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A particularly vexing subset of this issue arises in regions
covered by snow, where the representation of processes in
the snow pack is largely unconstrained (Slater et al., 2001;
Boone et al., 2004; Rutter et al., 2009). Additional surface
flux uncertainties arise from imperfect depiction of boundary layer processes, notably under stable conditions (Holtslag, 2006). Reducing these uncertainties requires better understanding of the movement of water between the landscape
and the atmosphere.
Because the stable hydrogen and oxygen isotope ratio of
water vapor, liquid and ice reflects the balance of processes
influencing regional hydrology, measurements of the oxygen
and hydrogen isotope ratios of water can provide constraints
for water balance studies and expose model shortcomings
(Jouzel and Merlivat, 1984; Henderson-Sellers et al., 2004;
Henderson-Sellers, 2006; Sturm et al., 2010). The utility of
isotope ratio information stems from the fractionation that
accompanies phase changes in which the heavier isotopologues preferentially remain in liquid or solid form during
evaporation and condensation (Bigeleisen, 1961; Dansgaard,
1964). At the continental scale, the distributions of the isotopic composition of precipitation have been used to partition
continental recycling into evaporation from standing water
and transpiration (Salati et al., 1979; Gat and Matsui, 1991).
At the local scale, isotopic measurements of water vapor and
soil water have been used to partition evapotranspiration into
transpiration from plants and evaporation from soil (Moreira
et al., 1997; Yepez et al., 2003; Williams et al., 2004; Wang et
al., 2010). Several water vapor isotopic measurements at the
surface or within the boundary layer have suggested that the
isotopic composition could also provide information on turbulent properties (Ehhalt, 1974; He and Smith, 1999; Ehhalt
et al., 2005; Angert et al., 2008; Noone et al., 2011). However, studies to date have been limited by the availability of
measurements of water vapor isotopic ratios.
A common approach in water source partitioning is to estimate the isotopic composition of the total surface flux. This
is typically estimated using a “Keeling plot” approach (Keeling, 1958; Pataki et al., 2003) which is based on a simple
two-member mixing model. This technique has been applied
to both temporal series (e.g., Moreira et al., 1997; Noone et
al., 2011; Noone, 2012) and vertical profiles (Yepez et al.,
2003; Williams et al., 2004). However there is some evidence from CO2 and 13 C measurements from tall towers that
both have limitations due to advection that invalidates the
assumptions underlying the method (Lee et al., 2006, 2012;
Griffis et al., 2007). With the advent of field deployable water
vapor isotopic instruments, many of the previous technical
limitations in obtaining water vapor isotopic data have been
overcome and high frequency measurements can now be performed (e.g., Lee et al., 2007; Gupta et al., 2009; Wang et al.,
2010). Such measurements allow reexamination of the mixing line method and the question of how to attribute fluxes to
multiple contributing components. It is anticipated that gradient theory over the depth of the boundary layer will not
Atmos. Chem. Phys., 13, 1607–1623, 2013
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provide unambiguous estimates of surface fluxes because of
the non-stationary nature of the boundary layer flow. There
remains a need to identify the depth over which estimates of
the surface layer fluxes are valid versus the need to account
for the more dynamic flow regime occurring higher.
In this paper, we evaluate some features of the boundary
layer relevant for understanding the transport of water and
trace gases. We test the use of isotopic information to decompose surface latent heat flux into different physical components. The flux attribution calculation employs mass balance
to partition the flux associated with loss of the snow pack into
sublimation and evaporation from melt ponds and employs a
maximum likelihood estimation approach to provide an optimal estimate in the under-constrained problem. The technological improvement in observational capacity is exploited
to measure vertical profiles of water vapor isotopic composition within the boundary layer from the surface to 300 m
near Boulder, Colorado at a vertical resolution of a few tens
of meters every 15 min. The study focuses on results from
a four-day field campaign in February 2010 during which a
fresh surface snow pack of about 10 cm depth vanished. Before undertaking the mass balance estimate, the data are used
to evaluate the applicability of the mixing line method in investigating the controls on water vapor isotopic composition
on diurnal and synoptic time scales. We conclude that with
greater amounts of water vapor isotopic information, limitations of mixing line methods are exposed and more advanced
models and estimation techniques are warranted.

2
2.1

Methods and theory
Measurements and data

A four day field campaign was held between 15 and 18
February 2010 at the 300 m turbulence research tower at
the NOAA Boulder Atmospheric Observatory (40.050◦ N,
105.003◦ W, 1584 m a.s.l.). The location is mostly flat terrain about 25 km east of the foothills of the Rocky Mountains (Kaimal and Gaynor, 1983). The facility has been
used for a large range of atmospheric research applications
such as boundary layer meteorology (Blumen, 1984; Gossard et al., 1985), wave-turbulence interactions (Einaudi et
al., 1989; Einaudi and Finnigan, 1993), atmospheric chemistry (Brown et al., 2007), and instrument testing (Cohn et
al., 2001). The footprint for flux measurements is typically
around 30–50 km, estimated from both turbulence theory and
from known industrial and vehicle emissions from nearby
cities, including Boulder (P. Blanken, personnel communication, 2012). The February period was chosen because it
followed a winter snow storm that ended on 14 February,
and the experiment terminated after nearly all the snow had
been lost from the surface and snow had begun to fall in association with another storm on the evening of 18 February.
The weak synoptic evolution and moderate local wind speeds
www.atmos-chem-phys.net/13/1607/2013/
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between the snowstorm of the 13–14 February and the subsequent snow storm on the 18 February provided an ideal
opportunity for the boundary layer and surface water balance
study.
During the experiment, a water vapor isotopic analyzer
(Picarro model L1115-i, Gupta et al., 2009) was installed
on an instrument elevator platform and measurements were
made continuously at approximately 0.16 Hz. The elevator platform moves the length of the tower over a nineminute period with an ascent/descent rate of approximately
0.55 m s−1 . During the experiment, profile measurements
were started every 15 min (nine minutes for the elevator to
ascend or descend on the tower, and six minutes when the
elevator was stationary) to give a total of 312 profiles in either the “up” or “down” direction. Time series measurements
were converted to height profiles using heights derived from
the (assumed constant) ascent/descent rate. The isotopic analyzer was installed in a non-temperature controlled enclosure
with a heated 0.125 inch outer diameter stainless steel sample inlet line drawing air into the analyzer at 30 scc min−1
mass flow from a horizontal boom that extended approximately 4 m from the tower. The inlet tip was the top half
of a plastic bottle which was used to prevent any precipitation from entering the sample line. Isotope ratios, R, are
reported in “delta” notation (δ = R/Rstd − 1, and Rstd is the
Vienna Standard Mean Ocean Water standard), and δ 18 O is
for R =18 O/16 O and δD is for R = D/H. The raw isotopic
δ values were corrected to sequentially account for (1) humidity dependence, (2) calibration to the primary reference
scale and (3) memory effects. Careful calibration is needed
for spectroscopic measurements, and some details of the approach used here are given in Appendix A. Memory in the
measurement system can arise from the instrument’s internal plumbing, in association with wake turbulence near the
boom arm and the gas volume in the inlet and sample line.
The algorithm to minimize the influence of memory effects
is given in Appendix B. There were no gaps in the data over
the duration of the experiment, and there appeared no need to
reject data based on wind direction due to interference from
the tower. The average accuracy of corrected values used in
the analysis is 3.4 ‰ for δD and 0.45 ‰ for δ 18 O. Other
groups report similar performance using similar instruments
(e.g., Gupta et al., 2009; Noone et al., 2011; Rambo et al.,
2011; Kurita et al., 2012; Tremoy et al., 2012; Wen et al.,
2012). There is significant potential for sensitivity for temperature variations during diurnal cycles and instrument vibration to limit the instrument performance. This has been
demonstrated, for instance, in some field settings (Aemisegger et al., 2012). Rather than being resolved and corrected,
drift effects becomes part of the total uncertainty estimate.
We find that these are particularly important for deuterium
excess, rather than either single isotope ratio δD or δ 18 O. Due
to this potential limitation we focus here only on a single isotope ratio, δD, and use the deuterium excess information only
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as a check on the δD value and to ensure physical consistency
in conclusions.
Surface snow, puddle, mud and frost samples were collected into 60 mL wide mouth Nalgene bottles and stored
frozen until time of analysis in our laboratory. Water samples were obtained from mud using the cryogenic vacuum
extraction method based on published protocols (West et al.,
2006), with two repeat extractions from each mud sample
yielding around 1 mL of water. Samples were weighed before and after extractions to ensure the water mass transfer
was complete. All liquid isotopic analyses were performed
using the same L1115-i isotopic analyzer that was used on
the tower. The instrument precision for liquid analyses is less
than 0.5 ‰ for δD and 0.02 ‰ for δ 18 O. Each sample was
injected three times to allow correction for memory effects.
Instrument drift was corrected using injections of a standard after every eight analyses, and calibrated to the absolute
scale using a three-point calibration (Florida Water, Boulder Water and West Antarctic Divide secondary standards
tied to the International Atomic Energy Agency scale with
mass spectrometer determinations, B. Vaughn and J. White,
personal communication, 2010). Although measurements of
both δ 18 O and δD were made, the analysis here focuses on
the single species δD.
Profile measurements of temperature and wind speed were
made using a very fast response (response time < 0.001 s,
and sampled at 1000 Hz) thermocouple and hot wire probe
on the Cooperative Institute for Research in Environmental
Sciences tethered lift system (TLS) to characterize the turbulence structure of the lower boundary layer (Balsley et al.,
1998; Frehlich et al., 2003). The TLS comprises the instrument package suspended from a helium filled blimp with profiles of temperature and wind speed attained during slow ascent and decent (0.1–1 m s−1 ) that was digitally controlled
by a winch. These measurements were made approximately
400 m to the southwest of the main tower, and only data from
the night of 16 February are reported here.
Additional measurements from the tower elevator included
high speed (10 Hz) wind from a Gill Windmaster ultrasonic
anemometer and H2 O and CO2 concentrations from an open
path non-dispersive infrared analyzer (Licor 7500) provided
by the NOAA Physical Sciences Division. The H2 O mixing
ratio measurements were in excellent agreement with the Picarro measurements once calibrated, as anticipated from the
previous work (Noone et al., 2011). Temperature measurements on the platform are from a Vaisala HMP 45C sensor,
which has a characteristic response time of less than one
minute. While vibrations of the elevator are likely to influence the high frequency (faster than 1 Hz) measurements, our
analysis focuses on 10 s averages to minimize vibration influences. There were no surface sensible or latent heat flux
measurements made during the period of the study, while radiation data show characteristically low energy availability
due to the high albedo of snow.
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Mixing line analysis and source estimation

Noone et al. (2011) showed that representing turbulent exchange as a diffusive process leads to mixing models that can
be applied to isotope ratios as either spatial gradients or time
series. The result can be derived simply from the mass balance for a single atmospheric parcel. Specifically, the water
vapor mixing ratio (q) is considered the sum of some background water vapor (say, free troposphere water vapor mixing ratio, qT ) and water vapor derived from a surface flux
(qF , either a source or sink) such that:
q = qT + qF .

(1)

A similar mass balance can be written for mixing ratio of
HDO. Using equation 1 to eliminate qF and converting to δD
one can write
1
(2)
δD = δDF − [qT (δDF − δDT )]
q
where again the subscripts T and F denote the free troposphere and the surface flux. This is analogous to the wellknown derivation given by Keeling (1958), and suggests a
graphical method determining δDF by plotting measured δD
as a function of the reciprocal of q and finding the intercept
(i.e., the asymptotic limit at q −1 = 0). While the q −1 plot is a
convenient graphical device, Miller and Tans (2003) showed
that regression errors are reduced if Eq. (2) is written as
qδD = qδDF − qT (δDF − δDT )

and
  
 z 
q∗
z
ln
+ q0
+ ψq
k
z0
L
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where 9q may be used for all isotopologues when turbulence
dominates. Analogously, the evaporative flux of the isotopologue is Ei = −ρu∗ R∗ q∗ , and R∗ is the isotope ratio of the
flux. As with u∗ and q∗ , R∗ can be readily evaluated as the
slope of a linear regression of observed values of Rq as a
function of the term in square brackets [≈ ln(z)]. We refer to
this as the gradient mixing-line (GML) approach.
Equivalence between the GML and the one-box temporal
mixing model (i.e., TML given by Eq. 2) is immediate by
substituting equation 5 into 6 to eliminate the height term
and q∗ , dividing by q then subtracting 1 to convert the isotope
ratios to δ values to obtain:
δD = δD∗ −

1
[q0 (δD∗ − δD0 )] .
q

(7)

(3)

and δDF is found as the slope of the regression of qδD versus
q, with error in δDF described by the confidence limits on
the regression coefficient given total uncertainties (quadrature sum of accuracy and precision) in both q and δD. This
model can be applied freely when the vapor flux and the free
tropospheric vapor remains unchanged with time. The model
may also be valid in some instances even when the tropospheric background is changing (Miller and Tans, 2003). The
surface flux can be from evapotranspiration or sublimation
and Eq. (2) is also applicable to frost (or dew) with the sign
convention that qF is negative. In this case, δDF gives the isotopic composition of the frost. Mixing line analysis is often
applied to time series data [hereafter identified as the temporal mixing line (TML) method], and requires that time variations in δD are due to the progressive input of the same water
vapor source. This is not always a good assumption.
It is useful to note that a mixing line analysis can be reconciled with similarity theory within the surface layer. The
steady state profile of wind and constituents (such as H2 O,
HDO, CO2 ) in the constant flux surface layer is
  
 z 
z
u∗
ln
+ ψm
(4)
u=
k
z0
L

q=

where z is height, z0 is the roughness length, k is the von Karman constant (∼ 0.4), q0 is the mixing ratio analogous to z0 ,
L is the Obukhov length, 9 is the turbulent structure function for momentum (subscript m) or trace constituents (such
as water, subscript q) from similarity under non-neutral conditions, u∗ is the friction velocity and q∗ is the moisture perturbation scale. Given an air density of ρ, the latent heat flux
(either positive or negative) is E = −ρu∗ q∗ . For the isotopologue mixing ratio the comparable relationship is
  
 z 
z
R∗ q∗
ln
+ ψq
+ R0 q0 .
(6)
Rq =
k
z0
L

(5)

This result suggests an isotopic mixing line approach is appropriate in the surface layer when the mixing length hypothesis is valid. It suggests the profile measurements (e.g., Yepez
et al., 2003; Williams et al., 2004) may be more generally applicable than the TML method which is based on time evolution of a single control volume as in Eq. (2) (e.g., Moreira et
al., 1997) and requires more ideal conditions to be valid (e.g.,
Good et al., 2012). The validity of the time versus space depiction of mixing requires testing with field data. Note that
similar relationships between air mass mixing derived from
spatial or temporal data, including the special case of the surface layer, are explained by the general solution examined
elsewhere (i.e., Noone et al., 2011).
Given that the simple mixing configurations assume stationary end members, assessing the fidelity of mixing line
methods comprises identifying changes in the mixing line
end members. For profile data obtained we consider three
distinct configurations where a single factor dominates the
measurements at any time (Fig. 1). First, a surface source
associated with evaporation or sublimation will increase the
humidity and, likely, the isotope ratio from the bottom up
(Fig. 1a). Second, in the case of near-surface formation of
dew or frost, the mixing is between the ambient vapor and
the vapor that remains after the continual loss of water and
heavy isotopes from the surface vapor (Fig. 1b). Third, in
the absence of surface sources, vertical mixing at the top of
the boundary layer with the free troposphere at night leads to
www.atmos-chem-phys.net/13/1607/2013/
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Mass balance for surface water and fluxes

Estimates of δDF are used to attribute the surface water flux
into contributions from different components. A mass balance model for surface snow and liquid is depicted in Fig. 2
and is motivated by visual evidence for changes in snow grain
size and the formation of muddy ponds during the experiment. The quantitative mass balance assumes that over some
time interval a portion of the snow pack melts (fmelt ) and a
portion sublimates (fsub ). Some portion of the melt water in
the snow drains and adds to the mass of ponds (fdrain ) and
a portion can evaporate (fevapsnow ). Similarly, some portion
of the pond water evaporates (fevappond ). The model does not
account for water drainage into the soil, which is likely small
given the dry frozen clay soils at the site. The fractional values of these portions are constrained by observations of the
snow and pond water isotope ratios, the estimate of δDF obtained by a mixing line analysis described in the previous
section, and a model to describe the isotopic exchange be-
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mixing between the initial boundary layer vapor and the free
troposphere vapor (Fig. 1c). These situations highlight that
the mixing approach is built on the assumption that the profile structure is not influenced by other factors such as lateral
inhomogeneity and advection, which we show confounds the
technique. Indeed, previous work on boundary layer flow and
trace gas transport has illustrated it is unlikely that the simple
mixing model is valid for many instances in the lower boundary layer to, for instance, entrainment and lateral advection.

   

 

(vertical or lateral)

Frost/dew
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q, δD

Fig. 1. Schematic depiction of three cases for applying mixing models to water vapor and δD profile measurements in the case of (a)
a surface source with humidity anomalies that propagate upward,
(b) a surface sink with humidity anomalies that originate at the bottom of the profile, or (c) exchange at the top of the profile. The
tower is shown pictorially on the left with the instrument elevator
moving either up or down. Curves on the left of each case indicate
approximate water vapor or δD profiles, and boxes depict reservoirs
that compose a mass balance. The quantities q and δD pertain to
the measured profiles and qs and δDs are for the source or sink.
Solid arrows show air mass exchange. Open arrows show water exchanges. The δD value of these fluxes is sought from a mixing line
analysis.
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Fig. 2. Schematic depiction of the surface water balance in a region of snow pack loss. Total evaporation is the sum of sublimation,
evaporation from melt water in the snow, and evaporation from melt
water in ponds on the soil. It is assumed that additional evaporation
from preexisting soil water can be neglected. Melted snow may remain in the snow pack or drain to (muddy) ponds. Isotopic fractionation occurs during exchange between the snow pack liquid and ice,
and during evaporation from liquid pools.

tween the snow, melt water, pond water and the ambient vapor.
An enrichment of snow (by about 20 ‰) and ponds (by
about 35 ‰) was observed at the end of each day compared to
morning snow. The enrichment of pond water is likely due to
evaporation. The enrichment of snow water can have several
causes. First, isotopic re-equilibration between snow crystals
and melt water as it percolates through the snow pack can
lead to a significant enrichment (Taylor et al., 2001; Lee et
al., 2010). The isotope ratio of ice, Rc , in the case of partial
re-equilibration is


Rl0 + aRc0
Rc = αf
(8)
1 + aαf
where Rl0 and Rc0 are the initial isotope ratios of the liquid
and ice, αf is the liquid/ice fractionation coefficient (ice is
19.5 ‰ enriched compared to liquid at equilibrium, O’Neil,
1968), a is the mass of ice affected by the equilibration per
unit mass of liquid. Knowing the time evolution of Rc , a can
be deduced. Second, snow enrichment can occur due to recrystallization of melt water within the snow pack that has
undergone partial evaporation (Gurney and Lawrence, 2004).
Third, there remains the possibility of fractionation during
snow sublimation, (Ekaykin et al., 2009), which may incur a
kinetic effect and would lead to enrichment as in a Rayleigh
process. We neglect this possible effect in the default configuration of the mass balance model because the process is
not well constrained by existing theory and because it can be
shown that it is not necessary to explain the enrichment. The
importance of fractionation during sublimation is examined
with sensitivity tests. Fourth, vertical heterogeneity in the
snow pack could lead to different compositions uncovered
with time. Frost formation on the existing snow pack would
Atmos. Chem. Phys., 13, 1607–1623, 2013
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increase heterogeneity, but is likely to be a small contribution
to the mass. By design, snow samples were collected from a
single depth during the study to provide a bulk characterization of the isotope ratios in the diminishing snow pack. While
heterogeneity and layering of isotope ratios within the snow
and on the landscape is likely important, this aspect cannot
be checked with the samples available.
The isotope ratio of evaporating standing water can be described following Stewart (1975). Assuming the reservoir of
boundary layer vapor (Rv ) exchanging with ponds is much
larger than the reservoir of pond water, the isotope ratio of
the pond liquid (Rl ) is governed by the combination of a
Rayleigh-like distillation and re-equilibration of the liquid
with the ambient vapor. The model is
β
Rl = γ Rv + (Rl0 − γ Rv ) 1 − fevappond
(9)
where
1 − αl αk (1 − h)
β=
αl αk (1 − h)
αl h
.
γ=
1 − αl αk h

3
(10)

(11)

αl is the liquid/vapor equilibrium fractionation coefficient
(Majoube, 1971), αk is the kinetic fractionation coefficient,
h is the relative humidity, 1−fevappond is the fraction of pond
water that remains after evaporation, and Rl0 is the initial
liquid isotope ratio. The kinetic fraction is calculated as
 n
D
αk =
(12)
Di
where D and Di are the diffusivities of light and heavier isotopic species in air respectively (Merlivat, 1978) and n is a
coefficient ranging from 0.58 (in the case of standing water,
Stewart, 1975) to 0.67 (in the case of saturated soil, Mathieu
and Bariac, 1996). The value of n parameterizes the influence
of the balance between turbulent and molecular transport on
the isotope ratios. While this treatment of kinetic effects is
common in the literature, it is incomplete since it does not
include variations in the laminar boundary layers and roughness at the ground or at the surface of snow grains. Nonetheless, here we use n = 0.58, and testing shows this choice has
little effect on the results for a single isotope (i.e., δD). The
influence of this choice on the deuterium excess is larger, but
not discussed here.
The model has six unknown parameters: fsub , fevapmelt ,
fevappond , fmelt and fdrain , and the parameter a in Eq. (10).
They are obtained by an optimal estimation approach that is
constrained with observations of Rv , Rl , Rc , and the estimate
of RF derived from the mixing line analysis. Since the snow
pack and nearly all ponds disappeared over 3 days we assume
a third of the mass was lost on each day between 06:00 a.m.
and 06:00 p.m. The rate of loss of snow mass is assumed
Atmos. Chem. Phys., 13, 1607–1623, 2013

constant with time. It is assumed that at 06:00 a.m., all the
snow mass loss is due to sublimation given that cold morning temperatures preclude standing liquid, but the proportion
of snow sublimation versus melt decreases linearly to a fraction that is two times fsub (the factor of two is so the daily
mean sublimated fraction is fsub ). The model is integrated
10 000 times using uniformly randomly chosen parameters
that sample their full possible range. Simulations that yield
predictions within the (one standard deviation) uncertainty
of the observations are selected as plausible solutions. The
mean and spread of the ensemble of plausible outcomes are
reported as the optimal set which describes the flux partitioning. This optimal estimation approach represents a significant conceptual advance in methods that seek to use isotopic
information as a constraint on mass budgets.

3.1

Results
Overview of synoptic evolution

A snow storm on 12 February (36 h before the campaign)
was accompanied by a cold air mass and synoptic-scale flow
from the northwest. Flow over Colorado remained mostly
north-easterly at upper-levels between 14–17 February with
weak anticyclonic flow in the wake of the earlier front. Subfreezing temperatures of −12 ◦ C during the night on 15
February were associated with both upper level cold air advection from the north (not shown) and total near-surface air
temperature decreased by 15 ◦ C between local sunset and the
early morning temperature minimum. During the day on 18
February, upper level clouds were associated with westerly
flow while high humidity air at lower altitudes was associated
with southerly advection. Fresh snowfall began at around
05:00 p.m. local time on 18 February and ended the experiment. Figure 3 shows time-height cross sections of temperature, wind speed, water mixing ratio (q), δD and CO2 mixing
ratio. The water mixing ratio is from the Picarro analyser for
consistency with the δD data, however it agrees well with the
higher frequency open path Licor measurements. In part the
agreement comes from robust calibration of the two instruments; however, the agreement also provides confidence in
the memory correction used during the calibration of the Picarro water and isotope ratio data. Time series of specific humidity, δD and CO2 mixing ratio at the surface and at 300 m
are shown in Fig. 4.
At 300 m, both specific humidity and δD increase during
the afternoon on 17 February (Fig. 4), and signifies a change
in the air mass. The isotopic signature of this transition is
characterized using the position of the observed q, δD pair on
a q − δ diagram (Fig. 5). This type of diagram helps identify
the processes controlling the isotopic ratios (Noone, 2012).
The data provide evidence of two distinct moisture pathways.
The difference in the two populations of observations is expected from the change in the synoptic flow to the west and
www.atmos-chem-phys.net/13/1607/2013/
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Fig. 4. Time series of (a) q(g kg−1 ), (b) δD (‰) and (c) CO2
(ppmv) near the surface (taken at 10 m) and at the top of the tower
over the four-day experiment. The time axis is in hours (local)
Mountain Standard Time. Shading indicates the time between local sunset at 05:40 p.m. and sunrise at 06:50 a.m.

Fig. 3. Time height sections of (a) temperature (◦ C), (b) wind speed
(m s−1 ), (c) water vapor mixing ratio (i.e., q, g kg−1 ), (d) δD (‰),
and (e) CO2 volume mixing ratio (ppmv). Contours show potential
temperature (K). Grey dots show where the Richardson number is
the critical value, and the grey line estimates the depth of the convective layer. The time axis is in hours local Mountain Standard
Time, and spans from 09:00 a.m. 15 February to 06:00 p.m. on 18
February. Arrows indicate examples of intermittent turbulent burst
events.

south on 18 February. For most of the experiment, the values remain close to a single coherent area of the phase diagram clustered around a line that is consistent with a saturated Rayleigh distillation (i.e., a pseudoadiabatic process)
from an oceanic moisture source at 10 ◦ C and 70 % relative
humidity (purple curve). At the end of the experiment the air
mass associated with the snowfall on the 18 February lies
on a Rayleigh curve drawn with a saturated ocean source at
around 25 ◦ C (solid cyan curve). A model in which the precipitation efficiency is 0.5 (i.e., partial removal of condensate
shown as dashed cyan curve, see Noone, 2012) captures the
values early in the onset of the storm, suggesting a history in
which liquid cloud processes or recycling are important during transit from the ultimate oceanic source. The distillation
curves on the figure were visually fit to the data to provide
guidance on understanding origins of the air from the raw observations. Simple single-process modeling approaches can
be confounded by more complex air mass histories involving, for instance, air mass mixing. Air mass mixing during
transport can lead to substantial deviations from a Rayleigh
prediction (e.g., Noone, 2008; Hurley et al., 2012). Indeed,
the transition between the two air masses is well described
by a mixing line constrained on the upper end with an end
www.atmos-chem-phys.net/13/1607/2013/

member of −190 ‰, which is typical for wintertime precipitation in the region (e.g., Araguas-Araguas et al., 2000).
A further change in air mass occurred during the snow
storm on 18 February that ended the experiment. The shift
has two components evident in the δD observations at the end
of the time series. First, enrichment is associated with the air
mass change to the westerly flow in the morning (as noted
above). Then, a strong depletion is associated with strong
vertical mixing involving the entire troposphere in frontal
systems and is accompanied by high wind speed in the final hours of the experiment (Fig. 3). Values observed during the event are well described by the Rayleigh curve (solid
cyan, Fig. 5), and indicates a continually precipitating air
mass with an oceanic origin in the region of the front.
3.2

Diurnal evolution

Many salient features observed are related to the diurnal cycle. Figure 4 shows humidity at both the surface and 300 m
decrease linearly throughout the first two nights, accompanied by a similar steady linear decrease of δD values. On the
first night this is associated with stable subsidence and the
second night this is associated with the formation of a low
level jet (LLJ). At night, surface CO2 mixing ratio increase
with time due to continual respiration while 300 m values remain rather constant and are indicative of stable stratification. CO2 builds slowly in the stable nocturnal surface layer
to a height of about 50 m, and is shown to be approximately
bounded by contours of potential temperature in Fig. 3. In
the morning, specific humidity and δD values increase due
to the surface latent heat flux and the growth of a convective
boundary layer which allows ventilation of near-surface air
with low CO2 and low δD air entrained into the boundary
layer from the troposphere. The convective boundary layer is
Atmos. Chem. Phys., 13, 1607–1623, 2013
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shown on the figure by the height at which the bulk Richardson number attains the critical value, and indicates deepening
during each day due to shear. The convective layer exceeds
300 m on the last day. In the evening, water vapor mixing
ratio and δD decreases at 300 m once thermally driven convection terminates which stops the steady input of surface
water of high δD. The surface source of high δD vapor does
not cease immediately in the evening but becomes trapped
within the growing stable boundary layer and does not reach
300 m.
Two-hour averaged δD profiles are shown in Fig. 6 for different times of day that illustrate the evolution of the profile
in the cases anticipated from Fig. 1. In the morning, sublimation of snow increases the humidity and δD in the boundary layer. During the night the boundary layer attains lower
δD values associated with air entering from above (Fig. 6a).
Evidence for an evaporative source is seen in the δD as a
maximum near the surface (Fig. 6b). This moist and enriched
anomaly propagates quickly upward due to the strong mixing that accompanies the steadily growing convective boundary layer and leading to a shift of the δD profile to higher
values (Figs. 3 and 6b). The CO2 , water vapor and δD all
show reduced vertical gradients during the day associated
with strong mixing driven by solar heating (Fig. 3). In the
meantime, mixing within the boundary layer and with the
Atmos. Chem. Phys., 13, 1607–1623, 2013
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Fig. 5. Joint q − δD diagram showing tower data from 300 m (red
and orange) and the base of the tower (blue and green). Data from
the first three days of the experiment are shown as red and blue diamonds and the data from the final day of the experiment (after 07:00
p.m. MST on 17 February) are shown as orange and green squares.
Theoretical curves are placed subjectively to provide context. The
purple curve is a saturated Rayleigh curve assuming source vapor is
initially at 70 % relative humidity over an ocean at 10 ◦ C as might
be typical of a North Pacific origin, and the cyan line shows a saturated Rayleigh curve assuming the source vapor is saturated over
an ocean at 25 ◦ C as is more typical of a Gulf of Mexico origin. The
dashed cyan curve has the same origin, but the precipitation efficiency is 0.5. The orange line is for mixing between an air mass with
q = 0.8 g kg−1 and δD = −350 ‰ and a source with δD = −190.
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Fig. 6. Profiles of δD for specific events that illustrate diurnal variations that can be captured by a mixing line analysis: (a) depletion
associated with nocturnal mixing, (b) daytime enrichment from surface source, (c) frost formation. The red curve occurs several hours
after the blue profile, and the evolution is indicated by the arrow.

free troposphere allows the night time CO2 maximum to dissipate.
3.3

Evolution of turbulence properties

Since high δD water vapor is emitted at the surface during
the day and CO2 is emitted at the surface is trapped during
the night, δD and CO2 are complementary tracers that reveal
information about boundary layer mixing processes. For stationary boundary layers, the relative role of mixing within the
boundary layer, and between the boundary layer and the free
troposphere, can be exposed on the basis of mixing that follows a mixing-length hypothesis. However, when the boundary layer is heterogeneous or highly dynamic (such as during
morning convective growth and evening transitions to stability, or when there are intermittent mixing processes) more
detailed analysis is needed to evaluate the appropriateness of
the mixing line approach.
Figure 3 reveals periods when δD and CO2 both feature
sudden and large variations. During the night in particular,
both tracers reveal the slow mixing is punctuated by bursts
within the boundary layer or originating at the top of the observed profile. Such intermittent dynamical processes that affect the momentum and heat balance of the nocturnal boundary layer structure have been noticed in previous studies
(Poulos et al., 2002; Salmond and McKendry, 2005). An example of the influence of these events on trace gases is seen
at 10:00 p.m. on 15 February: δD and CO2 suddenly decrease
at 300 m and within the profile, suggesting a turbulent burst
that leads to enhanced exchange with the free troposphere.
Subsequently, δD decreases while CO2 increases, suggesting
a turbulent burst within the boundary layer that mixes depleted δD downward and transports the high CO2 concentration upward, or from a lateral source. This type of transient
dynamical feature is not described by a mixing line analysis.
The formation of a LLJ during the second night is
a sustained dynamical structure which clearly illustrates
www.atmos-chem-phys.net/13/1607/2013/
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Fig. 7. Composite profiles from a high speed sensor on the tethered
lift system during the night of 17 February 2010 during the formation of a low level jet. (a) The difference between potential temperature and potential temperature at the surface (K), (b) wind speed
(m s−1 ) and (c) log of turbulence dissipation rate (m2 s−2 ). Panels
show a sequence approximately 10–30 min apart as indicated in (a)
between 06:30 p.m. and 09:30 p.m. local time.

limitations of a mixing line analysis. LLJs can result from
many generation mechanisms. In this case, the very stable
conditions, evident in both the tower data (Fig. 3a) and from
the TLS (Fig. 7), tends to extinguish turbulence above the
typically thin surface boundary layer, which leads to unbalanced horizontal pressure gradients that accelerates the flow
until turbulence is reestablished (e.g., Businger, 1973). Figure 7 shows a series of very high resolution profiles during
the time of the LLJ from the TLS. The turbulence profiles
show the 10–15 m deep surface layer. Before the jet appears,
the boundary layer profiles (the first seven profiles in Fig. 7)
show a steep inversion in the lowest 15 m that indicates the
depth of the surface layer, while the structure above is near
neutral. The jet appears at 21:05 local time as a result of the
enhanced stability. The gas tracers show that boundary layer
air is replaced by well mixed air mass transported into the
region above the surface layer by the jet, while air below the
height of the jet retains CO2 and δD values representative
of the surface fluxes (Fig. 3d and e). From the wind speed
data (Fig. 3b) the LLJ is identified mostly between 50 and
300 m. The relationship between the height of the LLJ and
trace gas measurements from the Picarro analyser is partially
masked by the inherent smoothing applied to the δD and H2 O
during the application of the memory correction (Appendix
B). The three subsequent profiles (21:05, 21:20 and 21:30,
Fig. 7) show the boundary layer becomes deeper allowing
export of the surface air. The turbulent dissipation rate, ε,
shows that a surface based turbulent boundary layer extends
up to about 150 m. When the jet disappears, CO2 and q are
transported upward again at the slow rate governed by the
nighttime stability.
www.atmos-chem-phys.net/13/1607/2013/
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Fig. 8. Profiles of δD for some events that demonstrate where a
mixing line analysis fails: (a) a change in air mass origin associated
with a change in the wind direction and, (b) decreases in the mean
δD values of the entire profile associated with the passage of an air
mass that has undergone precipitation. The red curve occurs several
hours after the blue profile, as indicated by the arrow.

The advective influences of the LLJ on the moisture profile would invalidate the conditions required for the isotope
GML method to be useful. The impact of a similar advective
influence on the profile is illustrated well by the arrival of the
frontal air mass in the evening of the 17 February (Fig. 8a).
While reminiscent of the conceptual depiction in Fig. 1c, the
vertical structure is not governed by a mixing process and so
is not well modeled with a mixing line. Similarly, changes in
the air mass over the depth of the profiles associated with the
passage of the front on the 18th (Fig. 8b) are not captured by
a mixing line analysis. Under these types of advective conditions the GML approach may be valid in the surface layer
where the surface exchange dominates, but transient and dynamic phenomenon are not readily accounted for in a simple
tracer mixing line analysis over different sections of the full
300 m profile. On the other hand, the isotopic information is
useful in identifying these dynamic changes since they are
easily identified where the data fail to conform to a simple
mixing hypothesis.
3.4

Surface flux composition from mixing lines

Estimates of the δD of surface fluxes associated with evaporation and sublimation (i.e., δDF ) are obtained from the observed vertical profiles using a mixing line approach. The
temporal mixing line (TML) analysis applied on temporal series in windows of 3.5 h of data taken from any single height
yields noisy results and values of δDF that are not bounded
by δD values of the snow and so appear unphysical. Testing
different temporal windows from 1 to 6 h, applying smoothing filters and using different heights failed to produce results from the TLM method that could be deemed reliable
Atmos. Chem. Phys., 13, 1607–1623, 2013
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Fig. 9. (a) Comparison between δD values of surface samples and
estimates of δDF . The δD of snow samples (black circles) and values for vapor that would be in isotopic equilibrium with snow samples (red circles) provide upper and lower bounds for reasonable
estimates of δDF . A blue asterisk shows the value of the measured
frost sample and brown squares show mud samples. Estimates of
δDF from gradient mixing line methods based on profiles from the
surface up to 60 m (shown in blue) and from the surface to 300 m
in magenta, and are usually within the expected range. Estimates
of δDF from temporal mixing line approach from the data in 3.5 h
windows from 10 m (green) are less robust. Only values where the
regression is significant at the 95% confidence level are plotted. (b)
Total error in the δDF estimate is shown as the standard deviation
of the slope parameter in the linear regression, taking into account
both total uncertainty in q and δD. Shading indicates time between
sunset and sunrise.

without a priori knowledge of the flux. This demonstrates
that even over the time scale of a few hours, the dynamic and
non-stationary nature of the boundary layer (illustrated in the
previous section) prevents a simple two-box mixing model to
capture the behavior of the profile. This result echoes similar concerns raised from continuous measurements elsewhere
(e.g., Griffis et al., 2007). The shortcoming in the TML approach is because several fluxes affect the vapor δD at a given
height during a particular time window (i.e., surface evaporation, mixing from above and regional horizontal advection
frequently act at the same time). Figure 9a (green), shows
flux values derived from the surface (10 m, and within the
surface layer), which appear to be the most reliable because
it is closest to the source and because the dynamics of the
surface layer are simpler than the rest of the boundary layer.
Uncertainty is shown in Fig. 9b as the standard deviation derived from the quadratic sum of precision of the measurement, uncertainty in all steps of the calibration and the estimate on the mixing line regression. The latter dominates.
Uncertainties in δD are associated with measurement preAtmos. Chem. Phys., 13, 1607–1623, 2013
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mixing with vapor from above
change in free troposphere properties
vapor input by surface evaporation
Keeling line for surface evaporation
mixing line

Fig. 10. Example of the evolution of profile mixing lines during
the case of a surface water source. (a) Characteristic enrichment
associated with sublimation of snow. (b) The case of a change in the
isotopic composition of the source water from sublimation of snow
during the morning to a source associated with a vapor flux from
pond evaporation in the afternoon. Change in the background end
member is associated with a slow enrichment of the higher altitude
air mass. The black data points in (b) are the same as red data in (a).

cision are ±5 ‰ at 1 g kg−1 and uncertainties arising from
memory effects are typically ±2 ‰. This shows that while
the TML method is not generally appropriate for boundary
layer data, time series data obtained from short towers may
be useful, especially over short time periods when the instantaneous gradient can be resolved (Good et al., 2012). The results suggests that studies using cryogenic methods to obtain
samples that integrate over 10s of minutes to hours may be
reliable when the conditions are chosen carefully.
The GML approach applied on profiles in the surface layer
(taken from 0 to 60 m, Fig. 9 blue) yields values of δDF at
noon and in the afternoon that remain between the predicted
δD of snow sublimation and the predicted δD of evaporation of snow melt. It also captures the composition of the
frost sample on the morning of 18 February. During other
periods however, estimated δDF seems unphysical. This was
most notable for the case of the frost event as the surface
flux changes sign from upward during the day to downward
at night in association with the frost. Similar limitations can
be expected when the flux is small. The gradient mixing approach is sensitive to the height over which the mixing line is
constructed. For instance, when calculated from 0 to 300 m,
the approach yields significantly higher δDF values. The results show that while the GML method has advantages over
the TML method it is not without limitations. The reason for
some of the limitations and for the sensitivity to profile height
warrants discussion.
The gradient mixing line approach requires a stationary
profile. Most of the time, vertical profiles are not stationary,
but rather reflect the transition between two (or more) states.
Figure 10 illustrates two examples for which vertical profiles
are affected by surface fluxes. In the morning of 16 February,
www.atmos-chem-phys.net/13/1607/2013/
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Fig. 11. As in Fig. 10 but for profile mixing line evolution during
the formation of frost. (a) Light frost formation leads to a slight
curvature in the data. (b) The case of strong frost shows the profile
approaching the frost mixing line. The origin of high uncertainty in
δDF is seen graphically as the sensitivity in estimating the intercept
on the left axis from regression when the data is clustered on the
right side of the diagram.

surface fluxes lead to an enrichment of the vapor following
a mixing line between night values and snow sublimation
(Fig. 10a, red). The observed linear relationship suggests that
the state is stationary, and explains the small sensitivity to
profile height. This increases the confidence one may have
in the δDF estimate. In contrast, later in the day, surface
fluxes shift from sublimation to evaporation from standing
surface liquid water, so that the surface end member varies
with time. This transition leads to curvature of the mixing
line in the evening (Fig. 10b, red). This explains why the δDF
estimated from the full profiles are higher, and are probably
larger than the true δDF value. Changes in the free tropospheric end member associated with shifts in synoptic-scale
moisture origin similarly complicate the interpretation of the
mixing line.
Figure 11 illustrates the behavior of mixing lines in the
morning. During the night, the mixing line follows the same
trajectory as that from the previous day and thus reflects the
previous day’s surface fluxes (Fig. 11a, black). When frost
forms, however, the mixing line follows a new slope near
the surface, which leads to curvature when the full profile
is considered (Fig. 11a, red). This explains the particularly
low estimates of δDF in the morning of 16, 17 and 18 February. These values do not represent the δD value of frost, but
rather reflect the shift from one mixing line to another. When
frost formation is stronger (relative to the mixing timescale)
and dominates the profile, a new stationary mixing line is established and reflects frost formation very near the surface
(Fig. 11b). Indeed the gradient mixing line approach applied
to the bottom 60 m (i.e., the surface layer) can resolve the
isotope ratio of frost early on 18 February.
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Surface snow δD is observed to increase by about 20 ‰ every
day, and decrease during the night (Fig. 9). Since evaporative
enrichment of pond water, enrichment during sublimation
and re-equilibration of the snow pack with liquid give surface
fluxes of different isotope ratio, the relevant processes can be
constrained with the observed δDF value and the evolution of
δD of the snow and melt ponds. The fluxes are decomposed
by constraining the parameters of the mass balance model
given in Sect. 2.3. The model is initialized at 06:00 a.m. with
the δD value of snow and water vapor set to the observed values of δDc = −175 ‰ and δD = −255 ‰ respectively. The
observational constraints are typical δD values observed on
16 and 17 February at 06:00 p.m.: δDl = −140 ± 3 ‰ for
ponds, δDc = −155±3 ‰ for snow and δDF = −220±15 ‰.
Simulations were selected as plausible when the results were
within one standard deviation of the observations. The mean
of the ensemble of plausible solutions provides a measure of
the most likely partitioning of fluxes, and the standard deviation and confidence intervals based on percentile bins provides an estimate of the uncertainty. Table 1 summarizes the
results for each model parameter.
Simulation results show that both evaporative enrichment
and re-equilibration with melt water are necessary to explain the observed approximate 20 ‰ enrichment of the snow
each date. The role of snow re-equilibration is supported by
observable changes in physical properties of snow over the
course of the experiment from a “powder” texture to a larger
grained and icier structure. This is consistent with significant
melting and recrystallization.
Despite the wide range of possible values for the six model
parameters, the set which produce simulations that match the
observations depict a very consistent set of processes controlling the surface water budget (Fig. 12). Sublimation accounts for 70 to 73 % of the total surface water fluxes over the
day, and for 59 to 60 % of the total snow loss. Snow samples
contain 13 to 21 % of water that is refrozen liquid. The observed decrease of snow δD in the evening can be explained
by drainage of evaporatively enriched liquid water that had
accumulated within the snow pack during the day, but this is
not resolved in the calculation.
A series of eight sensitivity experiments is used to test the
importance of (1) the uncertainty in the observational constraints and (2) assumptions about the isotopic model on the
resulting partitioning estimate. The sensitivity to observational uncertainty is tested by reducing the standard deviation of the constraints by a factor of two, and the importance
of each constraint is assessed by withholding it from the
calculation. Each test repeats the calculation with a 10 000
member ensemble to obtain optimal estimates. Table 2 reports results as the fractional change in the 25–75th percentiles range. Values shown in the table that are higher than
one show where the possible range of values has increased,
Atmos. Chem. Phys., 13, 1607–1623, 2013

1618

D. Noone et al.: Water sources in the boundary layer

Table 1. Optimal parameter estimates for partitioning in the surface water budget given in units of %. All fluxes are normalized by the total
loss of snow mass. The sum fsub + fevapsnow + fevappond equals 100 % of the surface flux in each simulation in the Monte Carlo ensemble.
Water budget fraction (%)

fsub

fevapsnow

fevappond

fmelt

fdrain

Mean
Median

62
63

34
36

3
3

51
53

8
6

Standard deviation
25–75th percentile range
5th percentile
95th percentile

6
11
52
77

7
11
22
47

3.6
4
0.3
13

8
13
36
63

8
11
0.5
27

Table 2. Fractional change in uncertainty of partition fractions from a series of eight sensitivity tests. Change in uncertainty is reported as
the fractional change in the 25–75th percentile range. Values higher than one show that the range of values has increased, values lower than
one means that the range of values is decreased. Tests 1, 2 and 3 remove each of δDF , δD of snow and δD of ponds. Test 4, 5 and 6 use
uncertainty in those values reduced by a factor of two. Test 7 allows for fractionation during sublimation. Test 8 combines test 7 with reduced
uncertainty in the estimate of δDF .
Water budget fraction

fsub

fevapsnow

fevappond

fmelt

fdrain

(1) No δDF
(2) No δD of snow
(3) No δD of pond
(4) Refined δDF
(5) Refined δD of snow
(6) Refined δD of pond
(7) Sublimation fractionation
(8) As in 7, and refined δDF

1.0
1.6
1.0
1.0
0.8
0.8
1.7
1.6

1.0
4.0
1.0
1.1
0.9
1.2
3.4
2.4

1.0
0.9
1.3
1.0
1.0
1.0
0.9
1.4

1.0
4.0
0.8
0.8
0.8
0.8
3.3
1.2

1.0
0.9
1.1
1.0
1.0
1.0
1.0
0.9

and values lower than one show that the uncertainty has decreased.
The sensitivity tests show that (1) the δDF constraint does
not influence the uncertainty because it is itself uncertain, (2)
the snow δD is the most significant constraint, and (3) when
the pond water δD constraint is not used the uncertainty in
the drainage fraction and pond evaporation is larger. The uncertainty of each of δDF , δD of snow and δD of pond water
was reduced by a factor of two (tests 4, 5 and 6) and shows
that there is only moderate change in the uncertainty on the
final partitioning fractions which suggests that the measurement capabilities are sufficient. The importance of fractionation during sublimation is tested by allowing the fractionation during sublimation to vary between the model default
value of 0 ‰ (e.g., Jouzel et al., 1987; Hoffmann et al., 1998)
to 40 ‰ (the maximum value observed in laboratory experiments under windy conditions, Ekaykin et al., 2009). Adding
this extra degree of freedom yields significantly larger uncertainty in the estimate of the partitioning. The degree of
fractionation during sublimation is better constrained if the
estimate of δDF is better, as illustrated by test 8 in which
sublimation is allowed and the uncertainty of δDF is reduced
by a factor of two.
The suite of sensitivity tests shows that the strongest constraint on the model of the snow pack is offered by measurements of the isotopic composition of the snow pack itself,
Atmos. Chem. Phys., 13, 1607–1623, 2013
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Fig. 12. The partitioning of fluxes as described by an optimal fit
of all model solutions to the observed isotopic constraints. Results
are expressed as the percentage of the total surface water flux. The
range is given as the maximum and minimum values from all simulations. The maximum likelihood estimates are given in Table 1.

and that uncertainty in the estimate of the partitioning between evaporation from liquid in the snow versus sublimation is much larger with only the estimate of the net flux.
Because of this, the assumption on the existence of fractionation during sublimating (both equilibrium and kinetic) becomes an important aspect in obtaining robust estimates of
the partition fractions.
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Conclusions

Measurements of the lower boundary layer vertical profiles
of specific humidity and the hydrogen isotope ratio of water
vapor were made from a 300 m tall tower every 15 min during
four winter days in Colorado. During the campaign we find
that at the synoptic scale, the isotopic evolution reflects the
origin and differing hydrologic histories of air masses. At the
daily scale, the evolution of the isotope ratio reflects the sublimation of snow, evaporation of ponds and strong boundary
layer mixing during the day. Since water vapor sources are
largest and positive during the day and CO2 emitted at the
surface is trapped at night, they are complementary tracers of
boundary layer mixing. Together, they show strong vertical
mixing during the day and a shallow well stratified boundary layer during the night, in which mixing occurs mainly
through intermittent bursts of turbulence.
Several approaches were employed to deduce the isotope
ratio of the flux using a mixing line analysis. Mixing line
analyses applied to time series data yield very noisy results,
due to the non-stationary and diverse set of processes (e.g.,
evaporation, turbulent mixing, slow shifts in tropospheric
composition, etc.) taking place over the duration of the sections of data. Mixing lines constructed from vertical profiles
yield more physically satisfying results during the day when
thermal convection is well established, and the mixing line
estimates from the surface layer (up to a few 10s of meters)
provide the most reliable estimates, in agreement with other
work (Williams et al., 2004; Griffis et al., 2007; Good et al.,
2012). This confirms that measurements from short (10 m)
towers are beneficial, but there remains a need for careful
analysis of the gradient method if samples are taken sequentially rather than measuring the profile a given instant. The
profile above the surface layer is influenced by more complex dynamics, and captures processes and source other than
those associated with surface exchange, which negates the
assumptions underlying the mixing model. The GML approach is also able to capture some frost formation events
before sunrise. However, it fails during the night and every
time the profiles deviate significantly from stationary state
(e.g., when one of the end members shifts, or when the dominating process changes). Over the course of each day during
the experiment, the progressive decrease in the δD values of
the source vapor (i.e., δDF ) derived from the profiles suggests a shift from snow sublimation in the morning to pond
evaporation through the day, which provides the evidence for
physical changes in the characteristics of the source and a
constraint for quantitative attribution.
Although limitations in mixing line analysis have been revealed at the processes level, the use of an optimal estimation approach allows synthesis of uncertain data from multiple sources with an adequate forward mass balance model
to form an estimate of the flux partitioning. This is an important advance in the source attribution problem because it
sets a path for more formal assimilation of surface isotopic
www.atmos-chem-phys.net/13/1607/2013/
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data into detailed process models to constrain surface water and energy balance rather than relying on simple mixing
methods. Additional information on water vapor source and
exchange processes is provided by combining δD and δ 18 O,
i.e. from deuterium excess measurements (e.g., Gat and Matsui, 1991). Developing appropriate calibration procedures for
water vapor isotope ratio measurements remains a challenge,
especially for deuterium excess when the humidity is low and
highly variable as is typical in field settings. The analysis
shows that while vapor measurements are important, measurements of the possible source reservoirs (especially soil
water, snow pack, standing liquid and potentially precipitation, etc.) offer stronger constraints. These should be considered essential in developing observational programs that seek
to use isotopic data for flux attribution.
Appendix A
Calibration of isotopic measurements
Raw δ (both D and 18 O) measurements are corrected to
remove measurement dependence on mixing ratio and calibrated to the standard scale as shown schematically in
Fig. A1. Calibration is based on data obtained from discrete injections of five known standards with a PAL autosampler and the Picarro vaporizer unit. Injections were made
at mixing ratio values near 0.31, 0.62, 1.24, 3.10, 6.20 and
12.40 g kg−1 (using a 10 µm syringe for 6.20 and 12.4, and
a 500 nl syringe for lower mixing ratios). Standard waters
from Florida, Boulder, and the West Antarctic Ice Sheet,
Greenland and Vostok were supplied by the University of
Colorado Stable isotope Laboratory and tied to the SMOWSLAP scale using IAEA primary standards. Humidity dependence is characterized by fitting a function, f , to measured
values. Various functions can be used (geometric, splines,
polynomials, etc.), and here we choose a cubic polynomial
in the form δ = f (x) where x is the natural logarithm of q.
The fit accounts for uncertainty in the δ and q using a Monte
Carlo approach. The shape of the curve depends weakly on
the δ value of the standard water, which is accounted for by
linearly interpolating the regression coefficients between the
known δ values of the standard water and the measured δvalue. The humidity correction is the difference between the
δ-value at the measurement q-value and the δ-value at a reference value taken as qref = 6.2 g kg−1 (Fig. A1a). Adjustment
to the SMOW-SLAP scale is achieved with a quadratic fit between the values of standard waters known from mass spectrometer measurement and the measurements of those standard waters with the spectroscopic analyzer (Fig. A1b). A
quadratic fit is needed to remove the non-linearity that would
otherwise introduce errors of 2.8 ‰ for δD and 0.15 ‰ for
δ 18 O.
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Fig. A1. Schematic depiction of calibration approach. (a) Raw measurements (δraw ) are corrected for instrument dependence on humidity by applying an adjustment based on a (cubic) curve fit to
standard water measured at different mixing ratio values. This standardizes δ measurements to a reference mixing ratio qref = 6.2
g kg−1 . (b) Corrected values (δcor ) are adjusted to the SMOWSLAP scale to produce the calibrated values (δcal ) using a calibration curve constructed as quadratic fit between values measured at
q = q ref and known values of five working standards. Open symbols indicate measurements of standards and solid symbols show
an observation. Solid arrows indicate the corrections. Values a and
b are regression coefficients. All uncertainties are propagated using
a Monte Carlo ensemble with 10 000 members for each measurement to give an estimate of accuracy. Error bars denote one standard deviation, and are greatly exaggerated to aid in the illustrative
depiction. Dotted lines indicate the one standard deviation envelope
on estimates of the calibration curves. Instrument precision is determined from laboratory tests.

Uncertainty associated with instrument precision (which
is a function of humidity), repeatability in measurement of
standard waters, uncertainty in regression and curve fitting
coefficients and accuracy of calibration waters is propagated
though the approach using a Monte Carlo method to give an
estimate on the measurement accuracy. The Monte Carlo ensemble is constructed by perturbing all quantities involved
in the calibration by a normally distributed random amount
proportional to one standard deviation of each quantity. The
Monte Carlo ensemble has 10 000 members for each measured value, and the mean and standard deviation of the ensemble provides the estimate of the calibrated value and the
accuracy on each measurement. The accuracy is from 6.6 to
3.3 ‰ for δD, and 1.0 to 0.4 ‰ for δ 18 O over the range of
q from 1 to 4 g kg−1 . The one standard deviation precision
of raw 0.16 Hz measurements is determined from laboratory
measurements of water vapor with a fixed humidity and is
from 5.5 and 2.6 ‰ for δD, and 1.0 to 0.30 ‰ for δ 18 O over
the observed range of q. The accuracy of calibrated q measurements is 2 %.
Appendix B
Algorithm for memory correction
Because of significant memory effects associated with low
flow rates (30 cc min−1 ), the volume of the inlet and sample lines and instrument effects, the calibrated δ profiles for
upward and downward motions of the elevator are different,
Atmos. Chem. Phys., 13, 1607–1623, 2013

and need to be reconciled by a posterior correction. Downward profiles have δ values typically 9.1 ± 9.5 ‰ lower than
the upward profiles. This is because downward profiles retain the memory of the depleted vapor encountered at the top
of the tower, whereas upward profiles retain the memory of
enriched vapor encountered at the surface.
It is assumed that at each measurement time t, the composition of the vapor inside the isotopic analyzer, δobs (t), is
a combination of new sample vapor and the vapor from previous observations, and that the vapor is mixed with a time
constant τ . The value of τ accounts for both the time required
for mixing and the time scale of interactions between water
molecules and all internal surfaces. Each vapor measurement
reflects the environment vapor with a lag of 1tlag due to the
transport time in the inlet. At each time t, δobs is expressed
as

 

1t
1t
δobs (t−1t)+
δenv (t−1tlag ) (B1)
δobs (t)= 1−
τ
τ
where δenv is the δ value of the environment and 1t is the
time interval between measurements. Both τ and 1tlag vary
with time, depend on wind, humidity and temperature conditions and on whether the elevator is ascending or descending.
The goal of the memory correction is to obtain an estimate
of the time series of δenv (t).
This estimation problem is regularized under the following assumptions: (1) τ (t) and 1tlag (t) are constant over each
upward and downward motion of the elevator, (2) δenv varies
slowly enough in time for δenv to be treated as constant for
each of the 156 elevator cycles (a cycle includes one up and
one down), and (3) the vertical structure of δenv (z) takes the
form:
)
(
 
z
(z−zm )2
δenv (z) = δ0 + γ z + Bzr ln
. (B2)
+ Aexp −
zr
2σ 2
This function is quite flexible, and allows a wide range of δ
value profiles, with different average values, different vertical
gradients, curvatures at the top or bottom, and up to two local
maxima or minima. The time scale of the memory effect,
of the order of several minutes, prevents statistically robust
retrieval of any more detail in the profiles other than those
included in Eq. (B2).
This leaves 11 parameters to optimize for each elevator cycle: 7 parameters for the shape of δenv (z) and up and down
values for τ and 1tlag . With 11 parameters over a 300 m profile it is reasonable to conceptualize an effective resolution
of approximately 27 m, although the true resolution can be
greater in regions of sharp gradients due to the structure of
the assumed profile. Using all measurements from the δenv (t)
time series for both the upward and downward motions of the
elevator allows δenv (t) to be constrained efficiently. Minimizing the (root mean squared) difference between the upward
and downward profiles effectively removes the memory effect. This mismatch is typically less than 2.5 ‰ for δD which
is comparable in size to the measurement precision.
www.atmos-chem-phys.net/13/1607/2013/
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The procedure is applied independently to δD, δ 18 O and q.
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Brown, S. S., Dubé, W. P., Osthoff, H. D., Wolfe, D. E., Angevine,
W. M., and Ravishankara, A. R.: High resolution vertical distributions of NO3 and N2 O5 through the nocturnal boundary layer,
Atmos. Chem. Phys., 7, 139–149, doi:10.5194/acp-7-139-2007,
2007.
Businger, J. A.: Turbulent Transfer in the Atmospheric Surface
Layer, Workshop on Micrometerology, Boston, MA, 67–100,
1973.
Cohn, S. A., Brown, W. O. J., Martin, C. L., Susedik, M.
E., Maclean, G. D., and Parsons, D. B.: Clear air boundary layer spaced antenna wind measurement with the Multiple Antenna Profiler (MAPR), Ann. Geophys., 19, 845–854,
doi:10.5194/angeo-19-845-2001, 2001.
Crossley, J. F., Polcher, J., Cox, P. M., Gedney, N., and Planton, S.:
Uncertainties linked to land-surface processes in climate change
simulations, Clim. Dyn., 16, 949–961, 2000.
Dansgaard, W.: Stable Isotopes in Precipitation, Tellus, 16, 436–
468, 1964.
Ehhalt, D. H.: Vertical profiles of HTO, HDO and H2 O in the troposphere, National Center for Atmospheric Research, Boulder,
ColaradoNCAR-TN/STR-100, 1974.
Ehhalt, D. H., Rohrer, F., and Fried, A.: Vertical profiles of
HDO/H2O in the troposphere, J. Geophys. Res.-Atmos., 110,
D13301, doi:10.1029/2004JD005569, 2005.
Einaudi, F. and Finnigan, J. J.: Wave-Turbulence Dynamics in the
Stably Stratified Boundary-Layer, J. Atmos. Sci., 50, 1841–1864,
1993.
Einaudi, F., Bedard, A. J., and Finnigan, J. J.: A Climatology of
Gravity-Waves and Other Coherent Disturbances at the BoulderAtmospheric-Observatory during March–April 1984, J. Atmos.
Sci., 46, 303–329, 1989.
Ekaykin, A. A., Hondoh, T., Lipenkov, V. Y., and Miyamoto, A.:
Post-depositional changes in snow isotope content: preliminary
results of laboratory experiments, Clim. Past Discuss., 5, 2239–
2267, doi:10.5194/cpd-5-2239-2009, 2009.
Frehlich, R., Meillier, Y., Jensen, M. L., and Balsley, B.: Turbulence measurements with the CIRES tethered lifting system during CASES-99: Calibration and spectral analysis of temperature
and velocity, J. Atmos. Sci., 60, 2487–2495, 2003.
Gat, J. R. and Matsui, E.: Atmospheric Water-Balance in the Amazon Basin – an Isotopic Evapotranspiration Model, J. Geophys.
Res., 96, 13179–13188, 1991.
Gedney, N., Cox, P. M., Douville, H., Polcher, J., and Valdes, P. J.:
Characterizing GCM land surface schemes to understand their
responses to climate change, J. Climate, 13, 3066–3079, 2000.
Good, S. P., Soderberg, K., Wang, L. X., and Caylor, K. K.: Uncertainties in the assessment of the isotopic composition of surface fluxes: A direct comparison of techniques using laser-based
water vapor isotope analyzers, J. Geophys. Res., 117, D15301,
doi:10.1029/2011jd017168, 2012.
Gossard, E. E., Gaynor, J. E., Zamora, R. J., and Neff, W. D.: FineStructure of Elevated Stable Layers Observed by Sounder and
Insitu Tower Sensors, J. Atmos. Sci., 42, 2156–2169, 1985.
Griffis, T. J., Zhang, J., Baker, J. M., Kljun, N., and Billmark,
K.: Determining carbon isotope signatures from micrometeorological measurements: Implications for studying biosphereatmosphere exchange processes, Bound.-Lay. Meteorol., 123,
295–316, doi:10.1007/s10546-006-9143-8, 2007.

Atmos. Chem. Phys., 13, 1607–1623, 2013

1622
Guo, Z. C., Dirmeyer, P. A., Koster, R. D., Bonan, G., Chan, E.,
Cox, P., Gordon, C. T., Kanae, S., Kowalczyk, E., Lawrence, D.,
Liu, P., Lu, C. H., Malyshev, S., McAvaney, B., McGregor, J. L.,
Mitchell, K., Mocko, D., Oki, T., Oleson, K. W., Pitman, A., Sud,
Y. C., Taylor, C. M., Verseghy, D., Vasic, R., Xue, Y. K., and Yamada, T.: GLACE: The Global Land-Atmosphere Coupling Experiment. Part II: Analysis, J. Hydrometeorol., 7, 611–625, 2006.
Gupta, P., Noone, D., Galewsky, J., Sweeney, C., and Vaughn, B. H.:
Demonstration of high-precision continuous measurements of
water vapor isotopologues in laboratory and remote field deployments using wavelength-scanned cavity ring-down spectroscopy
(WS-CRDS) technology, Rapid Commun Mass Sp, 23, 2534–
2542, doi:10.1002/rcm.4100, 2009.
Gurney, S. D. and Lawrence, D. S. L.: Seasonal trends in the stable
isotopic composition of snow and meltwater runoff in a subarctic
catchment at Okstindan, Norway, Nordic Hydrology, 35, 119–
137, 2004.
He, H. and Smith, R. B.: Stable isotope composition of water vapor in the atmospheric boundary layer above the forests of New
England, J. Geophys. Res.-Atmos., 104, 11657–11673, 1999.
Henderson-Sellers, A.: Improving land-surface parameterization
schemes using stable water isotopes: Introducing the ’iPILPS’
initiative, Global Planet. Change, 51, 3–24, 2006.
Henderson-Sellers, A., McGuffie, K., Noone, D., and Irannejad, P.:
Using stable water isotopes to evaluate basin-scale simulations
of surface water budgets, J. Hydrometeorol., 5, 805–822, 2004.
Hoffmann, G., Werner, M., and Heimann, M.: Water isotope module
of the ECHAM atmospheric general circulation model: A study
on timescales from days to several years, J. Geophys. Res., 103,
16871–16896, 1998.
Holtslag, B.: Preface – GEWEX atmospheric boundary-layer study
(GABLS) on stable boundary layers, Bound.-Lay. Meteorol.,
118, 243–246, doi:10.1007/s10546-005-9008-6, 2006.
Hurley, J. V., Galewsky, J., Worden, J., and Noone, D.: A
test of the advection-condensation model for subtropical water vapor using stable isotopologue observations from Mauna
Loa Observatory, Hawaii, J. Geophys. Res., 117, D19118,
doi:10.1029/2012jd018029, 2012.
Jouzel, J. and Merlivat, L.: Deuterium and O-18 in Precipitation
– Modeling of the Isotopic Effects during Snow Formation, J.
Geophys. Res., 89, 1749–1757, 1984.
Jouzel, J., Russell, G. L., Suozzo, R. J., Koster, R. F., White, J. W.
C., and Broecker, W. S.: Simulation of the HDO and H218O
atmospheric cycles using the NASA GISS general circulation
model: the seasonal cycle for present-day conditions, J. Geophys.
Res., 92, 14739–14760, 1987.
Kaimal, J. C. and Gaynor, J. E.: The Boulder Atmospheric Observatory, J. Clim. Appl. Meteorol., 22, 863–880, 1983.
Keeling, C. D.: The concentration and isotopic abundances of atmospheric carbon dioxide in rural areas, Geochim. Cosmochim.
Acta, 13, 322–334, 1958.
Koster, R. D. and Milly, P. C. D.: The interplay between transpiration and runoff formulations in land surface schemes used with
atmospheric models, J. Climate, 10, 1578–1591, 1997.
Koster, R. D., Guo, Z. C., Dirmeyer, P. A., Bonan, G., Chan, E.,
Cox, P., Davies, H., Gordon, C. T., Kanae, S., Kowalczyk, E.,
Lawrence, D., Liu, P., Lu, C. H., Malyshev, S., McAvaney, B.,
Mitchell, K., Mocko, D., Oki, T., Oleson, K. W., Pitman, A., Sud,
Y. C., Taylor, C. M., Verseghy, D., Vasic, R., Xue, Y. K., and

Atmos. Chem. Phys., 13, 1607–1623, 2013

D. Noone et al.: Water sources in the boundary layer
Yamada, T.: GLACE: The Global Land-Atmosphere Coupling
Experiment. Part I: Overview, J. Hydrometeorol., 7, 590–610,
2006.
Kurita, N., Newman, B. D., Araguas-Araguas, L. J., and Aggarwal, P.: Evaluation of continuous water vapor δD and δ 18 O measurements by off-axis integrated cavity output spectroscopy, Atmos. Meas. Tech., 5, 2069–2080, doi:10.5194/amt-5-2069-2012,
2012.
Lee, H., Smith, R., and Williams, J.: Water vapour O-18/O-16 isotope ratio in surface air in New England, USA, Tellus B, 58, 293–
304, 2006.
Lee, J., Feng, X., Faiia, A. M., Posmentier, E. S., Kirchner,
J. W., Osterhuber, R., and Taylor, S.: Isotopic evolution of
a seasonal snowcover and its melt by isotopic exchange between liquid water and ice, Chem. Geol., 270, 126–134,
doi:10.1016/j.chemgeo.2009.11.011, 2010.
Lee, X. H., Kim, K., and Smith, R.: Temporal variations of
the O-18/O-16 signal of the whole-canopy transpiration in
a temperate forest, Glob. Biogeochem. Cy., 21, GB3013,
doi:10.1029/2006GB002871, 2007.
Lee, X., Huang, J., and Patton, E.: A large-eddy simulation study
of water vapour and carbon dioxide isotopes in the atmospheric
boundary layer, Bound.-Lay. Meteorol., 145, 229–248, 2012.
Majoube, M.: Fractionation in O-18 between Ice and Water Vapor,
Journal De Chimie Physique Et De Physico-Chimie Biologique,
68, 625–636, 1971.
Mathieu, R. and Bariac, T.: A numerical model for the simulation
of stable isotope profiles in drying soils, J. Geophys. Res., 101,
12685–12696, 1996.
Merlivat, L.: Molecular Diffusivities of (H2o)-O-1 6 Hd16o, and
(H2o)-O-18 in Gases, J. Chem. Phys., 69, 2864–2871, 1978.
Miller, J. B. and Tans, P. P.: Calculating isotopic fractionation from
atmospheric measurements at various scales, Tellus B, 55, 207–
214, 2003.
Milly, P. C. D., Dunne, K. A., and Vecchia, A. V.: Global pattern of
trends in streamflow and water availability in a changing climate,
Nature, 438, 347–350, doi:10.1038/nature04312, 2005.
Moreira, M. Z., Sternberg, L. D. L., Martinelli, L. A., Victoria, R.
L., Barbosa, E. M., Bonates, L. C. M., and Nepstad, D. C.: Contribution of transpiration to forest ambient vapour based on isotopic measurements, Glob. Change Biol., 3, 439–450, 1997.
Noone, D.: The influence of midlatitude and tropical overturning
circulation on the isotopic composition of atmospheric water vapor and Antarctic precipitation, J. Geophys. Res., 113, D04102,
doi:10.1029/2007JD008892, 2008.
Noone, D.: Pairing measurements of the water vapor isotope ratio
with humidity to deduce atmospheric moistening and dehydration in the tropical mid-troposphere J. Climate, 25, 4476–4494,
2012.
Noone, D., Galewsky, J., Sharp, Z. D., Worden, J., Barnes, J., Baer,
D., Bailey, A., Brown, D. P., Christensen, L., Crosson, E., Dong,
F., Hurley, J. V., Johnson, L. R., Strong, M., Toohey, D., Van Pelt,
A., and Wright, J. S.: Properties of air mass mixing and humidity
in the subtropics from measurements of the D/H isotope ratio of
water vapor at the Mauna Loa Observatory, J. Geophys. Res.,
116, D22113, doi:10.1029/2011JD015773, 2011.
O’Neil, J. R.: Hydrogen and Oxygen Isotope Fractionation between
Ice and Water, J. Phys. Chem., 72, 3683–3684, 1968.

www.atmos-chem-phys.net/13/1607/2013/

D. Noone et al.: Water sources in the boundary layer
Pataki, D. E., Ehleringer, J. R., Flanagan, L. B., Yakir, D., Bowling, D. R., Still, C. J., Buchmann, N., Kaplan, J. O., and Berry,
J. A.: The application and interpretation of Keeling plots in terrestrial carbon cycle research, Glob. Biogeochem. Cy., 17, 1022,
doi:10.1029/2001GB001850, 2003.
Pitman, A. J., de Noblet-Ducoudre, N., Cruz, F. T., Davin, E. L.,
Bonan, G. B., Brovkin, V., Claussen, M., Delire, C., Ganzeveld,
L., Gayler, V., van den Hurk, B. J. J. M., Lawrence, P. J., van
der Molen, M. K., Muller, C., Reick, C. H., Seneviratne, S. I.,
Strengers, B. J., and Voldoire, A.: Uncertainties in climate responses to past land cover change: First results from the LUCID intercomparison study, Geophys. Res. Lett., 36, L14814,
doi:10.1029/2009GL039076, 2009.
Poulos, G. S., Blumen, W., Fritts, D. C., Lundquist, J. K., Sun, J.,
Burns, S. P., Nappo, C., Banta, R., Newsom, R., Cuxart, J., Terradellas, E., Balsley, B., and Jensen, M.: CASES-99: A comprehensive investigation of the stable nocturnal boundary layer, B.
Am. Meteorol. Soc., 83, 555–581, 2002.
Rambo, J., Lai, C. T., Farlin, J., Schroeder, M., and Bible, K.:
On-Site Calibration for High Precision Measurements of Water Vapor Isotope Ratios Using Off-Axis Cavity-Enhanced Absorption Spectroscopy, J. Atmos. Ocean. Tech., 28, 1448–1457,
doi:10.1175/Jtech-D-11-00053.1, 2011.
Rutter, N., Essery, R., Pomeroy, J., Altimir, N., Andreadis, K.,
Baker, I., Barr, A., Bartlett, P., Boone, A., Deng, H. P., Douville, H., Dutra, E., Elder, K., Ellis, C., Feng, X., Gelfan,
A., Goodbody, A., Gusev, Y., Gustafsson, D., Hellstrom, R.,
Hirabayashi, Y., Hirota, T., Jonas, T., Koren, V., Kuragina, A.,
Lettenmaier, D., Li, W. P., Luce, C., Martin, E., Nasonova,
O., Pumpanen, J., Pyles, R. D., Samuelsson, P., Sandells, M.,
Schadler, G., Shmakin, A., Smirnova, T. G., Stahli, M., Stockli,
R., Strasser, U., Su, H., Suzuki, K., Takata, K., Tanaka, K.,
Thompson, E., Vesala, T., Viterbo, P., Wiltshire, A., Xia, K.,
Xue, Y. K., and Yamazaki, T.: Evaluation of forest snow processes models (SnowMIP2), J. Geophys. Res., 114, D06111,
doi:10.1029/2008JD011063, 2009.
Salati, E., Dallolio, A., Matsui, E., and Gat, J. R.: Recycling of Water in the Amazon Basin – Isotopic Study, Water Resour. Res.,
15, 1250–1258, 1979.
Salmond, J. A. and McKendry, I. G.: A review of turbulence
tin the very stable nocturnal boundary layer and its implications for air quality, Prog. Phys. Geog., 29, 171–188,
doi:10.1191/0309133305pp442ra, 2005.
Slater, A. G., Schlosser, C. A., Desborough, C. E., Pitman, A. J.,
Henderson-Sellers, A., Robock, A., Vinnikov, K. Y., Mitchell,
K., Boone, A., Braden, H., Chen, F., Cox, P. M., de Rosnay, P.,
Dickinson, R. E., Dai, Y. J., Duan, Q., Entin, J., Etchevers, P.,
Gedney, N., Gusev, Y. M., Habets, F., Kim, J., Koren, V., Kowalczyk, E. A., Nasonova, O. N., Noilhan, J., Schaake, S., Shmakin,
A. B., Smirnova, T. G., Verseghy, D., Wetzel, P., Yue, X., Yang,
Z. L., and Zeng, Q.: The representation of snow in land surface
schemes: Results from PILPS 2(d), J. Hydrometeorol., 2, 7–25,
2001.

www.atmos-chem-phys.net/13/1607/2013/

1623
Stewart, M. K.: Stable Isotope Fractionation Due to Evaporation
and Isotopic-Exchange of Falling Waterdrops - Applications to
Atmospheric Processes and Evaporation of Lakes, J. Geophys.
Res., 80, 1133–1146, 1975.
Sturm, C., Zhang, Q., and Noone, D.: An introduction to stable water isotopes in climate models: benefits of forward
proxy modelling for paleoclimatology, Clim. Past, 6, 115–129,
doi:10.5194/cp-6-115-2010, 2010.
Taylor, S., Feng, X. H., Kirchner, J. W., Osterhuber, R., Klaue, B.,
and Renshaw, C. E.: Isotopic evolution of a seasonal snowpack
and its melt, Water Resour. Res., 37, 759–769, 2001.
Tremoy, G., Vimeux, F., Mayaki, S., Souley, I., Cattani, O., Risi, C.,
Favreau, G., and Oi, M.: A 1-year long delta O-18 record of water vapor in Niamey (Niger) reveals insightful atmospheric processes at different timescales, Geophys. Res. Lett., 39, L08805
doi:10.1029/2012gl051298, 2012.
Wang, L. X., Caylor, K. K., Villegas, J. C., Barron-Gafford, G.
A., Breshears, D. D., and Huxman, T. E.: Partitioning evapotranspiration across gradients of woody plant cover: Assessment
of a stable isotope technique, Geophys. Res. Lett., 37, L09401,
doi:10.1029/2010GL043228, 2010.
Wen, X. F., Lee, X. H., Sun, X. M., Wang, J. L., Tang, Y. K., Li,
S. G., and Yu, G. R.: Intercomparison of Four Commercial Analyzers for Water Vapor Isotope Measurement, J. Atmos. Ocean.
Tech., 29, 235–247, doi:10.1175/Jtech-D-10-05037.1, 2012.
West, A. G., Patrickson, S. J., and Ehleringer, J. R.: Water extraction
times for plant and soil materials used in stable isotope analysis,
Rapid Commun. Mass Sp., 20, 1317–1321, 2006.
Williams, D. G., Cable, W., Hultine, K., Hoedjes, J. C. B., Yepez, E.
A., Simonneaux, V., Er-Raki, S., Boulet, G., de Bruin, H. A. R.,
Chehbouni, A., Hartogensis, O. K., and Timouk, F.: Evapotranspiration components determined by stable isotope, sap flow and
eddy covariance techniques, Agr. Forest Meteorol., 125, 241–
258, doi:10.1016/j.agrformet.2004.04.008, 2004.
Yepez, E. A., Williams, D. G., Scott, R. L., and Lin, G. H.: Partitioning overstory and understory evapotranspiration in a semiarid savanna woodland from the isotopic composition of water
vapor, Agr. Forest Meteorol., 119, 53–68, doi:10.1016/S01681923(03)00116-3, 2003.

Atmos. Chem. Phys., 13, 1607–1623, 2013

