
€ 8. Conférence internationale sur la physique des nuages. 
Clermont-Ferrand, France, 15 - 19 Juillet 1980. 

CEA - CONF 5299 
FR>S0 O^MMS" 

A Numerical Cloud Model to Interpret the Isotope Content of Hailstones 

J. Jouzel j N. Brichet , B. Thalmann and B. Fédérern 

4 
2Atmospheric Physics ETH, 8093 Zurich, Switzerland. 
Département de Recherche et Analyse, Centre d'Etudes Nucléaires de Saclay, 
91190 Gif-sur-Yvette, Fraise. 
Measurements of the isotope content of hailstones are frequently used to 
deduce their trajectories and updraft speeds within severe storms. The 
interpretation was made in the past on the basis of an adiabatic equilibrium 
model in which the stones >;rew exclusively by interaction with droplets and 
vapor. Usrng the ID steady-state model of Hirsch with parameterized cloud 
physics these unrealistic assumptions were cropped and the. effects of inter
actions between droplets,-drops, ice crystals and graupel on the concentrations 
of stable isotopes in hydrometeors were taken into account. The construction, 
of the model is briefly discussed. The resulting height profiles of D and 0* 
in hailjstones deviate substantially from the equilibrium case, rendering, 
most earlier trajectory calculations invalid. It is also seen that̂ 'the lower 
:doud layers (T ^ >T ) the ice of the stones is richer due to relaxation 
effects, but at a* r r e e 2 1 n 9 h i ç h e r ci o ud layers (T <T -5°C) the ice is 
much poorer in isotopes. This yields a broader spread of the isotope values 
in the interval 0> T > -35 C or alternatively, it means that hailstones with 
a very large range of measured isotope concentrations grow in a smaller and 
therefore more realistic teraprrature interval. The use of the Dodel in 
practice will be demonstrated. 
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' To interpret isotopic results relative to 
t hailstones in terns of trajectories, it is 
I necessary to calculate the isotopic content 
, of the condensed water vhi;h participates in 
• the hailstone growth. Only a limited work has 
! been done in this field assuming adiabatic 
'ascent of air parcels without removal of pre-
1 cipitation and mixing of surrounding air 
(Jouzel et al., 1975)- The a'in roblem with 
adiabatic models is they are too simplistic 

• without entrainient and fallout. This led to 
obvious contradictions. Roos et al. (1977) 
found it impossible to reconcile the moist 
adiabatic model with the large range of D-
concentrations observed for three storms oecu-
ring on one day. Jouzel et al. (197?) have 
- given six very stringest conditions for the 
applicability of the adiabatic M.K.R. model 
and it is highly questionable whether these 
are ever met in a hailstorm. Our present pur
pose is to derive an isotopic model base or a 
more realistic cloud model. As a basis, we use 
the steady state model described by J.H. 
Hirsch (1971) which takes into account entrap
ment of outside air, precipitation fallout 
and interactions between water vapor, cloud 
water, hydrometeor water cloud ice and large 
ice particles. 

I - The cloud model. 
The moisture balance equation necessary to 

derive the isotopie model are those described 
in the Kir3ch report (197D, with slight modi
fications in respect of the freezing and mixing 
processes. Figure 1 shows the different mixing 
ratios versus cloud temperature for the storm 
which occured in the KAPF region (Switzerland) 
on July 11», 1978, Q c, Q^, Q £ and Q represen
ting respectively cloud water, hydrometeor wa
ter, cloud ice and large ice particles. 

The water balance throughout the depth of the cloud is 

dz dz dz dz dz fit 

where Z is the altitude, q and n , the mixing 
ratios of the water vapor is the cloud and in 
the environment respectively and u the entrap
ment rate. ? and F correspond to the loss of 
hydroceteor water fnd large ice particles by 
precipitation fallout. 

II - The isotopic model. 
The isotopic fractionation i s due to d i f fe 

rences existing between the saturation vapor 
pressures ar,J the molecular di f fucivi t ies in 
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\ Fig. 1 - Cloud model (1^/7/1978) 

air of the H l 6 0 , HDO and H 2
l 8 0 molecules gi

ving rise respectively to an equilibrium and a 
kinetic effect. These two effects occur at the 
liquid-vapor or solid-vapor phase changes and 
primarly affects the cloud droplets and ice 
crystals formation. However, owing to the in-
interactions between the different phases, it 
is necessary to follow the isotopic evolution 
of all these phases during the parcel ascent. 
Por this purpose, we define the following quan
tities : 

- R„, R», Rw, R^ and B are the isotopic 
contents of the vapor, cloid droplets, hydroae-
teors, cloud ice and graupels respectively. We 
take this denomination, both for the D/H and 

0/ 0 ratios, the proposed equations being 
valuable for the two isotopic species. 

- q', VB. Q' h, 5*,-, Q* . r , T's are the 
isotopic mixing ratios'defiBed a.3 q' = j q fi 
as"so on, j being a coefficient equal to 
2 x 19/18 for deuterium and 20/18 for oxygen 
16. We will establish the equations giving the 
derivative functions (versus Z) of the isotopic 
mi. ing ratios of each phase present in the 
cluid. 
Vapor phase - dq'/dZ is derived from the défini 

f/J *Ç/dT°0t*l %/dz+9 dfy&k./ï) 
Cloud droplets - The isotopic relaxation time 
of cloud droplets is sufficiently low in order 
that this phase is in isotopic equilibrium with 
water vapor whatever is the updraft speed (Jou
zel et al., 1975). The equation ?. * aH , a J 



being t!;e fractionation coefficient is always 
verified and we deduce that : 

Cloud ice. The isotopic behaviour of cloud ice 
has net yet been studied when water vapor, 
cloud ice and cloud droplets coexist. In that 
case, there is a supersaturation over ice and 
a kinetic isotopic effect occurs. Let us consi
der ai. ice particle of mass m, with no appre
ciable fallspeed, its growth can be described 

where t is the time, q the saturation mixing 
' ratio relative to ice, d, the molecular diffu-
' sivity of water vapor in air ad"d A, a coeffi-
! cient deperding of the form of the ice crystal, 
: of the air pressure and of the air temperature. 
! The corresponding isotopic equation is : 

a' ana d* are the mass and the molecular diffu-
sivity of the isotopic species,tf^ the isoto-

'pic fractionation coefficient for the solid-
vapor phase change. R is the isotopic content 
! in the ice surface. AI there is no isotope ho-
|aogeneisation in the ice, 1 is also the iso-
: topic content of the new water vapor deposited 
'and is equal to 1/j da'/dm. It results that 
R • Of . R , Of . taking account of both equi
librium and kinetic effects and being defined 

"ci-ld'l q S at fJ , J 

At the cloud scale, this fractionation is 
very similar and only affects the new deposited 
water vapor at the exclusion of the already 
formed cloud ice and à.Qi/dZ is consequently 
given by 

Re is the water vapor isotopic content outside 
the cloud at the altitude Z. rm . "2jp// corresponds to formation of cloud 
ice oy freezing of cloud water and R. to con
version and accretion to graupel. 

Kydrometeor water. A complete equation giving 
the "l&otopic content of a single drop growing 
from water vapor and cloud droplets has been 
previously derived by Jouzel et a l . (1975). I t 
can be easily extended to a population of 
drops which i s , in the Hirsuh model, supposed 
to follow a Marshall-Palmer distribution as : 

v' ie an isotopic exchange term. Assuming that 
the drops are in thermal equilibrium, v' i s 
equal to -

-. 1 fc (9) 
rand V t h are the drop radius and the mass 

weighted mean velocity. Ko (number of drops) 
and X are related to the mean voluraic radius 

M 3 ^ & i t h " m i x i n g r a t i 0 ' %' ^V^iSSnA and #to the mixin 

rctit4- the lin-jii 
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Ice particles. None of the processes leading 
to ice particles formation is eccoapani»ù by 
isotopic fractionation and dQ*_/dZ is directly 
derived 

R^ and R correspond to formation of ice par-hg eg 
tides froa hydrometears and cloud droplets. 

Isotopic content of the different cloud water 
species. The water balance existing throughout 
the cloud for the isotopic species, is the same 

'We obtain the expression of dRy/dZ, introducing 
in this equation the different isotopic"mix-ing 
ratio teroi previously defined 

This is the basic relation of the new iso
topic model, allowing to follow the isotopic 
content of the water vapor in a cloud. 

This equation is a very general one,valua
ble whatever is the cloud model since the terms 
specific to the cloud phases interactions are 
excluded. Neglecting the ice phase formation 
(Qi * 0), the entrainnent (s • 0) and the hy-
droaeteor-water vapor exchange (V • 0), equa
tion 12 becomes identical to that proposed by 
Merlivat and Jouzel (1979) to study isotopic 
transfer at a global scale. Then, it includes 
the Rayleigh distillation formula for 5 = 0 
and if all the cloud water is kept, its inte
gration leads to the relation used in a close 
system (MNR model). 

We use equation 12 to calculate ARv. For 
the condensed phases, the change in isotopic 
mixing ratios AQ' from level i.to j can be ex
pressed as i£<?Ltàç-p/à# fa) 

Injecting 13 io 3, 7, 8 and 10 yields an 
equation for AR , AR., AR. and AR . The step by 
step procedure to solve for the isotopic con
tent at each height interval is described in 
detail in the annual report of Grossversuch IV 
(Cloud physics group, E.T.H., 1980). The isoto
pic profile of hail, R H, is finally obtained by 
averaging 

fié) 
H AÇc +£tQi + £JtÇA *fyÇfi 

where ZQ - 0 .8 , E h - 0 .8 , E i « 0.1 aud 

E ' 0 . 0 0 1 were taken as best estimates in the 
f irs t application of the model. 

We take the following values for the physi
cal parameters involved in the previous equa
t ions, or are deduced from Majoube's experiments 
(1971 a, 1971 b ) . We use for d the formula pro
posed by Musil (1970) and take d'/d - 0.9735 
and 0.9723 for the HD0 - H* 0 and h \ 1 8 0-h* 2

l 6 0 
•couples respectively (Merllvat, 1978*. The ven
t i la t ion coefficient for hydrometeors 
i s that derived by 



Stewart (1975). Since the isotopie exchange 
processes are most yw^unced in the liquid 
phase, the height profiles of the isotopic 
contents are very sensitive to the relative 
distribution of liquid and ice i.e. to the 
freezing function f(T). Instead of a linear 
function as used by Hirsch, a B 166 (1953) 
freezing process seems sore appropriate for 
cloud droplet* (d < 100u) 
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f(T) 1 - .bT (15) 
where T. i s the temperature of supercooling 
and a ei b are constants. 

As an i l lustration of the result», the 
deuterium values versus temperature for the 
july 11» hailstorm i s .-.hown on figure 2. ïa ad
dit ion, we have reported the curve deduced 
from the MNR model (Jouzel e t al . 1975). The 
deuterium content outside the cloud, R , i s 
taken from Ehhalt's (1971*) mean profi le , and 
i s supposed equal to ifc2.1 ppm at the cloud 
base. In that particular case, the isotopic 
exchange term, V , bas been calculated using 
* monodisperse population with drop radius I .' 

The curve for isotope concentration in 
hailstones, R„, cas be seen to deviate subs
tantially from the adiabatic curve R*„ R, used 
in previous works. Down to a temperature of 
- 18° C, Rj, is around 1.5 ppa richer and then 
decreases considerably poorer than R_™. The 
richer start is due to the presence nf^hydro-
neteorvater vhich is not in equilibrium with 
the water v„por. This, of course, affects the 
vapor which is less depleted in isotopes so 
that R c is also richer in this region. The si
tuation changes soon after ice begins to form. 
The kinetic effect of vapor deposition is seen 
in the "bump" on R, at T • - 23° C. The bump 
in R. at T "-30° C is due to rapid disappea
rance of cloud water which has a major influ
ence on Rj. through equation 15* 

It is clear that from a cloud physics 
point of view, the new model is still unrea
listic because the particles interactions are 
all parameterized according to Kessier's 
(1969) tcheme. The next step in the develop
ment of this model will therefore be to drop 
the p&rameterizations. But as shown in figu
re 2, it is an important stcpforward compared 
to the model previously used. 
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Pig. 2 - Isotopic model (T»/7/l978) 
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