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Abstract

The origin of atmospheric moisture is difficult to determine from meteorological measurements
alone. Stable water vapor isotopes can be used to trace the atmospheric history of water vapor,
and therefore are a powerful tool for understanding water cycle processes across a range of
spatial and temporal scales. We present sub-hourly measurements of summer and winter vapor
isotope ratios from a deep mountain valley in northwestern Wyoming. VVapor isotopes are paired
with local meteorological measurements, and relationships between local vapor isotopic
compositions and large-scale air transport are explored using atmospheric back trajectories and a
Lagrangian moisture source diagnostic. Isotopic compositions vary on diurnal to seasonal
timescales, and to first order, track changes in local specific humidity. Local vapor isotopic
composition varies with air transport pathway in both seasons, but cannot be uniquely mapped to
a source region due to continental recycling of vapor. Diurnal variability in d-excess is
substantial in summer, but not in winter. This seasonal contrast is likely driven by local surface
and near-surface processes including evapotranspiration and boundary layer mixing, which
partially overprint the source isotope ratios of the regional source during the summer and casts
doubt on the use of d-excess over continental interiors as a tracer of evaporative conditions over
the ocean. Continued monitoring of the isotopic composition of near-surface vapor in continental
settings may help detect changes in regional moisture convergence and the local
evapotranspiration flux, as well as assess meso-to-regional scale responses to hydrologic

variability.
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1 Introduction

Water exchange between continents and the atmosphere influences terrestrial climate and
water resource availability (Seneviratne et al., 2010). Continental evapotranspiration (ET)
amplifies terrestrial precipitation (van der Ent et al., 2010; Trenberth et al., 2006), and may
moderate extreme event intensity (Diffenbaugh et al., 2015; J.-E. Lee et al., 2012; Seneviratne et
al., 2014) and influence atmospheric circulation (Horton et al., 2015; Singh et al., 2016; Swann
et al., 2012). These relationships are prone to change with Earth’s hydrological cycle as it
responds to atmospheric warming. In recent decades, ocean evaporation has increased (Yu &
Weller, 2007), while continental pan evaporation has decreased (Liu et al., 2004; Roderick et al.,
2007; Roderick & Farquhar, 2002) and vapor pressure deficit has increased (Ficklin & Novick,
2017; Novick et al., 2016). Measurements of continental humidity, however, provide little
information on the processes that control the distribution of humidity or its variability. Therefore,
observational tracers that can help distinguish between processes or sources are needed to
diagnose the processes driving the variability and trend in these relationships.

Stable isotopes of hydrogen and oxygen have a long history as a water cycle process
tracer (e.g., Bowen & Good, 2015; Gat, 1996). Phase changes unequally partition the heavy (e.g.,
'H,'80, and *H*HO or HDO) and light isotopologues (e.g., *H,'°0) of water, with the heavier
isotopologues preferentially remaining in or entering the condensed phase (Gat, 1996). At
equilibrium, this isotopic fractionation depends on temperature (Horita & Wesolowski, 1994;

Majoube, 1971). Turbulent transport during evaporation can preclude isotopic equilibrium,
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promoting an additional kinetic fractionation arising from the unequal diffusivities of water
isotopologues (Cappa et al., 2003; Craig & Gordon, 1965; Luz et al., 2009; Merlivat & Jouzel,
1979) that most clearly appears in the deuterium excess parameter (d-excess, d = §°H — 85'20)
(Dansgaard, 1964).

For several decades, study of water isotopologues has focused on liquid and solid
samples, as vapor isotopologue measurements were challenging (Ehhalt et al., 2005; Helliker et
al., 2002; Rozanski & Sonntag, 1982; White & Gedzelman, 1984). The recent development of
laser-based instruments capable of high-resolution (e.g., ~0.1-1 Hz) measurements of ambient
water vapor isotope ratios, however, has opened the possibility of relatively facile, near-
continuous monitoring of water vapor isotope ratios. Early applications of measurements of
water vapor isotope ratios have included investigations of moisture source directions (Galewsky
& Samuels-Crow, 2015; Steen-Larsen et al., 2015; Wei et al., 2016), upwind convective intensity
(Brown et al., 2008; Samuels-Crow et al., 2014), passage of frontal systems (Aemisegger et al.,
2015; X. Lee et al., 2006), cloud microphysical properties (Bailey et al., 2015; Galewsky et al.,
2011), boundary layer entrainment and mixing with the free troposphere (Bailey et al., 2013; He
& Smith, 1999; Lai & Ehleringer, 2010; Noone et al., 2013; Sodemann et al., 2017), ET
(Aemisegger et al., 2014; Good et al., 2014; Welp et al., 2008), and dewfall or frost
(Berkelhammer et al., 2013; Noone et al., 2013; Wen et al., 2012). These studies have
established that water vapor isotope ratios are useful for understanding atmospheric moisture

transport and land-atmosphere exchanges across a variety of time scales. and provide an
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integrated picture of moisture transport from the ocean surface to continental interiors. The
interpretation of water vapor isotope ratios at broad spatial and temporal scales, however, is
complicated by the integrative nature of isotopic tracers, which may carry an array of signatures
from upwind processes (e.g., Galewsky et al., 2016).

We pair measurements of the isotope ratios in near-surface water vapor in a deep,
continental mountain valley in Northwestern Wyoming with local meteorological measurements
and atmospheric back trajectories to help understand how these isotope ratio measurements vary
with regional atmospheric circulation and local meteorology in the mountainous western US. We
evaluate two hypotheses about the interpretation of water vapor isotopes in continental interiors.
First, isotope ratios have canonically been interpreted to reflect, to first-order, a Rayleigh
distillation process as vapor is lost from an air parcel (e.g., Rozanski et al., 1993). Several water
vapor isotope studies, however, have identified atmospheric mixing better describes variability in
atmospheric water vapor isotope ratios. We also find that mixing of vapor sources is a dominant
atmospheric process for both seasons. Second, d-excess values have traditionally been
considered to reflect evaporative conditions over the ocean (e.g., Benetti et al., 2014; Craig &
Gordon, 1965; Pfahl & Wernli, 2008; Uemura et al., 2008), and to be quasi-conserved during
subsequent Rayleigh condensation over continents (e.g., Gat, 1996). This assumption has been
challenged by observations of distinct diurnal and synoptic variations in continental vapor d-
excess that cannot be explained by variability in oceanic conditions and instead likely reflect

contributions from ET (e.g., Aemisegger et al., 2014; Lai & Ehleringer, 2010; Simonin et al.,
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2014; Welp et al., 2012). Likewise, we find a strong diurnal d-excess cycle during the summer,
but little diurnal variability during the winter, suggesting that the ET flux exerts a strong control
on isotope ratios in low-level water vapor. Using a Lagrangian moisture tracer, we find that most
of the moisture arriving to the field site last evaporated over land, indicating that any isotopic
signal imparted from ocean evaporation has likely been overprinted by continental ET. We
suggest that d-excess instead reflects the parcel-integrated conditions of last evaporation, and its
variability provides information on the relative importance of oceanic and continental moisture

inputs in continental settings.

2 Methods

2.1 Site Description

The Camp Davis Rocky Mountain field station (CDFS, Fig. 1, 43.283°N, 110.659°W)
occupies 48.6 ha in a NW-SE trending mountain valley in Wyoming and is located at 1860 m
ASL. The valley is 10 km long and 2 km wide at its widest point, bisected by the Hoback River,
and bordered by the Bridger-Teton National Forest. Elevations of the surrounding ridges range
between 2100-3000+ m. Long-term climatological records are not available at the CDFS, but
mean annual temperature and mean annual precipitation at the nearby NOAA climate stations in
Bondurant, WY (1992 m elevation, 20 km ESE) and Jackson, WY (1892.8 m elevation, 25 km
NNW) are 1.5°C and 4.1°C, and 480 mm and 430 mm, respectively (NCDC 1981-2010 climate
normals). Winter precipitation is typically associated with extratropical cyclones and

northwesterly vapor transport, while summer precipitation is often convective and fed by
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moisture transport from the west and the southwest (Despain, 1987). Nocturnal valley inversions,
which commonly occur in deep valleys in the Rocky Mountains (Whiteman, 1982; Whiteman et
al., 2004), occur throughout the year. Thermal inversions can persist for several days during the

winter (e.g., Whiteman et al., 1999).

2.2 Meteorological measurements

Meteorological data were collected at a 10-m tower. Measurements included 2- and 10-m
temperature and relative humidity (RH) (CS500, Campbell Scientific/Vaisala), 10-m wind speed
and direction (05103, R.M. Young), barometric pressure (CS100, Campbell Scientific/Setra),
downwelling shortwave radiation (LI1200S, LI-COR Biosciences), and precipitation amount
(TE525WS, Texas Electronics). Sensor data were recorded every minute by a Campbell

Scientific data logger (CR10X) and averaged or summed to 15-minute intervals.

2.3 Vapor isotope measurements

We deployed a Picarro L2120-i cavity ring-down spectrometer (CRDS) at the CDFS for
one winter and two summer periods: 12 June-2 September, 2012 (DOY 165-247); 12 January-2
February, 2013 (DOY 13-35); and 30 June-15 July, 2014 (DOY 181-197). The CRDS measured
ambient water vapor §'%0 (%), 8°H (%o), and specific humidity (g, ppm) at ~1 Hz from a
sampling height ~3 m above the ground. The location of the CRDS analyzer changed throughout

the campaigns due to logistical constraints but was always located within non-forested clearings.
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During summer 2012, the analyzer was initially deployed in a cabin ~150 m south of the CDFS
meteorological tower, and then moved into a small temperature-controlled shed constructed 15 m
away from the tower. All subsequent summer isotope measurements were collected in the
temperature-controlled shed next to the tower. Winter measurements were made in a building
closer to the wall of the valley, ~200 m southwest of the meteorological tower. The Hoback
River was always more than 200 m away.

Vapor was introduced to the CRDS through 1/8” stainless steel tubing (prior to
construction of the temperature-controlled shed in summer 2012), or through Bev-A-Line IV
plastic tubing. Prior studies have indicated that memory effects caused by adsorption of water
vapor to tubing walls of these materials is minimal (Simonin et al., 2013; Tremoy et al., 2011). A
partial vacuum was maintained in the sampling lines to ensure vapor in the sampling line
represented current conditions and reduce the likelihood of water condensation in the tubing.
Sampling lines were not heated, and we observed no evidence of condensation within the
sampling lines. Vapor isotope data presented here are 15-minute averages. Isotope ratios are
reported in delta notation as permil deviations from the VSMOW international standard (e.qg.,
Coplen, 1996). Deuterium excess (d-excess) is calculated after Dansgaard (1964) (d = &°H -
85'%0).

Raw instrument isotope values were calibrated in two steps. First, analyzer measurements
were corrected for an apparent isotope ratio bias that varies with cavity humidity (e.g.,

Aemisegger et al., 2012; Schmidt et al., 2010; Sturm & Knohl, 2009). Two water standards were
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measured across cavity humidities ranging from 2,000 to 30,000 ppmv, we then fit a hyperbola
to determine isotopic correction as a function of cavity humidity (Text S1, Fig. S1). Ambient
humidity during the winter period often fell below 2,000 ppmv, which imparts an
uncharacterized uncertainty to these measurements since they fall outside the bounds of our
humidity calibration. We assume that as the magnitude of the isotopic corrections is large at low
humidity values (Fig. S1), extrapolating this humidity calibration is preferable to omitting this
correction at low humidity values. Excluding periods where analyzer humidity fell below 2,000
ppm does not alter the conclusions presented here, and removing these periods risks filtering
observations corresponding to real environmental conditions. A sensitivity analysis is provided
in the Supporting Information (Text S2). Second, the humidity-corrected isotope measurements
were standardized to the VSMOW-VSLAP using two lab standards with known isotope ratios.
We measured two liquid water standards every 12 hours to monitor for instrumental drift and
calibrate measurements to the VSMOW/VSLAP scale (Coplen, 1996). For the 2012 and 2013
campaigns, standards were introduced using an autosampler, while the Picarro Standard Delivery
Module was used for the 2014 campaign. Typical analytical precision is 0.1%o for 80 and
0.4%o for §°H. Apparent instrumental drift was similar to the analytical precision; therefore, no

drift corrections were applied.
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2.4 Process-based isotope modeling

Evaporation, condensation, and air-mass mixing promote characteristic patterns of isotopic
change with respect to changes in humidity (e.g., Dessler & Sherwood, 2003; Galewsky &
Hurley, 2010; Gat, 1996; Noone, 2012). The canonical Rayleigh distillation equation describes
an open condensation process, where all of the condensed liquid is immediately removed from
the air parcel (Gat, 1996). The isotopic composition of water vapor in a condensing air mass
undergoing Rayleigh distillation will be proportional to the natural logarithm of specific

humidity (Dansgaard, 1964; Gat, 1996):

(@ — Dn (%) —In (R%) ~ (8 — 8,)#(1)

where q is the specific humidity, R is the heavy-to-light isotope ratio, Jis the isotopic
composition expressed as a permil deviation from a standard R (VSMOW for water, Coplen,
1996), and « the effective isotope fractionation factor. A subscript O refers to the initial
properties of the parcel. The effective isotope fractionation factor may be altered by temperature-
dependent changes in the equilibrium fractionation factor (Horita & Wesolowski, 1994;
Majoube, 1971), or by variability in the kinetic fractionation factor with RH, temperature, and
wind speed (Merlivat & Jouzel, 1979; Pfahl & Sodemann, 2014). Equation 1 assumes constant «
throughout condensation; this assumption may be relaxed when solved numerically with variable
a for small changes in g/qo (e.g., Noone, 2012).

For a closed condensation process, all of the condensate remains within the air parcel,

and the total water content of the air parcel remains unchanged. In this case, isotopic
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composition of water vapor in an air parcel is linearly proportional to the specific humidity

(Jouzel, 1986; Noone, 2012):

(i_ 1) (@—1) = § — 8,#(2)

qo

Condensation processes with a partial loss of condensate will result in isotope ratios intermediate
to these two end-member models. In contrast, local or upwind partial evaporation of falling
raindrops and ET can preferentially return light water isotopologues to the atmosphere, causing
vapor to be more depleted in heavy isotopologues than predicted from condensation processes
(J.-E. Lee & Fung, 2008; Risi et al., 2008; Stewart, 1975). These processes can be modeled by
inflating the fractionation factor used in equation 1 to account for the return of lighter

isotopologues during evaporation ("super-Rayleigh” condensation, Noone, 2012):

[(1+ ¢)a —1]In (;’) —In (ﬁ) #(3)

o Ro
Finally, the mixing of two or more air masses can be modeled from mass balance. Using
separate mass balance equations for the light and heavy isotopes, the observed specific humidity
can be expressed as the sum of contributions of moist and dry air masses with distinct isotope

ratios:
(1 - Robs)qobs = (1 - Rmoist)qmoist + (1 - Rdry)ery (light iSOtOpe mass balance)#(4)
RobsQobs = RmoistAmoist T RdryCIdry (heavy isotope mass balance)#(5)

where subscripts obs, moist, and dry refer to the observed, moist, and dry components

respectively. These equations can be simplified by noting that R << 1 for all three components,
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and that the heavy isotope mass balance equation can be written in delta notation equivalently
within 0.01%. (Hayes, 1982):
Qobs = qmoist + dary#(6)
8obsqobs = Omoistdmoist T Oaryqary#(7)
Combining these mass balance equations into one equation for the observed water vapor isotope
ratios yields:
Sobsobs = Omoist@obs + (Bary — Smoist)qary#(8)
This model is analogous to the Keeling plots used to discriminate sources and sinks of CO, to the
atmosphere (Keeling, 1958, 1961; Miller & Tans, 2003; Pataki et al., 2003), and has been
previously extended to atmospheric water vapor to investigate mixing of atmospheric air masses
(Dessler & Sherwood, 2003; Galewsky & Hurley, 2010; Gedzelman, 1988; Noone et al., 2011),
and to constrain surface fluxes from natural ecosystems (He & Smith, 1999; Noone et al., 2013),
agricultural fields (Brunel et al., 1992; Welp et al., 2008), and estimate urban combustion vapor
emissions (Fiorella et al., 2018).

We applied each of these isotope models to the CDFS isotopic and meteorological time
series by calculating moving correlations between: (a) g and qo (air-mass mixing), (b) In(q) and
o (Rayleigh condensation), and (c) g and & (closed condensation).

Each correlation was calculated over a 96-point moving window, corresponding to 24 hours of
data. We divided the data into three classes where the dominant process observed at the CDFS

was: (1) air-mass mixing, (2) condensation (Rayleigh or closed), and (3) neither. A process was
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considered “dominant” when the coefficient of determination (e.g., r) was greater than 0.8 and
greater than the r? for alternate process models (after Noone et al., 2011). Correlation differences
between Rayleigh and closed system condensation were small (Fig. S2); therefore, condensation
was considered dominant if either the Rayleigh or closed models met these requirements. We
assumed no process was dominant when the r? was less than 0.8 for all process models.

We constructed idealized models for condensation or air-mass mixing between moist
oceanic and dry continental end-members (after Noone, 2012). Ocean temperatures of 25°C or
10°C were used to estimate the saturation specific humidity and isotopic composition of vapor in
equilibrium with sea water (8*®Oscawater = 8°Hseawater = 0%o) for the moist end member. These
moisture conditions were chosen to simulate conditions typical of the northern (10°C source) and
subtropical Pacific Ocean (25°C) and are provided primarily for orientation. For the air-mass
mixing model, the oceanic end member is mixed with a dry continental end member with g =
~0.1 mmol mol™ and §'80 = -95%o; dry end-member compositions were estimated by assuming
the dry air mass had nearly all of its moisture removed through Rayleigh distillation. Following
this mixing line, we simulate condensation under open/Rayleigh and closed system conditions
starting from 90% RH at the initial parcel temperature (25°C or 10°C).

2.5 Atmospheric back trajectory analysis

We calculated atmospheric back trajectories to investigate large-scale patterns in moisture

advection to northwestern Wyoming using the HYbrid coordinate Single Parcel Lagrangian

Integrated Trajectory model (HYSPLIT, Draxler & Hess, 1998). HYSPLIT trajectories were
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calculated using three meteorological data sources: (1) the North American Regional Reanalysis
North American Regional Reanalysis (NARR, Mesinger et al., 2006), (2) the Global Data
Assimilation System (GDAS), and (3) the NCEP/NCAR reanalysis (Kalnay et al., 1996).
Trajectories were initiated from five locations (CDFS and points displaced 0.25° in each cardinal
direction) at 250, 500, 1000, 1500, and 2000 m above the ground surface, resulting in sets of 25
trajectories calculated for each time slice. Sets of 10-day back trajectories were initiated every
six hours during the measurement periods, with hourly estimates of the parcel position, its
specific humidity, and PBL height at location and time. Vertical velocities were derived from
wind-source inputs. Back trajectories were assigned to one of five regions: (1) the Snake-
Columbia plain and the northern Pacific (north Pacific), (2) trajectories crossing the Sierra
Nevada before arriving at the CDFS (High Sierra), (3) the southwestern US and the subtropical
Pacific (subtropical Pacific), (4) predominantly continental south of the CDFS, including the
Gulf of Mexico (southern continental), and (5) predominantly continental north of the CDFS,
including the Canadian Arctic (northern continental) (Fig. 1). These source regions are similar
precipitation source regions identified for the adjacent Great Basin (Friedman et al., 2002;
Houghton, 1969). Trajectories were assigned to the region the parcel occupied for the longest
period of time. Mean cluster g, §'°0, and d-excess values were determined for each cluster to
assess if local isotope observations at the CDFS from these five regions were distinct.

Within each of these source regions, remote moisture contributions to the CDFS were

identified using the Lagrangian tracer of Sodemann et al. (2008). Briefly, this tracer identifies
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moisture sources to an air parcel by tracking the parcel specific humidity change throughout the
back trajectory, and apportions moisture additions along the trajectory into increases occurring
within the PBL (f) or above the PBL (e). Hourly changes in humidity are calculated from the
HYSPLIT extracted specific humidity values. Starting from the beginning of each back
trajectory and iterating forward in time, the fractional contributions f and e to a moisture addition
event n are calculated as:

A
£ = % Je. = 0 (if nin PBL)#(9)

n

_ A

n

en ,Jn = 0 (if n above PBL)#(10)

The parameters f, and e, are calculated for each moisture addition event n with Aq> 0.1 g/kg. If
more than one moisture addition occurs along a trajectory, prior additions are recalculated to
reflect their reduced contribution to the air parcel:

A A
fm — ﬂ, em = ﬂ, for t(m) < t(n)#(ll)

An An

where t is time, n refers to the current event, and m refers to all moisture addition events in the
trajectory prior to the time of event n. Conversely, if the parcel humidity decreases along the
trajectory (e.g., Aq < 0 g/kg), it is assumed to be precipitation, and all prior moisture addition
masses must be reduced by a proportional amount:

Aqm = Aqy + Aqy fm, for t(m) < t(n)#(12)
where Aq,, refers to the updated moisture addition amounts for all prior times. The remaining

fractional contribution that cannot be assigned to moisture additions within (f) or above (e) the
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PBL is denoted d. Integration through time yields a total contribution from PBL sources (fior),
sources above the PBL (e), and unattributable sources (dit); these three parameters sum to one
by definition. HYSPLIT-extracted PBL heights were scaled by a factor of 1.5, following
Sodemann et al. (2008), though in contrast to its original formulation, we applied this algorithm
hourly instead of in 6-hour intervals since HYSPLIT provides hourly position and meteorology
estimates. A shorter time step and a PBL scaling of 1.5 generally decrease the unattributed and
above-PBL fractions (d and e), and increase the within-PBL attributed fraction f (Fig. S3). We
assumed the minimum PBL height to be 500 m AGL, to reduce the spread between inferred
moisture sources across the GDAS, NCEP, and NARR datasets arising solely from differences in
the PBL parameterizations. NCEP and GDAS PBL heights along the trajectory often approached
zero, while PBL heights derived from the NARR dataset were on average ~500 m higher than
NCEP or GDAS PBL heights (Fig. S4). Again, increasing minimum PBL height tended to
increase the proportion of moisture additions attributed within the PBL at the expense of above-
PBL additions (Fig. S5). The mean parcel position between time t and t-1 was assumed to be the
location of moisture addition for within PBL additions, and these amounts were aggregated to a
1.0° grid and weighted by their contribution to the parcel humidity at CDFS (e.g., *qcprs)-
Moisture addition locations cannot be determined for the above-PBL and attributable fractions.
Remotely-diagnosed moisture sources are used to estimate a mass-weighted RH at the
evaporative source, which we compare to the CDFS vapor d-excess value. D-excess is highly

sensitive to the RH at the evaporative source (Craig & Gordon, 1965; Jouzel et al., 1982;
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Merlivat & Jouzel, 1979; Pfahl & Sodemann, 2014), and we use relationships between remote
and local RH with CDFS d-excess to infer the relative importance of local and remote fluxes in

driving water vapor isotope ratio variability at the CDFS.

3 Results

3.1 Seasonal and interannual variability

Summer vapor was less depleted in heavy isotopologues than winter vapor (Fig. 2-4).
Mean vapor 820 (8%H) isotope ratios for summer 2012, winter 2013, and summer 2014 were -
19.8%o0 (-155.4%o0), -33.5%o0 (-251.5%0), and -20.5%o (-164.2%o) respectively (Table 1). Mean
vapor d-excess was lower in summer (3.3 and 0.0%o for 2012 and 2014) than winter (16.8%o).
Isotope ratios ranged from -29.3%o (-224.2%o) t0 -9.6%o (-82.1%0) for %0 (5°H) in summer
2012, -24.6%o (-195.4%o) t0 -14.9%o (-129.5%0) in summer 2014, and -38.6%o (-289.4%o) to -
25.1%o (-188.3%0) in winter 2013. Winter conditions were drier and averaged ~25°C colder than
summer conditions (Table 1). Summer 2-m air temperatures ranged from -2.6°C to 33.6°C in
2012 (Fig. 2d) and 0.0°C to 30.9°C in 2014 (Fig. 4d), while winter 2013 temperatures ranged
from -30.5°C to 5.5°C (Fig. 3d). Summer 2-m specific humidity varied more than winter specific
humidity. Specific humidity varied between 1.4 and 14.6 g/kg during summer 2012 (Fig. 2e) and
between 2.4 and 16.6 g/kg during summer 2014 (Fig. 4e); in contrast, the specific humidity

varied between 0.3 and 4.6 g/kg during winter 2013 (Fig. 3e).
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The relationship between §'®0 and &°H, which covary strongly in meteoric waters
globally along the global meteoric water line (GMWL) (Craig, 1961), also varied seasonally and
interannually (Fig. 5). The vapor local meteoric water line (LMWL) for summer 2012 was 8°H =
(7.53+0.05)5™0 — (5.97+0.95) (r* = 0.812) and for summer 2014 was &°H = (4.93+0.18)5'°0 -
(63.06+3.78) (r? = 0.360). Summer vapor isotope ratios showed wide variability in §'0-8*H
space, with the majority of the data points plotting below the GMWL. In contrast, the winter data
occupy a narrow band close to and mostly above the GMWL. The vapor LMWL during the
winter 2013 observation period was §°H = (7.21+0.02)8*%0 — (9.34+0.71) (r* = 0.983). The
weaker correlation between 80 and §°H during summer compared to winter hints at greater
complexity in the summer water cycle, and seasonally distinct relationships between isotopic

compositions, local meteorological conditions, and large-scale moisture transport.

3.2 Relationships between isotopic composition, specific humidity, and condensation and
mixing

Clear seasonal contrasts emerged in the relationship between q and 820 or §°H (Fig. 6). For both

seasons, there was substantial variability in &for a given q (Fig. 6). Comparing the g5'%0

distributions to their model-predicted values assuming a warm ocean source (25°C), the majority

of data fell between Rayleigh and closed-system condensation pathways for summer 2012

(62.1%) and winter 2013 (52.2%), though only 16.3% of data points fell within these models for

summer 2014 (Fig. 6a, Table 2). Instead, most summer 2014 data points were too depleted in
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heavy isotopes to be consistent with Rayleigh condensation (83.5%), which was the second most
common outcome for summer 2012 (33.7%) and winter 2013 (30.9%) (Table 2). The remaining
observations for all three seasons fell between the closed condensation and mixing models (Fig.
6). If a cold ocean source was assumed (10°C), most CDFS observations were too moist or too
depleted in heavy isotopes to be adequately explained by these models (Table 2).

Correlation analysis on daily timescales identified air-mass mixing as the dominant process
influencing near-surface water vapor isotope ratios (>75% for summer, >95% for winter, Table
3, Fig. S2). Air-mass mixing remained the dominant process at the CDFS regardless of the size
of the correlation window (Table S2). The importance of mixing was also apparent in the linear
relationships observed in a q vs %0 or q&°H plot (Fig. 6¢,d), which clearly deviate from non-
linear trends that would be expected for the condensation models. This pattern highlights that
though continental isotope ratios generally follow a relationship similar to Rayleigh distillation,
our high-frequency measurements more likely reflect the mixture of two or more partially
condensed air masses. Variations in the slope of this relationship across timescales of days to
weeks likely represent changes in the isotope ratios of vapor mixing into the near-surface
atmosphere at the CDFS through changes in advected vapor and/or local ET isotope ratios.
Likewise, values located between two different condensation lines may result from upwind
mixing of two distinct air-masses, or from condensation processes where only a fraction of

condensate leaves the parcel as precipitation (e.g., Bailey et al., 2015).
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A seasonal estimate of the mean parcel characteristics undergoing mixing can be estimated
from the relationships between qo and q (Fig. 6¢,d). The most parsimonious model across both
winter and summer suggests mixing between a moist end-member, with characteristics consistent
with a “super-Rayleigh” (Equation 3, $[5'20] = 0.01, $[5*H] = 0.08) condensation process, and a
dry end-member that has nearly lost all of its water vapor through condensation. Summer 2012
data suggest a moist end-member with an isotopic composition of ~ -15%o for §'%0 (Fig. 6¢) and
~ -115%o for 8°H (Fig. 6d, Eq. 8). Summer 2014 and winter 2013 data both suggest greater
upwind condensation, with ~40% and ~70% of the initial oceanic parcel moisture content having
condensed out prior to mixing respectively, suggesting end-member isotopic compositions of ~ -
19%o 8*°0 (Fig. 6¢) and ~ -153 %o 8°H (Fig. 6d) for summer 2014 and ~ -30%. 50 (Fig. 6¢) and
~ -255%0 8°H (Fig. 6d) for winter 2013. This is the simplest depiction of the atmospheric
processes determining the end-member characteristics; in reality, a variety of condensation or

mixing processes may produce these end members.

3.3 Relationships between air source pathways and CDFS vapor isotope ratios

Large, low-frequency (e.g., period of days) variability in specific humidity and isotopic
composition occur in both the summer and the winter. We analyzed 10-day atmospheric back
trajectories to determine if these low-frequency variations relate to air source pathway (Fig. 1).
For all three seasons, advection was most commonly from the northern Pacific region, followed

by advection from the northern continental and subtropical Pacific regions (Table 4). Advection
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from the north Pacific comprised 48-60% of the summer 2012 record and 70-81% of the winter
2013 and summer 2014 records. During summer, back trajectories derived from NCEP indicated
more frequent air advection from the northern Pacific and less from the southern Pacific than
back trajectories derived from GDAS or NARR, which may be related to the coarser resolution
of the NCEP product and greater truncation of the Cascade mountains. Advection from the
subtropical Pacific region comprised 31-42% of the summer 2012 record, but only 9-17% of the
winter 2013 and summer 2014 records. Advection from the northern continental region
comprised <10% of the back trajectories during summer 2012 and winter 2013 periods but was
13-19% of the summer 2014 record. Advection over the High Sierra or from the southern
continental region was infrequent (< 5% for all seasons) (Table 4). Precipitation was associated
with the moister air source pathways. In summer 2012, ~42% of the seasonal precipitation
occurred when air was sourced from the south, despite advection from the south occurring only
9-33% of the time (Table 4). Likewise, in summer 2014, ~70% of precipitation was associated
with advection from the northern continental region, despite advection occurring from this region
only 13-19% of the period of record. Yet despite these clear tendencies driven by air source
region, the humidity and isotope ratio distributions overlap substantially across all seasons (Fig.
7a-c). Therefore, vapor measurements at the CDFS cannot confidently be attributed uniquely to
one of the five source regions defined above following Friedman (2002) and Houghton (1969).
Additionally, d-excess distributions suggest a substantial seasonal difference in the vapor

sources to the CDFS. (Fig. 7d-f). Summer d-excess distributions from the major air source

22
This article is protected by copyright. All rights reserved.



regions are broad, bimodal, and overlapping (Fig. 7d-e). For each of these distributions, one of
the modes occurs at a positive d-excess value, while the other mode occurs at a negative d-excess
value. The positive mode occurs during the day, while the negative mode reflects nighttime
conditions (Fig. 7d-e), suggesting that diurnal processes and vapor sources at the CDFS may
contribute strongly our isotopic observations during summer. Two air source regions, High
Sierra and southern continental, do not fit this pattern in summer 2012. As these are minor
contributors to advection to the CDFS, this deviation likely reflects a bias introduced by the
limited sampling period in terms of length of record and time of day. In contrast, winter d-excess
distributions are narrow and unimodal, but are not distinct (Fig. 7f). The narrower distribution d-
excess in the winter suggests that the local diurnal cycle at CDFS has little impact on winter

vapor isotope ratios.

3.4 Sources of vapor to the CDFS and their impact on d-excess

The vapor d-excess record at CDFS and its variability suggest a seasonal change in the
roles that advected water vapor and local ET have in influencing surface vapor isotope ratios. We
examine this pattern in this section by: 1) mapping remote moisture sources to the CDFS using
the Lagrangian moisture tracer of Sodemann et al. (2008), 2) extracting a mass-weighted mean
RH from remote sources, and 3) comparing the relationships between CDFS d-excess and local
and remote RH. Two important features are apparent from the moisture uptake footprints

generated from this tracer (Fig. 8). First, moisture uptake locations over the ocean are similar
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across air source regions with trajectories reaching the ocean. This trend likely indicates that
differences between these parcels when they reach the CDFS reflects differences in conditions
over the land surface, and whether they are forced over high topographic barriers. Parcels are
forced over the Sierra Nevada when wind speeds are strong enough to overcome atmospheric
stratification (Galewsky, 2009; Lechler & Galewsky, 2013). Similar trends are found for
trajectories using all three data sources (Fig. S6-7). Together, these observations suggest that
isotopic variability imparted through differences in oceanic source may be more muted than
anticipated.

Second, remotely-diagnosed contributions to CDFS humidity are higher over land than
over the ocean, by up to three orders of magnitude (Fig. 8). During northerly or westerly
advection, maximum contributions are focused along the Snake River Plain, while maximum
contributions concentrate along the western edge of the Wasatch Plateau if advection is from the
south. Continental moisture recycling may substantially reduce the ocean-derived fraction of
vapor arriving at the CDFS, further weakening ties between oceanic evaporation conditions and
CDFsS isotope ratios. If the PBL-derived fraction of moisture (fot) is subset into land and ocean
components, the land contribution usually dominates (Fig. 9). PBL-diagnosed oceanic moisture
rarely exceeds a 25% contribution, while moisture from land PBL sources often comprises 40-
90% of the attributed humidity (Fig. 9).

High contributions of land-derived moisture to CDFS humidity are present across all

three back trajectory data sources, though there are distinct differences across these data sources.
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Oceanic contributions to CDFS humidity are smallest in the NARR and GDAS back trajectories
(Fig. 9a-f) but are larger in the NCEP back trajectories (Fig. 9g-i). Likewise, the fraction of
vapor that cannot be attributed along the back trajectory is generally negligible in the NARR and
GDAS back trajectories (< 5%, Fig. 9a-f), but often exceeds 25% in the NCEP back trajectories.
These patterns indicate a clear difference in moisture transport simulated by NCEP compared to
GDAS or NARR. PBL moisture from land ET remain a greater fraction of CDFS humidity than
ocean evaporation for all three back trajectory data sources if no minimum PBL height is
specified (Fig. S8), or if above-PBL uptakes are assumed to result from local shallow convection
(forcing e=0, and attributing all Aq into f, cf., Aemisegger et al., 2014) (Fig. S9). As a result, a
strong relationship would be expected between CDFS d-excess and the RH of remotely-
diagnosed moisture for land evaporative sources, but perhaps not for ocean evaporative sources.
Correlations of CDFS d-excess with remote-diagnosed RH at the evaporative site
generally match these expectations (Fig. 10). Few significant relationships between oceanic RH
and 24-hour running average CDFS d-excess are found (Fig. 10a-c). We find significant
relationships between remote land RH and d-excess for evaporation for all three back trajectory
data sources in summer 2012 and winter 2013 (Fig. 10d-e), though no significant relationships
are observed during summer 2014 (Fig. 10f), perhaps due to the shorter duration of the record.
Interestingly, the slope of the relationship between land-diagnosed RH and CDFS humidity
during summer 2012 is positive, suggesting greater kinetic fractionation when humidity is high.

We suggest that this may result from a weak moisture advection to the CDFS, assuming some
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spatial correlation in humidity between CDFS and the surrounding region, which could promote
a larger cycle in d-excess and RH at CDFS, and produce a lower 24-hour mean d-excess value.
We observe a significant relationship between CDFS d-excess and local RH during all
three seasons (Fig. 10j-1). This local relationship is substantially stronger during the summer, and
possesses a higher magnitude slope (~ -0.4%o /%RH for summer, -0.10%. / %RH for winter, Fig.
10j-1). These relationships suggest that local vapor fluxes are significant contributors to CDFS
humidity and vapor isotope ratios, but that the impact of local vapor fluxes is greater in summer

than winter.

4 Discussion

To first order, seasonal contrasts in water vapor isotope ratios follow changes in specific
humidity (Fig. 2-6). Variability in isotope ratios at the CDFS is usually best described by models
of air-mass mixing rather than condensation models (Fig. 6, Table 3), though the isotope ratios of
mixing end-members may be set by condensation or evaporation locally or along the parcel
trajectory to the CDFS. For example, observations generally suggest a moist end-member with
isotopic compositions set via a “super-Rayleigh” process, though the precise nature of the
processes giving rise to observed CDFS vapor isotope ratios cannot be determined by point
measurements due to the integrative nature of water vapor isotope ratios. Mean seasonal
properties of the moist end-member vary from summer to winter, and likely reflect changes in
both the intensity of the local ET flux, but also regional-scale changes in evaporation and

condensation. Advection from different air source regions may nudge the distributions of
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humidity and its isotopic composition at the CDFS, but the CDFS observations cannot be
uniquely inverted to their dominant source region. The strong seasonal contrast in the
distributions and diurnal cycles of vapor d-excess, however, may be more useful for assessing
whether local fluxes or regional advection have a stronger influence on near-surface vapor
isotope ratios at the CDFS.

Imprints of both local meterological and regional advective processes are observed in
vapor isotope ratios at the CDFS. On daily to weekly timescales, individual weather systems can
have a dramatic impact on the isotope ratios of near-surface vapor (e.g., Aemisegger et al., 2015;
X. Lee et al., 2006; White & Gedzelman, 1984). For example, the first eleven days of our winter
measurements were dominated by dry, clear, and cold conditions (Fig. 3). During this period,
vapor was most depleted in heavy isotopologues during the study due to air advection from the
dry, cold north (Fig. 8) combined with local conditions that were very cold (Fig. 3). Abrupt
changes in summer vapor isotope ratios are also observed, such as with precipitation events (e.g.,
Fig. 2,4). Rapid increases in humidity and vapor isotope ratios during precipitation events are
expected due to strong moisture convergence and subcloud evaporation of precipitation formed
from moist, less isotopically-depleted air masses (J.-E. Lee & Fung, 2008; Risi et al., 2008). Yet,
despite clear fingerprints of regional-scale processes in our isotope ratio measurements, isotope
measurements at the CDFS cannot be uniquely inverted to moisture source regions, perhaps due
to variability in remote source region conditions or in the impact of local ET fluxes and the

integrative nature of water isotope tracers.
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However, a dramatic difference in d-excess trends are observed for summer compared to
winter, which indicates that d-excess may be a more sensitive recorder of terrestrial hydrologic
processes. Correlations between CDFS and local or remotely-diagnosed moisture source region
RH indicate that local RH always influences vapor d-excess (Fig. 10g-i). The magnitude of
change and strength of correlation between d-excess and local RH is greater in the summer,
which may reflect a stronger role for local fluxes of water vapor, such as local ET, during the
summer than during the winter. The large amplitude diurnal cycles in summer vapor d-excess
attest to the strong influence of terrestrial moisture sources and atmospheric mixing (Fig. 2c, 4c).
The bimodal distributions of d-excess observed during the summer result from positive d-excess
values during the day and negative d-excess values at night, which may reflect the loss of leaf
water enrichment and exchange with ambient atmospheric vapor overnight (Fig. 7d,e). More
exchange of water vapor between the atmosphere and the land surface through ET would
progressively overprint the original attributes of an air parcel over the continent, both along its
transport to and at the CDFS (Fig. 8,9). This is consistent with the results of our moisture source
attribution using back trajectories with a Lagrangian tracer, which indicates the primary advected
source of vapor to the CDFS is from land ET in both seasons (Fig. 9). As a result, vapor d-excess
is unlikely to preserve the characteristics of the oceanic source of vapor in highly continental
settings. Our analysis is consistent with a growing number of studies that have also shown strong
variability in vapor d-excess on diurnal timescales (Aemisegger et al., 2014; Lai & Ehleringer,

2010; Parkes et al., 2017; Simonin et al., 2014; Welp et al., 2012).
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The relationship between remote RH and d-excess appears stronger in winter than
summer (Fig. 10a-f). No consistent relationships are observed between oceanic RH and CDFS d-
excess (Fig. 10a,c), and inconsistent but noisy relationships are observed between land ET RH
and CDFS d-excess (Fig. 10d,f). These trends suggest a seasonal modulation of the impact of
remote versus local conditions on vapor isotope ratios. Summer d-excess values respond most
strongly to local RH values, while winter d-excess values show comparable responses to changes
in local or remotely-diagnosed land RH (Fig. 10e,h). This suggests a greater balance between
local and remote sources of vapor to the CDFS in the winter.

Our results, along with previous studies (e.g., Aemisegger et al., 2014; Griffis et al.,
2016; Welp et al., 2012), suggest that long-term isotopic monitoring of water inputs and losses to
a region can reliably document the factors contributing to hydrologic variability and change. As
vapor isotope measurements become more widespread through efforts such as the National
Ecologic Observatory Network, changes in the relative contributions of remote moisture
transport through meso-to-synoptic scale weather patterns compared to the local ET flux can be
constrained with isotope tracers. Model studies (J.-E. Lee et al., 2012; Risi et al., 2013; Skinner
et al., 2017; Swann et al., 2012) and satellite data (Spracklen et al., 2012) suggest that
transpiration both can trigger precipitation and minimize the risk of extreme hydroclimatic
events such as droughts and floods. Therefore, long-term monitoring may also be useful in

assessing changes in the local ET flux relative to the remotely advected vapor flux.
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5 Conclusions

Measurements of near-surface water vapor isotopic composition and local meteorology in
a deep mountain valley in northwestern Wyoming show substantial seasonal changes in vapor
880 and 8%H and relationships between local conditions, large-scale moisture advection, and
patterns of land-atmosphere water exchange. The largest local meteorological factor influencing
vapor isotope ratios is specific humidity. As a result, summer vapor is less depleted in heavy
isotopologues than winter vapor. Links between local vapor isotope ratios and large-scale
moisture sources are identified for both seasons, though conditions at the CDFS cannot be
mapped uniquely back to a particular source region due to continued evaporation and
precipitation over the continent that progressively replace vapor derived from oceanic
evaporative sources with vapor derived from continental ET. With the additional observation that
variability in humidity and vapor isotope ratios at the CDFS are primarily driven by air-mass
mixing processes, CDFS isotope ratios are consistent with the mixing of distinct vapor masses
that have undergone different degrees of condensation, or the addition of surface ET fluxes over
the continent. We observe a strong diurnal cycle in vapor d-excess in the summer that is absent
in the winter. The most likely explanation for this relationship is that local surface water fluxes,
such as ET, are stronger during the summer and dampen the characteristics of advected humidity.
In contrast, during the winter, our analysis suggests a more balanced influence by local and

remote moisture sources on CDFS vapor isotope ratios. As near-surface stable water vapor
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isotopes reflect both local and remote processes, continued measurements will be critical to

understand processes driving continental hydrologic variability and change.
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Tables

Table 1. Mean Isotopic Compositions and Meteorological Conditions

Measurement | 80 (%o &°H (%o | d-excess (%o | 2-m g (g | 2-m Total
period VSMOW) | VSMOW) | VSMOW) kg™ T precipitation

W) (mm)

Jun 13-Sep 3,
2012 -19.8 -155.4 3.3 6.2 174 42.3

Jan 13-Feb 5,
2013 -33.5 -251.5 16.8 1.9 -10.3 N/A

Jul 2-Jul 18,
2014 -20.5 -164.2 0.0 7.5 17.2 16.2

Table 2. Correspondence between 5*0 Measurements and Isotopic Box Model Results

Warm ocean source, 25°C, 90% RH

Summer 2012 | Winter 2013 | Summer 2014
Too moist for all models 0.0% 0.0% 0.0%
Too depleted in heavy isotopes for Rayleigh 33.7% 30.9% 83.5%
Between Rayleigh and closed condensation 62.1% 52.2% 16.3%
Between closed condensation and mixing 4.1% 16.8% 0.2%
Too enriched in heavy isotopes for mixing 0.0% 0.1% 0.0%

Cool ocean source, 10°C, 90% RH

Summer 2012 | Winter 2013 | Summer 2014
Too moist for all models 34.1% 0.0% 60.8%
Too depleted in heavy isotopes for Rayleigh 62.9% 52.0% 40.1%
Between Rayleigh and closed condensation 0.9% 32.1% 0.0%
Between closed condensation and mixing 0.0% 15.7% 0.0%
Too enriched in heavy isotopes for mixing 0.0% 0.2% 0.0%

Table 3. Percentage of CDFS record associated with different atmospheric processes

Process | Summer 2012 Winter 2013 |  Summer 2014
§'°0
Air mass mixing 76.6% 96.2% 85.6%
Condensation 2.7% 0.0% 0.8%
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Neither dominant | 20.7% | 3.8% 13.7%
8°H
Air mass mixing 80.3% 96.0% 95.1%
Condensation 2.1% 0.0% 0.0%
Neither dominant 17.6% 4.0% 4.9%
Table 4. Percentage of CDFS record associated with distinct air source regions
Wind Field | North Pacific Northern High Sierra Subtropical Southern
Source Continental Pacific Continental
Summer 2012
NARR 53.0 5.8 0.3 40.5 0.3
GDAS 47.6 4.6 3.4 42.4 2.1
NCEP 60.1 3.0 3.7 314 1.8
Winter 2013
NARR 81.7 6.5 1.1 10.8 0.0
GDAS 74.2 8.6 0.0 17.2 0.0
NCEP 77.4 8.6 1.1 12.9 0.0
Summer 2014
NARR 78.1 12.5 0.0 9.4 0.0
GDAS 70.3 17.2 0.0 12.5 0.0
NCEP 81.3 18.8 0.0 0.0 0.0
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Table 5. Average CDFS Vapor Characteristics Associated with Air Source Regions ldentified from NCEP, GDAS, NARR Wind Field

Sources

Source Pathway

Mean g (mmol mol™)

Mean 80 (%0VSMOW)

Mean d (% VSMOW)

NCEP |GDAS |NARR | NCEP | GDAS | NARR NCEP | GDAS | NARR

Summer 2012

N. Pacific 0.1#3.3 [8.7#26 [8.9+2.9 |-21.0+2.7 [-21.2+24 [-211+2.6 [3.7+115 |2.9+11.2 3.8+11.4

N. Continental 8.3+1.3 |9.8+2.8 |8.9+19 |-215+0.7 |-19.8+2.1 |-20.3+2.4 |-7.0+7.9 |1.249.8 1.749.9

High Sierra 9.5+1.4 [9.8+3.8 [9.8+0.5 |-20.6+1.4 [-21.0£3.7 [-17.0£0.2 [-0.149.4 [16.3+116 |-35+2.1

Subtropical 115+2.9 | 11.3+3.4 [ 11.4+32 | -17.8+25 |[-18.3+3.0 |-18.2+2.6 |3.3+10.7 |3.2+10.9 3.0+10.9

Pacific

S. Continental 115+2.8 | 11.3+2.5 [ 17.84+0.3 | -16.0£1.7 [-15.8+1.7 [-10.4+0.4 [5.1+8.3 2.5+7.8 -4.2+1.1
Winter 2013

N. Pacific 2.8+16 [29+16 [29+1.7 [-33.3+2.9 [-33.2+3.0 [-334+29 [165+35 |[16.4+3.6 16.5+3.6

N. Continental 1.3+0.3 |1.3+0.3 [1.3+0.3 |-37.1+0.9 |-37.1+0.9 |[-37.4+0.7 |16.3+26 |16.3+2.6 16.8+1.8

High Sierra 6.3+0.3 | N/A 5.740.8 |-30.90.4 | N/A -33.440.4 | 154205 |N/A 16.620.8

Subtropical 52+1.8 |4.6+20 |50+1.8 |-33.4+2.1 |-33.9+1.7 |-33.4+2.0 |18.9+2.7 |18.74+2.2 19.1+2.5

Pacific

S. Continental N/A N/A N/A N/A N/A N/A N/A N/A N/A
Summer 2014

N. Pacific 115+3.2 | 11.443.2 [ 11.943.3 | -20.9+15 [-20.8+1.6 [-20.6+1.6 [0.0+12.2 [0.0+12.3 0.3+12.0

N. Continental 145+2.6 | 14.843.2 [ 14.242.9 | -18.9£0.9 [-18.9+0.8 [-19.0+0.7 [0.0£7.3 1.747.6 1.947.3

High Sierra N/A N/A N/A N/A N/A N/A N/A N/A N/A

Subtropical N/A 11.8+2.2 | 10.8+2.5 | N/A -21.1+1.3 |-215+1.3 | N/A -2.3+10.6 | -3.8+10.2

Pacific

S. Continental N/A N/A N/A N/A N/A N/A N/A N/A N/A
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Figure Captions
Figure 1. Location of the Camp Dauvis field station (CDFS). Topography is indicated by
grayscale shading on the map, with lighter shades reflecting higher elevation. The boundaries

between the five air source regions are indicated with thick orange lines.

Figure 2. Time series of summer 2012 isotopic and meteorological data (DOY 165-247). (a)
Specific humidity, g (2 m, g kg™), (b) 50 (black) and &°H (red) (%cVVSMOW), (c) d-excess (%o
VSMOW), (d) temperature (2 m, °C), (e) relative humidity (2 m, %), and (f) precipitation

amount (mm).

Figure 3. Time series of winter 2013 isotopic and meteorological data (DOY 13-35). (a) Specific
humidity, g (2 m, g kg™), (b) 50 (solid black) and &°H (dashed blue) (% VSMOW), (c) d-
excess (%0 VSMOW), (d) temperature (2 m, °C), and (e) relative humidity (2 m, %). CDFS

precipitation data not available during the winter as the precipitation gauge was unheated.

Figure 4. Time series of summer 2014 isotopic and meteorological data (DOY 165-247). (a)
Specific humidity, g (2 m, g kg™), (b) 50 (black) and &°H (red) (%cVVSMOW), (c) d-excess (%o
VSMOW), (d) temperature (2 m, °C), (e) relative humidity (2 m, %), and (f) precipitation

amount (mm).
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Figure 5. The 8°H vs 80 relationship. Summer 2012, winter 2013, and summer 2014 data are
shown as light red circles, blue triangles, and dark red squares respectively. The global meteoric
water line (GMWL) suggested by (Dansgaard, 1964) is shown by solid black line. Data from
winter 2013 plot in a narrow envelope surrounding the GMWL, while the summer data exhibits a

much larger range of variability about the GMWL.

Figure 6. Scatterplots of specific humidity (g, mmol mol™) vs §'%0 (a) or 8°H (b) and the
product of vapor pressure and isotopic composition (g8) vs q for g5'%0 (c) and q&°H (d).
Summer 2012 data are shown as light red triangles, winter 2013 data as blue dots, and summer
2014 data as dark red triangles. Modeled isotopic ratios of moist air at 100% RH and 25°C
mixed with dry continental air is shown as a solid black line, while Rayleigh, closed-system, and
“super-Rayleigh” condensation are shown starting from the mixing line at 90% RH as dashed,
dotted, and dash-dot lines respectively. Equivalent Rayleigh and closed-system condensation

models associated with a cooler ocean source (10°C) are shown as gray lines.

Figure 7. The dependence of the relationship between 520 and q (top row; a-c) and the
distribution of d-excess (bottom row; d-f) on air source region determined from NARR back-
trajectories for summer 2012 (left column, a and d), summer 2014 (middle column, b and e), and
winter 2013 (right column, ¢ and f). Isotope box model compositions corresponding to air-mass

mixing (solid), closed condensation (dotted), Rayleigh condensation (dashed), and “super-
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Rayleigh” condensation (dot-dash) are shown in a-c. Distributions of d-excess (d-f) are split into

day (solid) and night (dashed) components.

Figure 8. Moisture contributions to the CDFS (g kg™ km) for the Summer 2012 (top), Winter
2013 (middle) and Summer 2014 (bottom) observation periods from the NARR dataset as
determined by the Sodemann et al. (2008) Lagrangian tracer. Contributions were aggregated to a
1.0°, weighted by their contribution to humidity at the CDFS, and normalized by the grid cell
area. Each season has separate maps for each air source pathway, as well as a composite of all

trajectories in the observation period.

Figure 9. Proportion of humidity at CDFS apportioned to within PBL moisture uptakes, above
PBL moisture uptakes, and the undeterminable fraction for each back-trajectory data source (top
row — NARR; middle row — GDAS; bottom row — NCEP) and season (left column — Summer
2012; middle column — Winter 2013; right column — Summer 2014). Moisture uptakes within the
PBL are divided into fractions occurring over land (light green) and ocean (dark green), above
PBL uptakes are shown in dark blue. The fraction of moisture that cannot be attributed to a

source along the trajectory is shown in light blue.

Figure 10. Relationships between diagnosed remote vapor source relative humidity (a-f) or local

relative humidity (g-i) at CDFS and vapor d-excess. Remote vapor source relative humidity
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values for the three back-trajectory wind sources corresponding to oceanic evaporation (a-c) and
evapotranspiration over land (d-f) are plotted against coeval 24-hour running average d-excess
values measured at CDFS. A 24-hour running average was used in (a-f) for CDFS d-excess
values to remove the influence of local, diurnal processes. No running average was applied to (g-
i) for either d-excess nor relative humidity. Linear fits are plotted with a 95% confidence interval
when the fit is significant (p < 0.05), and the slope and Pearson correlation coefficient are shown

for these fits in an inset.
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