
UC Davis
UC Davis Previously Published Works

Title
Influence of synoptic weather events on the isotopic composition of atmospheric moisture in 
a coastal city of the western United States

Permalink
https://escholarship.org/uc/item/6sm8n5j1

Journal
Water Resources Research, 49(6)

ISSN
00431397

Authors
Farlin, James
Lai, Chun-Ta
Yoshimura, Kei

Publication Date
2013-06-01

DOI
10.1002/wrcr.20305
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6sm8n5j1
https://escholarship.org
http://www.cdlib.org/


Influence of synoptic weather events on the isotopic composition of
atmospheric moisture in a coastal city of the western United States
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[1] Synoptic weather events are known to strongly influence the isotope composition of
precipitation in continental locations. In this study, we present hourly values of water vapor
isotopologues (HDO and H2

18O) measured over a 30 day period in locally extreme weather
conditions, including Santa Ana winds and winter rainstorms, in San Diego, California,
USA. We investigate how atmospheric and hydrological processes influence HDO and
H2

18O using an isotope-enabled GCM model (IsoGSM). Combining measurements and
IsoGSM simulation, we demonstrate that convective mixing of marine and continental air
masses are responsible for the isotopic variation of near-surface water vapor in this coastal
location. The isotopic variability is most pronounced during Santa Ana winds. The Santa
Ana winds represent a unique boundary layer condition in which atmospheric mixing
becomes the process that dominantly controls the changes in the isotopic composition
relative to air humidity. We demonstrate that a two-source mixing approach (Keeling plot)
can reliably be used to estimate the isotopic composition of the source moisture, and from
that, to infer the location of the moisture origin that contributes to the atmospheric moisture
content in southern California. The present study is unique because it combines large-scale
isotope GCM modeling with a robust and high-resolution isotope data set to disentangle the
control of atmospheric and hydrologic processes on the atmospheric humidity in an
extratropical climate. Our results demonstrate the utility of using single-point, ground-based
isotope observations as a complementary resource to existing satellite isotope
measurements for constraining isotope-enabled GCMs in future investigation of
atmospheric water cycle.

Citation: Farlin, J., C.-T. Lai, and K. Yoshimura (2013), Influence of synoptic weather events on the isotopic composition of
atmospheric moisture in a coastal city of the western United States, Water Resour. Res., 49, 3685–3696, doi:10.1002/wrcr.20305.

1. Introduction

[2] Stable isotopes have long been used to trace the
major processes that affect the hydrologic cycle [Craig,
1961]. Understanding the origin and movement of water
vapor provides insight into the global hydrologic cycle
[Gat, 1996]. Much of the progress made in understanding
the isotopic composition of atmospheric water has been
limited to collecting and analyzing the isotopic composi-
tion of precipitation [Araguas-Araguas et al., 2000;
Kendall and Coplen, 2001; Rozanski et al., 1992]. Previous
work focused on surface water [Kendall and Coplen, 2001]
and precipitation [Berkelhammer et al., 2012; Buenning
et al., 2012; Ciais and Jouzel, 1994; Jouzel et al., 1997;

Merlivat and Jouzel, 1979] to characterize local meteoric
water lines that generalize combined effects of many
hydrological processes taking place over multiple temporal
and spatial scales. However, precipitation collection is of-
ten too coarse to analyze changes within a synoptic event
[Bowen and Wilkinson, 2002]. This is because the isotopic
signature of precipitation reflects the net effect of many
processes, namely, thermodynamic equilibrium, diffusive
transfer associated with evaporation and condensation, and
atmospheric mixing of moisture sources, that all contribute
to the variability in the isotopic composition of precipita-
tion [Barras and Simmonds, 2009; Dansgaard, 1964].
Knowledge regarding isotope variations in water vapor is
needed to decipher the relative contribution of each of these
primary processes that combine to determine the isotopic
composition of precipitated waters.

[3] Characterizing the mechanisms controlling isotope
variability of atmospheric moisture has not been possible
without model simulation due to a dearth of direct observa-
tions [Yoshimura et al., 2008]. Isotope-enabled GCMs were
developed to investigate forcing mechanisms in the water
cycle that alter water vapor isotopologues, and in turn, to
inform climate models of the atmospheric and hydrologic
processes that act as the primary control of moisture sour-
ces, transport, and distribution [Brown et al., 2008; Hoff-
mann et al., 1998; Jouzel et al., 1987; Noone, 2012;
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Risi et al., 2008a; Schneider et al., 2010; Yoshimura et al.,
2008, 2011]. Ensemble statistical analyses from isotope-
enabled GCMs simulations [e.g., Brown et al., 2008;
Noone, 2012] are a powerful approach to depict the history
of exchange processes giving rise to the isotopic composi-
tion of water vapor [Payne et al., 2007; Risi et al., 2008a,
2008b; Sayres et al., 2010; Worden et al., 2007; Wright
et al., 2009; Yoshimura et al., 2011]. A critical component
to the knowledge gained from these modeling exercises
resides in the realism of model simulation when compared
to actual observations. Satellite-based isotope measure-
ments, such as those from Tropospheric Emission Spec-
trometer [TES, Worden et al., 2007] and the Scanning
Imaging Absorption Spectrometer for Atmospheric Char-
tography [SCIAMACHY, Frankenberg et al., 2009], have
been used to validate atmospheric boundary layer inte-
grated isotope GCM simulation but with limited success.
This is because of the inherent uncertainties associated
with the satellite data [Brown et al., 2008; Noone, 2012;
Worden et al., 2011; Yoshimura et al., 2011]. Ground-
based observations are becoming a growing source of water
vapor isotope data that complement satellite-based meas-
urements to constrain GCM simulations.

[4] New laser spectroscopy instrumentation allows reli-
able and frequent isotope data acquisition for investigating
mechanisms that control the variation of water vapor isoto-
pologues at a variety of temporal scales. To date a number
of research groups have demonstrated the capability of
commercially available laser water isotope analyzers for in
situ water vapor isotopologue measurements [Lee et al.,
2005; Wen et al., 2008; Sturm and Knohl, 2010; Gupta
et al., 2009; Rambo et al., 2011; Good et al., 2012].
Ground-based laser isotope analyzers have been deployed
to estimate bias in the TES isotope measurements [Worden
et al., 2011], to investigate synoptic weather influences on
air mixing in the subtropics [Noone et al., 2011] and the
effect of evapotranspiration on the water vapor isotope var-
iation in plant canopies [Griffis et al., 2010; Lee et al.,
2007; Welp et al., 2008]. Nevertheless, continuous isotopic
measurements of water vapor remain sparse. To our best
knowledge, observations that encompass synoptic weather
cycles and extreme weather events have not been reported.

[5] Synoptic weather circulation has been shown to
strongly influence the isotope composition of precipitation
and atmospheric moisture measured in continental locations
[Berkelhammer et al., 2012; Buenning et al., 2012; Lai
et al., 2006 ; Lee et al., 2006; Risi et al., 2010; Schneider
et al., 2010; Wen et al., 2010; Yoshimura et al., 2008, 2010;
Zhang et al., 2011]. Recent studies that employed statistical
downscaling (isotope-enabled regional climate models
(RCMs)) to optimize the parameterization of subgrid proc-
esses showed improved agreement between observed and
modeled isotopic variations [Yoshimura et al., 2010, Pfahl
et al., 2012]. This modeling technique has the potential to
deliver new information with respect to subgrid hydrologi-
cal processes that control water balance on the catchment
scale, but this potential is critically tied to the training of the
model’s skills to simulate observed isotopic variability.

[6] The objectives of this study are to first report
observed temporal variations in the isotopic composition of
near-surface water vapor in a coastal city of southern Cali-
fornia, USA. This unique data set presents hourly values of

water vapor isotopologues (HDO and H2
18O) measured

over a 30 day period in locally extreme weather conditions,
including Santa Ana winds and winter rainstorms, in Febru-
ary of 2011. These isotope observations were independ-
ently analyzed to deduce the origin of source moisture. We
simulate atmospheric moisture transport and investigate
how local atmospheric and hydrological processes influ-
ence the isotopic composition of near-surface water vapor
using an isotope-enabled GCM model [IsoGSM, Yoshimura
et al., 2008]. The nudged IsoGSM simulation was able to
capture the rapid transition in the observed isotopic varia-
tion triggered by synoptic weather events. Combining
observations and IsoGSM simulation, we investigate the
dominant atmospheric processes that affect the isotopic
composition of water vapor in locally extreme weather
conditions.

2. Methods

2.1. Study Site and General Weather Conditions

[7] Isotopic variation in atmospheric water vapor was
measured on the campus of San Diego State University
(32.775�N and 117.072�W, elevation 136 m, 18.5 km east
from the Pacific Ocean) in San Diego, California, USA.
Warm dry summers and mild winters characterize the Med-
iterranean climate for this region. Precipitation occurs
mostly between November and April. The long-term aver-
age annual precipitation is 250 mm with high seasonal and
interannual variability [Pavia and Badan, 1998]. The mean
air temperature is 14�C and mean precipitation 60 mm for
the month of February.

[8] Our sampling location’s geographic proximity to the
Pacific Ocean and Anza-Borrego Desert creates an opportu-
nity to observe and investigate synoptic weather controls
on the loading and isotopic variation of atmospheric mois-
ture. The prevailing oceanic breezes along with sporadic
winter rainstorms presumably supply the primary inputs of
atmospheric moisture to the region. This region is subject
to the influence of Santa Ana winds. Santa Ana conditions
are characterized by a strong pressure gradient between
high-pressure subsidence systems in the Great Basin and
the coast of Southern California [Hughes and Hall, 2010].
Under Santa Ana conditions, easterly wind of high velocity
and low humidity prevails that temporarily creates an
extreme weather condition conducive to wildfire. Rapid
and drastic changes in air humidity and temperature often
occur under the influence of Santa Ana winds [Hughes and
Hall, 2010].

[9] Weather data reported in this study were collected in
the nearby Montgomery Field airport (32.811�N and
117.141�W). During our study period, we observed two
types of locally extreme weather events: Santa Ana condi-
tions (Figure 1, periods A and B) and winter rainstorms.
Santa Ana conditions were identified here as periods when
relative humidity drops below the historic mean minimum
value (Figure 1, red dashed line). On this basis, we identi-
fied two periods of Santa Ana winds that first occurred
between DOY 33 and 34 (Episode A), and again between
DOY 41 and 44 (Episode B). Five isolated precipitation
events (DOY 30, 32, 37, 47, and 49–51) occurred during
the study period, with cumulative amounts ranging from
0.25 to 36.8 mm of rain for each single storm.
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2.2. Water Vapor Isotopologue Measurements and
Analysis

[10] A Water Vapor Isotope Analyzer (model WVIA-
24), commercially manufactured by Los Gatos Research
(LGR Inc., Mountain View, CA, USA), operated in our lab-
oratory to measure the near-surface atmospheric moisture
content and its isotope composition from 30 January to 24
February 2011. A sample inlet was installed 1.5 m above a
nonpermeable surface. Ambient air was drawn through 1=400

polytetraflouroethylene (PTFE) tubing using an external di-
aphragm pump (KNF, N920AP.29.18) at a flow rate of
800 mL min�1. This flow rate is sufficiently high enough to
avoid lags in the instrument response time given that the
total length of the sampling tube is only 3 m from the tip of
the inlet to the analyzer for hourly averaging. Data were
acquired at 2 Hz.

[11] The WVIA has been shown to reliably measure �D
and �18O of water vapor only if operated with rigorous cali-
bration at hourly intervals [Rambo et al., 2011; Aemisegger
et al., 2012; Kurita et al., 2012]. We follow the calibration
procedure described in Rambo et al. [2011] where more
details can be found therein. Briefly, a Water Vapor Isotope
Standard Source unit (WVISS, LGR Inc.) was coupled with
the WVIA to perform online calibration once every hour.
The WVISS uses a nebulizer to inject a miniscule water
droplet from a large reservoir of reference water into a
heated chamber, providing complete vaporization without
fractionation of the reference water. In each calibration
cycle, reference gases were introduced at three levels of
H2O mixing ratios encompassing the range of ambient H2O
mixing ratios in a way that the mixing ratio at the interme-
diate level closely resembles those in the ambient vapor. A
new calibration curve was developed every hour to correct
for raw readings recorded within the same hour. Corrected
data were then averaged to yield highly accurate and pre-
cise �D and �18O values hourly.

[12] Figure 2 shows an example of the long-term per-
formance of the system following the hourly calibration
protocol as described in Rambo et al. [2011]. In this exam-
ple, the vapor mixing ratio (VMR) of the reference gas was
set to 10,000 ppmV, which resembles the typical atmos-
pheric moisture content during our study period. Raw read-
ings with no or poor calibration had first been excluded.
Figure 2 shows that greater than 95% of the corrected data
from this 30 day study period are accurate to within
60.5% for �D and 60.1% for �18O from the reference val-
ues. These data were used in further analyses.

2.3. Rain Water Collection and Analysis

[13] During precipitation events, rainwater was collected
at hourly intervals when possible. A Petri dish was placed
at ground level in an open area to capture rainwater.
Hourly, the water from the Petri dish was collected and
poured into scintillation vials, sealed with Parafilm and
stored in the laboratory refrigerator until analysis.

[14] The isotope analysis of liquid water samples was
performed on a DLT-100 Liquid Water Isotope Analyzer
(LWIA, LGR Inc.) coupled to a LC PAL autosampler sys-
tem (CTC Analytics AG, Zwingen, Switzerland) in the
Ecosystem Ecology Lab at San Diego State University. An
aliquot of 0.5 ml rainwater was loaded in a 2 ml sample vial
for isotope analysis. Five laboratory working reference
waters, selected on the basis to meet the expected range in
the isotope ratio of sample waters, were included in each
run to capture and correct for the instrument drift. Post data
analysis was performed with LGR’s LWIA data software.
Our laboratory (Laboratory No. 110) received ‘‘A’’ grades
for its participation on measuring blind water samples dis-
tributed by the IAEA 2011 proficiency test on the determi-
nation of stable isotope in water. The overall accuracy of
liquid water isotope measurements is 0.1(60.07) % for
�18O and 0.6(60.4) % for �D, respectively. Our day-to-day
precision is reported as 0.25% for �18O and 1.0% for �D.

2.4. IsoGSM Simulation

[15] Isotope-enabled atmospheric general circulation
models are useful for producing global water isotope field.
IsoGSM is a modified NCEP/DOE Reanalysis (so-called
NCEP Reanalysis 2) global spectral model (GSM) with
water isotopes incorporated [Yoshimura et al., 2008]. Gase-
ous forms of heavier isotopologues of water (HDO and
H2

18O) were incorporated into the GSM as prognostic vari-
ables in addition to water vapor. The IsoGSM incorporates
isotopic fractionation associated with precipitation process,
allowing the stable isotope values to fluctuate with chang-
ing water vapor conditions (precipitation, condensation,
and evaporation). Uniqueness of the IsoGSM is that it uses
the global spectral nudging technique [Yoshimura and
Kanamitsu, 2008] to describe prevailing wind conditions
and provide greater insight into water isotope circulation
patterns. IsoGSM is driven by observed atmospheric circu-
lation (as opposed to sea surface temperature as being done
in other models), thereby improving the agreement between
observed and modeled isotope variations. IsoGSM has
been used with TES data [Worden et al., 2007] to under-
stand below cloud effects on the isotopic composition of
precipitation and water vapor [Lee et al., 2011]. IsoGSM
isotope simulations have been compared with both TES

Figure 1. Meteorological conditions for the study period.
Long-term mean maximum and minimum values of rela-
tive humidity coincided with the study period are also plot-
ted (red dashed lines). Locally extreme weather conditions,
including two Santa Ana wind periods (episodes A and B)
and three larger winter rainstorms, were identified (see
text).
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[Yoshimura et al., 2011] and SCHIAMACHY [Franken-
berg et al., 2009; Yoshimura et al., 2011] spectroscopic
satellite isotope data. Discrepancies between model simula-
tion and satellite-based isotope observations have been
reported [Yoshimura et al., 2011]. However, the uncertainty
in the satellite �D measurements remains large enough that
they cannot be used to diagnose the potential shortcomings
in the model. IsoGSM simulations have also been com-
pared to ground-based isotope observations. For example,
Schneider et al. [2010] investigated the IsoGSM’s perform-
ance using isotope data acquired by a fourier transform
infrared spectroscopy (FTIR) network. These authors
reported that a large systematic discrepancy exists between
observed and modeled amplitude in seasonal cycles of �D
values. In this study, we continue these efforts of model-
data comparison to further evaluate how IsoGSM simulates
day-to-day �D and �18O variability of near-surface atmos-
pheric water vapor under extreme weather conditions in a
coastal city. The resolution of the model is T62, that is,
about 180 km in horizontal and 28 levels in vertical resolu-
tion. IsoGSM describes the land surface process using the
NOAH model [Ek et al., 2003]. The model assumes no iso-
topic fractionation of evapotranspiration fluxes from the
land surface (i.e., assuming 100% transpiration).

3. Results and Discussion

[16] We begin by presenting the observed variability
from hourly to synoptic scales in section 3.1. In section 3.2,
we compare IsoGSM simulations with the continuous
measurements before using IsoGSM to aid to the interpreta-

tion of the observed variability in the �18O and �D of near-
surface water vapor. We investigate and find distinct
isotope-mixing ratio relationships that differ between syn-
optic weather events, which enable us to differentiate
atmospheric mixing from the condensation-driven proc-
esses that separately control the isotope variability in the
near-surface water vapor. These results are discussed in
section 3.3. In section 3.4, we demonstrate that Santa Ana
winds represents a unique condition where changes in the
atmospheric moisture content and its isotopologues can be
explained by the mixing between two classes of air masses,
that is, the moist marine vapor and the dry, tropospheric air
that descends to the surface driven by a continental high
pressure system. Finally, we estimate the isotopic composi-
tion of the source moisture using a two-source mixing
approach. Using this information, we suggest that the
advection of marine vapor of tropical origin provides a
major supply to the atmospheric moisture in the coastal
region of southern California.

3.1. Variability in the Observed Mixing Ratio
and Isotopologues in Near-Surface Water Vapor

[17] Figure 3 shows the hourly averages of near-surface
VMR, �18O, �D and deuterium excess [d¼ �D – 8� �18O,
Dansgaard, 1964] observed during the entire month of Feb-
ruary in 2011. Observed isotope ratios ranged from
�23.2% to �11.1% for �18O, �170.6% to �84.1% for
�D, and �7.2% to 33.7% for d, respectively. Synoptic
weather events depict large day-to-day variability with
rapid transitions in the VMR and the isotope ratios usually

Figure 2. An example showing the accuracy of the water vapor �D and �18O data reported in this
study. At H2O mixing ratio¼ 5000 ppmV (a and b), greater than 88% of the corrected data (�cor) fall
within the range of 60.5% for �D and 60.1% for �18O, respectively, when compared to the reference
values (�ref). At mixing ratio¼ 10,000 ppmV (c and d),> 95% of the �cor values fall within the same
range when compared to the �ref values.
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correspond to the timing of these air masses moving in and
out of San Diego. Two distinct periods of Santa Ana winds
(episodes A and B) were characterized by remarkably low
near-surface VMR (�2000 ppmV) along with a transition
to much lower �18O and �D values under the strong influ-
ence of the synoptic event, followed by a rapid recovery to
higher and more typical �18O and �D values as the Santa
Ana wind subsided.

[18] Rambo et al. [2011] evaluated the performance of
the WVIA for a variety of air moisture conditions. They
reported that instrument stability declines as the air
becomes substantially drier, which can be seen by the
larger error bars in the �18O and �D values under Santa
Ana winds. This instrument limitation may have increased
the noise in the data but it does not deteriorate the accuracy
(see Figure 2) and the robust pattern displayed by the con-
tinuous and high frequency measurements. On rainy days
and in wet conditions, we observed relatively high �18O
and �D values compared to drier conditions. At this time,
we are not aware of any previous studies that have reported
hourly measurements of water vapor isotope ratios
observed under extreme weather conditions in the Mediter-
ranean climate.

[19] With respect to synoptic variations in the d value of
near-surface water vapor, we observed a rapid increase to
the highest d values under the influence of the Santa Ana

episode A period. This synoptic weather event occurred 2
days after a small rain event that resulted in a decent
amount of rainfall (3.1 mm) for the area. Evaporation is
known to increase d values in the vapor [Gat, 1996; Lai
and Ehleringer, 2011]. The high d values observed during
the Santa Ana episode A period likely reflect the highly
evaporative condition (exceptionally low humidity but rela-
tively wet surface) that removed a great deal of surface
moisture at this time. By contrast, we did not observe ele-
vated d values during the second Santa Ana period (episode
B). The second Santa Ana event occurred a week after the
first Santa Ana event and was not preceded by major rain-
fall, leading to insignificant surface evaporation despite
low humidity. Following the two intensive rainstorms that
occurred on DOY 47 and again, between DOY 49 and 51,
d values increased by roughly 9% for an extended period
(from an average of 10.3 6 2.4% between DOY 41 and 47
to 19.7 6 2.2% between DOY 53 and 59). These elevated d
values in the vapor can be explained by the enhanced evap-
orative condition (wet surface). These results suggest that d
values in near-surface water vapor are sensitive to surface
wetness. Careful evaluations of the continuous d measure-
ments may be useful for revealing landscape scale surface
wetness and evaporative conditions.

3.2. IsoGSM Modeled Mixing Ratio and Isotopologues
in Near-Surface Water Vapor

[20] Figure 3 also compares IsoGSM simulations with
observations. IsoGSM reasonably captured the dynamic
changes in VMR and water vapor isotopologue ratios dur-
ing the rapid transitions of a synoptic weather cycle. Sur-
prisingly, IsoGSM did very well reproducing the rapid and
drastic fluctuations under the influence of Santa Ana winds.
This agreement lends support to the quality of the data.
IsoGSM simulates the timing of the precipitation very well,
but tends to underestimate �18O, �D, and d values during
and following a rain event, suggesting that the model may
not have adequately parameterized the condensation pro-
cess taking place in the convective cloud [Yoshimura et al.,
2011]. IsoGSM also failed to capture the shift in the d val-
ues after DOY 47 as revealed by the measurements. It
should be noted that there is an inherent limitation in these
comparisons as the two approaches represent processes that
occur at different spatial scales. IsoGSM produces average
values for the bottom level of the modeled atmosphere (the
lowest 50 m of the air above the surface) but the observa-
tion was made at 1.5 m aboveground. In this study,
IsoGSM simulations were evaluated with the large 200
km� 200 km grid size, which is far greater than the foot-
print of our measurements. These limitations would have
resulted in systematic discrepancies rather than random
errors as shown in Figure 3. Hence, there is real value in
using ground-based observations to evaluate the perform-
ance of isotope-enabled GCMs.

[21] Next, we used IsoGSM to simulate spatial distribu-
tion of atmospheric moisture content and its isotopologues
to investigate how large-scale atmospheric circulation
could have explained the isotopic variation of near-surface
water vapor during extreme weather events. Figure 4 illus-
trates the stark differences between two of the extreme
weather events, with Figures 4a–4d corresponding to a
Santa Ana event (episode B; at 16:00 on DOY 40) and

Figure 3. Time series of hourly observations in the vapor
mixing ratio (VMR), water vapor �18O, �D, and deuterium
excess (d). The error bar represents 1 S.D. around the
mean. Also shown is the IsoGSM simulation (solid lines).
The two Santa Ana wind periods are marked as episode A
and B.
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Figures 4e–4h corresponding to a rainstorm event (at 16:00
on DOY 49). IsoGSM simulations show an air mass of very
low VRM (Figure 4a) and very negative �18O values
(Figure 4c) moving in the southwestern direction approach-
ing the San Diego region. This continental air mass reduced
near-surface air humidity to below average levels (Figure 1)
that correspond with very negative vapor isotope ratios
(Figure 3). By contrast, IsoGSM shows an air mass of high
VMR (Figure 4e) with relatively enriched �18O (Figure 4g)
that appeared to originate from the eastern tropical Pacific
Ocean moving north through the region. This marine-
based, moisture-loaded air mass resulted in significant rain-
fall (Figure 4f) with highly enriched �18O (Figure 4h). The
impacts of these large-scale convective processes on the
atmospheric humidity and isotopic composition are in gen-
eral agreement with the findings with respect to the meso-
scale control on the isotopic variation in precipitation for
this region [Berkelhammer et al., 2012].

[22] To investigate how subgrid convection and mixing
affects VMR and isotope composition in the atmospheric
boundary layer (ABL), we used IsoGSM to simulate the
vertical transfer of atmospheric moisture and its isotopo-
logues. Figure 5 shows the modeled vertical gradient for
the �18O of water vapor, along with information on air
movement in the air column. Coinciding with Santa Ana
wind periods (upper plot shaded boxes), strong subsidence
transports air of low humidity and very low �18O values
from the free troposphere, which then mixes with the rela-
tively moist air in the ABL (lower plot). These modeling
results suggest that the strong entrainment of tropospheric
air creates a pronounced, yet short-lived, mixing event that
rapidly and drastically alters the humidity and isotopic
composition near the surface (upper plot). It should be

noted that the entrained air into the ABL is ultra-dry. Its
influence on the near-surface moisture budget should be
interpreted as a ‘‘diluting’’ effect that reduces the moisture
content by mixing into a relatively moist air mass in the
lower ABL. The strong mixing between the entrained dry
air mass and relatively moist surface air masses in the ABL
is unique and only coincides with Santa Ana periods. Under
the influence of prevailing low pressure systems (rainstorm
events), strong convective transport moves surface air of
high humidity and isotopic composition upward to domi-
nate the vertical distribution in the ABL (see the upper plot
in Figure 5 for days that are marked by blue arrows). These
are also times when high humidity and higher �18O values
were observed at the surface.

[23] Results presented here are consistent with the inter-
pretation put forth by isotope tracer studies that focus on
water cycles in the tropics [Galewsky and Hurley, 2010;
Noone et al., 2011; Risi et al., 2008a; Worden et al.,
2007]. Our results differ, however, because our observa-
tions were made by a single-point, ground-based instru-
mentation in an extratropical location as opposed to studies
that incorporate satellite isotope data in the model compari-
son [Brown et al., 2008; Frankenberg et al., 2009; Noone,
2012; Worden et al., 2007; Yoshimura et al., 2011]. To
further demonstrate the utility of near-surface isotope
observations, we now turn to focus on exploiting the
ground-based isotope measurements.

3.3. Observed d-VMR Relationship and Its Diagnosis

[24] Noone [2012] described a theoretical framework for
investigating atmospheric and hydrological processes that
influence the relationship between mixing ratios and iso-
topic composition of water vapor. Changes in � relative to

Figure 4. Examples of IsoGSM simulation for two extreme weather events. (a–d) A snapshot during
the Santa Ana episode B period. (e–h) a snapshot during a rainstorm event occurring on DOY 50. Model
outputs represent averages for the lowest level of the atmosphere in the IsoGSM (0–50 m above the
surface).
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VMR are different for different processes [Noone, 2012].
By characterizing the �-VMR relationship, one will gain
knowledge regarding atmospheric/hydrologic controls over
the abundance and transport of atmospheric moisture. Here
we use hourly isotope and VMR measurements to examine
these relationships derived under the influence of extreme
weather conditions. We observed distinct patterns in the
�-VMR relationship between Santa Ana wind and rain-
storm conditions. Measurements from the two Santa Ana
periods (Figure 6, red and green circles) form distinct �-
VMR patterns that resemble those controlled by atmos-
pheric mixing between two isotopically distinct air masses
[isentropic, Noone, 2012]. The �-VMR relationship
observed during the first Santa Ana event (episode A) is
clearly distinguishable from the second event (episode B)
as the former representing a more extreme condition (dras-
tic and rapid changes to lower VMR and isotope ratios). In
each case, tropospheric air of very low VMR and isotope
ratios descend to mix with relatively moist air near the sur-
face (Figure 5). This descending motion compresses air
that gives rise to warm temperature often recorded with the
Santa Ana winds. A third mixing relationship appears to
exist (the one that intersects with the lowest mixing curve).
These data points coincide with a weak and short Santa
Ana-like event that occurred on DOY 37 (Figures 1 and 2).
Overall, atmospheric mixing between dry continental air
and moist air masses, likely of marine origin, appears to be
the dominant process controlling near-surface air humidity

in the driest condition commonly known as Santa Ana
winds for the region. Measurements during rainstorms
show a �-VMR relationship that forms a cluster of higher
VMR and isotopic composition. The processes that often
lead to this type of �-VMR cluster have been described as
Rayleigh or super-Rayleigh [Noone, 2012; Yoshimura
et al., 2011].

[25] To further demonstrate the mixing process at work
that blends dry continental air with marine moisture, we
used IsoGSM to generate two �-VMR relationships that
coincide with two types of atmospheric humidity condi-
tions. The first relationship (Figure 7b) describes the atmos-
pheric humidity and �D in a modeled wet cell. A small
portion of this model cell overlaps with the coastal area but
the majority covers the ocean surface (i.e., west of our sam-
pling location). The second relationship (Figure 7c)
describes the atmospheric humidity and �D in a modeled
dry cell that covers much of the land area over the Great
Basin (i.e., east of our sampling location). The separation
of wet and dry cells is a direct result of the spatial discreti-
zation in the model that reflects differences in surface prop-
erties and parameterization. Other researchers have
discussed the importance of wet cell bias when comparing
AGCM model data to land-based observations [John and
Soden, 2007; Schneider et al., 2010]. The modeled wet cell
shows high VMR and �D values that cluster over a rela-
tively small range in the �-VMR space (Figure 7b). The
modeled dry cell shows VMR and �D values spanning over

Figure 5. IsoGSM simulations for (upper) the time series of water vapor �18O near the surface (0–
50 m) and (lower) the vertical profile of water vapor �18O in the air column. For the upper plot, the blue
arrows indicate the timing of rainfall events whereas the gray boxes indicate the timing of Santa Ana
winds. For the lower plot, the arrows indicate the direction of air movement in the column. The size of
the arrow is scaled to the wind speed (m/s) whereas the blue curves indicate latent heat fluxes from the
surface (W/m2).
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a greater space. These two model cells are adjacent to each
other that combine to encompass the greater San Diego
region. Considering either dry or wet cell alone fails to
fully capture the observed �-VMR relationships (Figure 7a)
for the entire study period. By combining model predic-
tions from the two cells using a VMR mass-weighted trans-
fer function, the IsoGSM was able to reproduce the
transient �-VMR relationship for the entire month
(Figure 7d) and overcome systemic wet/dry cell bias in the
AGCM simulation as known previously [Frankenberg
et al., 2009; John and Soden, 2007].

3.4. A Two-Source Mixing Approach for Identifying
the Source of Atmospheric Moisture

[26] The two Santa Ana periods are great examples of
times when atmospheric mixing becomes the process that
dominantly controls the changes in the isotopic composi-
tion relative to air humidity. Under such idealized atmos-
pheric condition, a two-source mixing approach [Keeling,
1958; Noone, 2012] can theoretically be used to identify
the source of atmospheric moisture. The two-source mixing
approach (i.e., Keeling plot) leads to a simple linear rela-
tionship when the reciprocal of VMR was plotted against
the corresponding isotope ratios. The intercept of this linear
relationship indicates the isotope composition of the source

moisture [Keeling, 1958]. Good et al. [2012] show that the
Keeling plot approach is robust when combined with high-
temporal resolution data. We applied this approach by
incorporating all the data points observed between DOY 40
and 45 (i.e., episode B) and showed the results in Figure 8.
For this period, the approach yields robust results as evi-
denced by the high statistical significance. The intercepts
of the mixing regression were �18Osource¼�9.5 (SE 0.2)
%, p< 0.0001, R2¼ 0.92 and �Dsource¼�75.5 (SE 1.4)
%, p< 0.0001, R2¼ 0.93, giving a ratio of (�D/
�18O)source¼ 7.95 that suggests a source vapor in equilib-
rium with ocean waters. Furthermore, combining the values
of the two intercepts results in an average dsource val-
ue¼ 0.5% for this period. This d value suggests that the
kinetic effect is negligible during evaporation off the ocean
surface, and that the vapor is close to be in equilibrium
with ocean waters. This conclusion follows the notion that
deuterium excess in water vapor over the ocean is mainly
affected by sea surface temperature and relative humidity
[Masson-Delmotte et al., 2005]. The combined observation
between a ratio of (�D/�18O)source¼ 7.95 and a value of
dsource¼ 0.5% also rules out precipitated waters as a poten-
tial major source of moisture to the atmosphere (via evapo-
transpiration), in that precipitated waters are subjected to
both equilibrium and kinetic effects that lead to a globally
averaged d value¼ 10%, also known as the intercept in the
global meteoric water line (GMWL). Indeed, the isotopic
composition of precipitation sampled during our study pe-
riod shows a range of d values from 7.3 to 31.7% (Table 1),
substantially larger than the dsource value inferred from the

Figure 6. Relationships between vapor mixing ratio
(VMR) and its isotopic composition (�D). The �-VMR rela-
tionship is expressed on a log-log scale, in which, the Ray-
leigh process reduces to a simple linear fashion (solid line).
An open system and a single temperature were assumed for
describing the Rayleigh process. Observed �-VMR rela-
tionships are illustrated in solid circles and differentiated
by color. The three mixing lines (dashed curves) assume
the mixing between a given dry air mass and a marine air
mass of constant isotopic composition (�D¼�80% for
marine vapor). In this example, the three mixing lines are
constructed by assuming three dry air masses of 0.6,
0.3, and 0.15%V, respectively, along with a constant �D¼
�350%.

Figure 7. Comparison between IsoGSM and observed
�D-VMR relationships as found in (a) measurements for
the entire period, (b) a modeled wet cell, (c) a modeled dry
cell, and (d) combined model cells weighted by the respec-
tive VMR in Figures 7b and 7c.
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Keeling intercepts. Many of the d values in individual pre-
cipitation samples are quite similar to the global average.
The precipitation samples collected on DOY 50 have d val-
ues markedly larger. Interestingly, higher d values in
atmospheric moisture are also noted on days during and af-
ter these rainstorm events (discussed later).

[27] Considering the mean isotope composition of ocean
waters and a source of marine vapor in equilibrium with
ocean waters, we estimated an isotopic equilibrium temper-
ature c.a. 23�C at the sea surface. This estimate was calcu-
lated by inverting the temperature-dependent equilibrium
fractionation equation described between liquid and vapor
exchange [Majoube, 1971]. The key assumption made in
this calculation is that kinetic effects associated with evap-
oration off seawaters are negligible, as indicated by the
dsource value discussed above. This finding suggests that a
great proportion of evaporation fluxes could not have been
occurring off the local coastal ocean where the average sea-
water temperature in February would have been roughly
10�C lower than the apparent isotopic equilibrium tempera-
ture. Our estimate suggests that the marine vapor originates
from a warmer (likely tropical) ocean that subsequently
transported to the coast of southern California by advec-
tion, and contributes as a major supply to the atmospheric
humidity for this region. This conclusion is consistent with
the findings by Berkelhammer et al. [2012]. These authors
suggested that moisture fluxes advecting across the eastern

tropical Pacific are a major source of precipitation in south-
ern California. Their claims were based on findings from
significant correlations between moisture fluxes originated
in the eastern tropical Pacific and the isotopic composition
of precipitation measured over 5 years at four locations in
southern California. Our study provides a link between the
source of marine moisture fluxes and the isotopic composi-
tion of atmospheric water vapor, rather than precipitation,
for this region.

[28] The two-source mixing approach yields robust
results for the example given above. Nevertheless, when
the influence of other processes, such as condensation dur-
ing rainfall or evapotranspiration [Lee et al., 2006], on the
isotope ratios becomes important, the mixing approach
becomes unreliable. To demonstrate this, we calculated one
intercept from the mixing line for each day whenever suffi-
cient data points (n� 10) were available for the entire study
period. Figure 9a shows the coefficient of determination
(R2) for each mixing line, and Figure 9b shows the daily
value of the intercept from the mixing line. A predominant
mixing process without the complication of condensation
(or evapotranspiration) would yield a robust estimate of the
�D intercept with a high R2 value (e.g.,> 0.8), which is
found to be true for measurements made during the two
Santa Ana periods. These results are consistent with the
�-VMR relationship that reveals atmospheric mixing as the
dominant control process under the influence of Santa Ana
winds as shown in Figure 6. On the other hand, low R2 val-
ues were constantly registered on and following days of a
rainstorm event. It is interesting to note that the mixing
approach became untenable for an extended time period
following the intense rainy period that occurred between
DOY 47 and 51. Despite the fair meteorological condition
from DOY 52 onward, the processes that control atmos-
pheric humidity remained more complicated than a two-
source mixing process would have suggested. We conclude
from these results that it is possible to use the Keeling mix-
ing approach to identify conditions when secondary iso-
topic fractionation processes may be more important than
previously thought. Such conditions may be more complex

Figure 8. Estimating the isotopic composition of the
source moisture by the two source mixing approach [Keel-
ing, 1958] using measurements from the Santa Ana episode
B period (DOY 40–45). Each data point represents an
hourly average. The intercepts are �18Osource¼�9.5 6
0.2% and �Dsource¼�75.5 6 1.4%.

Table 1. Isotopic Composition of Precipitation Sampled During
Two of the Major Rainstorms in San Diego, CA, USA, in Febru-
ary 2011

Day of Year Hour �18O (%) �D (%) d (%)

47 16 �3.6 �14.1 14.3
47 17 �3.4 �13.5 13.4
48 0 �2.8 �10.2 12.6
49 16 �2.0 �8.1 7.8
49 17 �5.1 �31.3 9.5
49 19 �6.0 �37.5 10.4
49 19 �5.5 �34.4 9.9
49 21 �5.5 �34.7 9.5
49 22 �7.4 �45.9 13.4
49 23 �7.9 �56.0 7.3
50 0 �7.1 �37.0 19.6
50 15 �4.2 �14.1 19.7
50 15 �8.8 �38.3 31.7
50 22 �9.3 �45.8 28.2
51 6 �9.5 �49.4 26.7
51 7 �6.4 �34.5 16.6
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than what appears straightforward judging by typical
weather classification.

[29] As discussed previously, the average d values
increased by nearly 10% following two intense rainstorms
that began on DOY 47 (Figure 3). One plausible explana-
tion for the observed higher d value is an increased contri-
bution of land evaporation fluxes as a result of a
widespread increase in soil moisture contents because of
the rainstorms. The IsoGSM simulation shows that latent
heat fluxes increased considerably after the two rainstorms
(lower plot, Figure 5). Feedbacks from land processes to
the atmospheric moisture budget are poorly understood and
rarely evaluated in the model. The IsoGSM does not con-
sider the recycling of evapotranspiration fluxes and there-
fore, it is not surprising that IsoGSM fails to capture the
increase in the observed d values following the rainstorms.
We suggest that models need to consider these feedback
processes, along with the thermodynamics and mixing of
air masses, to fully explain the isotopic variability over the
continents.

4. Conclusions

[30] (1) Large-scale synoptic weather cycles are a major
control of the day-to-day variation in the isotopic composi-

tion of atmospheric water vapor at continental sites. The
subgrid convection and atmospheric mixing processes fur-
ther modify this isotopic variation. The influence of evapo-
transpiration on local atmospheric humidity is detectable
by isotope measurements. This evaporative signal is partic-
ularly strong at times when large changes in surface wet-
ness occur (i.e., after major rainfalls in a semiarid
environment).

[31] (2) The Santa Ana winds represent a unique bound-
ary layer condition in which atmospheric mixing is the
dominant process that controls changes in the isotopic com-
position of water vapor relative to the air humidity. By ana-
lyzing the position of isotope data in the �-VMR space, we
were able to separate the control of atmospheric mixing
from thermodynamic processes on the isotopic composition
of near-surface water vapor.

[32] (3) Using isotope observations and modeling, we
demonstrate that atmospheric mixing between dry conti-
nental air and moist marine air masses controls the
near-surface air humidity in this coastal city in southern
California. High-resolution isotope data enable us to esti-
mate the isotopic composition of source moisture on a daily
basis. Using this information, we suggest that the transport
of marine vapor by advection from a tropical Pacific origin
to the coast of southern California represents a major
source input to the atmospheric humidity for this region.

[33] (4) This study combines large-scale isotope GCM
modeling with a robust and high-resolution isotope data set
to disentangle the control of atmospheric and hydrologic
processes on the atmospheric humidity in an extratropical
climate. Our results demonstrate the power of using single-
point, ground-based isotope observations in the study of
precipitation and atmospheric moisture cycles. On this
basis, we strongly advocate for a coordinated effort to es-
tablish a global network of ground-based water vapor iso-
tope measurements at continental sites complimentary to
the IAEA’s GNIP database.

[34] Acknowledgments. The authors thank the U.S. National Science
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