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A meta-analysis of water vapor deuterium-excess
in the midlatitude atmospheric surface layer
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[1] Deuterium-excess (d) in water is a combination of the oxygen (§'*0) and hydrogen
(6D) isotope ratios, and its variability is thought to indicate the location and environmental
conditions of the marine moisture source. In this study, we analyze d of water vapor (d,)
from six sites, all between 37 and 44°N to examine patterns in the atmospheric surface
layer and identify the main drivers of variability. Two sites are in urban settings (New
Haven, CT, USA and Beijing, China), two sites are in agricultural settings (Rosemount,
MN, USA and Luancheng, China), and two sites are in natural ecosystems, a forest
(Borden Forest, Ontario, Canada) and a grassland (Duolun, China). We found a robust
diurnal cycle in d, at all sites with maximum values during mid-day. Isotopic land surface
model simulations suggest that plant transpiration is one mechanism underlying the diurnal
pattern. An isotopic large-eddy simulation model shows that entrainment of the free
atmosphere into the boundary layer can also produce high d, values in mid-day. Daily
mid-day means of d, were negatively correlated with local mid-day relative humidity
and positively correlated with planetary boundary layer height at the North American sites,
but not the Chinese sites. The mechanism for these differences is still undetermined.
These results demonstrate that within the diurnal time scale, d, of the surface air

at continental locations can be significantly altered by local processes, and is therefore
not a conserved tracer of humidity from the marine moisture source region as has

previously been assumed.
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1. Introduction

[2] Water vapor is the most important atmospheric
greenhouse gas, contributing to approximately two-thirds
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of the Earth’s greenhouse effect [Mitchell, 1989;
Intergovernmental Panel on Climate Change, 2007]. Large
fluxes of moisture into and out of the atmosphere by evapo-
transpiration and precipitation replace atmospheric water
vapor, on average, every ten days according to global model
estimates [Trenberth et al., 2007]. As global temperatures
increase, it is expected that evapotranspiration will also
increase, leading to more water vapor in the atmosphere and a
positive feedback on climate forcing. Indeed, there is some
evidence that the specific humidity of the atmosphere is
already increasing due to anthropogenic influences [Santer
et al., 2007; Willett et al., 2007].

[3] Stable isotopes of hydrogen and oxygen in water are
useful tracers in the global hydrological cycle [Gat, 1996].
Differences in the rates of evaporation and condensation
between heavy and light isotopologues of water create spa-
tial and temporal variability in the isotopic composition of
water in the air and also on the land surface (i.e., lakes,
rivers, soils, and plants). There are currently efforts to utilize
stable isotopes as an additional constraint on water cycling
in atmospheric general circulation models [e.g., Henderson-
Sellers, 2006; Lee et al., 2007a; Yoshimura et al., 2008; Risi
et al., 2010; Werner et al., 2011]. The isotopic composition
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of precipitation has been monitored and studied for several
decades by the International Atomic Energy Agency Global
Network of Isotopes in Precipitation (IAEA GNIP) network
[Rozanski et al., 1993]. By comparison, there are relatively
few measurements of the isotopic composition of water
vapor in the lower troposphere because it required labor-
intensive cryogenic trapping [e.g., Jacob and Sonntag, 1991;
Gat et al., 1994; He and Smith, 1999]. Therefore, most of
our understanding of isotope hydrology and ecohydrology
has come from the condensed or liquid phase [Gat, 1996].

[4] Variability in hydrogen and oxygen isotopes of water
is measured as changes in the ratio of heavy to light iso-
topologues (R): deuterium to hydrogen (D/H) and oxygen
mass 18 to mass 16 ('*0/'°0). Isotope ratios are commonly
reported relative to a standard in delta-notation,

§= Rsample 1 (1)
Rstandard

where the standard used is Vienna Standard Mean Ocean
Water (VSMOW) and are multiplied by 1000 to express in
parts per thousand (%o) or per mil. Craig [1961] observed
that the 6D and 6'*0 of precipitation worldwide could be fit
by a straight line, 6D =8 x §' *O + 10%o, and defined this as
the Global Meteoric Water Line (GMWL). The GMWL
slope of 8 in 6'%0-6D space is the result of equilibrium
condensation processes and the ratio of equilibrium frac-
tionation factors for D and '®0 [Clark and Fritz, 1997]. The
GMWL intercept of 10%e is the result of average equilibrium
and kinetic fractionation during evaporation from the ocean
with a global evaporation-weighted mean relative humidity
of 85% [Clark and Fritz, 1997].

[5] Deuterium-excess (d) defines offsets in 6D from the
GMWL [Dansgaard, 1964].

d=6D—8x68%0 (2)

Values that fall on the GMWL have a d of 10%o by defini-
tion. Since equilibrium Rayleigh condensation processes
roughly follow the GMWL slope of 8, deviations in d can
provide information about the environmental conditions
during non-equilibrium processes such as relative humidity
(/) and temperature in oceanic moisture source regions. That
is, d is thought to be a conservative tracer of oceanic evap-
oration conditions, useful for identifying moisture source
locations, if there are no contributions from surface evapo-
transpiration as the air mass travels over land [Uemura et al.,
2008]. Theory predicts that d of evaporating vapor increases
as humidity decreases (—0.43%0/%) and as temperature
increases (0.35%0/°C) [Merlivat and Jouzel, 1979]. There
have been a few field measurements in marine-like settings
to quantify the humidity and temperature dependencies of
d in vapor evaporating from the ocean and Mediterranean Sea
using traditional cryotrapping techniques giving a range of
values around the theoretical prediction [Gat et al., 2003;
Pfahl and Wernli, 2008; Uemura et al., 2008]. Deuterium-
excess measured in ice cores has often been used as a proxy
to reconstruct paelo-temperature and humidity of oceanic
moisture source regions using this theory [e.g., Jouzel et al.,
1982; Cuffey and Vimeux, 2001; Masson-Delmotte et al.,
2005; Steffensen et al., 2008].
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[6] In continental settings, the vapor produced by evapo-
rating meteoric waters, which themselves have d values close
to 10%o, in under-saturated conditions tends to have 6D and
8"80 lower than the liquid and d greater than 10%o. Again,
this is controlled by the relative humidity of the air at the
evaporative surface and temperature of the water [Clark and
Fritz, 1997]. Addition of this ‘recycled’ moisture to an air
mass either from terrestrial bodies of open water [Gat et al.,
1994], or from terrestrial evapotranspiration [Kurita et al.,
2004] can change the original vapor d signal from ocean
evaporation and may be used to quantify the recycled mois-
ture input from dense networks of precipitation isotope
observing sites.

[7] Recent developments in spectroscopic techniques to
measure 6'*0 and §D in real time without cryogenic trapping
now make it possible to examine variability in hydrogen and
oxygen isotopes in water vapor on timescales of an hour or
less [e.g., Lee et al., 2005; Wen et al., 2008; Wang et al.,
2009; Schmidt et al., 2010; Johnson et al., 2011]. Some of
the first publications of high frequency §'%0 and 6D of water
vapor show that there is much more variability than origi-
nally expected [Lee et al., 2006; Welp et al., 2008; Wen et al.,
2010]. It is also possible to retrieve vertical profiles of 6D
with high spatial coverage from satellite observations, but
unfortunately not precise 6'°O at the moment [e.g., Worden
et al., 2006; Schneider and Hase, 2011]. Using satellite
measurements, researchers have shown that rain evaporation
and surface evapotranspiration significantly contribute to the
tropospheric water budget in the topics [ Worden et al., 2007].

[8] Identifying sources of moisture to the atmosphere is
relatively complicated because several processes contribute
to changes in tropospheric and atmospheric boundary layer
vapor éD and 6'°0. These processes include: (i) isotopic
fractionation (both equilibrium and kinetic) associated with
in-cloud condensation and rainout processes; (ii) turbulent
mixing of different air masses with different moisture sources
and ¢ values; (iii) entrainment of free tropospheric air into
the boundary layer; (iv) the addition of heavy moisture from
surface evapotranspiration; and (v) partial evaporation of
raindrops below the cloud base [Stewart, 1975; Darling
et al., 2006]. Other influences are confined mainly to the
stratosphere: lofting and evaporation of ice crystals, and
photooxidation of methane [Johnson et al., 2001].

[9] To date, most water isotope observational studies have
focused on a single tracer, either §'*0 or &D, but it may be
possible to leverage d to isolate a few of the processes listed
above in some circumstances. For example, cloud conden-
sation and rainout processes governed by Rayleigh distilla-
tion are the first-order driver of changes in 6D and 6'%0, but
have a much smaller effect on d [Gat, 1996]. Several ques-
tions still remain as to the dominant processes controlling d,,
variability in the boundary layer [Lai and Ehleringer, 2011],
but the recent proliferation in vapor isotope measurements
allows the usefulness of the d tracer to be examined like
never before.

[10] Here, we present d of vapor (d,) measurements from
six midlatitude sites on two continents to compare geo-
graphic variability and to investigate the correlations with
environmental parameters and atmospheric structure. We
examine d, variability on time scales ranging from monthly
to hourly. We also qualitatively evaluate the potential
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Table 1. Summary of Site Locations, Characteristics, and Measurement Specifics
New Haven Borden Rosemount Beijing Duolun Luancheng

Vegetation type Urban Forest Corn Urban Grassland Corn/Wheat
Latitude 41°18'N 44°19'N 44°42'N 40°00'N 42°02'N 37°50'N
Longitude 72°55'W 79°56'W 93°05'W 116°23'E 116°17'E 114°40'E
Surface elevation (masl) 9 240 294 45 1324 50
Intake height 15 37 3.5 10 1.6 4

(magl)
Start date 27-Mar-07 27-May-09 16-Jun-09 10-Dec-06 1-Jun-09 1-Apr-08
End date 31-May-08 19-Aug-09 2-Sep-09 10-Dec-07 17-Sep-09 14-Sep-08
Data gaps 14% 22% 18% 4% 16% 3%

(summer only)
Reference Lee et al. [2006]  Santos et al. [2011]  Griffis et al. [2011b]  Wen et al. [2010]  Wen et al. [2011]  Wen et al. [2011]

contributions from the following sources: plant transpiration,
surface evaporation, vertical mixing and entrainment, and the
effect of the nonlinearity of the delta-notation to the robust
diurnal variability in d, seen at all sites during summer
months.

2. Site Descriptions

[11] Table 1 provides a summary of the six sites where the
vapor isotope measurements were made. The reader is
referred to the primary references included in Table 1 for
detailed descriptions of these measurement sites. Urban
observations were made in Beijing, China and New Haven,
CT, USA. Beijing summers are hot and humid as a result of
the East Asian summer monsoon influence. The mean annual
precipitation is 560 mm, of which approximately 80% occurs
during monsoon season (June through September). New
Haven summers are also hot and humid as the dominant
weather patterns move offshore. The mean annual precipita-
tion is 1340 mm, evenly distributed throughout the year.

[12] Agricultural observations were made at research sites
in Luancheng, China and Rosemount, MN, USA. The
Luancheng site was a field of wheat and corn (or maize)
rotation and the Rosemount site was planted with corn.
During the periods of isotope measurements, maximum leaf
area index (LAI) was 4.2 m* m 2 at Luancheng and 6.4 m?
m~* at Rosemount. The grassland observations were con-
ducted in Duolun County, a semiarid area located in Inner
Mongolia, China. The site has been fenced since 2001 as a
long-term study plot, and is dominated by C; species, e.g.,
Stipa kryroii, Agropyron cristatum, and Artemisia frigida
[Zhang et al., 2007; Xia et al., 2009]. According to our
measurements, the three dominant species account for
approximately 75% of the total aboveground biomass of the
community in the peak growing-season. Maximum LAI was
0.5 m® m~ 2. The forest site was located near Borden, Ontario,
Canada. The forest was a mixture of aspen and maple trees.
The mean LAI during the growing season was 3.8 m*> m ™.

[13] The vapor isotope measurements were analyzed
against meteorological data. For New Haven, we obtained air
temperature, wind direction, cloud conditions, and precipi-
tation time and amount at the Tweed Airport (41°16'N/
72°53'W), approximately 7 km SE from the isotope sampling
site, from the U.S. National Weather Service (station ID
065273). For Beijing, these data were obtained with a
weather station mounted on the rooftop of the laboratory
building near the ambient air intake for isotope

measurements, at 20 m above the ground [Wen et al., 2010].
For the other sites, standard micrometeorological variables
were measured at the same location of the vapor sampling
and are described in the primary references listed in Table 1.

[14] When discussing similarities and differences among
sites, we often found that the sites in northeastern North
America behaved similarly and were different from those in
northeastern China. For convenience, we sometimes group
the sites in our discussion by location. It is not our intent to
suggest that these 3 sites per continent represent isotopic
conditions on the entire continent.

3. Methods and Data

3.1.

[15] We made continuous measurements of the HDO/H,O
and H3®O/H3°0 ratios in water vapor using tunable diode
laser (TDL) absorbance spectroscopy (TGA100A and
TGA200, Campbell Scientific, Inc., Logan, UT, USA). The
sampling setup was similar at all sites and included at least
one atmospheric intake above the ground surface, two cali-
bration span gases and one zero that cycled through the
TDL for ~25 s each. TDL output was recorded a 1 Hz by a
data logger (Model CR1000, Campbell Scientific Inc.,
Logan, UT, USA). A dynamic calibration system, referred to
as the ‘dripper’, allowed us to correct for instrument nonlin-
earity in the TDL measurement with respect to absolute water
content by adjusting the mixing ratio of the water in our
calibration span gases [Lee et al., 2005, 2006; Wen et al.,
2008]. The sampling setup at Rosemount was slightly dif-
ferent than the other sites because it was running in eddy
covariance mode instead of flux gradient or single atmo-
spheric observation modes [Griffis et al., 2010].

[16] The isotope ratio of atmospheric water vapor (R,) was
averaged over the 25 s sampling interval and calibrated for
each cycle according to the method described in Wen et al.
[2008]. Gaps in the data during summer months (June
through August) ranged from 3% at Luancheng to 22% at
Borden (Table 1). The remaining results were averaged
together to construct hourly means. The hourly one standard
deviation precision was approximately 0.11%o for 6'*0 and
1.1%o for 6D at a dewpoint temperature of 15°C and 0.12%o
for 6'0 and 2.0%o for 6D at a dewpoint temperature of 1°C
[Wen et al., 2008]. Error propagation results in a precision for
d of approximately 2%o.

Isotope Measurements
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3.2. Nonlinearity of the Delta-Notation

[17] Rayleigh rainout processes control most of the vari-
ability seen in 6'%0 and 6D. In fact, those processes are
responsible for the observed GMWL, and since d is defined as
the offset from the GMWL, Rayleigh signals are greatly sup-
pressed in d values. However, the equations governing
Rayleigh fractionation are derived using lambda-notation, \ =
In(Rsample/Rstandara) and using the delta-notation approximation
leads to errors in 6D [Gat, 1996]. This means that Rayleigh
rainout processes do have the power to change d, slightly. The
slope of the Rayleigh lines in lambda-notation (S}) is:

S _% (3)
/\_61*8

where €5 and €fg are the equilibrium fractionation factors for
D/H and '80/'°0 respectively. It is this ratio of the fraction-
ation factors that results in Rayleigh slopes near 8 at tem-
peratures in the range of 0—30°C. Plotting Rayleigh lines in
880 — 6D (%) space and calculating d using delta-notation
introduces a deviation from linearity that becomes larger as the
6 values become further removed from zero [Gat, 1996]. The
slope of the Rayleigh lines in delta-notation (Sy) is:

5 — e - (1+6,/10°) @
ey (14 6,°/10%)

The correction terms (1 + 6,/10°) become significant as vapor
6 values become large negative numbers, particularly in the
case of 6D. Therefore, even when Rayleigh theory is perfectly
followed, large decreases in vapor §'°0 and 6D, as during
times of low water vapor mixing ratios [Lee et al., 2006; Wen
et al.,2010], cause a slight increase in d due to the nonlinearity
of the delta-notation.

3.3. PBL Heights

[18] Planetary boundary layer (PBL) mixing height was
obtained from the NASA GEOS-5 Modern Era Retrospective-
Analysis for Research and Applications (MERRA) meteoro-
logical fields [Jordan et al., 2010]. The GEOS-5 MERRA
fields had a 0.5° latitude by 0.67° longitude horizontal reso-
lution and one-hour temporal resolution. PBL heights were
extracted at the location of the sites. Precise estimates of PBL
height become difficult during cloudy and stormy conditions.
We excluded periods of rain from our analysis, but retained
cloudy conditions with no precipitation.

34.

[19] We used two isotope models to probe the mechanisms
underlying the observed diurnal variation in d,. The isotopic
large-eddy simulation model (ISOLES) of Lee ef al. [2012]
was used to simulate the entrainment influence on d,. The
isotopic land surface model (IsoLSM) of Xiao et al. [2010]
was used to simulate the diurnal changes in the d of the
transpiration flux at Luancheng.

Isotope Models

4. Results and Discussion

4.1.

[20] All of the vapor isotope measurements from each site
are plotted in 6'®0-6D space in Figure 1. In each case, the

Monthly and Synoptic Variability
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6'0 and 6D data cluster around the GMWL, with higher
summer values showing a tighter fit to the GMWL than
lower winter values. The large scatter around the GMWL at
Rosemount may be because this was the only site that did
not use a buffer volume on the ambient intake sampling line
to dampen short-term variability.

[21] The New Haven and Beijing sites had the longest
duration of continuous measurements of about a year, mak-
ing it possible to examine the seasonal variability of d in
vapor and precipitation. Figure 2 shows the monthly arith-
metic mean d, and the amount-weighted precipitation d. At
both sites, d, was usually greater than precipitation d. In
general, both vapor and precipitation d were lowest during
summer months. This is in contrast to the seasonal cycles in
880 and 6D, which have summer maximums. Summer
minima in d, was previously observed by Jacob and
Sonntag [1991] over eight years in Heidelberg, Germany
and by Angert et al. [2008] over nine years in Rehovot,
Israel. The mean seasonal cycle of d in northern hemisphere
precipitation from the IJAEA GNIP database is also at a
minimum in the summer months [Araguas-Araguas et al.,
2000]. Angert et al. [2008] describe how the seasonal vari-
ability in d, in Israel can be explained by changes in the
initial vapor from the Mediterranean Sea superimposed on
Rayleigh isotopic distillation. Initial vapor is modified by
monthly variability in temperature and relative humidity
near the surface of the Mediterranean Sea and varying rates
of moisture entrainment from the lower troposphere into the
PBL.

[22] In Beijing, monthly variability in d, has a negative
linear correlation with temperature (p = 0.001, slope =
—0.46%o per °C), water vapor mixing ratio (p = 0.002, slope
= —0.52%o per mmol mol "), but not well correlated with
precipitation amount (p = 0.10) or relative humidity (p =
0.24). In New Haven, monthly variability in d, is not well
correlated with any of these environmental variables (p >
0.20 in all cases).

[23] Mean summer d, at the North American sites were
higher than at the Chinese sites by approximately 7%o (Table
S1 in the auxiliary material) even though they are all at
nearly the same latitude.! This general pattern is predicted
from a model interpolation of the IAEA GNIP database,
showing high values of d of precipitation downwind of the
Great Lakes [Bowen and Revenaugh, 2003]. Evaporation
from the Great Lakes is expected to have higher d values
than the air masses transported to this region. Gat et al.
[1994] used high d in precipitation from the Northeastern
U.S., presumably resulting from d, anomalies, to estimate
that recycled continental moisture from evaporation off the
Great Lakes contributed 4-16% of precipitation downwind
of the lakes in the summer.

[24] We also observed differences in the synoptic vari-
ability in the concurrent measurements at New Haven and
Beijing (Figure 3). The 10-day running means were more
variable at New Haven than at Beijing. New Haven is located
in the northeast of U.S. where all the major storm tracks
converge and experiences weather cycles every 7-10 days
throughout the year [Zielinski and Keim, 2003] bringing with
them moisture from different source regions. In comparison,

'Auxiliary materials are available in the HTML. doi:10.1029/
2011GB004246.
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Figure 1. Vapor measurements of 6D and 6'®0 at each site, over the entire period of measurement (light
gray crosses) and for June—August (black circles). For reference, the GMWL is plotted with each site (dark
gray line). Deuterium-excess () is a measure of the deviation from the GMWL in 6D (%o).

frontal activities are less frequent in Northeast China in the
warm season. Wen et al. [2010] proposed that the Asian
monsoon suppresses variability in d, in the summer by
maintaining a relatively consistent moisture source region.

4.2. Day-to-Day Variability

[25] If d, is a conservative tracer of conditions in the
moisture source region, we would not expect it to vary with
local 4 unless there is a local source of moisture to the
atmosphere. Afternoon averages (12:00—18:00 local standard
time) of d, were correlated with 4 at New Haven (d,/h =
—0.36%0/%, r=—0.74, p <0.001) and Borden Forest (d,/h =
—0.22%0/%, r = —0.57, p < 0.001) sites during the summer
months (June—August), suggesting that local contributions of
moisture are relatively high (Figure 4 and Table 2). The
afternoon period was chosen because correlations during this
time were the higher than any other time of day or the daily
mean. This is also the time of the day when the surface
measurements are most representative of regional conditions
due to increased atmospheric turbulence. These two partic-
ular sites are located near large bodies of water, which may
contribute significant amounts of moisture to the sites. New
Haven sits on Long Island Sound adjacent to the Atlantic
Ocean. Located between Lake Huron and Lake Ontario,
Borden Forest is approximately 20 km southeast of the
Georgian Bay. Although we did not observe significant lin-
ear correlations between d, and % afternoon averages at
Beijing and Luancheng during the summer, Wen et al. [2010]
reports weak nonlinear correlations between hourly d, and
local / at these sites outside periods of peak summer mon-
soon activity from the same data set. That Borden and New
Haven show significant correlations, whereas the more
inland sites do not, suggests that a stronger correlation may
be indicative of a higher contribution of local water sources

to the atmospheric moisture. The footprint of the source
influence appears to have extended tens of kilometers beyond
the local site scale, even though the measurements were made
near the ground.

[26] The variability in d,/h relation in marine-type set-
tings in the literature ranges from —0.31 to —0.61%o per
% for vapor evaporated from the Mediterranean Sea and
southern ocean [Gat et al., 2003; Pfahl and Wernli, 2008;
Uemura et al., 2008]. The New Haven slope (—0.36) is
within the range of ocean/sea vapor observations from the
literature, but the Borden Forest slope (—0.22) is lower.
To our knowledge, this is the first terrestrial observation
showing a relation between d, and /. A possible explanation
for the lower observed d,/h slope at Borden Forest, compared
to literature values, is that they calculate % relative to the
sea surface temperature at or near the site of evaporation,
whereas our comparison used / calculated relative to air
temperature at the vapor measurement site downstream of the
suspected moisture source. However, our attempt to correct
measured / relative to NOAA buoy water temperature or air
temperature just above the water surface of the assumed
moisture source regions (Long Island Sound in the case of
New Haven and Lake Ontario in the case of Borden Forest)
revealed lower d,/h slopes (Table S2 in the auxiliary material).

[27] It is well known that water vapor mixing ratio con-
trols much of the variability in §'®0 and 6D [Lee et al,
2006; Wen et al., 2010] due to Rayleigh distillation pro-
cesses. It is not expected that this would extend to d, as well
because Rayleigh distillation should not greatly affect d,,
with the exception of the nonlinearity effects described in
the Methods section. We found that afternoon averages of d,,
were strongly negatively correlated with water vapor mixing
ratio at all sites except Beijing (Table 2 and Figure S1 in the
auxiliary material, p < 0.001). Similar to the case of the
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Figure 2. Monthly arithmetic mean of vapor d (solid lines)
and amount-weighted precipitation d (dashed lines) for the
New Haven (black) and Beijing (gray), January 2007
through May 2008.

correlation with A, changes in water vapor mixing ratio
appear to have a larger effect on d, (i.e., higher slopes) at the
North American sites than at the Chinese sites. It could be
that water vapor mixing ratio is also a good predictor of d, at
least at some sites, but the mechanism causing such a rela-
tionship is difficult to identify at this point. None of the sites
showed a significant correlation between d, and local air
temperature (Table 2).

4.3. Diurnal Variability

[28] Figure 5a shows the mean diurnal cycles of d, from
each site during the summer months (June—August). This
three-month period was selected because measurements
were made at all sites during these months, and they repre-
sent the growing season at midlatitudes in the northern
hemisphere. We found that d, varied diurnally, showing a
clear, robust pattern of maximum d, during the afternoon at
all sites. This extends the finding of Wen et al. [2010], which
previously published the results from the Beijing site, and it
is consistent with the observations of Lai and Ehleringer
[2011] over a few days in the Pacific Northwest. The study
presented here is the most extensive set of continuous mea-
surements of diurnal variability in d, to date and shows that
daytime d, increase is not a pattern unique to any one
location or vegetation type. The nighttime ‘baseline’ values
of the Chinese sites are approximately 6%o lower than the
North American sites, similar to the offset in summer mean
values already discussed.

[29] The phases are remarkably similar despite widely
varying local vegetation types. The site that is most different
from the others in terms of amplitude and phase is Beijing. It
is also the most densely populated urban environment with
large amounts of impermeable surfaces, and the influence of
transpiration should be negligible and evaporation should be
small at this site. In contrast, New Haven, the other urban
site, has a large fraction of tree vegetation cover (49%, http://
nrs.fs.fed.us/data/urban/) and is located in close proximity to
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the Atlantic Ocean, resulting in higher transpiration and
evaporation influence.

[30] Although the phases are similar at all sites, the peak-
to-trough amplitudes vary greatly: 3.5%o at Beijing, 7.7%o at
Luancheng, 9.8%o at New Haven, 10.0%0 at Borden Forest,
13.5%0 at Duolun, and 17.1%. at Rosemount (Figure 5a).
Note that the Rosemount amplitude may be overestimated in
this analysis because of the large amount of noise in the data.
Clearly within the diurnal time scale, d, is not a conserved
tracer of humidity conditions at the marine moisture source
region. For example, a diurnal amplitude of 9.8%0 at New
Haven would imply an uncertainty of 27% in the inferred
relative humidity at the source.

[31] We find that the mid-day decrease in §'%0 of water
vapor, combined with little to no change in 6D, leads to the
variability in d, (Figures 5b and 5c). Several previous stud-
ies have examined controls of the diurnal variability of §'%0
of water vapor, and it is likely that some of the same pro-
cesses may explain the variability in d,. The morning
decrease in 6'®0 has been attributed to the rapid increase of
air entrained into the boundary layer during convective
mixing [Lai et al., 2006; Welp et al., 2008; Zhang et al.,
2011]. Later in the day, the increase in §'0 may be driven
by surface evapotranspiration, because evapotranspiration
acts to enrich the surface vapor in '*0 [Lee et al., 2012]. Lai
and Ehleringer [2011] is one of the few studies that inves-
tigated the diurnal variability in d,, and they also conclude
that entrainment and evapotranspiration play dominate roles
in d, variability in the early morning and late afternoon,
respectively.

[32] The nonlinearity of the delta-notation definition may
contribute to the increased d, during mid-day (see comment
on the approximation of the delta-notation in the Methods
section). This effect was taken into account recently in the
seasonal cycle of d, in Angert et al. [2008]. We estimate that
the nonlinearity of the delta-notation contributes to ~10% or
less of the diurnal amplitude in d,. Because the daily mini-
mum of §'®0 and 6D are not at the same time, the nonline-
arity errors are either positive or negative at different sites,
ranging from —1.6 to 0.4%o. (Table S3 in the auxiliary
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Figure 3. Ten-day running mean of d, from Jan 1, 2007 to
May 31, 2008 at New Haven (black) and Beijing (gray).
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Figure 4. Afternoon (12:00-18:00 local time) mean d, versus afternoon mean /4 in the summer (June—
August). Only New Haven and Borden sites have significant negative correlations. Changing the averag-
ing time window within the daytime period does not affect the correlation pattern across sites. Fit statistics

are summarized in Table 2.

material). We conclude that this effect is not a significant
contributor to the diurnal cycle of d, at the sites we observed.

[33] To examine entrainment, which has been identified as
a major contributor to the diurnal cycle of vapor isotopes
from other studies, we compared afternoon mean vapor
isotopes at each site with modeled estimates of the PBL
height (Figure 6 and Table 2). Although the PBL height is
controlled by several factors, it has been shown that the
entrainment of free tropospheric air is the leading order
control providing the energy to grow the PBL [Medeiros
et al., 2005], and we use it here as a rough proxy for
entrainment. Afternoon d, was significantly correlated with
PBL height at New Haven (slope = 8.5%o/km, p <0.001) and
Borden Forest (slope = 8.7%o/km, p < 0.001). On days with
higher PBL heights, d, was higher at these sites. Rosemount
also showed a similar slope, but with less statistical signifi-
cance (slope = 8.6%o/km, p = 0.021). This site also has a
higher degree of noise in the data, which could reduce the
correlation significance. Correlations were not significant at
the Chinese sites (p > 0.13).

g34] Interestingly, afternoon PBL height correlations with
8"™0 were the largest and most significant at the North
American sites (slopes range from —2.9 to —4.9%o km ™',
p <0.003) as were the correlations with afternoon 6D (slopes
range from —14.5 to —30.6%0 km™', p < 0.03) (Table 2).
These results suggest that the isotope ratios of water vapor
could vary more with height in the atmosphere in some areas
like northeastern North America, than others, like near
Beijing, China.

[35] An increase in d, with height in the atmosphere could
explain our observations at the North American sites. To our
knowledge, there is limited evidence of d, increasing with
height in the lower troposphere. Griffis et al. [2011a]

showed that d, measured in Rosemount was, on average,
5.1%o greater at 200 m than at 3 m, from measurements
made including the cold season, starting April 2010 through
June 2011, and that the difference approaches zero during
periods of strong daytime mixing. Measurements made near
New Haven by He and Smith [1999] showed that the free
atmosphere d, was ~8%o higher than the atmospheric
boundary layer value. There is also evidence of extremely
large d, values in the upper troposphere and lower strato-
sphere of the tropics and subtropics [Webster and
Heymsfield, 2003]. While our analysis suggests that
entrained air has higher d, than the surface, Lai and
Ehleringer [2011] predicted that air entrainment exerted a
negative isotope forcing in the early morning on their three
study days in the Pacific Northwest and switched to a posi-
tive isotope forcing on the afternoons of the last two days. It
should be noted that they used measurements of d, at 60 m
to estimate the isotopic composition of the entrained air.
While the addition of surface moisture via evapotranspira-
tion may be able to explain vertical profiles of 680 and éD,
it has the wrong sign in the case of d,, adding higher values
of d, near the surface.

[36] In the interpretation of Figure 6, we assume that a
higher PBL height in mid-afternoon is associated with faster
PBL growth and therefore a stronger entrainment rate. If
there is a vertical gradient in d, increasing with height,
entrainment could easily explain the diurnal cycle in d,. To
support this argument, we parameterized the ISOLES model
with typical midlatitude summer conditions. In the model
domain, the evolution of the PBL was forced by a time-
varying solar radiation, a prescribed initial specific humidity
profile in the early morning [Lee et al., 2012] and initial
profiles of 6'®0 and 6D according to the observed
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Table 2. Linear Least Squares Fits Between Afternoon Means
(12:00-18:00) During June—August, Correlations and Statistics®

Site m b sm sb R P
d, (%) Versus h (%)
New Haven —0.36 41.35 0.04 230 —-0.74  <0.001
Borden —0.22 31.96 0.04 221 —-0.57  <0.001
Rosemount —0.30 36.38 0.19 1052 —-0.22 0.125
Beijing —0.02 9.30 0.02 1.13 —0.09 0.424
Duolun —0.05 17.24 0.02 0.95 —0.25 0.022
Luancheng —0.01 9.83 0.03 1.56 —0.06 0.584
d, (%o) Versus Temperature (°C)
New Haven —0.01 19.61 0.21 5.10 —0.01 0.949
Borden —0.15 22.48 0.16  3.56 —0.11 0.339
Rosemount —0.99 43.43 051 12,12 —-0.23 0.056
Beijing 0.19 2.63 0.12 3.64 0.17 0.110
Duolun —0.07 16.79 0.10 234 —0.07 0.506
Luancheng —0.18 14.23 0.11 3.06 —0.18 0.088
d, (%o) Versus HO (mmol/mol)
New Haven —0.94 36.87 0.11 2.03 —0.70  <0.001
Borden —0.85 32.44 0.11 1.75 —0.67 <0.001
Rosemount —1.85 52.09 0.31 5.75 —-0.57 <0.001
Beijing —0.02 8.95 0.07 1.46 —0.04 0.738
Duolun —0.40 19.96 0.09 1.15 —0.43  <0.001
Luancheng —0.25 15.15 0.08 2.01 —0.31 0.002
d, (%o) Versus PBL Height (km)
New Haven 8.50 9.02 1.25 1.62 0.60 <0.001
Borden 8.70 9.91 1.81 1.99 0.48 <0.001
Rosemount 8.64 5.72 3.68 5.87 0.27 0.021
Beijing —0.67 9.44 0.66 1.01 —0.11 0.308
Duolun 1.32 12.85 0.85 1.61 0.17 0.125
Luancheng —0.06 9.09 0.73 1.09 —0.01 0.930
h (%) Versus PBL Height (km)
New Haven = —22.70 88.77 200 259 —-0.77  <0.001
Borden —30.04 90.66 4.02 4.48 —0.65 <0.001
Rosemount —15.48 78.57 294 479 —0.60  <0.001
Beijing —20.45 82.61 291 4.55 —0.60  <0.001
Duolun —27.38 88.48 287 541 —-0.71  <0.001
Luancheng —17.60 84.42 2.39 3.58 —0.61 <0.001
850 (%) Versus PBL Height (km)
New Haven —4.88 —11.36 0.65 0.84 —0.64  <0.001
Borden -3.81 —15.99 1.16 1.28 —0.35 0.002
Rosemount —2.85 —14.28  0.93 1.49 —0.34 0.003
Beijing 0.16 —-1624 050  0.77 0.03 0.751
Duolun —1.68 —-16.70  0.83 1.57 —0.22 0.046
Luancheng —0.39 —15.84 042 0.64 —0.10 0.360
6D (%o) Versus PBL Height (km)
New Haven  —30.56 —81.86 430 5.58 —-0.62  <0.001
Borden —-21.75 —-118.04 8.18  9.00 -0.29 0.010
Rosemount —1450 —108.19 633 10.12 —0.26 0.025
Beijing 0.60 —120.47  3.70 5.69 0.02 0.871
Duolun —-12.09 —-120.76 641 12.12 —-0.20 0.063
Luancheng -3.19 —117.59  3.57 5.34 —0.09 0.374

“Here m = slope, b = intercept, sm = slope error, sb = intercept error, R =
correlation coefficient, and P = statistical significant test. Bold values
indicate statistical significance at the 98% confidence interval.

relationships with specific humidity at Beijing [Wen et al.,
2010]. To remove the influence of evapotranspiration on
d,, the d of the surface water vapor flux was held at a con-
stant equal to the initial surface layer d, value. The results
demonstrate that mixing and entrainment could produce
increases in d, from early morning to mid-afternoon in
magnitude similar to that of the observed changes (Figure S2
in the auxiliary materials).
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[37] We present two testable hypotheses for vertical pro-
files of d, from the surface to the lower troposphere to
explain our observations. (1) An increase in d, with altitude
could be unique to eastern North America caused by evap-
oration off the Great Lakes resulting in high d, at altitude
downwind, similar to Gat’s lee-side convective model [Gat
et al., 2003]. (2) Partial re-evaporation of raindrops below
the cloud base increases d of the surrounding vapor [Lee and
Fung, 2007]. This process could be common to most
regions, but during the summer months, the Chinese mon-
soon has erased such a gradient in d, because of enhanced
vertical mixing and large downpours with little chance for
raindrop evaporation during decent. We examined the d,
outside of the summer monsoon season to test this hypoth-
esis and found no correlation with PBL height at either New
Haven or Beijing; however, greater noise in the data during
the drier non-summer months may hide any such signal.

[38] Turning our attention to plant transpiration, a com-
mon assumption has been that isotope ratios of plant tran-
spiration equal those of xylem water. This is true for §'%0
and 6D when averaged over days, or during short time-scales
under steady state conditions, but not under nonsteady state
conditions [e.g., Farquhar and Cernusak, 2005; Lai et al.,
2006; Welp et al., 2008; Xiao et al., 2010]. The isotopic
land surface model SiLSM [Xiao et al., 2010] provides
support for the role of nonsteady state plant transpiration in
the daytime increase in d,. This model consists of a standard
land surface sub-model for water and carbon dioxide
exchange, a nonsteady state theory of leaf water isotopic
composition, and a formulation of the kinetic fractionation at
the canopy scale. The model has been tested against field
observations of the §'%0 composition of evapotranspiration
at Rosemount during a soybean year [Xiao et al., 2010] and
at the Luancheng cropland [Xiao et al., 2012]. Here we have
extended the model to the 6D tracer with the inclusion of the
appropriate fractionation factors. Model simulations for the
Luancheng cropland were parameterized using field mea-
surements of plant xylem water isotopes, averaging —6.3%o,
—53.5%0 and —3.3%o for §'*0, 6D and d respectively during
the wheat phase and —7.0%o, —59.5%0 and —3.5%o respec-
tively during the corn phase. Since corn and wheat have
different leaf physiology and stomatal control, they have
been parameterized differently in the model. The model
results reveal a strong diurnal cycle in the d of transpiration
(dt) for both the corn and wheat growing periods that are
more or less in phase with the diurnal composition of d,
observed at this site (Figure 7). Averaged over the entire
growing season, the dr was negative at night (—200 to
—150%o), increased rapidly after sunrise and peaked at 20 to
50%o in mid-morning hours and remained high through the
mid-afternoon. The model results are in agreement with
recent observations in a forest showing the d of evapo-
transpiration peaked in mid-day [Wen et al., 2012]. The
SiLSM-modeled dt results show plant transpiration is a
likely contributor to the diurnal variability in d,.

[39] We do not have complete data on the forcing vari-
ables to run SiLSM for other sites. Sensitivity analysis sug-
gests that ecosystems with a lower stomatal resistance
should have more diurnally varying dr (Figure 7). Perhaps
this explains why the diurnal amplitude at the irrigated
Luancheng crop site was lower than at the rainfed maize site
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in Rosemount and at the two natural ecosystems (Borden
and Duolun).

[40] Finally, we discuss the potential role of surface evap-
oration from soils. It is possible that the daytime increase in
d, is partially driven by the diurnal pattern in the soil evap-
oration, a small flux of water, but which tends to have large d,,
values. Soil evaporation is expected to be a minor component
of evapotranspiration at all sites except Beijing during the
summer. Field observations show that at times when LAI is
greater than 2, evaporation is generally less than 10% of the
total evapotranspiration flux to the atmosphere, based on
lysimeters measuring soil evaporation and eddy covariance
measuring total evapotranspiration flux [Lee et al., 2007b;
Griffis et al., 2010]. Soil evaporation typically follows a
diurnal pattern nearly identical to transpiration that peaks in
mid-afternoon following incoming solar radiation making it
difficult to separate from plant transpiration. The evaporation
flux is also enhanced by the lower 4 during the daytime
(Figure 5d). Using the observed isotope compositions of soil
water at Luancheng, the d of soil evaporation varied in the

range of 160 to 210%o through the diurnal cycle according to
the Craig-Gordon model prediction in SILSM. These large d
values could be enough to contribute to d, variability even by
a relatively small portion of total evapotranspiration.

5. Conclusions

[41] The dominant feature that all sites shared was the
mid-day increase in d, with remarkably similar phases in the
time progression. We predict that this diurnal pattern will be
observed at many other locations as the number of d, mea-
surements increases. The fact that surface d, in these conti-
nental settings varies so much diurnally and from day to day
casts doubt on its application as a conservative tracer of
oceanic moisture source region and conditions. For instance,
day-to-day variability at New Haven and Borden Forest was
correlated with local /4, suggesting a contribution of evapo-
ration from nearby large bodies of water at these sites.
Therefore, the approaches previously used to interpret d of
ice sheets and marine vapor are not directly transferable to
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Figure 6. Afternoon (12:00-18:00 local time) mean d, versus afternoon mean PBL height in the summer
(June—August). Fit statistics are summarized in Table 2.

terrestrial d, interpretation because of the influence of land
processes.

[42] Comparing and contrasting measurements from mul-
tiple sites pointed to some differences in d, controls among
ecosystems and geographic settings. The stronger correlation
of d, with PBL height at the northeastern North American
sites compared to the sites near Beijing, China suggests
that the isotopic forcing of entrainment may not be the
same in the two regions. Further work is needed to resolve
the role of entrainment on hydrogen and oxygen isotopes
of water vapor, and how they vary regionally due to large-
scale moisture transport like the Asian monsoon and the
influence of the Great Lakes. Our analysis yielded two
hypotheses that could be tested by measuring vertical
profiles of d, from the surface through the lower tropo-
sphere in the study areas presented here.

[43] Simulations with the isotopic land surface model and
large-eddy simulation model show that entrainment and plant
transpiration can produce the observed diurnal variations,
although it is difficult to separate their effects because their
diurnal variability is tied to solar forcing, and they both have
nearly identical timing. The relative contributions of
entrainment versus evapotranspiration will likely vary with
location and time of year. Comparing Beijing to the vege-
tated sites in China, we would predict the evapotranspiration
influence is stronger than entrainment during summer in
eastern China. Ultimately, measurements of the isotopic
composition of the evapotranspiration flux [e.g., Griffis et al.,
2011a; Wen et al., 2012] and detailed isotopic modeling of
the surface atmosphere (for example with SiLSM) at indi-
vidual sites will be necessary to quantify the relative roles of
evapotranspiration and atmospheric mixing to time series of
d,. It is encouraging that the magnitude of the diurnal
amplitude in d, is large at sites of high transpiration fluxes.
Features like this may make partitioning evapotranspiration

into evaporation and transpiration possible in the future.
However, given the evidence of the role of entrainment, it
may be that atmospheric d, is better suited to partitioning at
the regional scale than at the smaller ecosystem scale.

mean diurnal d of transpiration (%o)

_ / wheat \
300 N / — = wheat 2°r_ ]
—— corn
-350F \ / = = Ccorn 2*r 7
N/ ¢
_400 L L L
6 12 18 24
hour

Figure 7. SiLSM model results of the mean diurnal cycle
of d of transpiration (dt) at Luancheng for the wheat (black
solid) and corn (gray solid) phases during the 2008 growing
season. In the mid-afternoon, dt approaches the average d
value of xylem water in the model, approximately —3.5%o
for both the wheat and corn phases. Also shown are the
results of a sensitivity test where canopy resistance (r.) was
doubled (dotted lines). Higher canopy resistance results in
a departure from steady state transpiration and larger diurnal
amplitude in the isotopic forcing of transpiration.
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