the majority of the & values observed for the hail and graupel

4



in the present study.

f\
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CHAPTER &
CONCLUS | ONS'

L.1 Summary of the Data and the Model

This study was designed to sample Qépour; hail and granel
on showery days. The saﬁbles were to be analyzed for H2180,‘and‘the
resuliing data were to be used to understand and learn abbut'predipita—
tion formation processes. Some difficulties in controiling field,
laboratdr;, and theoretical studies arose, but they &8 not obscure
some very interesting obserVations. vDuring the three years of tﬁése
studies, individual field egpekiments.became‘moré d{récted and con-
trollable. For instance, studies of the variatf&n of the vapour delta
values on an hourly or even on shorter .time scale be;éme a necessary
objective. Also, the study of rain during very heavy showers to
eliminate the below cloud evaporation problem became an object{ve. As
the. time pfogressed it became apparent that graupel, i.e., sno@ pellets,
constitute the only precipitation mechénism thaf comes very near to
fea?lf "locking in'' the iébtopic content bf fhe cloud droplets.

The majority o% the results suggest that small hail and
graubel appear to grow in the warm regions of the cloud (T=0 to -15%¢).

This temperature range, calculated using the simple model, is warmer

~

Lo
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than what one would expect. Use of a more detailed isotopic cloud
model which includes a finite precipitation rate (open models) would
make this temperature.rangé even warmer. The experiments showed that
the delta vglue of wateHAvapour.is quite variablg on an hour-to-hour
‘pasis during showery weather ih'Albert;. Theré}ore,»delta values of
vapour measured at the ground must be applied with cautioa to isotopic
mode s of convective precipitation formation. Simultaneéus heasure-
ments of,deuterium and oxygen-18 would give better insight as well as
a '"double check' into the reliability of fhe numerical models used. g

During 1974, the observed delta values of vapour were in the
range bf -31.3 to —]8.5“0/00. The majority of these values are close to
=25 o/oo. Reasonable explamations of these variations have been given
in terms of the hourly and dafly h?drological cycle. Mean delta value
fqr the rain (-15.7 °/co) obtained in the present study was about
4 °/oo higher than the previous studies. iny‘23 samples of rain were
cdllécted'and analyzed in 1974. Such a small ;ample does not represent
tbe\average seasonal delta value of rain for Alberta becausé many
samples were from light.shoﬁers.‘ Urider such conditions, evaporation
during rain falling would cause the delta valueé to rise. The 1975
and 1976 data lead to similar obéervations.

The present results support previous studies which_ suggest

that almost all warm season precipitation in central Alberta originates

from water vapour produced by re-evéporation of local water.

4.2 Suggestions for Further Work

The observed isotopic variations have been interpreted using

»
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a simple cloud model and surface meteorological data only. It would
be erthwhilc to investigate and interpret the present data further
using all aQailable upper air obscrvations and more detailed models.

The present and previous investigations on isotopes in
precipitation suggest that a more practical use of models “would in-
vo{be some simple and continuous ﬁethod of sampling the water- vapour
in the air. It is suggested that new methods and procédures of sampling
water vapour at the surface and aloft should be developed.

| It is easy to suggest that someone sample cloud droplets
under a variety of ;eather conditions. Isotopic information on cioud

droplets would be crucial in the selection of a model fbf practical

¢
applications. . However, such observations have been suggested for years
but no one has come up with a method to sample cloud droplets without

‘having them partia]ly:evaporate.
1t.is éuggested that future studies should include simultan-

eous measurement of deuterium and oxygen-18.

Exberinents on cloud seeding to suppress hail have been .under-

way in Canada and the United States for more than two decases. All '

P%;J

the scientific evidence obtainéd so faf is inconclusive in that it does
noixanswer the question:. ''Does éloud seeding work?" The variations

of H2180'and HDO in precipitatibn from seeded and nonseeded cloudé has
not been sfudied previously. It is fé]t-thag the study of seeding
.material (Agl) in conj;nction with the isotopes in total prec%pita%ion;

. both rain and hail, from seeded and nonseeded clouds might yield clues

to-assess the effectiveness of hail suppression experiments.
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APPENDIX A

Meteorological Data for the Sampling Périod

\

Explangtion of Sample Code .

YR - Year during which sample was collected

MO - Month of the year
‘DA - .Day of the month

LDT - Local daylight time i

TYPE - Type of sampfeh

v >  - Vapour G

R - Raiﬁ ¢

H - ‘Hail

G i Graupel 2
RH - Rain and hail mixed

b7
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APEENDIX B
Isotopic Analysis of Collected Samples
4 _
Explanation of Sample Code
YR - Year during which sample was collected
‘M0 - Month of the year . b
. DA - Day of the month
LOT - Local daylight time
TYPE - Type of sample q
‘ ype mple. ) A
v - Vapour ‘ ,5:«--'-‘”'
Co . hen ¥
R 5 Rain T
H - Hail- =
G - Graupel’ _ <»G>
RH - Rain and hail mixed
A !
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