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Abstract

We measured the stable isotopic composition of hydrogen (dD) within atmospheric water vapor collected simultaneously at
six sites in the vicinity of a lake (Lake Kasumigaura, Eastern Japan) to determine its spatial distribution characteristics and
thereby diagnose sources and mixing of atmospheric moisture. The measured spatial distribution of dD showed no relation to
distance from the lake, although it showed a correlation with the distribution of the water–vapor mixing ratio Q. For two of
the three sampling days, we found a simple two-component (i.e., water vapor transpiring from local land surfaces and pre-
existing vapor in the background atmosphere) mixing line in a Keeling plot (i.e., d � 1/Q diagram). On a third day, however,
contributions from lake evaporation were detected in addition to the above components. On this day, lake-derived vapor
accounted for approximately 10–20% of atmospheric water vapor at the sites located leeward of the lake. The observed dif-
ferences in mixing patterns among sampling days can be explained by a simple atmospheric moisture budget. Thus, it is likely
that simultaneous isotopic measurements of atmospheric water vapor at multiple locations with aid of Keeling plot are capa-
ble of giving us useful information in diagnosing the sources and mixing pattern of the vapor.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Sources of precipitating water are important in revealing
mechanisms that lead to variations in precipitation (Eltahir
and Bras, 1996; Bosilovich, 2002; Sudradjat et al., 2003;
James et al., 2004), especially in evaluating the impacts of
lakes (Gat et al., 1994; Machavaram and Krishnamurthy,
1995; Burnett et al., 2004) and large-scale irrigation projects
(Stidd, 1975; Barnston and Schickedanz, 1984) on local pre-
cipitation. Water isotopes (hydrogen and oxygen stable iso-
topes in water molecules) are useful tracers in identifying
source areas of precipitating water (Yamanaka et al.,
2002, 2004) and for evaluating the relative contributions
of precipitating water from different sources (Gat et al.,
1994). For these purposes, isotopes in precipitation are
commonly used, but few studies have considered isotopes
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in atmospheric water vapor because of the complicated
sampling procedure involved in such an approach. Not-
withstanding these sampling problems, the isotopic compo-
sition of water vapor provides detailed and invaluable
information on the sources of atmospheric moisture and
subsequent mixing (Rozanski and Sonntag, 1982; Taylor,
1984; White and Gedzelman, 1984; Jacob and Sonntag,
1991; He et al., 2001; Gat et al., 2003; Lawrence et al.,
2004). Such an approach will come into wider use in the
near future with advances in rapid, in situ measurement
techniques using tunable laser (Webster and Heymsfield,
2003; Lee et al., 2005, 2006) or satellite remote-sensing tech-
niques (Zakharov et al., 2004; Worden et al., 2007).

Fontes and Gonfiantini (1970) were among the first to
evaluate the contribution of moisture evaporated from a
lake to the atmosphere based on direct measurements of
the isotopic composition of atmospheric water vapor. The
authors partitioned atmospheric water vapor into a lake-
origin component and a surrounding-land-origin compo-
nent on the basis of their distinctive isotopic signatures.
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This simple two-component mixing analysis would be valid
if there were only two sources; however, in many cases this
assumption must be tested by following a number of verifi-
cation steps, as advected water vapor from outer regions
may be present (Trenberth, 1999) and the isotopic signa-
tures of evapotranspiring vapors from different land covers
may be non-uniform.

The present paper describes a case study of the spatial
distribution of deuterium in atmospheric water vapor in
the vicinity of a lake, and presents an example of mixing
analysis using the Keeling-plot method. The principal
objectives of this study are to elucidate the regional-scale
spatial variability of the isotopic signatures of water vapor
and examine their usefulness in diagnosing the sources and
mixing of atmospheric moisture.

2. KEELING-PLOT APPROACH

The Keeling-plot approach was proposed by Keeling
(1958, 1961) to identify the sources that contributed to in-
creased concentrations of atmospheric CO2 within forest
canopies. Subsequently, many researches have used this
method to analyze the one-dimensional vertical mixing of
water vapors (e.g., Yakir and Wang, 1996; He and Smith,
1999) and to separately evaluate evaporation/transpiration
components (e.g., Moreira et al., 1997; Yakir and Stern-
berg, 2000). The basis of this approach is the conservation
of mass. Assuming that the atmospheric water vapor is an
admixture of a background (i.e., non-local) component
and an additional component produced by a local source,
it is possible to obtain the following relationship by simul-
taneously solving conservation equations for water and
water isotopes (Yakir and Wang, 1996):

dv ¼ a� 1=Qv þ dls; ð1Þ

where a = (dbg � dls)Qbg, Q (kg/kg) is the water vapor mix-
ing ratio (or absolute humidity), d (&) is the isotopic com-
position expressed in the common d-notation (i.e.,
d = (Rsample/Rstandard � 1) · 103, R is the D/H ratio, the
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Fig. 1. Study area and location of sampling sites. Star indicates the lake s
coordinates of Site A are 36�06048.600N and 140�05051.800E.
standard is Vienna Standard Mean Ocean Water
(VSMOW)), and the subscripts bg, ls, and v denote the val-
ues for the background component, the local-source com-
ponent, and atmospheric water vapor at an arbitrary
height or horizontal location, respectively.

If dbg, dls, and Qbg are constant over the temporal and
spatial scales of interest, then Eq. (1) represents a straight
line in the dv versus 1/Qv diagram (which is a version of
the Keeling plot for water vapor), and its intercept corre-
sponds to the isotopic composition of the local-source com-
ponent. In other words, this approach assumes that
temporal and spatial variations in dv reflect differences in
the relative contribution of the local-source component
contained within a unit mass of an air parcel. Although
the assumptions that underlie the Keeling-plot approach
are not always valid, it is possible to test their validity by
considering the distribution of data plots; for instance,
the linearity of the distribution confirms the invariance of
dbg, dls, and Qbg.

In the case that two different local sources (ls1 and ls2)
contribute moisture to the atmosphere, the Keeling plot will
show a straight line with an intermediate (exactly speaking,
weighted mean) intercept between dls1 and dls2; otherwise,
data will plot within a triangle that is defined by three
end-members with coordinates of (1/Qbg,dbg), (0,dls1), and
(0,dls2), as presented by Moreira et al. (1997). Even if three
or more local sources exist, the distribution of data within
the plots provides a potential indication of the most effec-
tive source(s).

3. STUDY AREA AND SAMPLING STRATEGY

The sampling of atmospheric water vapor for isotopic
measurements was conducted in the summer of 2004 at
six locations at varying distances from Lake Kasumigaura,
eastern Japan (Fig. 1). Lake Kasumigaura is the second-
largest lake in Japan, with a surface area of 219.9 km2.
The types of land use at each sampling site included grass-
land (Site A), rice paddy (Site C), vegetable fields (Site D),
D

F

Lake Kasumigaura

hore observation point of NIES (36�00013.200N, 140�22051.000E). The
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and parklands (Sites B, E, and F). Sites A, B, and C are sit-
uated on uplands with elevations of approximately 25 m
above mean sea level, while Sites C, E, and F are situated
on alluvial lowlands with elevation ranging from 1 to 5 m.

Samples of water vapor were collected at a height above
the ground of 1 m by pumping air at a flow rate of 3.5 L/
min through a grass trap refrigerated at �196 �C with li-
quid nitrogen. Water vapor was also sampled from the
top of a 30 m tower at Site A, situated at the center of an
experimental grassland run by the Terrestrial Environment
Research Center (TERC) of the University of Tsukuba.
This cryogenic trapping procedure for 1–1.5 h allows us
to collect water of 2 ml at least. The trap used had been
demonstrated to be close to 100% efficient at water trapping
and to introduce almost no error in deuterium measure-
ment but non-negligible error in oxygen-18 measurement
(Tsunakawa and Yamanaka, 2005). This is the reason
why we did not adopt oxygen isotope measurement. (After
the sampling experiments in the present study, the authors
found that a very small amount of snow flakes, which has
homogeneous deuterium content but remarkably heteroge-
neous oxygen-18 content, was escaping from the trap. They
also confirmed that accuracy of oxygen isotope data could
be improved if one used a trap holding metal beads.)

To determine the mixing ratio Q, air temperature and
relative humidity were measured at each site at the same
levels at which water vapor was sampled (i.e., 1 and
30 m), and recorded at 1-min intervals using a micro-data-
logger connected to a thermometer and hygrometer (HOBO
RHTemp, Onset Computers Inc.) housed in a container
that was ventilated and shielded from solar radiation. Pre-
liminary experiments confirmed that the measurement error
for Q was less than ±0.0004 kg/kg.

The stable isotopic composition of hydrogen within
samples of water vapor was determined using an isotope ra-
tio mass spectrometer (MAT252, Thermo Finnigan) at the
University of Tsukuba, using the hydrogen gas equilibra-
tion method with a platinum catalyst. The total error result-
ing from mass spectrometry analysis, sample preparation,
and the cryogenic trapping of water vapor was less
than ±1.0& (Tsunakawa and Yamanaka, 2005). In addi-
tion to samples of water vapor, we measured the isotopic
compositions of a number of potential source waters: soil
water within top 5-cm layer (Sites A, B, and D), surface
water within the rice-paddy (Site C), and lake water (Sites
E and F).

Table 1 provides a summary of the environmental con-
ditions during each sampling period. Data at the lake shore
Table 1
Environmental conditions during the three sampling periods

Date 2004 Time JST Ta
a (�C) RHa (%) Tw

a (�C)

14 June 15:00–16:30 23.3 58 23.4
19 July 12:00–13:30 31.2 58 29.2
26 July 11:00–12:00 31.2 58 29.5

JST: Japanese standard time, Ta: air temperature, RH: relative humidity,
Elake: evaporation rate from Lake Kasumigaura estimated by the bulk
measured by a weighing lysimeter at Site A (Terrestrial Environment Re

a Data observed at the lake shore point (see Fig. 1) by the National In
(Fig. 1) were obtained at 4-m height above the lake surface
by the National Institute for Environmental Studies (NIES,
Japan) and published via the WWW (http://www-cger.
nies.go.jp/kasumi/index.html). The lake evaporation rate
was estimated using the bulk transfer equation with a trans-
fer coefficient of 0.0012. For reference, Table 1 provides the
evapotranspiration rate of the grassland, which is routinely
measured by TERC using a weighing lysimeter and
published via the WWW (http://www.suiri.tsukuba.ac.jp/
hojyo/English/databaseE.html).

4. RESULTS AND DISCUSSION

The measured dD values for atmospheric water vapor
and potential local source waters are summarized in Table
2. At Site A, measured dD of atmospheric water vapor (dv)
at the top of a 30 m tower is lower than that at a height of
1 m, indicating that water vapor in the background atmo-
sphere is relatively depleted in heavy isotopes. In other
words, dv at ground level appears to reflect more strongly
the isotopic signature of local-source vapor. Site-to-site var-
iation in dv at a height of 1 m is greater than the error level
of dD measurement, suggesting that the variation is signif-
icant, although the pattern of the variation is not simple. In
contrast to the result of Fontes and Gonfiantini (1970), we
found no dependence of dv on proximity to the lake (Fig. 2).

The pattern of spatial variation in dv, however, is very
similar to that of the mixing ratio Q (Fig. 3). Previous stud-
ies have also reported a positive correlation between dv and
Q (or its alternative, such as specific or absolute humidity)
based on time series data (White and Gedzelman, 1984) or
vertical distribution data (for the atmospheric surface layer,
Yakir and Wang, 1996; for the planetary boundary layer
and the lower free atmosphere, He and Smith, 1999; for
the lower troposphere, Taylor, 1984). The present study
may be the first to demonstrate a similarity between dv

and Q variations based on spatial distribution data.
It is difficult to explain the origin of the spatial distribu-

tion of dv if we focus only on d values, but Keeling plots
provide some useful insights. Surprisingly, for two of the
sampling days in July, the Keeling plot shows a clear liner
relationship between dD and 1/Q (Fig. 4), and its regression
line has a high determination coefficient (0.884 for 19 July
and 0.912 for 26 July). This result indicates that the spatial
variation in dv originated from a simple mixing of two com-
ponents; that is, variations in dv among different sites reflect
differences in the contribution ratio of the components. The
intercepts of the regression lines and their standard error of
Ua (m/s) WDa Elake (mm/h) ETgrass (mm/h)

6.0 ESE 0.24 0.42
4.7 SSW 0.22 0.35
4.2 SSW 0.20 0.45

Tw: surface water temperature, U: wind speed, WD: wind direction,
transfer equation, ETgrass: evapotranspiration rate from grassland
search Center, University of Tsukuba).
stitute for Environmental Studies (NIES).

http://www-cger.nies.go.jp/kasumi/index.html
http://www-cger.nies.go.jp/kasumi/index.html
http://www.suiri.tsukuba.ac.jp/hojyo/English/databaseE.html
http://www.suiri.tsukuba.ac.jp/hojyo/English/databaseE.html


Table 2
Deuterium contents (dD) of atmospheric water vapor and soil/surface waters at six sampling sites for each sampling day

(a) Atmospheric water vapor

Site Sampling height (m) dD (&) Q (g/kg)

14 June 19 July 26 July 14 June 19 July 26 July

A 1 �114.8 �104.6 �103.5 10.3 18.6 17.0
A0 30 �124.2 �121.1 �114.6 9.0 15.1 14.7
B 1 �127.1 �119.6 �116.2 8.7 14.5 14.3
C 1 �113.0 �111.5 �109.1 10.4 16.0 15.7
D 1 �119.9 �113.1 �107.3 10.6 15.4 15.3
E 1 �117.0 N/A �115.3 11.2 N/A 14.6
F 1 �116.3 �105.4 �105.2 11.9 17.7 16.7

(b) Soil/surface waters

Site Type dD (&)

14 June 19 July 26 July

A Soil watera �61.5 �42.7 N/A
B Soill watera �54.8 N/A N/A
C Surface water �39.7 �29.7 �35.0
D Soil watera �48.9 �40.5 �34.4
E Lake water �36.9 N/A �32.6
F Lake water �32.6 �31.5 �28.1

Water vapor mixing ratio (Q) is also given.
a Values for top 5-cm soil layer.

Fig. 2. Spatial distribution of deuterium content (dD) in atmospheric water vapor sampled at a height of 1 m.
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estimate show that the d value of the effective local-source
vapor is �44.0 ± 12.5& for 19 July and �35.8 ± 10.3&

for 26 July. These values largely correspond with the dD

of soil waters and surface waters (see also Table 2b),
indicating that the local-source vapor is principally pro-
duced by transpiration from land surfaces, which is not
accompanied by isotopic fractionation (e.g., Ehleringer
and Dawson, 1992).



Fig. 3. Spatial distribution of water–vapor mixing ratio (Q) at a height of 1 m.
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Only for 14 June the Keeling plot provide two dis-
tinct regression lines (Fig. 5): one is for western sites
and the other for eastern sites. The intercept of the for-
mer line is �44.4 ± 3.6&, very similar to dD for soil/
surface waters (see also Table 2b) as in the other two
days described above. In contrast, the intercept of the
line for eastern sites close to the lake shows an interme-
diate dD value (�86.7 ± 11.4&) between that of soil/sur-
face waters (�40 to �62&) and that of lake evaporation
flux (�103.8&), suggesting that the lake contributed a
considerable amount of moisture to the atmosphere in
the vicinity of the lake. Here, the isotopic composition
of lake evaporation flux (dE) was estimated using the
following Craig–Gordon model (Craig and Gordon,
1965):

dE ¼
dw=aeq � h�dv � e

1� h� þ 10�3De
; ð2Þ

where aeq is the equilibrium fractionation factor, dw is the
isotopic composition of lake water, h* is the air relative
humidity normalized by the saturation vapor pressure
at the lake surface temperature, e ( = (1 � 1/aeq) ·
103 + De) is the total effective enrichment factor, De
(=Ck(1 � h*)) is the kinetic enrichment factor, and Ck is
a semi-empirical parameter (representative value of typi-
cal lake evaporation conditions is 12.5&; Gonfiantini,
1986). In calculating Eq. (2), h* was computed from
NIES data (Table 1), and dv was given as observed value
at Site F. Although there may be some uncertainties in
determining dE (e.g., value of Ck and measurement loca-
tion/height of parameters in Eq. (2)), the difference be-
tween dE and d values of atmospheric water vapor and
soil/surface waters is remarkably clear.

We now seek to estimate the relative contribution of
lake-origin vapor. Assuming that the isotopic signature
of the effective local-source vapor (dls) (determined as
the intercept of the regression line for Sites D, E, and
F) formed by the mixing of vapor evaporating from the
lake (with isotopic composition dE) and that transpiring
from land surfaces (with isotopic composition dT, deter-
mined as the intercept of the regression line for the wes-
tern sites), the ratio of the lake-evaporation component
(QE) to local-source vapors (Qls) can be calculated using
a two-end-member mixing model (e.g., Phillips and
Gregg, 2001):

QE

Qls

¼ dls � dT

dE � dT

: ð3Þ

Given that dls = �86.7 ± 11.4&, dT = �44.4 ± 3.6&, and
dE = �103.8& as shown above, the relative contribution
of lake evaporation is estimated to be 71% of the local-
source vapors. Standard error (SE) of this estimate is
calculated to be 4% by an error propagation formula
of Phillips and Gregg (2001). Similarly, the ratio of
local-source vapor to total atmospheric water vapor
(Qvs) is given as:
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Fig. 4. Keeling plot describing the relationship between water
vapor dD and the inverse of the mixing ratio on 19 July (upper) and
26 July (lower). Data labels indicate sampling sites. Horizontal bars
represent the measurement error involved in determining the
mixing ratio. Dashed lines represent the best fit for all data by
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eastern sites close to the lake (gray symbol).

Spatial distribution of deuterium in atmospheric water vapor 3167
Qls

Qv

¼ dv � dbg

dls � dbg

; ð4Þ

where dbg is the isotopic composition of the background
component. If we assume that dbg is represented by the
intersection point of the two regression lines in Fig. 5
(i.e., �126.7&), then the relative contribution of the lo-
cal-source component is estimated to be 22 ± 6% as an
average ± SE for Sites D, E, and F (i.e., dv = �117.7 ±
0.9&; see Table 2a). Consequently, we estimate that
16 ± 4% of the atmospheric water vapor present at the sites
is derived from lake evaporation. (Although an error
analysis in the above did not consider uncertainties in dE

and dbg, the SE of QE/Qv is no more than 7% even if SEs
of dE and dbg are ±10&, respectively.)

We only detected a considerable contribution from lake
evaporation on 14 June. It is important to consider why
we were unable to detect such a contribution on the other
two days (in July). Although temperature conditions dif-
fered between June and July, the water vapor fluxes were
similar for the two months (Table 1). One important differ-
ence between the two sampling periods may be wind direc-
tion. On 14 June, when the wind direction was east-
southeast, Sites D, E, and F were situated leeward of the
lake, and the travel distance across the lake for an air parcel
was more than 16 km. In contrast, the two sampling days in
July recorded south-southwesterly winds. Under these con-
ditions, Site E is no longer situated on the leeward side of the
lake, and air parcels that reach Sites D and F travel a shorter
distance (approximately 3 km) across the lake than air par-
cels on 19 June. Therefore, we consider that the contribution
ratio of lake evaporation varies with wind direction.

Given an air column with a basal area of 1 m2, a height
of 100 m, density of 1.2 kg/m3, and a mixing ratio of
0.010 kg/kg (corresponding to the condition over the lake
on 14 June), the initial content of water vapor within the
column is computed to be 1.2 mm. If the column moves lat-
erally at a speed of 6 m/s over a distance (L) of 16 km
across the lake, for which the evaporation rate is
0.24 mm/h, then the water vapor supplied by lake evapora-
tion to the column is 0.18 mm, equivalent to 15% of the ini-
tial vapor content. Similar computations for the two days in
July (but with L = 3 km) demonstrate that lake evapora-
tion contributed very little water vapor to the air column
on those days (2% on both 19 and 26 July). These results
provide a quantitative explanation of the differences in
the relative contribution of lake evaporation recorded for
the sampling days in June and July. The results also suggest
that high temperatures and humid conditions in July make
it difficult to detect the isotopic signature of lake evapora-
tion. It should be noted that because the assumed height
of the air column in the calculated moisture budget is arbi-
trary, absolute values of computed lake-evaporation-contri-
bution will vary depending on the chosen column height (in
other words, vertical mixing strength). However, the agree-
ment between the values derived from the isotopic ap-
proach (16 ± 4%) and the simple atmospheric moisture
budget (15%) may indicate that the vertical mixing of water
vapors on 14 June had a scale of approximately 100 m.

Finally, it is worth reconsidering the isotopic signatures
of the local-source and background components. According
to Yamanaka et al. (2005), soil evaporation from grasslands
is limited where the leaf area index (LAI) is greater than
unity. While the evaporation flux from rice-paddies, which
are usually covered by shallow water, is expected to be
non-negligible, transpiration is probably still more domi-
nant because the LAI is greater than unity during June
and July (Hamada et al., 2004). Therefore, it is reasonable
that in most cases, the isotopic signature of the effective local
source corresponds to that of the transpiration flux. That is,
although the isotopic signature of the local source may vary
spatially depending on land use or other surface/subsurface
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conditions, minor spatial variations would be destroyed by
lateral airflow and vertical mixing. If land-surface condi-
tions were almost uniform across a large enough area, it
would be impossible to distinguish background atmospheric
water vapor from local-source vapor. In the present study,
however, the d of the background component was lower
than that of both transpiration flux and lake evaporation
flux. In general, as water vapor that evaporates from the
ocean is enriched in heavy isotopes relative to lake-origin va-
por, low values of dbg would not reflect evaporation from
the ocean. Thus, the d value of the background component
appears to reflect dv in the upper air, which is affected in turn
by the in-cloud rainout process (Dansgaad, 1964; Rozanski
and Sonntag, 1982; Taylor, 1984), or in the air mass exposed
to precipitation along the trajectory upwind from the study
area (Lawrence et al., 2004). It is interesting that dv at Site B
was always close to dbg, although the reason for this is un-
known. In addition, we may find that dbg varies spatially if
we had focused on a larger spatial scale (e.g., >100 km). It
is therefore necessary to further investigate processes that
lead to the formation of dbg.

5. SUMMARY AND CONCLUSIONS

The spatial distribution of dD for atmospheric water va-
por is not simple and shows no dependence upon distance
from the lake. Nevertheless, Keeling plot of the data indi-
cates effective vapor-sources and their mixing pattern, sug-
gesting that the spatial distribution of water–vapor dD is a
reflection of spatial differences in the contribution ratios of
the different components. The results of a water–vapor mix-
ing analysis based on the Keeling plot are generally consis-
tent with the results of a simple atmospheric moisture
budget; accordingly, it is likely that multi-location measure-
ments of isotopes in atmospheric water vapor are useful in
diagnosing the sources and mixing of atmospheric
moisture. Although this study presents three observational
results from which only one case showed detectable lake-
origin vapor, further case studies under different conditions
are needed to confirm the reliability and limitations of this
approach. Improvements in the employed methodology will
be helpful in addressing both the effects of lake/irrigation
on local precipitation and the influence of various aspects
of meso-scale atmospheric moisture circulation on varia-
tions in precipitation.
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