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ABSTRACT

The introduced mathematical model takes into account the role of the kinetic fractionation effect in
a supersaturation environment at the ice surface as liquid and solid phases coexist in mixed cloud. Using
the model, the temperature effect of stable isotopes in precipitation is simulated under different cooling
conditions. The rate of change of §*%0 against temperature in the process of wet adiabatic cooling is
smaller than in the process of isobaric cooling under the same humidity. The increasing supersaturation
ratio at the ice surface, Si, leads to the strengthening of the kinetic fractionation effect. The kinetic
fractionation function makes the synthesis fractionation factor decreased and the change of §'%0 with
temperature flatted, compared with that in the equilibrium state. The simulated results show that the
slope parameter b and the intercept d of the meteoric water line (MWL), 6D = b5'0+d, in wet adiabatic
cooling are both greater than those in isobaric cooling. The global MWL lies between the two MWLs
simulated under wet adiabatic and isobaric cooling processes, respectively. The magnitudes of b and d are
directly proportional to Si. The greater the S;, the stronger the kinetic fractionation effect, and thus the
greater the b and d, and vice versa. However, b and d have low sensitivity to the liquid-water contents
in the cloud. Using the kinetic fractionation model, the variation of stable isotopes in precipitation at
Uriimgi is simulated. The simulated stable isotopic ratio vs temperature and the 6D vs §'20 curves are
very consistent with the actual regressions and MWL at Urlimqi, respectively.
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1. Introduction

The behavior of stable isotopes in precipitation is
intimately linked to the mechanism prevailing dur-
ing cloud and precipitation formations. Temperature
plays a very important role in phase change and is a
main factor influencing isotopic change. The classic
Rayleigh model is a useful tool in simulating the rela-
tionship between temperature and stable isotopic ratio
in precipitation. The model assumes that the hydrom-
eteor is immediately removed after its formation and
that it leaves the air parcel in isotopic equilibrium with
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the vapor phase (Dansgaard, 1964). As stated above,
a high fractionation is generated, which will lead to a
high stable isotope/temperature slope.

The phase change that occurs in mixed cloud does
not always remain in a complete equilibrium state in
nature. The differences of vapor movement rate be-
tween liquid and sold phases, generated due to differ-
ent humidity conditions, and of liquid-water content in
cloud make the actual situation deviate more or less
from the ideal results given by the Rayleigh model.

The stable isotopic fractionation model introduced
in this study takes into account the kinetic fractiona-



262 ADVANCES IN ATMOSPHERIC SCIENCES

tion effect that occurs in the mixed cloud system and
the influence of liquid-water content in cloud on stable
isotopic fractionation. Using the improved model, the
relationship between the stable isotopic ratio in pre-
cipitation and temperature at Uriimgi and the MWL
are simulated. The results show that there is good
consistency between the actual and simulated curves.

2. Basic model

It is assumed that a wet parcel does not mix with
its outside environment, the liquid and air phases in
the system remain in an equilibrium state, and the lig-
uid water left in the system and that departing from
it have the same stable isotopic ratio. Therefore,

dny + dny + dn, =0,

dnl, + dnj + dnj, = 0, (1)
where ny, ny, and n, are the molecular amounts of
vapor, liquid water, and precipitation, respectively;
symbol ’ is that of the corresponding stable isotopic
species. In the equilibrium state,

/ ! / ’
n 7 dn n
A= —P_g, (2)
m by dng Ty

Here, « is the fractionation factor of the stable isotope.

The stable isotopic ratio in vapor can be expressed as
!

n
v = v . 3
Ro=D 3)
Therefore,
dny,
=akR, 4
dnp @ 4)

According to Egs. (1) through (4), we obtain
déy  Myda+ala~1)dM, (5)
1+ 5p - a(Mv + OtMl)
in which, d,, deviated from the standard mean ocean
water (SMOW) (=R,/Rsmow — 1, R, is the ratio in
the water sample and Rsyow is that in the SMOW),
is the stable isotopic ratio in precipitation departing
from the system, M, the mixing ratio of the air parcel,
and M, the liquid-water content in the cloud.

If no liquid water remains in the system, namely
M;=0, then Eq. (5) will become the Rayleigh model,
dé dM,

; (6)

14+6, ad at(a-1) M,
It can be seen that 6, is dependent on « and M.
Because a and M, respectively increase and decrease
with decreasing temperature, and because the rate of
change of o against temperature is smaller than that
of M,, the change of 8, with temperature is roughly
consistent with that of M,. In the cooling process,
da > 0 and dM,, <0, thus, the sign of dd;, is the same
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as that of dM,. The greater the dM,, the greater the
dép, and vice versa.

As the cloud temperature descends below 0°C,
the cloud is usually composed of supercooled water
droplets, ice crystals, and vapor. The lower the tem-
perature, the higher the proportion of the ice crystal
in the cloud. The saturated or even the non-saturated
environment for droplets has been probably supersat-
urated for ice crystals because of the lower saturated
vapor pressure at the ice surface than at the water sur-
face under the same temperature. The rapid growth
of ice crystals will lead to the breakdown of the equi-
librium state. Consequently, the stable isotopic frac-
tionation is composed of two parts: the Rayleigh frac-
tionation, namely the fractionation in the equilibrium
state, and the kinetic fractionation. Define the su-
persaturation ratio at the ice surface as Si=e, /¢ in
which e, is the vapor pressure in the system and e
the saturation vapor pressure at the ice temperature.
In fact, it is very difficult to measure ice temperature,
but the atmospheric temperature is regarded as an ap-
proximate substitution under saturation, and M, can
be approximately expressed as

Sie;

M, =0.622-2 = 0.622 - -1
622P 0.622— (geg™), (7)
where P is pressure, then
dM, de; dS; dP
=— 4+ 7= - = (8)

M, & S P
It is known that ice is of a low molecular
diffusivity (Jouzel and Merlivat, 1984). It is assumed
that the vapor flux pointing toward the ice surface
F is directly proportional to D(ey, — €;), in which D
is the atmospheric diffusion coefficient. As for stable
isotopes,
e, = ey Rsmow (1 + 6y)

e; = e;Rsmow (1 + 6) /s, (9)
in which ¢ is the equilibrium fractionation factor be-
tween the vapor and ice phases. The stable isotopic
ratio in the ice phase §; is related to the ratio between
vapor flux F and stable isotopic flux in vapor F’

146 = (1/Rspow) (%) , (10)

namely,
D'e, 1+ )—el(1+5)/a1]
D e, —e)
The above equation can be written as
1+6; =akai(1+6v),

1446 =

(11)

(12)
where
S

akz
D
Q; (-—DI> (Si—1)+1

; (13)
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ay is the kinetic fractionation factor and its value is
less than or equal to 1.0. As Sj=1.0,a,=1.0. The
greater the S;, the smaller the oy, and thus the
stronger the kinetic fractionation effect; the synthe-
sis fractionation factor a, (=) is smaller than o,
which shows that stable isotopic fractionation is weak-
ened under the kinetic effect; D/D’ in air is based on
the molecular weights,

D [m'(m+m.) H
D [m(m’-f—mc)] ’
where m, is the molecular weight of gases in atmo-
sphere; m and m’ are those of pure water and stable
isotopes, respectively. Actual measurements show that
D/D’'=1.0285 for oxygen-18, and 1.0251 for deuterium
(Merlivat, 1978a, b).

Compared with 1+8=a;(144d,) in the equilibrium
state, the q; is replaced by the q, in the kinetic model.
Quantity . in the kinetic fractionation process is cal-
culated as the function of temperature and supersatu-
ration ratio at the ice surface. Setting §;1 =1.2,5i2 =
1.0 — 0.003t, and S; 3 = 0.05 + 0.969exp(—0.008¢), the
relationships of the a, with temperature and the su-
persaturation ratio at the ice surface are analyzed (Fig.
1). In addition, Fig. 1 also gives the variations, with
temperature, of the fractionation factors of oxygen-18
o; and oy (between vapor and liquid phases).

From Fig. 1, it can be seen that

(i) o is always greater than «), showing that the
8; in sublimated ice crystals is always greater than the
&1 in condensed droplets in the same air parcel and for
the same temperature.

(ii) In the range of t < 0°C, . is always less
than o4, showing that fractionation of stable isotopes
is weakened because of the generation of the kinetic
effect. That is to say, the actual &; is smaller than
that in the equilibrium state.

(iii) c decreases with increasing temperature for
constant S; 1. Corresponding to the variational Si, .

(14)
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Fig. 1. The variations of fractionation factors of oxygen-
18 with temperature.
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keeps either basically stable (such as S; 2) or increasing
(such as the S 3) with increasing temperature, showing
that the synthesis fractionation factor . is controlled
not only by temperature but also by the humidity con-
dition to a great degree.

3. The changes of the stable isotopic ratio in
different phase changes

3.1 Influences of different initial conditions on
stable isotopes

Usually, the stable isotopes in precipitation in
middle latitudes are considered to originate mainly
from tropic and subtropical oceans (Jouzel et al.,
1987). Different temperature and humidity conditions
in oceans will lead to different stable isotopic com-
positions in initially evaporated vapor and in initially
condensed hydrometeors, and thus influence the there-
after successive changes of stable isotopic compositions
in phase changes. The stable isotopic ratios in initially
evaporated vapor at the ocean surface d, ¢ can be de-
termined by (Merlivat and Jouzel, 1979)

(6 +1) {1 —k)
bvo="—"7""—"7F5"

Qg (1 - kf )

where 6, assumed as 0, is the stable isotopic ratio in
ocean surface water; oy is the stable isotopic fractiona-
tion factor at the ocean surface temperature &; fis the
relative humidity; and k is the roughness coefficient, re-
lated to diffusivity of vapor on the ocean surface. Pa-
rameter k =~ 0.7%0 on a relatively calm surface. After
determining &0, the stable isotopic ratio 0 in ini-
tial hydrometeors can be calculated according to air
humidity f, air temperature #3, and surface pressure
Py. Figure 2 displays the changes of the §'80 in the
initial hydrometeors corresponding to different sea sur-
face temperatures £ (setting to = 29°C, P;=1010 hPa
and f=80%) and different relative humidities f (setting
t0=29°C, Ppy=1010 hPa and £,=26°C).

Under the given conditions, the §'%0, ¢ is directly
proportional to %, and f, showing that more amounts
of stable isotopic compositions in oceans can be frac-
tionated into atmosphere in a warm and moist oceanic
environment, and less in a cold and dry environment.

—1, (15)

3.2 The changes of 6180 with temperature in
different phase changes and under differ-
ent humidities

Knowing the %0, and the initial condensation
state, the changes of §'80 with temperature in the
process of different phase changes and under differ-
ent humidities can be calculated relying on the above
model and the relationship between temperature and
pressure. The integration starts from the initial state
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and is divided into two groups: the wet adiabatic cool-
ing process I and the isobaric cooling process I1. Figure
3 gives the 6'80 changes of the two groups in differ-
ent phases and under different humidities. For each
group, the considered supersaturation ratios are i
and S 2, and the corresponding equilibrium fractiona-
tion processes are Rayleigh-I and Rayleigh-II, respec-
tively. From Fig. 3a, it can be found that (i) The
580 in the wet adiabatic cooling process is greater
than in the isobaric process, showing that the frac-
tionation rate of the latter is faster than that of the
former.

t:(C)

50 60 70 80 90
1(%)

Fig. 2. Relationship of the 6'20 in the initial hydromete-
ors with sea surface temperature t, and relative humidity
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Fig. 3. Variations of the §'0 with temperature (a) in
liquid and solid phases, and (b) in precipitation under
different supersaturation ratios at the ice surface.
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(ii) Compared with the 6180 in the liquid phase in
the equilibrium process (S;=1), 6'20 in the solid phase
is of a smaller change rate for greater S; and a greater
one for smaller S;.

(iv) With increasing S;, the kinetic fractionation ef-
fect is strengthened, and perhaps o, <1 because of the
decrease of oy, which means that the 6180 in the solid
phase will remain unchanged or increase with decreas-
ing temperature. Such a situation had been observed
in low-latitude oceans and coastal regions (Zhang and
Yao, 1994).

As the temperature in the cloud layer descends be-
low 0°C, supercooling droplets, ice crystals, and vapor
coexist. The precipitation generated in this layer in-
cludes solid and liquid materials. Therefore, the §'30
in precipitation is the weighted averages of the 6180 in
the liquid and solid materials. According to the fea-
tures of mixed cloud, assuming that the constituent
proportion R of ice crystals in the cloud display a lin-
car increase from 0°C until —40°C, and the cloud is
completely constituted by ice crystals below —40°C,

0 t > 0°C,
R=<¢{ —t/40 ~40°C < t £0°C, (16)
1 t < —40°C,

then, the stable isotopic ratio dp, in precipitation, gen-
erated in this layer, can be expressed as

(Sp =4 (1 - R) + & R. (17)
The calculated results are shown in Fig. 3b. The
curves in the figure stand for the weighted averages
of the §'80 in the materials of the two phases. Their
magnitudes are dependent on the temperature and hu-
midity condition in the cloud.

In the figure, the changes of dé,/dT with decreas-
ing temperature under lower humidity (such as S;2)
are greater than under higher humidity (such as S ;).
The important function of the kinetic fractionation ef-
fect in mixed cloud is mirrored here.

4. The influence of liquid-water content in the
cloud on 4§80

Unlike the hypotheses made by the Rayleigh
model, there is usually liquid water in cloud, especially
in convective cloud with strong updraft. Assuming
that #; is the temperature of the cloud base, the dis-
tribution of liquid-water content M, of the cloud with
temperature is expressed as

—c1 [ dM, 0<t,
to
—t
Ml —C2 f de t < 0, (18)
to
0 t< —to,
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in which ¢; and c¢p are the liquid-water content co-
efficients in cloud, and both greater than 0. They
stand for the condensation amount still remaining in
the cloud.

In the study, two cases are considered only in the
wet adiabatic cooling process, case A: ¢;=1/3 and
c2=1/4, and case B: ¢;=1/2 and c¢;=1/3.

Different liquid-water contents in the cloud are in-
put into the Rayleigh model, noted as Rayleigh-A cor-
responding to case A and Rayleigh-B to case B. The
supersaturation ratios are Sj; and Si2, respectively.
Figure 4 gives the calculated results.

The liquid water contents in the cloud are of heavy
880 values because they come from the previous con-
densation process. Consequently, the curves of 6§30
against temperature have low slopes, compared with
ones in which the liquid-water contents in the cloud are
not considered. The more the liquid-water contents in
the cloud, the lower the slope.

5. The relationship between §D and 6130

The relationship between 5D and 620 in atmo-
spheric precipitation, D = b§'80+d, is called the me-
teoric water line (MWL). It has important significance
for studying stable isotopic changes in the water cycle.
Craig (1961) gave the global MWL

6D (%0) = 8.06*80 (%0)+ 10.0. (19)

As is known, the slope parameter of the MWL ex-
pression stands for the comparative relationship be-
tween two kinds of fractionation rates from oxygen-18

0
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Fig. 4. Influence of liquid-water contents in cloud on

5180 under different humidities in wet adiabatic cooling
(a) 6*30 in different phases against temperature; (b) the
weighted average §'80 against temperature.
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and deuterium, and the intercept term gives the de-
viation degree of actual deuterium from that in the
equilibrium state. These are all controlled by phase-
change processes from evaporation at the vapor origin
site to the falling site. In the equilibrium state, 5=8.0
and d=0.0.

Using the kinetic model, the relationship between
6D and 680 are theoretically analyzed under differ-
ent cooling conditions, different supersaturation ratios
at the ice surface, and different liquid-water contents
in the cloud (Fig. 5). The cooling range is from the
initial condensation temperature down to —30°C.

(i) the influence of the cooling conditions

It can be seen from Fig. b5a that the slope and
the intercept in the wet adiabatic process I are greater
than those in the isobaric process II. Moreover, the
global MWL lies between the I and II lines, showing
that the actual precipitation is generated neither in
the wet adiabatic nor the isobaric cooling processes,
but in the synthesis of both.

(ii) the influence of the supersaturation ratio in
cloud

Because processes I and IT have basically similar
features, the influences of different supersaturation ra-
tios (Si,1 and Si2) and different liquid-water contents
(case A and case B) on MWLs are analyzed here, only
considering the situation in the wet adiabatic cooling
process.

When inputting the influence of the supersatura-
tion ratio at the ice surface into the kinetic model,
the simulated results show that the b and the d have
a marked positive correlation against S; (Fig. 5b).
Compared with MWL in the wet adiabatic cooling
process under Rayleigh conditions, the supersatura-
tion ratio S; exerts a marked impact on MWL. All
slopes are greater than 8.0, and intercepts greater than
10.0. Such a result shows that the §D and the 630 in
the phase change have a strong sensitivity to the ki-
netic fractionation effect under supersaturation at the
ice surface.

(iii) the influence of the liquid-water contents in
cloud

Although the magnitude of the liquid-water con-
tents in the cloud is directly proportional to those of
b and d in MWL, its degree of influence is inferior to
the supersaturation at the ice surface. Comparatively,
the 6D and the §'80 in the phase change are of weak
sensitivity to the variation of liquid-water contents in
the cloud.

6. The stable isotopes at Uriimqi

The investigation of the stable isotopic changes in
water cycle started in the early 1950s (Dansgaard,
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1953). A large-scale and organized collection of pre-
cipitation samples was initiated in 1961 (Dansgaard,
1964). The International Atomic Energy Agency
(IAEA) in co-operation with the World Meteorologi-
cal Organization (WMO) set up a global network with
more than 550 meteorological stations that continually
collect monthly precipitation samples for the environ-
mental isotopic compositions in precipitation and in
additional meteorological elements. The main objec-
tive of the global survey program was to determine
the temporal and spatial variations of environmental
isotopes in precipitation and, consequently, to pro-
vide basic isotope data for the use of environmental
isotopes in hydrological investigations for water re-
sources inventory, planning, and development. China
entered late into the global survey network set by
TAEA/WMO. Uriimgi is one of the Chinese sampling
stations in the global network. The station (43.78°N,
87.62°E, 918 m MSL) is in an arid and semi-arid inner

0
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Fig. 5. The simulations of MWLs under (a) different
cooling conditions, (b) different supersaturation ratios at
the ice surface, and (c) different liquid-water contents in
the cloud.

VOL. 20

continent of Northwest China, and is the most dis-
tant from the oceans of the world. The precipitation
is mainly influenced by the westerlies fluctuation, and
the vapor originating from the North Atlantic and the
evaporation recharge of different water bodies on the
way. Its mean annual precipitation amount is 283 mm
with the annual amplitude only 28 mm and the annual
mean temperature is 7.4°C with the annual amplitude
of 37°C. Since it is located on the windward slope
of the eastern Tianshan Mountains, the precipitation
at Uriimgi is abundant and relatively well-distributed
(Fig. 6a). It has the longer survey series of the two
IAEA /WMO stations in Xinjiang (the another is Het-
ian station). Since 1985, an 11-year record has been
obtained. For details on the sampling and the mea-
surement of stable isotopes in precipitation at Uriimgi,
refer to the paper of Zhang et al. (2002).

6.1 The simulation of the temperature effect

The temperature effect, namely the marked posi-
tive correlation between the stable isotopic ratio and
temperature, is recognized as the most important fea-
ture on stable isotopic changes in precipitation. It
mainly appears in mid-high latitude continents. The
climatic information recorded in the snow and ice of
mid-high latitudes can be reasonably interpreted using
a simple linear relationship between the stable isotopic
ratio and the temperature (Rozanski et al., 1992; Yao
et al., 1996). According to the above analyses, one can
see that the temperature effect arises from the fact that
the fractionation of stable isotopes in the atmosphere
is related to phase-change temperature in the process
of phase change.

According to the variations of the monthly 680
and 4D (Fig. 6a), and the scatter plots of the monthly
8180 and 4D against the mean monthly temperature
(Figs. 6b and 6¢), there is a marked temperature effect
at Uriimqi. For oxygen-18,

6180 (%0)= 0.4131t(°C) — 15.732
and for deuterium,
5D (%0)= 3.0415¢(°C) — 112.14 = 0.8567, (21)

Both confidence limits exceed the 0.001 level.

Setting the stable isotopic ratios in the surface wa-
ter in vapor origins §20;=0.0 and § D;=0.0, to=29°C,
Py=1010 hPa, =80%, t,=26°C; the super saturation
ratio at ice surface under the wet adiabatic cooling
process S;=1.0-0.003¢, the liquid-water content coef-
ficients in cloud ¢;=1/5 and ¢;=1/6, and the simu-
lated curves L1 are obtained. They reveal the rela-
tionship between the stable isotopic ratios in the initial
hydrometeors from ocean vapor and the condensation
temperature. It can be seen that there are great diff-

r = 0.8602, (20)
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Fig. 6. Seasonal variations of the temperature, precipi-
tation, 6120 and §D at Urlimgi as well as the simulations
of temperature effect.

erences between the simulated curves and the actual
regression lines.

Keeping the other conditions unchanged, setting
5804,=-3.5%0, and 6D = 8.0 x 680, = —28.0%o, the
simulated curves L2 are similar to the actual regres-
sions to a certain degree.

In fact, it is impossible that the 680 and §D in the
surface water of oceans is as light as the assumption.
So, it can be concluded that the rainfall at Uriimqi is
not the outcome of the initial condensation of ocean
vapor. The stable isotopic compositions in the precipi-
tation are greatly depleted after vapor undergoes long
distance transportation. The mean depleted magni-
tude is about —3.5%o for oxygen-18 and about —28.0%.
for deuterium.

It needs to be pointed out that the condensation
temperature in the kinetic model is different from the
sampling temperature. Assuming the mean conden-
sation level is about 1000 m, the difference between
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the condensation temperature at the mean conden-
sation level and the sampling temperature is about
6.5°C. The condensation temperature in the cloud is
converted into the sampling temperature as the as-
sumption, and consequently, the simulated curves L3
are in very good agreement with the actual regressions.

6.2 The simulation of MWL

According to the analyses of the relationship be-
tween the monthly 6D and §'80 in the precipitation
at Urlimqi, the MWL is obtained (Fig. 7)

6D (%o)=7.28928"80(%0)+ 2.7798 r = 0.8567. (22)

Compared with the global WML, both the slope and
the intercept of the Uriimgi’s MWL are smaller.

The simulated curve L is obtained by plotting the
relevant 6D and 680 in simulated curves L2 (or L3)
in Fig. 6b and 6¢ onto Fig. 7. It is quite consistent
with the actual MWL. However, with the small dif-
ference between the two, the slope parameter and the
intercept term of the simulated curve are both greater
than the actual values.

Strictly speaking, curve L should be called a con-
densation line owing to mirroring the relationship be-
tween the 6D and the 6'80 in hydrometeors in mixed
cloud. The stable isotopic ratio in precipitation reach-
ing the ground is different from that in raindrops de-
parting from cloud base, influenced by evaporation and
the isotopic exchange of raindrops with the surround-
ing atmosphere during falling (Zhang et al., 1998). Be-
cause of the relatively fast fractionation rate for deu-
terium, the slope parameter and the intercept term of
the actual MWL are both smaller than those of the
condensation line.

7. Conclusions
(1) The kinetic fractionation effect is controlled by

the supersaturation ratio at the ice surface in mixed
cloud. The greater the supersaturation ratio at the ice

0
§D=728924 80 4+ 27798 eeees. s
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Fig. 7. The actual and simulated MWL of Uriimqi.
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surface, the stronger the kinetic fractionation effect.
The kinetic fractionation function makes the synthesis
fractionation factor decreased and the change of stable
isotopes with temperature flatted. The contribution of
liquid-water contents in the cloud is only to change the
magnitude of the stable isotopic ratio in water, but not
the variation trend with temperature.

(2) The slope parameter b and the intercept term
d in MWL, 6D = b6'80+d, in wet adiabatic cooling
are both greater than those in isobaric cooling. Also, b
and d are directly proportional to Si. The greater the
Si, the stronger the kinetic fractionation effect, and
thus the greater the b and d, and vice versa. However,
the changes of b and d have weak sensitivity to the
liquid-water contents in cloud.

(8) The precipitation at Uriimqi is not the outcome
of the initial condensation of ocean vapor. The stable
isotopic compositions in precipitation are greatly de-
pleted after vapor undergoes long distance transporta-
tion. The mean depleted magnitude is about —3.5%.
for oxygen-18 and about —28.0%. for deuterium.

(4) The simulated §D/§'80 curve is quite consis-
tent with the actual MWL at Urlimqi. The difference
between the two is related to evaporation and the iso-
topic exchange of raindrops with the surrounding at-
mosphere during falling.
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