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ABSTRACT

The humidity effect, namely the markedly positive correlation between the stable isotopic ratio in
precipitation and the dew-point deficit ATy in the atmosphere, is put forward firstly and the relationships
between the 6*20 in precipitation and ATy are analyzed for the Uriimgi and Kunming stations, which have
completely different climatic characteristics. Although the seasonal variations in 6'80 and AT, exhibit
differences between the two stations, their humidity effect is notable. The correlation coefficient and its
confidence level of the humidity effect are higher than those of the amount effect at Kunming, showing
the marked influence of the humidity conditions in the atmosphere on stable isotopes in precipitation.
Using a kinetic model for stable isotopic fractionation, and according to the seasonal distribution of mean
monthly temperature at 500 hPa at Kunming, the variations of the §'®0 in condensate in cloud are
simulated. A very good agreement between the seasonal variations of the simulated mean §'%0 and the
mean monthly temperature at 500 hPa is obtained, showing that the oxygen stable isotope in condensate
of cloud experiences a temperature effect. Such a result is markedly different from the amount effect at
the ground. Based on the simulations of seasonal variations of §'80 in falling raindrops, it can be found
that, in the dry season from November to April, the increasing trend with falling distance of §'%0 in falling
raindrops corresponds remarkably to the great ATy, showing a strong evaporation enrichment function in
falling raindrops; however, in the wet season from May to October, the §'30 in falling raindrops displays
an unapparent increase corresponding to the small ATy, except in May. By comparing the simulated mean
580 at the ground with the actual monthly 6*®0 in precipitation, we see distinctly that the two monthly
0180 variations agree very well. On average, the §'30 values are relatively lower because of the highly
moist air, heavy rainfall, small ATy and weak evaporation enrichment function of stable isotopes in the
falling raindrops, under the influence of vapor from the oceans; but they are relatively higher because of
the dry air, light rainfall, great ATy and strong evaporation enrichment function in falling raindrops, under
the control of the continental air mass. Therefore, the 680 in precipitation at Kunming can be used to
indicate the humidity situation in the atmosphere to a certain degree, and thus indicate the intensity of
the precipitation and the strength of the monsoon indirectly. The humidity effect changes not only the
magnitude of the stable isotopic ratio in precipitation but also its seasonal distribution due to its influence
on the strength of the evaporation enrichment of stable isotopes in falling raindrops and the direction of
the net mass transfer of stable isotopes between the atmosphere and the raindrops. Consequently, it is
inferred that the humidity effect is probably one of the foremost causes generating the amount effect.
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1. Introduction nization (WMO), is conducting a worldwide survey of
oxygen and hydrogen isotope content in precipitation.

The International Atomic Energy Agency (IAEA),  The programme was initiated in 1958 and became op-

in co-operation with the World Meteorological Orga-  erational in 1961. Precipitation samples are collected
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monthly by national meteorological services and by
national authorities, and then shipped to the IAEA
Laboratory in Vienna or to co-operating laboratories
for analysis of stable isotopes in precipitation. The
oxygen-18 content of the samples are measured on a
mass spectrometer as ratios. They are expressed in
terms of the per mille deviation of the isotope ratio
from a standard called SMOW (standard mean ocean
water). The data are expressed in dimensionless delta
values as defined by:

(180/16O)sample -1
(**0/1°0)spow

where (130/%0)sample and (*¥0/'%0)smow stand for
the isotopic ratio **0/*®0 in the water sample and
in the standard mean ocean water, respectively. The
measurements have a long term precision of about
+0.1%0 for oxygen-18 at one standard deviation level.

The global investigation on the stable isotopes in
precipitation (Araguas et al., 1998; Dansgaard, 1964;
Jouzel, 1986; Jouzel et al., 1997; Zhang et al., 2002)
shows that there are marked positive correlations be-
tween 6'%0 in precipitation and mean monthly tem-
perature in middle-high-latitude inland, namely a tem-
perature effect, but marked negative correlations be-
tween 680 and monthly precipitation amount in mon-
soon regions or in low-middle-latitude islands and
coasts, namely an amount effect. The temperature ef-
fect arises from the fact that the phase temperature in
the process of phase change controls the fractionation
of stable isotopes in the atmosphere and in precipita-
tion (Zhang et al., 2003). Based on the temperature
effect, the stable isotopic compositions in different sed-
iments can be quantitatively recovered as a tempera-
ture proxy (Jouzel, 1986; Tian et al., 2003; Yao, 1999).
As for the amount effect, some scholars think that its
generation is related to strong convective phenomenon
(Dansgaard, 1964; Yapp, 1982; Zhang et al., 2001).
The magnitude of stable isotopic ratios in precipita-
tion indicates the strength of the monsoon in regions
with the amount effect (Araguas et al., 1998; Rozan-
ski et al., 1997; Zhang et al., 2002). Yapp (1982) once
conducted a simulation in order to interpret the gener-
ation of the amount effect. He thought that the stable
isotopic ratios in precipitation are in inverse propor-
tion to the intensity of precipitation in a convective
cloud. Zhang et al. (2001) simulated the stable iso-
topic effect generated in mixed cloud using a kinetic
fractionation model. Their analyses show that there
is a negative correlation between the stable isotopic
ratios in condensate and possible maximum condensa-
tion amount. The above mentioned simulations give
only the general trend of the stable isotopic ratios in

5180 = x 1000 (1)
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condensation water against the condensation amount
in cloud. They are incapable of interpreting the sea-
sonal variations of stable isotopic ratios in precipita-
tion that reaches the ground in monsoon regions. In
fact, the summer rainfall in middle-high-latitude in-
land is also formed in a convective cloud system. The
heavy convective rainfall does not generate the expec-
tant amount effect. However, there is still an amount
effect even in dry seasons with light rainfall and dur-
ing less rainfall times in some regions located in low-
middle latitudes (Araguas et al., 1998; Zhang et al.,
2002), for example at Kunming station (Zhang et al.,
2004). Therefore, it can be concluded that the inten-
sity of precipitation amount is not a possible cause
generating the amount effect.

After conducting correlation analyses between the
stable isotopic ratios in precipitation and the corre-
sponding meteorological elements for 29 sampling sta-
tions in China, it is found that there is a marked cor-
relation between the §180 in precipitation and atmo-
spheric humidity. Using this relationship, the possible
cause generating the amount effect can be interpreted.
Based on the data from two IAEA/WMO (2001) sur-
vey stations, Uriimgi and Kunming, with marked cli-
matic differences, this paper analyzes the variations
of §1%0 in precipitation and the relationships of the
5'80 with temperature, precipitation amount and at-
mospheric humidity. Furthermore, the paper simu-
lates the seasonal variations of the §'80 in precipi-
tation at Kunming, and thus reveals the possible in-
fluence of the atmospheric humidity on the amount
effect.

2. Some facts of the stable isotopic effect
2.1 Definition of humaidity effect

So far, 30 sampling stations have been established
in China by the IJAEA/WMO for stable isotopic sur-
veys of precipitation. After conducting correlation
analyses for the 29 stations (Chongging station is
absent because the sampling period is less than 6
months), it was found that there is notable positive
correlation between 680 in precipitation and the dew-
point deficit in the atmosphere for 25 stations (86% of
the total). The dew-point deficit, ATy, is an important
index indicating the atmospheric humidity situation:
the greater the ATy, the dryer the air, and the smaller
the ATy, the wetter the air; as ATy equals 0, the air
reaches saturation.

Analyses show that, as a raindrop falls in unsat-
urated atmosphere, the result of evaporation enrich-
ment causes stable isotopic ratios in the raindrop to in-
crease with falling distance due to the relatively faster
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evaporation rate for pure water versus the heavier iso-
topes. The dryer the air, the stronger the function of
evaporation enrichment (Zhang et al., 1998). This ef-
fect shows why there is a positive correlation between
580 and AT}y to a certain degree.

This positive correlation between 6'80 and AT} is
defined as the humidity effect.

In a humid atmosphere, the air near a raindrop
surface reaches or approaches saturation. In this sit-
uation, the variations of stable isotopic ratios in the
raindrop are mainly dependent on stable isotopic com-
positions in the atmospheric vapor because of the
weak evaporation enrichment function in the raindrop
(Stewart, 1975; Zhang et al., 1998). If the stable iso-
topic ratio in the atmospheric vapor is lower than in
the vapor at the raindrop surface, the direction of net
mass transfer of stable isotopes will be from the rain-
drop to the atmosphere, and thus the stable isotopic
ratio in the raindrop will decrease; contrarily, in the
opposite case, the direction of net mass transfer will
be from the atmosphere to the raindrop, and thus the
stable isotopic ratio in the raindrop will increase.

With completely different climatic conditions, the
two sampling stations Uriimqi (43.80°N, 87.65°E; 947
m MSL) and Kunming (25.02°N, 102.68°E; 1900 m
MSL) belong to the typical continental and monsoonal
climates, respectively. Analyzing the stable isotopic ef-
fects in precipitation based on the stable isotopic ratios
in precipitation and the corresponding meteorological
data for both stations will be helpful to comprehend
the variation features of stable isotopes in precipita-
tion in different regions and the possible cause gener-
ating the amount effect.

2.2 Seasonal variations of the elements

Figure 1 and Figure 2 give the seasonal variations
of 0'%0 in precipitation and the corresponding mete-
orological elements at Uriimqi and Kunming, respec-
tively.

The curves at Uriimgi all showing typical sine
waves, of 680 in precipitation, of temperature, pre-
cipitation, and the ATy, are similar. The maximums
of each element appear in the warm half of the year,
whereas the minimums appear in the cold half. The
statistics show that the temperature effect is notable
at Urlimqi:

§180(%0) = 0.34T(°C) — 15.80
(r=0.88, n=99), (2)
where 7 is the correlation coeflicient and n the sam-
pling size.
Although the seasonal variations of temperature
and precipitation at Kunming are basically similar to
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Fig. 1. Seasonal variations of (a) precipitation and §'%0
in precipitation, and (b) dew-point deficit and temperature
at Uriimqi.
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Fig. 2. Same as Fig. 1 but at Kunming.

those at Uriimgi, the variations of the 880 in precipi-
tation, and the ATy, with markedly lower values in the
rainy season and higher values in the dry season, are
different from those at Uriimgi. The statistics show
that the amount effect is notable at Kunming;:

§'80(%0) = —0.03P(mm) —5.37
(r=-0.58 , n=108) . (3)
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Fig. 3. Scatter plot of 680 in precipitation against dew-
point deficit at (a) Uriimgi and (b) Kunming.

It can be seen from Fig. 2, that the seasonal varia-
tions of the %0 in precipitation at Kunming are not
synchronized with those of precipitation. A similar
phenomenon has also been found at many sampling
stations in monsoon regions (Araguas et al., 1998;
Zhang et al., 2002).

Despite the marked differences in seasonal varia-
tions of the 6'80 in precipitation and of the ATy at
both stations, their humidity effect is notable (see
Fig. 3). Typically at Kunming, the correlation coefi-
cient and the confidence level of the humidity effect are
both greater than those of the amount effect, showing
that the humidity situation in the atmosphere has a
very marked influence on the stable isotopes in precip-
itation.

3. Simulation of seasonal variations of §'%0 in
precipitation in monsoon regions

3.1 Brief introduction of the basic model

The simulations of the seasonal variation of precip-
itation 680 in monsoon regions will be divided into
two steps: (1) the fractionation process of the stable
isotopes in condensate in cloud, and (2) the evapora-
tion enrichment and mass transfer between raindrops
and the environmental air of stable isotopes in the
raindrop as it falls in the free atmosphere.

For the first step, the variations of stable isotopic
ratio in condensate can be described as (Zhang et al.,
2003):

M, dog + Oé](Oq — l)de

dé
! Oq(Mv + OélMl)

(1+8)
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and
0 = OékOéi(]. + §v) s (4)

where 4}, 6; and 6, are the stable isotopic ratios in the
liquid, ice and vapor phases in the cloud; M, is the
mixing ratio and M the liquid-water content in the
cloud; and ay, a; and «y are the fractionation factors
of stable isotopes between vapor and liquid phases,
between vapor and ice phases and under dynamical
forcing, respectively.

For the second step, the variations of the stable
isotopic ratio d; in raindrops falling in the free atmo-
sphere can be described as (Zhang et al., 1998):

3p,(Df) [ D'f’ 5+ 1}

P ="y, {Df [(6e+1)SA_ @

— (5 +1)(SA - 1)}dt (5)

and
dh

where p, and p; are the vapor density at the raindrop
surface and the density of the raindrop, respectively;
D and f are the diffusion coefficient and the ventila-
tion factor of vapor in the atmosphere, and D’ and f’
the corresponding D and f for stable isotopes, respec-
tively; r is the radius of the raindrop, ¢ the time and
S the relative humidity; A = ps/py, in which p; is the
saturated vapor density under the environmental tem-
perature T'; §, is the ratio in the atmospheric vapor; h
is the falling distance of the raindrop; and V and U
are the terminal falling velocity of the raindrop and
the constant ascending velocity of the air current.

3.2 Simulation of the seasonal variation of §'%0
in condensate in the cloud

Assuming that the altitude producing condensate
is at the 500 hPa level, the seasonal variation of mean
monthly temperature at 500 hPa is from the statis-
tics for the meteorological data from 1971 to 2000 at
Kunming (see Fig. 4).

Furthermore, assuming that the mean §'®0 in
ocean surface water is 0, the ocean surface water tem-
perature and air temperature are 26°C and 29°C, re-
spectively, and the relative humidity is 80%; the super
saturation ratio at the ice surface in mixing cloud is
S; = 1.0—0.0017 under the wet adiabatic cooling pro-
cess, and the seasonal variation of §'%0 in condensate
at 500 hPa at Kunming is simulated according to
Egs. (4) and (5). [For details of the simulations, refer
to Zhang et al. (2003)].
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Fig. 4. Seasonal variations of simulated §'0 in conden-

sate and mean monthly temperature at 500 hPa at Kun-
ming.

It can be seen from Fig. 4 that the seasonal varia-
tion of the simulated mean 680 values is very consis-
tent with that of the actual mean monthly tempera-
ture, displaying that there is a temperature effect for
the oxygen stable isotope in condensate in cloud at
Kunming. Such an effect is different from the amount
effect happening at the ground, but similar to that
in the middle-high-latitude inland. For example, it is
consistent with the seasonal variation of §'%0 in pre-
cipitation at I"Jriimqi.

3.3 Simulation of §'%0 variations in falling
raindrops

Set the ascending velocity of the air current to
U=10 cm s7!, and take the simulated 6'80 in Fig. 4
as the initial 6’0 in the raindrop, i.e., the values as
the raindrop leaves cloud base. The relative humid-
ity S is estimated based on the relationship between
ATy and T. The variation, with height z, of §'30 in
atmospheric vapor in the range of 0-5000 m is from
the fitting to the actual observation by Rozanski and
Sonntag (1982):

8180, (%0) = —3.625 x 107 32(m) — 14.375.  (7)

It shows that the %0 in atmospheric vapor decreases
progressively with increasing altitude in the middle
and low troposphere.

According to the above conditions and assump-
tions, and Egs. (6) and (7), the variations from the
cloud base (2=3100 m) to the ground (z = 0, but the
altitude is 1900 m) at Kunming of the monthly 6'0 in
falling raindrops are simulated. The results are shown
in Fig. 5.

By Fig. 5, corresponding to the large ATy, the in-
creasing trend with increasing falling distance of the
§'80 in the falling raindrops is notable in the dry sea-
son from November to April, especially from January
to April, when the differences between the 6230 in
the raindrops at the ground and at 500 hPa all exceed
9%, reaching 10.0%¢ in January, 12.32%o in February,
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13.02%¢ in March, and 9.47%o in April, showing the
strong evaporation enrichment function in raindrops.

In the rainy season from May to October, corre-
sponding to the small ATy, the increasing trend with
increasing falling distance of the 6'80 in the falling
raindrops is unapparent except in May. The §'%0 in
the raindrops decreases with falling distance in the ini-
tial stages before about 1500 m. This result shows
that the direction of net mass transfer of stable iso-
topes is from the raindrop to the environmental air,
although evaporation enrichment still possibly occurs
in the raindrops. However, the 520 in the falling rain-
drops increases with falling distance below 1500 m,
showing that the direction of net mass transfer is from
the environmental air to the raindrop which says that
the evaporation enrichment in the raindrops plays the
dominant role. By our calculations, the differences be-
tween the monthly §'80 at the ground and at 500 hPa
are 3.4%o in May, —0.1 %o in June, —0.85%¢ in July,
—-0.70%0 in August, —0.33%o in September and 1.44%o
in October. The 680 at 500 hPa is greater than at
the ground from June to September instead, except in
May and October.

It can be seen from Fig. 6, by comparing the simu-
lated mean 680 at the ground (2=0) with the actual
monthly mean §'%0, that the two seasonal variations
of 6180 are quite consistent. Consequently, it is con-
cluded that the humidity condition in the atmosphere
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Fig. 5. Variations, with height, of mean monthly §*30 in
falling raindrops at Kunming.
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Fig. 6. Comparison between seasonal variations of actual
and simulated §'%0 in precipitation at Kunming.



276 HUMIDITY EFFECT AND ITS INFLUENCE ON §'80 IN PRECIPITATION

is an important factor influencing the seasonal distri-
bution of stable isotopic ratios in precipitation in mon-
soon regions.

4. Discussion and conclusions

Previous analyses (Zhang and Yao, 1998; Zhang et
al., 2004) have shown that the seasonal distributions of
stable isotopic ratios in precipitation may be roughly
divided into two types in China. A marked positive
correlation between the stable isotopic ratio in pre-
cipitation and temperature happens in middle-high-
latitude inland, and the seasonal distribution of 680
in precipitation remains in agreement with that of tem-
perature and dew-point deficit under the influence of a
continental climate. Urﬁmqi is a typical station of this
type. However, a marked negative correlation between
the stable isotopic ratio in precipitation and precipi-
tation amount appears in coastal regions and regions
influenced by monsoon, and the seasonal distribution
of 6180 in precipitation is opposite to that of precipi-
tation but in agreement with that of dew-point deficit.
Kunming is a typical station of this type.

In the simulations of Fig. 5 and Fig. 6, the humid-
ity condition plays a very important role in estimating
the seasonal distribution of 680 in precipitation at
Kunming. The seasonal variation of 60 in precip-
itation that reaches the ground is markedly different
from that in the upper air at Kunming because of the
seasonal variation of atmospheric humidity. The cor-
relation analyses show that there is a notable positive
correlation between ATy and T at fjri'unqi, namely,
the higher the temperature, the greater the ATy; and
the lower the temperature, the smaller the ATy, which
characterizes the humidity variation in arid and semi-
arid inland. The seasonal distribution of 680 in pre-
cipitation that reaches the ground remains parallel to
that in the upper air because of the similar seasonal
variations in ATy, T and 6'80 in the upper air at
Uriimqi. However, at Kunming, no marked correla-
tion between ATy and T is found; instead we find a
marked negative correlation between ATy and precipi-
tation, which is probably related to the features of the
air mass. On average, the 680 values are relatively
lower because of the high moist air, heavy rainfall,
small ATy and weak evaporation enrichment function
of stable isotopes in falling raindrops under the influ-
ence of vapor from the oceans; but relatively higher
5180 occurs because of the dry air, light rainfall, large
ATy and strong evaporation enrichment function in
falling raindrop under the control of continental air
mass. Therefore, the §'80 in precipitation at Kun-
ming can be used to indicate the humidity situation in
the atmosphere to a certain degree, and thus indicate
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the intensity of the precipitation and the strength of
the monsoon indirectly.

We must note that the vertical distribution of §10
in the atmospheric vapor we use here comes from the
fitting of samplings in Europe that are assumed to be
unchangeable each month. It is not suitable to the ac-
tual situation at Kunming. Also, the simulations do
not take into account the variations in shape of rain-
drops. Perhaps, these problems contribute to the dif-
ferences between simulated and actual §'30 in certain
months, such as in March and in August.

In conclusion, the humidity effect not only changes
the magnitude of the stable isotopic ratio in precipita-
tion but also its seasonal distribution due to its influ-
ence on the strength of the evaporation enrichment of
stable isotopes in falling raindrops and the direction
of the net mass transfer of stable isotopes between the
atmosphere and the raindrops. Consequently, it is in-
ferred that the humidity effect is probably one of the
foremost causes generating the amount effect.
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