
HYDROLOGICAL PROCESSES
Hydrol. Process. 22, 873–882 (2008)
Published online 4 June 2007 in Wiley InterScience
(www.interscience.wiley.com) DOI: 10.1002/hyp.6662

The effect of refreezing on the isotopic composition of melting
snowpack

Shiqiao Zhou,1,2* Masayoshi Nakawo,3 Shigemasa Hashimoto4 and Akiko Sakai4

1 Institute of Tibetan Plateau Research, Chinese Academy of Sciences, Beijing 100085, China
2 Institute of Plateau Meteorology, China Meteorological Administration, Chengdu 610071, China

3 Research Institute for Humanity and Nature, Kyoto 603-8047, Japan
4 Graduate School of Environmental Studies, Nagoya University, Nagoya 464-8601, Japan

Abstract:

The isotopic composition of solid and liquid portions of natural melting snowpack is investigated in detail by the separating of
liquid water from snow grains at different depths of the snowpack. The slope of the υD–υ18O line for the liquid phase is found
to be lower than for the solid phase. This is proved to be due to the isotopic fractionation occurring in the melt–freeze mass
exchange within the snowpack. Melting of the snowpack has no clear impact on the υD–υ18O line for the solid phase, but the
slope of the υD–υ18O line for the liquid shows an overall slight decrease in the melting period. When the snowpack is refrozen,
the refreezing process would inevitably cause the slope of the solid phase to decrease because of the discrepancy between the
slopes of the two phases. Thus the slope of the solid would become lower and lower as the diurnal melt–freeze episodes cycle
throughout the melting season. This effect is then demonstrated by looking into the isotopic composition changes of glacier
firn. The extent of the effect depends on the snowpack properties and environmental conditions. The slope changes also result
in a decreasing trend in deuterium excess. Copyright  2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Ice core research has greatly contributed to the study
of climate change over recent decades (e.g. Dansgaard
et al., 1985, 1993). Stable water isotopes (υ18O, υD) pre-
served in ice cores can be used as proxy temperature
indicators, for dating, and by measuring the deuterium
excess, for tracing the water vapour source of precipita-
tion (Jouzel et al., 1982; Armengaud et al., 1998). These
methods, however, are more problematic when applied
to cores taken from areas of high melt because melting
can introduce time gaps, cause isotopic fractionation, and
remove good seasonal signals making time-scales diffi-
cult or impossible to evaluate (Koerner, 1997). Unfor-
tunately, many studies have not given due consideration
to melt effects on the derivation of time-scales or the
interpretation of ice-core chemistry and stable-isotope
ratios (Koerner, 1997). This highlights the need for a
better understanding of the metamorphosing processes of
melting snowpacks, especially in the context of the iso-
topic processes. This need is greatly reinforced by the
isotope hydrological applications in temperate regions,
where snowmelt can account for the majority of the water
added to a catchment and often causes the largest annual
stream discharge event (Rodhe, 1998). One of the most
important applications is the two-component isotopic
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hydrograph separation that partitions runoff water into
event and pre-event water sources, and thus contributes to
flood prediction and water resource management. While
this technique has been used extensively in a number
of areas (Taylor et al., 2002a), the large variation in
snowmelt isotopic composition, caused by fractionation
during melting, has impeded an accurate separation of
stream-flow during spring flood episodes (Laudon et al.,
2002). Although recent studies have been carried out
on modelling the isotopic evolution of snowmelt (Taylor
et al., 2001, 2002b; Feng et al., 2002), there remain many
questions to be answered on the isotopic processes of
melting snowpack (Cooper, 1998).

When snow grains and liquid water co-exist at 0 °C,
mass exchange occurs between the two phases with large
grains growing at the expense of small ones (Raymond
and Tusima, 1979). In accordance with the phase change,
isotopic fractionation takes place and causes enrichment
of 18O in the solid phase, which are demonstrated by
experiments (e.g. Arnason, 1969; Nakawo et al., 1993),
model calculations (e.g. Buason, 1972; Feng et al., 2002)
and field observations (e.g. Stichler et al., 1981; Suzuki,
1993). Many investigations have been carried out on
how melt and isotopic fractionation change the isotopic
profile of a snowpack (e.g. Suzuki, 1993; Taylor et al.,
2001; Hashimoto et al., 2002; Unnikrishna et al., 2002).
These investigations, which were conducted generally
by digging successive snow pits, have demonstrated
conspicuous isotopic fractionation between the solid
and percolating liquid phases and its influence on the
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isotopic evolution of the snowpack. In most of these
studies, however, analysis was limited only to oxygen-
18 (18O) and the fractionation differences for deuterium
were ignored. Also, the sampling intervals between
successive snow pits were long, usually varying from
1 week to more than 1 month, which would cause much
environmental and metamorphosing information to be
lost.

In a previous study (Hashimoto et al., 2002), the differ-
ence of the υD–υ18O relationships between precipitation
and snowpack was found, but further analysis was not
performed. This paper presents two separate series of
observational results. One from a seasonal snowpack and
another from the firn of a glacier. The evolution of iso-
topic composition for both snow grains and percolating
water in wet snow and its freezing effect on firn are
examined. Although the fieldwork on the seasonal snow-
pack was carried out together with the previous work
(Hashimoto et al., 2002), the data of the υ18O–υD rela-
tionships are totally different from the previous ones. The
data used in the present study include two sets of the
solid and liquid phases of wet snow, but the previous
data were an independent set which were derived from
the samples of bulk snow containing both snow grains
and liquid water. Only 3 days of υ18O data for both solid
and liquid phases shown in the previous paper are used
in this study.

METHODS

The fieldwork was conducted at two separate sites.
One at a seasonal snowpack in Japan and another at a
glacier in China. The Japanese site was the Snow Melt-
ing Research Station of Hokkaido University, Moshiri
(44°230N, 142°170E), in the northern part of Hokkaido.
The snowpack at the Japanese site was as thick as
180Ð1 cm on 14 February 1998 and its recorded low-
est temperature was �17Ð3 °C on 7 February 1998. The
observations were made from February to April 1998.
The data used in this analysis were obtained mainly
between 2 and 14 April 1998. The snowpack began
to melt in the last 10 days of March. The fieldwork
included the following tasks. (1) Inserting eight temper-
ature sensors into the snowpack at different heights to
automatically record the temperature variations through-
out the whole fieldwork period. (2) Digging successive
snow pits most days within the plain plot of the sta-
tion and sampling snow at 4 cm intervals continuously
from the surface to the bottom of the pit wall using
a 4 ð 6 ð 7 cm3 sampler. (3) In situ (in pit) separating
of liquid water from snow grains with a hand-driven
centrifuge and then sampling the separated water and
snow grains separately. A portion of each separated
snow grain sample was subjected to water content mea-
surements using an Akitaya Calorimeter. The centrifuge
essentially includes two cylinder-shaped polythene boxes
with 9Ð5 cm in height and 9 cm in diameter of the cross
section. A cup-shaped mesh was fitted onto the inner

cover of each box. Snow samples were put into the mesh
for centrifuging. The snow sampler and the mesh were
cooled in wet snow before use. Based on a large num-
ber of pre-experiments, the centrifugal time interval for a
single sample was restricted to 30 s to ensure minimum
melt and effective separation. The setup was tested for
a series of isotope determinations by comparing the iso-
topic ratio of the non-separated wet snow with that of
the separated snow from the same well-mixed sample.
The isotopic ratio of the separated snow was obtained
using the water content data of the non-separated wet
snow and the isotopic ratios of the separated snow grains
and water. No melting effect was detected in these tests.
(4) Continuously collecting the bottom discharge using a
90 ð 90 cm2 lysimeter. (5) Continuously collecting pre-
cipitation. (6) Measuring snow water content at different
heights with a dielectric moisture meter (Denoth moisture
meter) made by Innsbruck University, Austria. (7) Taking
grain photos of each sample using a camera with a mag-
nifying lens. The grain size of each sample was measured
manually using the photos. (8) Collecting meteorological
data including radiation, air temperature, humidity, and
wind velocity using an automatic station.

The work in China was carried out at 7-1 Glacier in
the Qilian Mountains, at the north-east rim of Qinghai-
Tibetan Plateau between June and July 2002. The pit site
was 4860 m a.s.l., about 200 m higher than the multiple-
year equilibrium line altitude (ELA) of the glacier. The
thickness of firn was 83 cm on 16 June 2002 and it
decreased to 20 cm on 17 July 2002 because of melting.
The tasks were similar to the above-mentioned work in
Japan, but the liquid–solid separation was not performed
and no lysimeter was available. Also, the interval between
each successive snow pit was longer (6–7 days).

All the samples were analysed for their oxygen-18 and
deuterium ratios (with an accuracy of š0Ð1‰ for υ18O
and š1Ð0‰ for υD) at the Hydrospheric Atmospheric
Research Centre, Nagoya University, Japan.

ISOTOPIC FRACTIONATION AND SLOPE OF
ISOTOPIC COMPOSITION LINE

Isotopic results for the snowpack

Figure 1 presents the isotopic data of separated snow
grain and pore water samples for 4 days. The isotope
values of the pore water, except for two or three samples,
are lower than those of the corresponding snow grains.
This is invariably true for the data obtained on other days,
and indicates the rapid isotopic fractionation between
percolating meltwater and snow grains (Zhou et al.,
2001). Figure 2 shows the isotopic composition of two
phases for 9 days including the 4 days from Figure 1.
It can be seen, from Figure 2, that all slopes of the
isotopic composition line for snow grains are larger than
for interstitial water, with the former being about 6Ð4–6Ð9
and the latter, 4Ð3–5Ð2.

Although the slope of the solid phase shows a slight
decreasing trend from 6Ð9 on 2 April to 6Ð5 on 14
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Figure 1. Isotopic evolution of the snowpack, showing υ18O and υD profiles for both solid (solid line) and liquid (broken line) phases

April (Figure 2), these changes are small. Thus, t-tests
were carried out and show that there are no distinct
differences between the regression lines for the solid at
the significance level of 0Ð05. This means that the slope
changes for the solid phase are negligible in the period,
or that melting of the snowpack has no clear impact on
the υD–υ18O line for the solid phase. The slope variations
for the liquid phase in the period (4Ð3–5Ð2) are a little
larger than for the solid phase. Thus, t-tests show clear
differences between some regression lines for the liquid at
the significance level of 0Ð05. As a whole, the differences
are indistinct in the periods of 2 to 10 April and 11 to
14 April, but distinct between these two periods. This
indicates an overall slight decrease for the slope of the
liquid phase in the whole period.

Evaporation and isotopic composition

Two major processes may modify the isotope distribu-
tion in the melting snowpack and control the υD–υ18O
slopes of percolating meltwater. One is the evapora-
tion or sublimation at the snow surface; another is the

melt–freeze mass exchange between the solid and liquid
phases. The negligible change of the slope for the solid
phase indicates that these two major processes have lit-
tle impact on it in the period studied. Nevertheless, the
slopes for interstitial water, shown in Figure 2, are well
within the typical range of the evaporation line, which is
generally close to five (Gonfiantini, 1986). Further anal-
yses, however, show that these slope values cannot be a
result of the evaporation effect. Table I presents the iso-
topic data for each surface sample of the 9 days shown in
Figure 2. It can be seen that most of the isotopic ratios for
liquid phase are very close to the corresponding isotopic
ratios for the solid phase, and the differences between
them are within the accuracy of the measurements. Yet,
several pairs have larger differences, for example, the
ones for 4 April. However, when looking at the deu-
terium excess, which is defined as d D υD–8υ18O and
used as an index for non-equilibrium conditions (Dans-
gaard, 1964), it is found that all the differences of the deu-
terium excess (ds –dl) between the two phases for a single
day, are well within the precision of the calculations

Table I. Comparison of isotopic data between solid and liquid phases of the surface samples

2 April 4 April 6 April 8 April 9 April 10 April 11 April 12 April 14 April

υ18O�‰� Solid �15Ð89 �12Ð16 �13Ð27 �14Ð20 �14Ð20 �14Ð63 �14Ð57 �14Ð94 �14Ð31
Liquid �15Ð98 �11Ð36 �13Ð03 �13Ð94 �13Ð81 �14Ð69 �13Ð85 �14Ð54 �14Ð15

υD�‰� Solid �108Ð49 �79Ð80 �84Ð86 �89Ð20 �87Ð02 �86Ð50 �85Ð52 �88Ð63 �79Ð51
Liquid �108Ð22 �74Ð00 �83Ð41 �87Ð50 �86Ð72 �89Ð10 �83Ð02 �86Ð87 �81Ð05

ds –dl�‰�a �0Ð99 0Ð59 0Ð47 0Ð37 2Ð83 2Ð16 3Ð27 1Ð49 2Ð78

a The values of ds and dl are for deuterium excess (d D υD–8υ18O) for solid and liquid phases, respectively.
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Figure 2. υD–υ18O diagrams for both solid and liquid portions of the snowpack in the observational days. Regression lines and equations are shown

(ds –dl D š3Ð6‰). This indicates that the evaporation or
sublimation also has little impact on the υD–υ18O slopes
for infiltrating meltwater. Even if the impact were not
negligible, its direct effect would be limited to the surface
because internal fractionation would prevent the preser-
vation of the evaporation line. Therefore, it is the isotopic
fractionation that determines the slope of the liquid phase.
This conclusion is similar to that reached by Taylor et al.
(2001) and modelled by Feng et al. (2002).

Evaporation effect on the isotopic composition of
water is well understood (Craig et al., 1963; Dansgaard,
1964). The influence of sublimation on the isotopic
composition of snow is also documented (Sommerfield
et al., 1991; Stichler et al., 2001), but restricted to a snow
depth of 7 cm only (Stichler et al., 2001). The intensity
of these effects is dependent on variable conditions
such as air temperature, relative humidity and wind
speed. The sublimation is the strongest during daytime
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Figure 3. Diurnal variations of air temperature, snow temperature at 0 cm depth and relative humidity of the snowpack during the observational
period

due to the highest moisture deficit of the ambient air
accompanied by high snow surface temperature (Stichler
et al., 2001). For the snowpack in Japan, the records
of snow temperature and snow water content indicate
that the whole snowpack did not become isothermal (ice
grains and water co-exist) until 20 March. The period
of 2 to 14 April belonged to the middle melting season.
Figure 3 shows the air temperature, relative humidity and
snow surface (0 cm deep) temperature variations from
25 March to 15 April. It is seen that most of the daily
largest temperatures are higher than 5 °C. The relative
humidity also shows diurnal variations with the lower
values appearing in the daytime. These conditions favour
evaporation loss of water. Evaporation loss, from 25
March to 15 April, was calculated to be 2Ð1 mm (Zhou
et al., 2000) using the meteorological data and empirical
formulas (Ishikawa, 1994). This value compares with
those of Baldwin and Smith (1989), who obtained a
total evaporation amount of 8Ð6 mm between January
and March of 1971 and 3Ð3 mm in April 1971 from
another snowpack. Evaporation loss was therefore far
smaller than the total snowmelt of 393 mm obtained by
the lysimeter in the same period. Hence the evaporation
rates were considerably smaller than the melting rates at
the snow surface, which can be seen from the discharge
rate variations shown in Figure 4 [bottom melting of the
snowpack totalled 3Ð5 mm in the period (Zhou et al.,
2000) and thus was negligible]. This explains why the
evaporation or sublimation has little impact on the slopes
for solid and liquid phases.

Isotopic fractionation effect

Within the melting snowpack, significant melting–
freezing mass exchange occurs. According to the daily
measurements of snow grain size (Zhou et al., 2003;
Hashimoto et al., 2002), the mean grain volume of a
snow layer increased by 1Ð2–5Ð3 times from 27 March
to 8 April. Calculations show that the exchange of
mass, between the solid and liquid phases, is between
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Figure 4. Diurnal discharge variations of the snowpack

1Ð4 ð 10�2 and 5Ð07 ð 10�2 g cm�3 per day (Hashimoto
et al., 2002). If there is no isotopic fractionation in the
refreezing process of pore water, then the isotopic values
should remain on a line with the same slope irrespec-
tive of its phase because melting occurs without frac-
tionation (Jouzel and Souchez, 1982). Hence the large
discrepancies between slopes of solid and liquid phases,
shown in Figure 2, clearly demonstrate the isotopic frac-
tionation occurring in the refreezing process. The physi-
cal processes associated with the fractionation, however,
are rather complicated and different for solid and liq-
uid phases. The isotopic ratio (18O/16O or D/H) of ice
(Rice) is only controlled by its isotopic exchange with
liquid water. In contrast, the isotopic ratio of the liq-
uid phase (Rliq) is controlled by advection, dispersion,
and ice–water isotopic exchange. The standard govern-
ing equation of a one-dimensional model for the solid
phase (Feng et al., 2002) is:

∂Rice

∂t
D kr�1 � ���˛Rliq � Rice� �1�

and assuming the snowpack is homogeneous and melts
at a constant rate, the equation for the liquid phase is:

∂Rliq

∂t
D �u

∂Rliq

∂z
C ∂

∂z

[
D

∂Rliq

∂z

]
C kr��Rice � ˛Rliq�

�2�
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where, t is time, kr is the ice–water isotope exchange
rate constant, � is the ratio of ice involved in iso-
topic exchange to the total mass of pore water and
the ice involved, ˛ is the fractionation factor for oxy-
gen/hydrogen isotope exchange between ice and water, u
is the percolation velocity, z is depth below the snow sur-
face, and D is the dispersion coefficient. The dispersion
term in Equation (2) is demonstrated to be not signifi-
cant, i.e. D D 0 (Feng et al., 2002; Taylor et al., 2002b).
Comparing the two equations, it is clear that, unlike the
solid phase, the isotopic composition change of the liq-
uid is related not only to the parameters (kr, � and D)
but also to the water flow rate (u), which shows large
daily variations (Figure 4). This may explain why there
are some distinct changes between the regression lines
for the liquid phase, but not for the solid in the obser-
vational period (Figure 2), although the parameters are
considered to be also associated with snow properties
including the water flow rate (Feng et al., 2001, 2002;
Taylor et al., 2001, 2002b). The fractionation factor (˛)
also affects the slopes of the regression lines, although the
differences of its values between equilibrium (Lehmann
and Siegenthaler, 1991) and non-equilibrium conditions
(Souchez and Jouzel, 1984) are small, and the effective
isotopic fractionation observed is often close to exper-
imentally determined values (Cooper, 1998). However,
how the parameters, the water flow rate and the fraction-
ation factor control the υD–υ18O lines of the two phases,
especially the line of the liquid phase, needs complete
numerical calculations, which is beyond the scope of this
paper. Moreover, Feng et al.’s (2002) model is based on
the assumptions of a homogeneous snowpack and a con-
stant melt rate. A natural snowpack like the one in Japan,
however, is heterogeneous that the liquid water in snow
is viewed to be in different pools or flow paths, which is
termed the preferential water flow (Harrington and Bales,
1998a,b; Feng et al., 2001). The melt rate is also chang-
ing daily and seasonally (Figure 4). The model thus needs
to be further developed and parameterized to capture the
more complicated isotopic processes involved in the mass
exchange within natural melting snowpack.

REFREEZING EFFECT ON THE SLOPE OF
ISOTOPIC COMPOSITION LINE

Mechanism of the refreezing effect

A snowpack experiences diurnal melt–freeze episodes
(melting during daytime and refreezing at night) during
the melting season. Since the isotopic compositions and
the υD–υ18O line slopes of the two phases are different
(Figures 1 and 2), the freezing process would change
the slope of the solid phase if the whole snowpack is
refrozen. This process can be explained by Figure 5.
In Figure 5, the two lines, Ls and Ll, as those shown
in Figure 2, denote the isotope data of a day for solid
and liquid phases respectively. The slopes for Ls and
Ll are Ss and Sl, respectively. The values A and A0 are
two data points, respectively, for the solid and liquid

portions of a snow sample from the depth profile of
a melting snowpack. So are B and B0. The values Ro

and Rd are oxygen-18 and deuterium ratios, respectively.
The isotopic ratios at the four points (Ro

1–4 and Rd
1–4)

are shown in Figure 5. Suppose the whole snowpack is
refrozen at the moment when its water content is r by
weight. The results of A and A0 then join to point A00, and
B and B0 join to B00. Thus, A00 (Ro

5, Rd
5) and B00 (Ro

6, Rd
6

are then on the line for the refrozen snowpack, Lr. Thus
the slope of Lr, Sr is:
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Since Ss > Sl, Ro
1 —Ro

2 > 0 and Ro
3 —Ro

4 > 0, then
Ss > Sr > Sl. This clearly demonstrates that the refreez-
ing process inevitably causes the slope of the solid phase
to decrease. The new slope, however, should be just
slightly lower than the original slope of the solid because
the water content is limited. The largest averaged water
content for the snowpack (Figure 6), which was obtained
during the whole period, was 14Ð5% by weight at about
14 : 00 on 7 April when the discharge rate was the largest
(Figure 4). Figure 6 also shows the density and water
content profiles for the snowpack in Japan on 8 April.
The water content was measured in the morning when
the discharge rate was during its lowest period of the
day. The averaged water content of the profile was 8Ð3%
by weight, corresponding to a water saturation of 0Ð08,
which was close to the minimum water saturation of
0Ð07 (Colbeck, 1974). Suppose the whole snowpack is
refrozen, using the data shown in Figures 2 and 6 for 8
April, the new slope for the solid is then calculated [by
regression, not Equation (3)] to be 6Ð66, 0Ð05 lower than
the pre-refreezing value of 6Ð71. However, if the same
observed isotopic and density data of 8 April is used,
but the largest water content value of 14Ð5% is uniformly
adopted, then the calculated new slope is 6Ð58, 0Ð13 lower
than the old value. Similarly, using the observed den-
sity data and the water content values which are also
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approaching the minimums, and supposing the snowpack
is refrozen, the calculated new slopes of the solid are
6Ð70 and 6Ð35 respectively for 11 and 12 April, a lit-
tle lower than the old slopes (6Ð74 and 6Ð38). These
differences between the old and new slopes are a little
smaller than the actual ones because the separated sam-
ples of ice grains, of which the old slopes of the solid are
derived from the isotopic data, were measured to have a
water content of 2–4% corresponding approximately to
an average saturation of 0Ð023. Therefore, as the diurnal
melt–freeze process cycles during the melting season,
the slope of the solid phase would become increasingly
lower.

Refreezing effect on the snowpack and glacier firn

The refreezing effect, corresponding to the daily
melt–freeze extent and the environmental conditions (e.g.
bottom conditions of snow), is different during differ-
ent periods and for different snowpacks. For the snow-
pack in Japan during the observational period of 2 to
14 April, the daily freezing depths were recorded to be
no deeper than 20 cm, and no freezing occurred at all
during some nights, which can be seen from the snow
surface (0 cm depth) temperature variations (Figure 3).
Hence, the refreezing effect is not immediately obvious.
As indicated earlier, the decreasing of the slope for the
solid phase is indistinct in this period.
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Figure 6. Depth profile of the largest average water content of the
snowpack (triangles) during the whole observational period. Also shown
are the profiles of water content (dots) and density (solid line) observed

on 8 April

Differing from the snowpack, the slope decrease of
the υD–υ18O line for firn of the glacier in China is
clear, which is shown by Figure 7. It can be seen that,
with the exception of 5 July, as the melt proceeds the
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Figure 9. Depth profiles for water content (dots) and density (solid line)
of the glacier firn observed on 29 June

slope decreases. Nevertheless, the slope decrease rate
seems to be different during different periods. Early
in the melting season, from 16 to 29 June, the slope
decrease rate was approximately 0Ð13 per day on average.
Midway through the melting season, from 11 to 17
July, there was no clear slope decrease, which was
confirmed by the t-test between the two regression lines
at the significance level of 0Ð05. The inconsistency of
5 July may be due to the fact that there was a well-
developed impermeable ice layer in the middle of the
pit wall that day. The ice layer preserved the isotopic
concentrations beneath it. Regressions give slopes of 10Ð2
and 9Ð2 for the snow samples beneath and above the ice
layer, respectively. The differences of slope decrease rate
should be due to the different meteorological conditions
and vertical snow temperature gradients in different
periods. Figure 8 shows the air temperature, firn surface

temperature (0 cm depth) and ice temperature variations.
The ice temperature sensor was placed at the depth
of 100 cm from the firn surface on 15 June when
the firn thickness was 85 cm. It is shown that the
air temperature varied much more abruptly and largely
before 5 July than after 5 July, and that the firn surface
temperature was much lower than 0 °C during most nights
before 5 July, but at about 0 °C after 5 July. The ice
temperature increased during the whole period. Based
on these data and comparing them with those shown in
Figure 3 (corresponding to 0–20 cm refreezing depths),
it is determined that all the firn layer or a large portion
of it was refrozen during most nights before 5 July,
but not after 5 July when freezing occurred only at
its bottom and surface. Figure 9 shows the density and
water content profiles of the firn on 29 June (at 14 : 30).
Comparing Figure 9 with Figure 6, it is clear that, while
the bulk densities of the two profiles are essentially the
same, the averaged water content of the firn profile is
3% lower than that of the snowpack profile. Hence, if
the whole firn layer is refrozen, the slope decrease of
the solid phase (Ss —Sr) would be a little lower than
that for the snowpack on 8 April (0Ð05), assuming the
same ice–water isotopic relationships as those shown
in Figures 1 and 2 for the snowpack (i.e. S D Ss —Sl

is identical, and isotopic concentrations of pore water
are lower than those of corresponding snow grains).
However, the observed average slope decrease rate (0Ð13
per day) is much higher than the value of 0Ð05, and
matches the value for the snowpack refrozen at the time
of the largest water content. Since the total melt amount
of the firn is estimated to be about 280 mm from 16
June to 17 July, the average melt rate of the firn is lower
than that of the snowpack (393 mm in 21 days). It is
unlikely that the average water content for the firn was
much larger than for the snowpack. In fact, the averaged
water content of the firn on 29 June (Figure 9) was the
largest obtained in the period of the high decrease rate of
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the slope (16–29 June). Therefore, the high decrease rate
of the slope indicates that there was extra water refrozen
in the firn. This is demonstrated by the fact there were
five ice layers in the profile of 23 June, but only two in
that of 16 June. The formation of ice layer is a process
of refreezing. When the daily surface melting begins and
meltwater percolates downward, because of the abrupt
and significant increase of air temperature and the larger
snow temperature gradient, the temperature below the firn
surface is still under the melting point and thus some
percolating water is refrozen. The larger refrozen amount
in the firn can be seen from the density changes. From 16
June to 5 July, the averaged density of the firn changed
from 0Ð41 to 0Ð48 g cm�3, but that of the snowpack
in Japan varied from 0Ð46 to 0Ð48 g cm�3, showing no
clear increasing trend (Zhou et al., 2003). For the period
between 5 and 17 July, the situation was similar to that of
the snowpack in Japan, and the main portion of the firn
layer was not refrozen, which is estimated from Figure 8.
Hence the refrozen effect cannot be detected clearly.

Refreezing effect on deuterium excess

According to the definition of the deuterium excess
(d D υD–8υ18O), slope changes would inevitably result
in changes of the deuterium excess. This can be explained
by Figure 5. Suppose d1 and d2 are the deuterium
excesses for the data points A and A00, respectively, i.e. the
solid portion before and after freezing, then the deuterium
excess change is:

d2 � d1 D �1 � r�[8�Ro
1 � Ro

3� � SAA0�Ro
1 � Ro

3�]
�4�

where SAA0 is the slope of the line AA0. Generally,
Ro

1 —Ro
3 > 0 (Figure 1), thus d2 —d1 < 0 when SAA0 >

8, and vice versa. This indicates that the refreezing
process may cause a decrease or an increase of deu-
terium excess depending on the difference of the isotopic
compositions between the two phases before freezing.
Figure 10 shows the temporal deuterium excess changes
for two bottom snow layers, one (20 cm thick) from the
firn, another (46 cm thick) from the snowpack (the solid
phase). Although the changes are in a similar range of
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Figure 10. Temperal deuterium excess (d) changes of two bottom snow
layers. One (20 cm thick) from the firn, and another (46 cm thick) from

the seasonal snowpack

about five, the snowpack layer exhibits larger variabil-
ity, while the firn layer shows a more steady decrease in
deuterium excess.

CONCLUSION

The slope of the υD–υ18O line for the liquid phase of
a melting snowpack is found to be lower than for the
solid phase. Melting of the snowpack has no clear impact
on the υD–υ18O line for the solid phase, but the slope
of the υD–υ18O line for the liquid shows an overall
slight decrease in the melting period. The discrepancy
between the slopes of the two phases is due to the isotopic
fractionation occurring in the melt–freeze mass exchange
within the melting snowpack, and will cause the slope
of the solid phase to decrease with increasing numbers
of the diurnal melt–freeze cycles throughout the melting
season. The value of slope decrease reaches 1Ð7 for the
firn of the glacier in the observational period. However,
the decrease rates and extents of the slope depend on
the variations in meteorological conditions and snow
properties. While the decrease rate is large for the glacier
firn early in the melting season (0Ð13 per day on average),
the slope decrease for seasonal snow and for the firn in
the middle melting season is indistinct. Slope changes
also result in changes of deuterium excess. Although
the deuterium excess changes essentially depend on the
difference between the isotopic compositions of the two
phases before freezing, and thus may be different in
snowpacks, the observations show a decreasing trend in
deuterium excess with decreasing slopes. The decrease
value of deuterium excess is about 5‰ for a firn layer
of the glacier in the whole observational period. Given
the common use of the isotopic composition line and the
deuterium excess as indicators of water vapour source,
humidity of the source, and kinetic conditions in ice
core research and isotope hydrology, the findings may be
important in paleoclimatic reconstructions and modern
environmental studies. However, further work must be
done to quantify the changes in slope and deuterium
excess as a result of variable meteorological and climatic
conditions.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Sci-
ence Foundation of China (grant 40671045 and grant
40401054), the Innovation Project of Chinese Academy
of Sciences (KZCX2-YW-317) and the National Basic
Research Programme of China (grant 2005CB422004).

REFERENCES

Armengaud A, Koster RD, Jouzel J, Ciais P. 1998. Deuterium excess in
Greenland snow: analysis with simple and complex model. Journal of
Geophysical Research 103(D8): 8947–8954.

Arnason B. 1969. The exchange of hydrogen isotopes between ice and
water in temperate glaciers. Earth and Planetary Science Letters
6: 423–430.

Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 22, 873–882 (2008)
DOI: 10.1002/hyp



882 S. ZHOU ET AL.

Baldwin JA, Smith JL. 1989. Snowpack evaporation reduction: it’s
possible, but is it practical? In Proceedings of the Fifth WMO Scientific
Conference on Weather Modification and Applied Cloud Physics, Vol.
1 . World Meteorological Organization: Geneva; 116–121.

Buason T. 1972. Equation of isotope fractionation between ice and water
in a melting snow column with continuous rain and percolation.
Journal of Glaciology 11(63): 387–400.

Colbeck SC. 1974. The capillary effects on water percolation in
homogeneous snow. Journal of Glaciology 13(67): 85–97.

Cooper LW. 1998. Isotopic fractionation in snow cover. In Isotope
Tracers in Catchment Hydrology , Kendall C, McDonnell JJ (eds).
Elsevier Science BV: Amsterdam; 119–136.

Craig H, Gordon LI, Horibe Y. 1963. Isotopic exchange effects in the
evaporation of water: low temperature experimental results. Journal of
Geophysical Research 68: 5079–5087.

Dansgaard W. 1964. Stable isotopes in precipitation. Tellus 16(4):
436–468.

Dansgaard W, Clausen HB, Gundestrup N, Johnsen SJ, Rygner C.
1985. Dating and climatic interpretation of two deep Greenland
ice cores. In Greenland Ice Core: Geophysics, Geochemistry,
and the Environment , Langway CC, Oeschger JH, Dansgaard W
(eds), Geophysical Monograph 33. American Geophysical Union:
Washington, DC; 71–76.

Dansgaard W, Johnsen SJ, Clausen HB, Dahl-Jensen D, Gundestrup NS,
Hammer CU, Hvidberg CS, Steffensen JP, Sveinbjörnsdottir AE,
Jouzel J, Bond G. 1993. Evidence for general instability of past climate
from a 250-kyr ice-core record. Nature 364(6434): 218–220.

Feng X, Taylor S, Renshaw CE, Kirchner JW. 2002. Isotopic evolution
of snowmelt: 1. A physically based one-dimensional model. Water
Resources Research 38(10): 1217.

Feng X, Kirchner JW, Renshaw CE, Osterhuber RS, Klaue B, Taylor S.
2001. A study of solute transport mechanisms using rare earth element
tracers and artificial rainstorms on snow. Water Resources Research
37(5): 1425–1435.

Gonfiantini R. 1986. Environmental isotopes in lake studies. In
Handbook of Environmental Isotope Geochemistry, Vol. 2, The
Terrestrial Environment , Fritz P, Fontes JC (eds). Elsevier Science BV:
Amsterdam; 113–168.

Harrington R, Bales RC. 1998a. Interannual, seasonal, and spatial
patterns of meltwater and solute fluxes in a seasonal snowpack. Water
Resources Research 34(4): 823–831.

Harrington R, Bales RC. 1998b. Modeling ionic solute transport in
melting snow. Water Resources Research 34(7): 1727–1736.

Hashimoto S, Zhou S, Nakawo M, Sakai A, Ageta Y, Ishikawa N,
Narita H. 2002. Isotope studies of inner snow layers in a temperate
region. Hydrological Processes 16: 2209–2220.

Ishikawa N. 1994. Melting and heat budget of a snowpack. In
Hydrological Phenomena of Snow and Ice, Ono N, Ishikawa N,
Alai T, Wakatsuchi M, Aota M (eds). Kokon Press: Tokyo; 26–48 (in
Japanese).

Jouzel J, Merlivat L, Lorius C. 1982. Deuterium excess in an East
Antarctic ice core suggests higher relative humidity at the oceanic
surface during the last glacial maximum. Nature 299(5885): 688–691.

Jouzel J, Souchez RA. 1982. Melting–refreezing at the glacier sole and
the isotopic composition of the ice. Journal of Glaciology 28(98):
35–42.

Koerner RM. 1997. Some comments on climatic reconstructions from
ice cores drilled in areas of high melt. Journal of Glaciology 43(143):
90–97.

Laudon H, Hemond HF, Krouse R, Bishop KH. 2002. Oxygen 18
fractionation during snowmelt: implications for spring flood
hydrograph separation. Water Resources Research 38(11): 1258.

Lehmann M, Siegenthaler U. 1991. Equilibrium oxygen- and hydrogen-
isotope fractionation between ice and water. Journal of Glaciology
37(125): 23–26.

Nakawo M, Chiba S, Satake H, Kinouchi S. 1993. Isotopic fractionation
during grain coarsening of wet snow. Annals of Glaciology 18:
129–134.

Raymond CF, Tusima K. 1979. Grain coarsening of water-saturated
snow. Journal of Glaciology 22(86): 83–105.

Rodhe A. 1998. Snowmelt-dominated systems. In Isotope Tracers
in Catchment Hydrology , Kendall C, McDonnell JJ (eds). Elsevier
Science BV: Amsterdam; 391–434.

Sommerfield RA, Judy C, Friedman I. 1991. Isotopic changes during the
formation of depth hoar in experimental snowpacks. In Stable Isotope
Geochemistry: A Tribute to Samuel Epstein, Taylor HP, Kaplan JR
(eds). The Geochemical Society: San Antonio; 205–210.

Souchez RA, Jouzel J. 1984. On the isotopic composition in υD and
υ18O of water and ice during freezing. Journal of Glaciology 30(106):
369–372.

Stichler W, Rauert W, Martinec J. 1981. Environmental isotope studies
of Alpine snowpack. Nordic Hydrology 12: 297–308.

Stichler W, Schotterer U, Frohlich K, Ginot P, Kull C, Gaggeler H,
Pouyaud B. 2001. Influence of sublimation on stable isotope records
recovered from high-altitude glaciers in the tropical Andes. Journal of
Geophysical Research 106(D19): 22613–22620.

Suzuki K. 1993. Oxygen-18 of snow meltwater and snow cover. Seppyo
55(4): 335–342 (in Japanese with English summary).

Taylor S, Feng X, Williams M, McNamara J. 2002a. How isotopic
fractionation of snowmelt affects hydrograph separation. Hydrological
Processes 16: 3683–3690.

Taylor S, Feng X, Renshaw CE, Kirchner JW. 2002b. Isotopic evolution
of snowmelt: 2. Verification and parameterization of a one-dimensional
model. Water Resources Research 38(10): 1218.

Taylor S, Feng X, Kirchner JW, Osterhuber R, Klaue B, Renshaw CE.
2001. Isotopic evolution of a seasonal snowpack and its melt. Water
Resources Research 37(3): 759–769.

Unnikrishna PV, McDonnell JJ, Kendall C. 2002. Isotope variations in
a Sierra Nevada snowpack and their relation to meltwater. Journal of
Hydrology 260: 38–57.

Zhou S, Nakawo M, Hashimoto S, Sakai A, Narita H, Ishikawa N. 2001.
Isotopic fractionation and profile evolution of a melting snowcover.
Science in China (Series E) 44: (Supplement): 35–40.

Zhou S, Nakawo M, Hashimoto S, Sakai A, Narita H, Ishikawa N. 2003.
Densification and grain coarsening of melting snow. Chinese Journal
of Polar Science 14(1): 12–23.

Zhou S, Sakai A, Nakawo M, Hashimoto S, Narita H, Ishikawa N. 2000.
Verification of different empirical formulas for the calculation of
turbulent heat on the snow surface. Acta Scientiarum Naturalium
Universitatis Normalis Hunanensis 23(2): 88–92 (in Chinese with
English summary).

Copyright  2007 John Wiley & Sons, Ltd. Hydrol. Process. 22, 873–882 (2008)
DOI: 10.1002/hyp


