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Abstract The measurement and simulation of water vapor isotopic composition has matured rapidly
over the last decade, with long-term data sets and comprehensive modeling capabilities now available.
Theories for water vapor isotopic composition have been developed by extending the theories that have
been used for the isotopic composition of precipitation to include a more nuanced understanding of
evaporation, large-scale mixing, deep convection, and kinetic fractionation. The technologies for in situ
and remote sensing measurements of water vapor isotopic composition have developed especially rapidly
over the last decade, with discrete water vapor sampling methods, based on mass spectroscopy, giving
way to laser spectroscopic methods and satellite- and ground-based infrared absorption techniques.

The simulation of water vapor isotopic composition has evolved from General Circulation Model (GCM)
methods for simulating precipitation isotopic composition to sophisticated isotope-enabled microphysics
schemes using higher-order moments for water and ice size distributions. The incorporation of isotopes
into GCMs has enabled more detailed diagnostics of the water cycle and has led to improvements in its
simulation. The combination of improved measurement and modeling of water vapor isotopic composition
opens the door to new advances in our understanding of the atmospheric water cycle, in processes ranging
from the marine boundary layer, through deep convection and tropospheric mixing, and into the water
cycle of the stratosphere. Finally, studies of the processes governing modern water vapor isotopic
composition provide an improved framework for the interpretation of paleoclimate proxy records of the
hydrological cycle.

1. Introduction

Stable isotopes have been used in hydrology since the late 1950s and early 1960s, beginning with the pio-
neering studies of Dansgaard [1954, 1964] and others. Until recently, such studies were restricted primarily
to investigations of the isotopic composition of precipitation, which integrate the history of the atmospheric
hydrologic cycle from evaporation to surface precipitation. Studies of the isotopic composition of atmo-
spheric water vapor can provide unique constraints on how water is transported, mixed, and changes phase
in the atmosphere and are thus a useful tool in the study of the Earth’s hydrologic cycle, and for improved
understanding of paleoclimate proxies (Figure 1).

In the last several years, there has been a tremendous expansion in the number of data sets of water vapor
isotopic composition and a substantially improved set of theories and models for interpreting them. Studies
of atmospheric water vapor isotopic composition can provide first-order constraints on the modern atmo-
spheric hydrological cycle by constraining the relative roles of phase changes, transport, and mixing in ways
that are difficult with measurements of water vapor mixing ratio alone. These studies can also inform paleocli-
mate interpretations from proxy records by improving our understanding of the whole suite of atmospheric
processes that govern the isotopic composition of precipitation that is recorded in such proxies. Comparisons
between observations and numerical models of water vapor isotopic composition can lead to improved
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Figure 1. Cartoon illustrating key processes governing the isotopic composition of atmospheric water vapor. Blue
arrows indicate processes that tend to isotopically deplete water vapor, and red arrows indicate processes that tend to
isotopically enrich water vapor. The paleoclimate archives in glacial ice and in speleothems are also influenced by these
processes, which are discussed in detail in section 6.

interpretations of the governing hydrological processes and can also help diagnose deficiencies within the
models themselves.

The earliest studies of water vapor isotopic composition relied on cryogenic and mass spectrometric
techniques, which dominated the field until the mid-1990s, when the first space-based measurements were
obtained with the Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument which flew aboard the
space shuttle in 1994 [Gunson et al., 1996]. This was followed by the advent of laser absorption spectro-
scopic techniques [e.g., Scherer et al., 1997] in the 1990s. General circulation models with isotope-enabled
microphysics schemes first became available in the 1980s, with more widespread use beginning in the 1990s
[e.g., Joussaume et al., 1984; Hoffmann et al., 1998].

Many of the major advances in the field have occurred within the last decade, which is part of the motiva-
tion for the present review. In the mid-2000s, relatively low-cost commercial laser absorption spectrometers
became available [e.g., Baer et al., 2002; Crosson et al., 2002], along with nearly global satellite measurements
of water vapor isotopic composition [e.g., Worden et al., 2006; Frankenberg et al., 2009] and ground-based
remote sensing data using spectra measured within global networks [Schneider et al., 2012; Rokotyan et al.,
2014]. The increased capacity to measure water vapor isotopic composition has spawned dozens of observa-
tional studies, many of which are discussed below, [e.g., Worden et al., 2007; Noone et al., 2011; Steen-Larsen
etal., 2013; Galewsky et al., 2011; Gonzdlez et al., 2016]. Concurrently, there have been significant advances in
the numerical modeling of stable water isotopologues through increased use of isotope-enabled general cir-
culation [e.g., Schmidt et al., 2005; Risi et al., 2012a; Sturm et al., 2010] and limited-area [Sturm et al., 2005; Smith
etal., 2006; Blossey et al., 2010] models.

To date, review papers of stable isotopes in hydrology have focused primarily on precipitation and were
written before the recent expansion of studies in water vapor isotopic composition [e.g., Gat, 1996];
furthermore, studies of stable isotopes in atmospheric water vapor have remained mostly separate from work
on, for example, the distribution [Pierrehumbert et al., 2006] or role [Held and Soden, 2000; Schneider et al.,
2010] of water vapor itself in the climate system. The goal of this review paper is thus to collect and synthe-
size the state-of-the-art in our understanding of atmospheric water vapor isotopic composition, including
measurement methods, modeling techniques, interpretive frameworks, and applications to the atmospheric
hydrologic cycle.

The paper is organized as follows: Section 2 provides background material on stable isotopologues of water,
including isotopic fractionation, Rayleigh distillation, mixing, and techniques for visualizing water vapor
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isotopic composition. Section 3 describes techniques for measuring water vapor isotopic composition, includ-
ing mass spectrometric, cavity-enhanced, and remote sensing approaches. Section 4 provides an overview of
water vapor isotopic composition in the troposphere, focusing on in situ and remote sensing data sets and
on the so-called amount and temperature effects. Section 5 presents an overview of techniques for model-
ing water vapor isotopic composition, including global, regional and idealized models as well as Lagrangian
approaches. Section 6 discusses the applications of water vapor isotopic measurements and simulations to
understanding atmospheric processes in the modern and past climate system. In section 7, we present some
perspectives and opportunities in the field and some potential future research directions.

2. Theory and Interpretive Frameworks

2.1. Abundance of Natural Isotopologues of Water and 5 Notation

There are two naturally occurring stable isotopes of hydrogen ('H and 2H, or D) and three naturally occurring
stable isotopes of oxygen (°0,'70,'80), with the lightest isotope of each element being the most abundant.
Molecules composed of different combinations of isotopes are called isotopologues. Of the nine possible
isotopologues of water, H)°O is the most common (99.73098%), with H]?0, H]’O, and HD'®0, and exist-
ing in much smaller but still measurable quantities (0.199978%, 0.037888%, and 0.031460%, respectively)
[Sharp, 2006].

Isotopic quantities are expressed as a ratio (R) of concentrations of the heavy, rare isotope to the abundant,
lightisotope. The stable isotopic composition of water is further expressed relative to the International Atomic
Energy Agency (IAEA) Vienna Standard Mean Ocean Water (VSMOW) standard, which for the two main rare
isotopes are D/H = 155.95 x 1076 and '80/'%0 = 2005.2 x 107¢, respectively [Araguds-Araguds et al., 2000;
Sharp, 2006]. The oxygen isotope composition of a sample R, for example, is expressed using § notation
in units of per mil (%o), as

Rsamp - RVSMOW

5'%0 = x 1000 M

Rysmow
Samples with lower, more negative §'80 or 6D values have fewer of the heavy isotopes and are sometimes
referred to as being “more depleted” in the heavy isotope. Samples with higher, less negative 6 values are
sometimes referred to as being “more enriched” in the heavy isotope, although the term “less depleted” is
also used. One may also refer to 5 values as being higher or lower rather than “enriched” or “depleted” in
heavy isotopes.

The 6D and §'80 in meteoric waters vary nearly linearly and can be fit to the equation 6D = 8 x §'80 +
d-excess [Craig, 1961] where d-excess is the deuterium excess parameter [Dansgaard, 1964]. In precipitation,
d-excess results from different evaporation rates for the different isotopologues of water [Dansgaard, 1964].
Globally, the average d-excess in meteoric water is 10%o [Craig, 1961]. Deviations from the slope of 8 and
d-excess of 10%o provide important information about nonequilibrium processes involved in evapotranspi-
ration, moisture transport and precipitation. The interpretation of d-excess in water vapor will be discussed in
detail below.

Recently, measurements of the triple isotope composition of oxygen ('0/'°0 and '80/'¢0) have been
obtained in meteoric waters [e.g., Landais et al., 2006] and, even more recently, in marine boundary layer water
vapor [Uemura et al., 2010]. Barkan and Luz [2007] defined the '7 O excess (also referred to as the A7 O anomaly)
to be

A70=5"70-0528-5"%0 )

where &' is a modified delta notation, where, for example, 6’80 = In(6'80 + 1) and is defined analogously for
170. Because the magnitude of the A0 is very small, it is typically multiplied by 10° and is reported in per
meg rather than per mil with respect to VSMOW.

2.2. Isotopic Fractionation

Evaporation and condensation are mass-dependent processes, which influence how different isotopologues
of a substance change phase. In a liquid, water molecules with heavy oxygen or hydrogen isotopes will have
greater binding energies and lower diffusive velocities, which causes them to evaporate less readily than the
light isotopologue. As a result, when evaporation takes place, the resulting vapor has fewer, by proportion,
of the heavy isotopes than the reservoir and a lower isotopic ratio, R,. Conversely, the isotopic ratio R, of
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the (liquid) reservoir will increase due to the preferential evaporation of the light isotopologues. When net
condensation occurs from a vapor reservoir, there is a preferential transfer of the heavy isotopologue to the
condensate, resulting in fewer of the heavy isotopologue in the vapor and more of the heavy isotopologues in
the condensate. This separation of different isotopologues during phase changes is called fractionation. The
isotopic composition of water in the atmosphere is determined by the fractionation that occurs at all stages
of the hydrological cycle.

Under equilibrium conditions, the condensate is enriched in heavy isotopes to an extent governed by the
fractionation factor a!:

o =L €)

where R, is the isotopic ratio of the liquid and R, the isotopic ratio of the vapor in equilibrium with the liquid.

The distinction must be made between time-independent equilibrium fractionation in a closed system and
time-dependent kinetic fractionation in an open system, especially for evaporation into an unsaturated, ven-
tilated environment, ice deposition under supersaturated conditions, and for reevaporation of condensate
into unsaturated air. The theory of kinetic fractionation is an active research area [Casado et al., 2016], but here
we summarize some of the most important kinetic effects.

The isotopic composition of water evaporated from oceans or lakes is an essential part of our understanding
of water vapor isotopic composition and is governed by kinetic effects. Craig and Gordon [1965] developed
the first comprehensive model of the isotopic composition of evaporation, and Horita et al. [2008] provided a
recent summary. The isotopic composition R, of vapor evaporated from open water depends on the isotopic
composition of the liquid water reservoir, the isotopic composition of water vapor in the free atmosphere,
the relative humidity, the equilibrium fractionation factor, and a kinetic fraction factor reflecting the ratio
of diffusivities of the heavy and light isotopes. Knowledge of these processes can also be used to interpret
d-excess measurements and make inferences about source conditions.

Condensate falling through unsaturated air in a convective downdraft or below cloud base can partially
or fully evaporate. Fractionation will occur, with the evaporate containing less of the heavy isotope, similar
to what occurs during evaporation from the ocean. The effective fractionation factor includes equilibrium
and kinetic effects that depend on the relative humidity and the different diffusivities of the heavy and
light isotope.

When water vapor is deposited onto ice crystals, there is a kinetic effect due to the lower diffusivity of the
heavy isotopes. This effect is present only during supersaturation (i.e, when the relative humidity exceeds
100%) [Jouzel and Merlivat, 1984], which is negligible above 0°C [Jouzel et al., 19871.

Representative descriptions of how equilibrium and kinetic processes are approximated in atmospheric appli-
cations are given by Gedzelman and Arnold [1994] and Hoffmann et al. [1998]. An example of a more detailed,
modern treatment for more explicit cloud microphysics is presented in Blossey et al. [2010].

2.3. Rayleigh Distillation

The progressive effects of fractionation on the isotopic composition of water in the atmosphere is best under-
stood in an idealized sense using the Rayleigh model of isotopic depletion of Dansgaard [1964]. Along the
path of an idealized, precipitating air parcel in which condensate is removed as soon as it forms, the ratio R,
of heavy to light isotope in the vapor reservoir is described by:

dinR, = (a(T) - dIng 4

where R, is the isotopic ratio of the vapor, a’v(T) is the temperature-dependent fractionation factor between
phases, and g is the water vapor mixing ratio. This equation can be integrated from initial conditions for R,
and g [Gat, 1996] to obtain

R, = R, fo(M-1 5)

where Ro is the initial isotopic ratio of the vapor and f is the fraction of the original vapor remaining.
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Figure 2. Isotopic composition of a precipitating air mass with vapor depleting according to the Rayleigh model with an
initial vapor composition of —10%o at T = 25°C, following Clark and Fritz [1997]. The dashed lines indicate the transition
from rain to snow.

Rayleigh distillation is arguably the most important framework for interpreting isotopes in the atmospheric
water cycle. Figure 2 shows the idealized Rayleigh depletion of a cooling, precipitating moisture mass with
an initial vapor composition of §'80 = —10%o, typical of fresh evaporate from the ocean. When condensate
forms as liquid from the vapor reservoir, there is about a 10%o0 enrichment that occurs as a result of the heavy
isotope condensing preferentially, indicated by the difference between the black (vapor) and grey (conden-
sate) curves. As rainout occurs with decreasing f, this preferential removal leads to a progressive depletion of
heavy isotopes in the vapor and also the condensate forming from it. When the precipitation changes from
rainfall to snow at T = 0°C, the fractionation factor increases, resulting in a further offset between vapor and
condensate. Over the remaining moisture loss from snowfall, the increase in fractionation factor results in
more rapid depletion of the vapor reservoir and of subsequent condensate. In its simplest form, the Rayleigh
distillation model is based on the assumption that condensate is irreversibly removed from the cloud as soon
asitis formed. Jouzel [1986] and Noone [2012] describe how the basic concept can be extended to other cases,
such as the retention of some condensate in the cloud (corresponding to small cloud droplets), below cloud
base isotopic exchange and recycling, and mixing between air masses.

2.4. Mixing

If two air parcels mix, the resulting parcel will be less depleted in heavy isotopes than would be expected from
a parcel at the same mixing ratio subject to Rayleigh distillation alone [Galewsky and Hurley, 2010]. The mixing
ratio, g, of the mixed parcel is the weighted average of the mixing ratio of the two parcels:

Imix = f[H20]1 + (1 - f)[Hzo]z (6)
where f is the mixing fraction. The § value of the mixed parcel is not a simple weighted fraction of the two

parcels though, because the resulting ratio of heavy to light isotopic abundance R, is given by

_ f[HDO], + (1 — H[HDO],
™ f[H,01, + (1 — f)[H,0l,

@)

2.5. The q — 6 Diagrams

The relationships between water vapor mixing ratio and its isotopic composition can be visualized ona g — §
diagram. Such diagrams serve as the foundation of many studies of measurements of water vapor isotopic
composition [e.g., Worden et al., 2007; Noone, 2012; Samuels-Crow et al., 2014al. Figure 3 shows the relation-
ships between Rayleigh distillation, mixing, and condensation under ice supersaturation for water vapor 6D
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Figure 3. Example of a g — § plot for interpreting water vapor isotopic data. Idealized relationships between Rayleigh
distillation (heavy solid line), condensation under ice supersaturation (light solid lines; RH; indicated in percent),

and mixing (dashed lines) for (a) water vapor 6D and (b) water vapor d-excess, as a function of water vapor mixing
ratio (ppmv).

and d-excess, plotted as a function of the water vapor mixing ratio in ppmv. The mixing ratio can be expressed
in different units, such as g/kg or mmol/mol, but the basic relationships remain the same.

Within this framework, the Rayleigh curve can be considered a reference process. Mixing yields water vapor &
values that are higher than expected for Rayleigh distillation [Galewsky and Hurley, 2010] and d-excess values
that are lower than expected for Rayleigh distillation. Vapor deposition under ice supersaturation can also
yield § values that are higher than expected for Rayleigh distillation, leading to an important nonuniqueness in
the interpretation of water vapor isotopic composition [e.g., Galewsky et al., 2011; Samuels-Crow et al., 2014a].

Subcloud remoistening associated with partial evaporation of condensate and the so-called isotope amount
effect (see below) can yield § values that are lower than expected for Rayleigh distillation and thus lie below
the Rayleigh curve on a g — 6 diagram [e.g., Noone, 2012]. This relationship has been used to diagnose the role
of convective processes in setting the humidity upstream in remote sensing [Samuels-Crow et al., 2014b] and
in situ [Galewsky and Samuels-Crow, 2015] data sets.

3. Techniques of Measurement

3.1. Discrete Water Vapor Sampling Techniques

Dansgaard [1954] presented one of the first atmospheric water vapor isotopic records, which was compared
to climate parameters. He collected water vapor by pumping atmospheric air through a glass trap submerged
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in a mixture of dry ice and alcohol, thereby freezing out the majority of the water vapor without fractiona-
tion. This technique has since been used extensively to sample marine boundary layer water vapor [Craig and
Gordon, 1965] and also in very dry regions like the Tibetan plateau [Yu et al., 2015] and on top of the Greenland
Ice Sheet [Grootes and Stuiver, 1997; Steen-Larsen et al., 2011]. Different types of cryogenic sampling devices
and protocols have been developed [Uemura et al., 2008; Helliker et al., 2002; Ehhalt, 1971]. Franz and
Réckmann [2005] developed a specific sampler and protocol to collect stratospheric water vapor, which exists
in only very small mixing ratios (<10 ppm).

Water vapor isotopic composition has also been measured directly from air samples collected in flasks evac-
uated prior to sampling [Strong et al., 2007]. Since the sampling time is normally less than 1 s, this method
allows one to make an instantaneous water vapor isotope measurement, which is useful for aircraft or gra-
dient measurements. Han et al. [2006] presented a water vapor trap, which used a molecular sieve instead of
cryogenically collecting the vapor in the field. However, in order to measure the sample using isotope-ratio
mass spectrometry (IRMS), the collected water vapor had to be released and then cryogenically collected in
the laboratory.

Combined precision and accuracy (1 standard deviation) for cryogenically sampled water vapor is in general
0.2%o for 6'80 and 1.5 %o for 6D [Helliker et al., 2002], while for flask samples it is 0.2-0.3%o for §'80 and
2%o for 6D [Strong et al., 2007]. Tests comparing samples using a cryogenic trap and a molecular sieve trap
showed mean differences of 0.3 + 0.2%o for §'80 and 2.6 + 1.5%o for 5§'80 [Han et al., 2006]. The uncertainty
of water vapor samples collected in the stratosphere was determined to be 2-3%o on §'80, but owing to the
correlation between noise on the 5’80 and 5'70, the 7O excess precision was determined to be between 30
and 200 per meg [Franz and R6ckmann, 2005].

3.2. Cavity-Enhanced Spectroscopy

Some of the first water vapor isotope measurements using commercially available cavity-enhanced spectro-
scopic techniques were carried out using a Cambell Scientific TDL trace gas analyzer [Lee et al., 2005]. In recent
years, two commercial water vapor isotope analyzers have dominated the literature: Picarro CRDS (cavity
ring down spectroscopy) analyzers and Los Gatos Research Inc. ICOS (integrated cavity output spectroscopy)
analyzers. Common to both of these two types of analyzers is the use of cavity-enhanced, near-infrared
laser absorption spectroscopy techniques. The analyzer produced by Picarro Inc. is based on cavity ringdown
spectroscopy [Crosson et al., 2002] which uses time-based measurements of the exponential decay of light
resonating in the optical cavity to quantify the optical loss at different optical wavelengths across a molecular
absorption feature. The Los Gatos Inc. analyzer uses off-axis integrated cavity output spectroscopy [Baeretal.,
2002], which is based on measurement of the transmitted intensity through the cavity and typically averages
several hundred continuous sweeps per second through a molecular absorption feature. After each sweep,
a ringdown measurement is made to verify the baseline absorption. Both techniques use the Beer-Lambert
law to calculate the concentrations of each species, with key differences being that CRDS allows smaller cavity
volumes due to its on-axis beam geometry while ICOS offers much faster scan speeds and wider dynamical
ranges. Measurement uncertainties of field-based measurements have been estimated by comparing discrete
flask-based measurements with simultaneous measurements from the water vapor isotope analyzer [Johnson
et al, 2011] and more recently by directly comparing observations carried out by two independently cali-
brated water vapor isotope analyzers. The latter approach has shown that using 10 min average data, the
uncertainty of 0.23%o in 680, 2.4%o in 6D, and 3%o in d-excess was achieved for humidity ranges between
1500 and 4000 ppmv [Steen-Larsen et al., 2013], while much improved uncertainty was achieved for measure-
ments in the subtropical North Atlantic of 0.14%o in §'80, 0.85%o in 6D, and 1.1%o in d-excess for humidity
ranges between 20,000 and 30,000 ppmv [Steen-Larsen et al., 2014a]. An approach has been outlined for esti-
mating the combined uncertainties from each of the steps of the calibration routine and by the measurements
themselves by Bailey et al. [2015a].

Custom-made water vapor isotope spectral analyzers have been deployed on aircraft to measure the upper
troposphere and lower stratosphere [e.g., Sayres et al., 2009; St Clair et al., 2008; Kerstel et al., 2006; Hanisco et al.,
2007; Dyroffet al., 2010]. The uncertainty of these instruments at the low water vapor concentrations found in
the lower stratosphere down to 5 ppmv have been determined for 4 s averages to be 30%o for §'80 and 50%o
for 8D [Sayres et al., 2009] and at 200 ppmv for 30 s averages to be 1%o for §'80 and 9%o for 6D [Kerstel et al.,
2006]. A custom-made water vapor isotope analyzer was recently developed with the aim of being able to
study fractionation processes at low temperatures [Landsberg et al., 2014]. To meet this goal, the analyzer was
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developed to optimize precision and stability at low humidity concentration. Precision levels for §'80 and 6D
between 20 and 600 ppmv were found to be between 4.4 and 0.18%o for 5'0 and between 54 and 1.7%o for
5D for 4 s averages but between 0.5 and 0.02%o for §'80 and between 5 and 0.5%o for 5D for 30-70 minute
averaging time, depending on the optimal integration time of a given humidity level.

3.2.1. Instrumental Setup

In general, an atmospheric water vapor isotope monitoring system consists of four parts: An inlet, which
prevents rain and insects from being drawn into the system; a tube connecting the inlet with the analyzer con-
sisting of a material that does not create fractionation by interacting with the water vapor molecules (materials
such as copper, stainless steel, perfluoroalkoxy (PFA), and polytetrafluoroethylene (PTFE) have been used in
previous studies) and which is heated well above the dew point temperature of that atmospheric air in order
to prevent condensation in the line; a calibration unit, which is able to generate a constant stream of water
vapor with a known isotopic composition at different humidity levels; and a commercial or custom-made
water vapor isotope analyzer. An extra pump connected to the inlet tubing is often installed to ensure a quick
transport from inlet to analyzer. Steen-Larsen et al. [2014a] characterized the damping of the atmospheric
water vapor isotope signal in the complete system from inlet to analyzer caused by mixing and interaction
with the inside of the tube walls. For this specific setup it was shown that 95% of a normalized response
would be achieved after 10 min for §'80 and 20 min for 6D and a signal with a periodicity of 100 s would be
dampened by 98.5% for 6'80 and 99.7% for 5D, effectively removing all high-frequency signal. It is therefore
important to notice that without placing special attention on the attenuation of the signal, it is not possible
to report data resolution on the order of minutes. Furthermore, due to the attenuation difference between
6'80 and 6D, an artificial measured d-excess signal is likely to occur during fast changes in the atmospheric
water vapor isotopic composition, for example, occurring immediately before and during rain events or when
carrying out aircraft measurements in isotopically varying conditions. To improve data resolution two aspects
have to be improved: The analyzer itself and the part of the inlet system bringing the ambient air to the ana-
lyzer. To change the data resolution of a commercial analyzer, the simplest approach is to change the flow
rate through the cavity. This approach has been used when limited air samples are available [Stowasser et al.,
2012]. To minimize the damping of the ambient signal by the inlet tubing, the ratio between the inside sur-
face area and the airflow volume should be minimized. Special attention should be placed on minimizing the
length of tubing between the main inlet line and the analyzer itself.

3.2.2. Calibration Systems

The commercial water vapor isotope analyzers from respectively Picarro Inc. and Los Gatos Research Inc. both
have their own calibration unit: the Standards Delivery Modules (SDM) and the Water Vapor Isotope Standard
Source (WVISS). The SDM uses a syringe system to push a constant amount of liquid water into a vaporizer,
which produces a stream of water vapor with constant isotopic composition. The syringe system is connected
to two collapsible aluminum bags, which allow one to perform calibrations with two distinct isotope stan-
dards without the risk of evaporation and fractionation. Dry air from either a tank of compressed dry air or air
pushed through a container of a desiccant transports the vapor into the analyzer cavity. The WVISS system
uses a nebulizer to push water into a hot chamber where the small droplets evaporate completely without
fractionation. A built-in compressor and regenerating drying system generates dry air, which transports the
water vapor into the analyzer. The isotopic composition of the vapor can be changed manually by simply
changing the standard bottle. Both of these systems suffer from the lack of ability to run autonomously for
periods of several months. Changes have therefore been made to the SDM system [e.g., Bastrikov et al., 2014]
and custom calibration systems have been developed [e.g., Steen-Larsen et al., 2014a; Bailey et al., 2015a].
3.2.3. Calibration Protocols

The reader is referred to Bailey et al. [2015a] for a comprehensive review of calibration protocols and tech-
niques. We briefly summarize the necessary steps needed in order to calibrate the water vapor isotope
measurements against the international VSMOW-SLAP scale. The protocol is identical irrespective of the
instrument used and is based on the approach used to calibrate IRMS measurements. Four steps are needed:

1. Humidity-induced bias. All measurements must be corrected for instrumental humidity-induced bias in
the measured isotopes. The humidity-isotope response or concentration dependence must be deter-
mined before and at frequent intervals throughout a measurement campaign. The humidity-isotope
response/concentration dependence is instrument dependent and might not be stable in time [Bailey et al.,
2015a; Steen-Larsen et al., 2014a). The humidity-isotope response/concentration dependence is estimated
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by generating a stream of water vapor with constant isotopic composition, which is then diluted by dif-
ferent amounts of dry air [Lee et al., 2005; Rambo et al., 2011; Schmidt et al., 20101. Bastrikov et al. [2014]
illustrated the influence of using air dried with Drierite as a desiccant, which does not result in completely
dry air (down to about 150 ppmv), compared to dry air from a compressed air bottle. Johnson et al. [2011]
used a bubbler apparatus with an open-split configuration and dry nitrogen gas as a carrier and were able
to obtain reliable gas streams down to about 100 ppmv. Caution should be taken when the humidity from
the dry air source constitute more than 10—20% of the measured humidity.

2. VSMOW-SLAP Calibration. After correcting all the measurements for the humidity-induced bias, the mea-
surements must be calibrated against the international VSMOW-SLAP scale. Measuring multiple standards
of known isotopic composition with isotopic values that span the range of the measurements allows one to
establish the instrumental VSMOW-SLAP scale. The correction is instrument dependent and some degree
of long-term variation has been observed [Bastrikov et al., 2014; Steen-Larsen et al., 2014a]. Linear drift in the
VSMOW-SLAP slope has been assumed in previous work. It is essential that multiple standards be used in
order to generate the necessary calibrations [Sharp et al., 2001].

3. Drift Correction. The measurements are drift corrected by comparing the measured values of the standards
through time with the true value of the standards. Depending on the magnitude of the drift, the measure-
ments can either be corrected by assuming a linear drift between standard measurements, or by accounting
for uncertainty in the measurements of the drift by fitting the measured drift to a polynomial or using a
running mean value.

4. Humidity Calibration. The measured water vapor mixing ratio should be calibrated either against atmo-
spheric humidity measurements from a local meteorological station or by using a calibrated dew point
generator. No drift in the measured water vapor mixing ratio calibration has been reported. Some early
models of the Picarro L-2130i reported a 23% moist bias in mixing ratio measurements [Samuels-Crow
et al, 2014a] that has been corrected in later versions of that model but should still be verified for
each instrument.

3.3. Aircraft-Based In Situ Measurements

In situ airborne measurements have been performed with different techniques and on various platforms
[Taylor, 1972; Ehhalt, 1973; Ehhalt et al., 2005; Webster and Heymsfield, 2003; Sayres et al., 2009; lannone et al.,
2009]. Even FTIR (Fourier transfrom infrared) spectrometers have been deployed on high-altitude research
balloons [Notholt et al., 2010] and on aircraft [Coffey et al., 2006; Hanisco et al., 2007] for studies of water vapor
in the stratosphere. Recently, Herman et al. [2014] and Dyroff et al. [2015] made the first lower and middle
tropospheric observations at high vertical resolution and with in-flight instrument performance analyses by
measuring a calibration gas standard.

While Herman et al. [2014] worked with a commercially available Picarro L1115-i isotopic water analyzer,
the observations of Dyroff et al. [2015] were made with the ISOWAT-II instrument [Dyroff et al., 2010], which
has been developed for aircraft-based observations. Figure 7 (left) shows vertical §D profiles measured by
ISOWAT-Il in the Northern Atlantic subtropics during two consecutive days in August 2013 (they represent two
examples of the seven profiles measured during the summer 2013 MUSICA campaign) [Dyroffetal., 2015]. The
high vertical and temporal variability of 6D in the lower and middle troposphere becomes clearly evident. In
order to detect this high variability, aircraft instruments should be able to provide high-quality data at high
temporal resolution and for very different humidity conditions and air temperatures.

Since 2010, the predecessor instrument, ISOWAT-I, has been employed aboard the CARIBIC passenger aircraft,
an Airbus A340-600 by Lufthansa [Brenninkmeijer et al., 2007]. 5D has been measured in the upper troposphere
during 60 long-distance CARIBIC flights. A modified ISOWAT-II instrument will be deployed as of 2017 for
four consecutive flights per month to also accurately sample the tropospheric profiles of vapor isotopologues
(A. Zahn, personal communication, 2016).

3.4. Remote Sensing

3.4.1. Overview

Continuous and/or global observations can be best achieved by remote sensing techniques; however, it is
important for users to understand the nature of this kind of data. Remotely sensed measurements of water
vapor and its isotopologues (or other atmospheric trace gases are inferred by how these molecules spec-
trally affect light as it is transferred from a source (e.g., the Sun or the Earth), through the atmosphere,
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to a detector. The remote sensing retrieval calculates the atmospheric water vapor isotopologue state from
the measured radiances, which is generally an ill-posed problem because many different atmospheric water
vapor isotopologue states can explain a given measurement. In this sense the remote sensing data product
should be understood as a statistical interpretation of the measured radiances, and it is generally dependent
on the assumptions needed for performing the interpretation.

Consequently, the use of satellite or ground-based remotely sensed measurements of water vapor isotopic
composition to investigate different components of the global water cycle depends on the viewing geometry,
photon source, and instrument characteristics as well as on the retrieval setup (i.e., the assumptions made for
interpreting the measured radiances).

Space-based measurements of water vapor isotopic composition were first demonstrated with the
Atmospheric Trace Molecule Spectroscopy (ATMOS) instrument which flew aboard the space shuttle in 1994
[Gunson et al., 1996]. The ATMOS instruments views the Sun through different levels of the upper troposphere
and stratosphere to build a profile of trace gases. Measurements of HDO/H,O in the upper troposphere and
lower stratosphere were used to reject the hypothesis that gradual dehydration is primarily responsible for
the distribution of water vapor in the tropical lowermost stratosphere [Kuang et al., 2003] and support the
hypothesis that convective uplift brings water into the stratosphere. The isotopic composition of the upper
troposphere, stratosphere, and mesosphere has also been retrieved from other space-based limb sounders,
like measurements from the SciSat Atmospheric Chemistry Experiment (ACE) [e.g., Nassar et al., 2007] and
the Envisat Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) [e.g., Payne et al., 2007;
Steinwagner et al., 2007].

Zakharov et al. [2004] first demonstrated the potential for quantifying the global distribution of tropospheric
water vapor isotopic composition using thermal infrared measurements; however, the use of remotely sensed
measurements for investigating the global tropospheric water cycle greatly accelerated with downward
looking (nadir) global satellite measurements based on thermal IR radiances [Worden et al., 2006, 2007] from
the Aura Tropospheric Emission Spectrometer (TES) and reflected sunlight measurements from the Envisat
Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) instrument in the
near-IR [Frankenberg et al., 2009]. For example, Worden et al. [2007] provided estimates on the effects of mix-
ing and rainfall evaporation on the tropical water cycle while Frankenberg et al. [2009] looked at the role of
large-scale dynamical effects on the subtropical water vapor distribution. Herbin et al. [2009] presented inde-
pendent retrievals for the two water vapor isotopologues H;éo and HDO using the Infrared Atmospheric
Sounding Interferometer (IASI) aboard the operational meteorological satellite MetOp. Optimal water vapor
and isotopologue ratio retrievals (H;GO and HDO/H;60 ) using MetOp/IASI were reported by Schneider and
Hase [2011] and Lacour et al. [2012].

In addition, solar absorption spectra measured by ground-based high-resolution Fourier transform spec-
trometers allow retrievals of the tropospheric water vapor isotopologue composition [e.g., Schneider et al.,
20064, 2012].

3.4.2. Retrieval Techniques

Estimates of the distribution of HDO and H,O are typically derived from radiances using a nonlinear esti-
mation approach that minimizes the differences between an observed radiance and that from a radiation
transfer model. Here we focus on techniques that allow detecting the lower and middle tropospheric water
vapor isotopologues and we do not discuss retrievals for upper troposphere, the stratosphere, and the meso-
sphere, which is possible by using limb sounders like MIPAS, ACE, or ATMOS. For a detailed description of the
limb sounding retrievals we refer to the literature [Kuang et al., 2003; Nassar et al., 2007; Payne et al., 2007;
Steinwagner et al., 2007; Lossow et al., 2011].

Remote sensing of HDO and H, 0 in the troposphere is typically an ill-posed problem, meaning that there are
more parameters estimated than information in the radiances. For example, a retrieval might estimate more
than 10 vertical levels for HDO and H, O because we know a priori that we need at least that many parameters
to fit their logarithmic variation with altitude. However, the radiances may only have enough information to
resolve either the total atmospheric column or two large layers. For these reasons some form of regularization
is needed for each estimate.

If the nonlinear estimation approach used to minimize the difference between the observed radiance
and a forward model of that radiance converges to a global minimum, then the estimated quantity
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(typically a profile of a trace gas) may be related to the true distribution of that quantity and corresponding
uncertainties associated with the measurement in the following manner [Rodgers, 2000]:

R=X,+AX=x)+Gn+G Y K¢, ®)

where X, x,,, and x are the retrieved (or estimated), a priori, and the “true” state vectors, respectively, and rep-
resent the altitude distribution of HDO, H,0 and any coretrieved parameters such as albedo, temperature, or
interfering gases.

The vector n describes the measurement noise on the spectral radiances. The G = % is the gain matrix, which
describes the sensitivity of each element of x to each element of the radiance L. The averaging kernel A = g—i
describes the sensitivity of the retrieved state to the true state. The matrix K = % describes the sensitivity of
the radiance to the true state. The last component of equation (8) describes the set of other possible errors
(given as §; and the sensitivity of the radiance to these errors K;) that can affect the retrieval such as temper-
ature, clouds, surface emissivity, etc. [Worden et al., 2006]. The parameters x,, A, and G explicitly contain the
regularization used to constrain the ill-posed nature of the remote sensing retrieval problem [e.g., Rodgers,
2000; Bowman et al., 2006] if an optimal estimation approach is used to guide the retrieval. For practical appli-
cations, the averaging kernel is central to making appropriate inferences from the data, described further in

section 3.4.5.
3.4.3. Observations From Space

Frankenberg et al. [2009, 2013] and Boesch et al. [2013] used sunlight reflected in the shortwave infrared (SWIR)
spectral region to independently estimate x = g"P° and x = g"2°, where g"P° and g"2° are vectors containing
the altitude-(or pressure-) dependent concentrations of HDO and H, 0, respectively. Their retrieval processes
use reanalysis data for g"2° and a fixed gHP%/q":© profile as background input. The retrieval products are
the total column amounts (or C) for both HDO and H,O, which can then be used for an a posteriori calcu-
lation of the ratio R = CHPO /™20 (calculation after the retrieval process). This a posteriori calculation relies
on the fact that for SWIR observation the sensitivity with respect to atmospheric H,O and HDO are similar.
Nevertheless, it is important to remark that the sensitivities are similar but not identical, and one has to be
careful when interpreting such a posteriori calculated ratios R [Boesch et al., 2013]. Scheepmaker et al. [2015]
discusses the potential and limitations of such SWIR ratio product (R = CHP°/CH20) as complement to the
SWIR CH29 product.

In the thermal infrared (TIR) the sensitivities with respect to HDO and H,O are significantly different and
furthermore depend on their vertical distribution, atmospheric temperature, and surface temperature. Inter-
ferences from other trace gases can also increase uncertainty in these estimates. Consequently, the ratio
R = HDO/H,0 if calculated from independent estimations of H,O and HDO will mainly reflect the different
uncertainties and sensitivities with respect to H,0 and HDO and not real atmospheric variation of R. To over-
come this problem the solution space for the ratio has to be constrained. For this purpose, Worden et al.
[2006] and Schneider et al. [2006a] suggested a retrieval on the logarithmic scale together with a constraint
for In(g"2°) and In(g"P°) as well as a cross constraint for In(g"°°) — In(g™2°) ~ In(R)