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Abstract

Atmospheric water vapor is a major component ofgloéal hydrological cycle and the
isotope ratio of that vapor is a key tracer formbleydrological and biological processes.
Yet little is know of the isotopic composition cpor over any spatial scale and through
time because of challenges associated with catigetiater vapor samples. Here we
discuss alternate methods for measuring water viaptwpes. The first approach
capitalizes on the unique physiology and broadibistion of the epiphytic plant
Tillandsia usneoidegSpanish Moss) to reconstruct a growing-seasagrated isotope
ratio of water vapor. The second approach utilimésred spectroscopy to measure the
isotopic composition without sample collectionsitu laser-absorption instruments and
emission spectrometers aboard satellites employesioptical measurement approaches,
and while the former lends itself to developingyeetailed time series the latter offers
resolution of global-scale spatial distributiorihese new approaches, while highly
disparate, represent novel methods that complimesting collection techniques and
enable improved knowledge of both the spatial mreahvariation of isotopes in

atmospheric water vapor.

Keywords: Isotope, proxy, satellite, spectroscapgter vapor,
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1. Introduction

Water vapor is central to understanding the waddarize in the terrestrial biosphere,
surface landscapes and in the atmosphere. As seaburements of the isotopic
composition of atmospheric vapor are highly des&alm the past measurements of

water vapor isotopes has been particularly labstiand consequently sparse. Here we
discuss new methods that are emerging that willewekter vapor isotope measurement
a more practical endeavor, and thereby facilitetéeb mapping of the spatial and
temporal variations. To date the interest in wagor isotope measurements has been in
the context of understanding processes governidgolggic balance at local scales since
spatially distributed measurements, such as themiéable for precipitation, have been
unavailable. Emerging measurement techniques Heaweged this landscape, and the

potential to construct empirically based isoscagesater vapor isotopes has arrived.

The methods examined here lend themselves to demglaew comprehensive isotopic
datasets. Specifically, plant material that presghe isotopic compaosition represents
archive of the water vapor isotopic history, whaan be exploited to infer spatial
gradients of the isotopic composition. Using plantprovide samples gives a time
integrated proxy measurement, and avoids someedgtthnical limitations that arise
when collecting vapor samples. Similarly, directasigrements using optical approaches
removes the need to capture samples complete$jtutaser-based spectroscopy
provides a method that simplifies the measuremgtiteovapor phase; however the
observational detail is obtained in time domairutgito continuous operation and spatial

mapping will require deployment of sensor arraysallurement of spatial distributions
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of water vapor isotopes in the mid-tropospherebtsioed though satellite-remote
sensing, yet there remains questions on the abililgeasure the isotopic composition in
the boundary layer and at the surface from spacthid chapter, our aims are to outline
the importance of spatially resolving the isotogtor of atmospheric water vapor, to
describe both the plant-based and the optical agpes, and discuss the strength and

weaknesses of these new measurement methods.

2. Water vapor isotopes and measurement challenges

The isotope ratio of atmospheric water vapor igrdled by many exchange
mechanisms that reflect the isotope ratio of watdrological water pools (i.e. plant
stems and leaves), soils, open water bodies, pi&ogm and air mass movement from
the local scales up to general circulation (Craid &@ordon 1965; Ehleringer et al. 2002;
Gat 1996; Yakir and Sternberg 2000; Noone 2008anybf these processes are
understood in detail and can be accounted for imprehensive models (Noone and
Sturm, this volume). Recent attention has been nltavthe study of the isotope ratio of
atmospheric water vapor, particularly in an attetogartition the fluxes of surface
evaporation from plant transpiration, to enhanaeundlerstanding of precipitation
processes and to balance hydrological budgetediabin-scale (Helliker et al. 2002;
Williams et al. 2004; Yakir and Wang 1996; Yepeale?003). In addition to these
efforts, regular measurements of water vapor isotagios can significantly enhance our
understanding of a wide range of topics from lezle isotope studies (Farquhar and

Cernusak 2005; Roden and Ehleringer 1999) to cémetonstruction through isotopes
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in tree rings to global-scale estimates of proditgt{ Brunel et al. 1992; Ciais et al.

1997; Farquhar et al. 1993).

Improved estimates of either spatial averages oatan in water vapor isotopes will

lead to a substantial improvement in applicaticihstable water isotopes to
understanding life and earth processes and functienin many applications of stable
isotopes, the isotope ratio of water vapor is eitttd measured or measured infrequently.
In these cases, one common procedure to estimatesudace water vapor isotope ratios
is to assume a temperature-based equilibrium Weéhdotope ratio of precipitation,

which is more readily measurable (IAEA 2001). Whihere are a variety of plausible
choices as to what precipitation inputs and whafperature should be used to arrive at
an assumed equilibrium value (e.g., mean annugléeature and mean annual
precipitation or growing season temperature anwigg season precipitation or some
combination thereof) the existence of a robusticiahip is neither guaranteed nor
unambiguous. While the equilibrium approach igfhecessary in the lieu of little real
data availability, it should be approached withteauas the isotope ratio of precipitation
can vary seasonally and can be substantially éifitefirom the isotope ratio of water
entering plant roots. As such, any simple estinmagipproach is difficult to defend. An
alternative is to use estimates from global anébred dynamical models that also
simulate isotopes (Ciais, et al. 1997; Riley eR8D3; Buenning et al. 2007; Noone and
Sturm, this volume), although there remains quasa®to the quantitative reliability of
such models for accurately constraining estimatéoofnstance, C&O (Buenning and

Noone 2008).



10

11

12

13

14

15

16

17

18

19

20

21

22

23

The potential offset between the isotope ratiolahproot water and any equilibrium
assumption of water vapor isotopes can lead t@largprs in the interpretation of the
d'®0 of CQ,, O, and thed"®0 and D/H of plant organic material. For an exanyité
d*®0, an error of 2 %. in water-vapdt®0 translates into an error of about 1.5 %o in leaf-
waterd*®O under global estimates for evaporative enrichrtent, Craig and Gordon
1965; Ciais et al 1997). A consistent 1.5 %o ermoieaf-waterd'®0 results in an
approximate 10 % error in the calculated photosstitteffect on thel®O of
atmospheric C@) this is significant considering global estimdi@saverage leaf water
range from 4 %o to 8 %o. A 1.5 %o error in leaf-watlfO results in a 1 %o error in the
d"®0 of tree-ring cellulose, equivalent to 10 to 66ceat of observed tree-rif®0
signals (Poussart and Schrag 2005; Verheyden 20@4.; Evans and Schrag 2004).

Many of these uncertainties are minimized if theopic composition of vapor was

indeed known.

While the importance of stable isotopic measuresiehatmospheric water vapor to the
above applications is without doubt, so too isfdet that there is a paucity of
measurements. The reason for this is, in partt@earrent methods of obtaining
atmospheric water vapor samples for isotopic amalfReliable methods to collect
atmospheric water vapor exist, but the logisticalstraints inherent to these methods
either limit wide spread use in field-based sangptiampaigns or severely limit spatial or
temporal coverage. There are four primary methiodesmmon use for ground-based

sampling atmospheric water vapor: cryogenic conalems traps, trapping with Peltier
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coolers, chemical capturing with molecular siexas] vapor collection with vacuum

flasks. However, each of these methods is notowitkheir limitations.

To ensure accurate isotopic analysis via trappmgd samples for subsequent standard
isotope ratio mass spectrometric analysis, neantyptete removal of all water molecules
from the air needs to be achieved. Water-conderisipg that are cooled below 70

have been used successfully in numerous studiagdgind Blaga 1977; Helliker et al.
2002; Huebner et al. 1978; Yakir and Wang 1996;e¢egt al. 2003; Sharp 2007) and the
efficiency of this method is not questioned. Howetais method requires a continuous
supply of dry ice or liquid nitrogen, which raigg®blems for field work and for long
sampling periods. Additionally, the flow rate of garough cyrogenic traps is often
unacceptably high (> 1 L/min) resulting in fractaion or direct loss of ice crystals.
Further, with the use of very cold cryogens,,@&0d explosive @can condense, which
yields practical constraints at very low temperatufhe Peltier method produces a
minimum temperature of about %) which avoids condensing some other gasses.
However, this temperature is not low enough to ¢tetively trap water vapor below the
working precision of an isotope ratio mass specétemand leads to enrichment of heavy
isotopes in the sampled water (Schoch-Fischer. 808B). Corrections for this
enrichment require precise measurements of flogy cindenser temperature, ambient
temperature and ambient humidity during the peobsiampling. These ancillary
measurements propagate error through to the detatiom of the final isotope ratio.
Molecular sieves have been shown to precisely andrately capture water vapor

isotope ratios and can potentially be deployedaio targe spatial coverage (Han et al.
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2006). But the molecular sieve method needs futdeting for a variety of potential
problems, including: long and short-term storageavhples on the molecular sieve,
recovery of samples from saturated versus unsatlisafites and tests to determine if
exchange occurs when moist air continues to berdthmugh a saturated column. Also,
a modular system of field sampling and laboratottyaetion from the molecular sieve
columns must be developed for the method to bg fidld-deployable. A method to
directly analyze small amounts of water vapor tiest been captured in very dry and
clean vacuum flasks has been successful for measHDO abundance, but can not be
used to measur&0 in such low volumes (Strong et al. 2007). Thighod avoids some

of the problems associated with trapping the vaptiquid forms, but there remains a

requirement to ensure there is no condensationmiitie flask (Sharp 2007)

With a clear need to obtain water vapor isotopa,daw techniques have emerged in
recent years that compliment the existing diretiecton sampling. Specifically, optical
methods using laser-based spectroscopy allow diresitu measurement. While there are
specific challenges in using these new instrumehésy;, strength is in avoiding the need
to collect samples for later laboratory analysimifarly, high-resolution emission
spectrometers that are able to discern individwdenisotoplogue emission lines from
the background atmospheric emission, and are biegino find homes on space based
platforms which enables global-scale monitoringhef isotopic composition of
atmospheric water. So too the advance in undersiguod the linkage between the
isotopic composition of vapor and the isotopic cosipon of plant material yields novel

opportunities to estimate water vapor isotopes fnatural archives. These emerging
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techniques provide valuable new capabilities to thapspatial and temporal distribution
of water vapor isotopes, but like more traditios@mpling techniques, have their

limitations.

3. Motivation for plant-based proxies

Plants can operate as bio-recorders of water viaptopes if a few environmental and
physiological requirements are met. The necessarironmental condition is that of
relative humidity being near or greater than 9@eet, which drives leaf water isotopes
to be reasonably close to equilibrium with theapets of atmospheric vapor. The
physiological patterns necessary for plants taadtio-recorders are that plants must
lose water during periods that satisfy the envirental conditions above— this would
most likely be at night. To the best of our knadge, the only plants that satisfy these

conditions are epiphytic plants with Crassulacead metabolism (CAM).

CAM photosynthesis is characterized by nocturnsinaigation of CQ and,

consequently, nocturnal water loss. The,@at is assimilated at night is converted to
malic acid and stored within cell vacuoles. Uploa hext day’s light, the malic acid is
decarboxylated and the liberated 8®used, along with incident sunlight, in the nafm
photosynthetic carbon reduction cycle to produogs carbohydrates that are the
building blocks for all plant organic material. rlagh the diel cycle there is tight control
over the leaf pores, or stomata, of CAM plantshst tluring the day little water or GO

is lost from inside the plant. Therefore CAM phsytothesis represents a physiological

mechanism to maximize G@ain while minimizing water loss. The cost ofsthi

9
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mechanism is two-fold: first, there is a chemienérgy cost to storing G@s malic acid
and second, there is a restricted amount of & can be stored as malic acid, thus the
growth rate of CAM plants is limited in comparistanplants that assimilate GOnly

during the day (Martin 1994).

The eco-physiological significance of CAM photogyesis is that it allows for survival

in areas that are typified by low water availapibind high solar radiation inputs—
explicitly including desert biomes and functionalhgluding the epiphytic lifeform. An
epiphyte is a non-parasitic plant that grows ortlaroplant (known as the porophyte) for
support and has no continuous source of watermipbes of epiphytes include the
symbiotic organisms known as lichens and highemtplauch as bromeliads and orchids.
Lichens are active only immediately after a raierdy whereas epiphytic bromeliads and
orchids with the CAM pathway are capable of mamtag physiological activity long

after the rains have passed. Fortunately, thaldisional constraints for ephiphytic

CAM plants mirror the environmental conditions regd for them to act as bio-recorders

of water vapor isotopes.

The physical requirements for a plant to act ascander of water vapor isotopes are best
described (following Helliker and Griffiths 2000y starting with the standard Fick’s
law approach to estimate net transpiration fronfeatgE, nmol m?s?),

E=g(w-w,) )

10



10

11

12

13

14

15

16

17

18

19

20

21

22

Whereg is stomatal conductance (mol’re®) andw; andw;, are the mole fractions of
water vapor in the substomatal cavity and ambigntespectively. Thus, net diffusion
of water from the leaf is characterized by theeadighce of two real, one-way fluxes of

water vapor from the leaf to the atmosphens) and from the atmosphere into the leaf

(gWa).

Following Craig and Gordon (1965), the flux of hgavater molecules out of the leaf

can be written as

RE=L Rw-Ruw, 2)

whereR is the molar isotope ratio of transpiratidt),(leaf water () and water vapora,

ae is the temperature dependent equilibrium fraetimm factor, andi is a balance of
the ratio of diffusivities of light to heavy waterolecules through the stomata and
through the leaf boundary layer (Farquhar and Gak2005; Farquhar and Lloyd 1993;
Flanagan et al. 1991)(Farquhar and Cernusak 2@§ukar and Lloyd 1993; Flanagan

et al. 1991).

By rearranging equatiorkE(ror! Reference source not found) to solve forR_and
relating the water vapor mole fractions to leafdzheelative humidity where = wa/w;

we arrive at,

R =a/a,R.@- h)+Rph]. 3)

11
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For an epiphyte, tissue water content is rechabyeshch precipitation event, either
rainfall or dewfall. The gross flux of water frotime plantgw, is drawn from a finite and
small volume of water. Whereas the gross flux afexinto the plant from the
atmospheregws, is a finite but dramatically larger volume of watTherefore, over time
the volume of water within the epiphyte is exchahbg atmospheric water vapor. From
(Error! Reference source not found) it can be seen that &g increases relative to;

(i.e., ash increases), the isotope ratio of water remainmipe plant becomes dominated

by atmospheric water vapor.

Under constant or nearly constant environmentatlitimms withh near unity, the isotope
ratio of water vapor exitingRg) the leaf approaches that remaining in the IBgf &nd

we can write:

5 aeRih
R 1-aa, (- h) “)

In the limit whenh = 1, the denominator vanishes and the isotopiclement in a
steadily evaporating CAM epiphyte is equal to $wope composition of atmospheric
water vapor, corrected for the equilibrium fracation factor,

R =a.R,. (5)
As such, the main limitation in existing trappingsled vapor sampling methods can be
avoided by simply collecting the entire water sagrtphit is enclosed in the leaf material

of an appropriate candidate species. The watebeabtained from the leaf using

12
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traditional vacuum extraction methods, then analyseng traditional isotope mass
spectrometry. Once knowrkifor! Reference source not found) can be applied to
estimate the water vapor isotopes for the time axech the leaf recently transpired.
Similarly, to the degree to which this water isdige cellulose production, the isotopic
composition of cellulose can be used to develotaty of isotopic composition. This in
turn holds potential for developing records of aggot composition that extend beyond

the modern era.

4. Application of plant proxy estimates

Tillandsia usneoidegSpanish Moss) is an ideal candidate organisnefimg the
efficacy of a plant-water-vapor-isotope proxy. usneoidess a subtropical to tropical
epiphyte that ranges from coastal Virginia, USAotlgh the tropics to Argentina. The
distribution is determined by high nocturnal relathumidity (Garth 1964) and it is a
constitutive CAM plant. The plant achieves a reeh@f water solely from rain or
dewfall by absorption through a heavy cover of fiedi hygroscopic trichomes. The
trichomes also directly adsorb atmospheric watpowas a function di, however the
water potential gradients from the trichomes tdutal water mitigates use of this water
for plant metabolism (Martin and Schmitt 1989). Thent hangs from the branches of
trees and grows as a series of ramets that, whyleigally connected, are isolated in
terms of CQ assimilation and metabolite translocation (Mait®82). The epiphytic
lifeform and the isolation of each ramet allows Touusneoideso be modelled, in terms
of water loss, as an evaporating cup that slowdgsowater during a high humidity night

and is refilled infrequently with each precipitatievent.T. usneoidegxhibits slow

13
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growth rates of about 1cm/month and new rametpra@uced at the tip of a given strand
(Martin 1980). Therefore, the growth ©f usneoidestrands can be viewed as analogous
to a tree ring recording growth environment fronary® year. The results discussed here
may hold true for other species of epiphytic plamith CAM photosynthesis within and

outside of the western hemisphere. Thereforeapproach can potentially be expanded

to tropical and subtropical regions throughoutwloeld.

To test the controls of water vapor on leaf waterplaced strands @f. usneoides a
climate-controlled chamber that was fed water vagpat air from a 23 L temperature-
controlled “water tower.” Using the water-towetgga constant water vapdf’O for
several weeks with = 0.97 and temperature = 27.5 °C could be maiath{figure 1). In
contrast to most studies of isotopic enrichmeré¢#i water during evaporation, leaf
waterd"®0 in T. usneoidebecame depleted during transpiration. The largssyflux of
water into the leaves replaced the initial leafexdity water vapor that entered the leaf
and condensed. After a period of about 4 days veaérd™®0 was in equilibrium with
observed water vapat®0. This was a similar period of turnover time thet observed
in a previous study (Helliker and Griffiths 200This slow leaf-water turnover time
usneoidescts as a buffer against rapid, short-term chamgesiter vapor isotopes that
have been observed in field studies (Helliker t28102, Lai et al., 2006) and suggest

thatT. usneoideseaf water will act as a long-term integrator after vapor isotopes.

On August 2, 2007 a large-scale sampling efforfffausneoideteaf water was

conducted as a first step to characterize regiaghtion in atmospheric water vapor.

14



10

11

12

13

14

15

16

17

18

19

20

21

22

The samples were collected within a couple of heitrser side of solar noon by
volunteers at various colleges and universitiégure 2 shows the mean leaf-watftO

for each sample site and the reconstructed wafeorei’0. While a preliminary effort,

it is clear that there is a regional coherence atiewvapod*®0 as reconstructed by leaf
water. There was a consistently enriched valueratéhe Gulf Coast of Texas and water
vapord*®0 became more depleted towards the eastern Gtébstahere were marked

differences across the Florida peninsula with @t eoast sample sites being more

enriched than the gulf coast sites.

With a view to extending this analysis approach nete that leaf-water isotopes are
recorded in leaf cellulose and the analysi .afisneoidesellulosed"®0 along with basic
climate data allows for the reconstruction of watapord'®0 from herbarium
specimens. To demonstrate this, dh% of bulk organic material was determined on
samples obtained from Miami, Florida in SeptemidetG®5 and compared to herbarium
specimens which were originally collected in Miamthe late 19 and early 26
centuries (Figure 3). Miami is a good location xamine our approach because of the
availability of herbarium specimens and Miami isnthe southern tip of an oceanic
peninsula that has little weaker variation in meanperature and'®0 of precipitation
compared to continental regions (Bowen and Revdna083). Therefore, we would
expect that water vapar®0 is near equilibrium with precipitatiait®0 throughout the

growing season.

15
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We first reconstructed leaf-watef’O values by using a leaf-water-to-bulk-leaf
fractionation factor of 23.4 %.. Bulk material ©f usneoidebas a large lignin
component and it was assumed that bulk organieodfsT. usneoidestrands to leaf
cellulose was similar to that of whole woweersusa-cellulose obtained by a weighted
average of published fractionation factors (Barbetual. 2001; Ferrio and Voltas 2005).
Thed"®0 water vapor was estimated using the reconstruesgdvaterd'®0 using the
equilibrium offset, as before. To obtain mean valogh we used mean annual nocturnal
relative humidity from the Miami area for the ye2@)1-2005. The same value fowas
used for the herbarium specimens due to a lackropéerature and humidity records for
the period spanning 1878 to 1930. While this assiamntroduces a large uncertainty
when one considers the rolehoin (Error! Reference source not found), one should
note that the selection @ usneoidewvas motivated by its distribution in regions with
very high and constant humidity. Given this, theefed bulk organid®0 and
calculated leaf water and water vapgblO were nearly constant from 1878 to 1930
(average water vapaf®0 = -15.5 + 0.25 %o). ContemporajfO in Miami was more
enriched than the average values from the pastd%2 The 2005 value for water vapor
d"®0 (-13.1 + 0.5%0) was similar to what would be expddy water vapai'®0 being,
on average, in equilibrium with tt®0 of annual rainfall at the mean annual
temperature (-13 %o). It is worth noting that tresonstructed value from Miami in
2005, the leaf water value obtained in the sunawying for Miami two years later (-
12.7 £ 0.3%o; Figure 2) and the average measureerwapor from a field experiment

near Miami a week after the survey sampling (-1#208%o) are all similar.
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T. usneoidesecords water vapaf'?0 of nocturnal periods while the majority of plants
(and hence Isoscape applications) will be affebiedaytime values of water vapdt®O.
Any systematic offset between nocturnal and diudh%D, would lessen the importance
of reconstructing water vapdf®0 viaT. usneoides|In recent direct observations water
vapord'®0 at a Florida field site there has been no clettern. In general, changes
in observed water vapal®0, in Florida seem to be governed more by synoptitesc
weather patterns than diel cycles. This obsermas@onsistent with observations of
d"®0, in a New England forest, but contrary to those &drest site in the Pacific
Northwest (Lai et al. 2006; Lee et al. 2006). Adufitlly, precipitation inputs have an
immediate effect off. usneoideteaf waterd*?0, but these effects are short-lived and do
not appear to change the long-term control of weeord™®0 on leaf wated'®0. In lab
and field experiments, any measurable effect optieeipitation water on leaf watdt®0

is typically gone within two days. However, carlisiibeing assimilated during the
periods following a precipitation event while legdterd°0O approaches equilibrium

with water vapod'®0. Therefore, through future research we must gdiatter
understanding of the relationship between predipitaand leaf wated'°0 to more

accurately reconstruct water vag?O through leaf water and plant organic material.

The tropical epiphytic CAM plank. usneoidesffers a means to reconstruct past and
present water vapor isotopic signals. In the fitwe hope to develop an Isoscape of
water vapod'®O across the entire southeastern US coastal phairther, there are

similar plants throughout the tropical Americas\drich reconstructions of water vapor

17
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isotopes can potentially be made. While little Wiexige is available of epiphytic CAM
plants in African or Pacific tropical systems, #@ne ecological niche exists in these
biomes so there is certainly a potential similanpd exist and we can expand the spatial
extent of water vapor reconstruction beyond the Aras. Continued examination of
herbarium material will extend this analysis ta@allfor the temporal reconstruction of
isotopic ratios of water vapor for a large portadrthe terrestrial biosphere through a
period of rapid climate change during the pastugnHowever there remains a need to
validate the plant-derived samples with a diregidfimeasurement in modern

environments before these proxies can be usedoeithdence.

5. Direct measurement by optical methods

While collecting physical samples for later laborgtanalysis has had success in many
cases, the issues associated with capturing lidrods the vapor phase without
fractionation and the intricacies associated withkp sampling leave great potential for
direct in situ measurement of water vapor isotof@gctrometric isotopic analysis (with
Isotope Ratio Mass Spectrometers) in a laboratettyng is highly precise and is in
common use, but is not presently a field portabddnology. Similarly, it is particularly
laborious to develop time series data with tradaicsampling or proxy methods since
each individual measurement needs lengthy collecpceparation and transport to a
laboratory. On the other hand, laser-based specipasanalyzers can be deployed in a
field setting, run in an almost continuous samptmgde and thereby offer substantial

potential to improved measurement density.
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Estimation of isotopic abundance from either absomnpor emission spectroscopy entails
measuring some fraction of the spectrum at sufiityenigh resolution to be able to
guantitatively identify individual spectroscopiad features associated with the
isotopologues of interest. Figure 4 shows a sedfdhe infrared absorption spectrum of
a gas in which water isotopologues are found. Gamurate measurement of a
spectrum, the line features (peak shape and sarehe mapped to the concentration of
each isotopologue identified in the spectrum, &edisotope ratio constructed. This is
typically performed using an estimation approactvimich the concentration is found as
a best fit between the measured spectrum and &gpebased on physical
considerations in light of known uncertainties.eMtatively, the concentration estimate
can simply be made by finding the integral of acHipeline feature as a function of
frequency, and again using the physical expectationap the integrated quantity back

to the of number of molecules of the species withengas sample.

While a number of different optical configuratioa® possible, two variations of the
spectroscopic approach have emerged as usefulélogeng commercial field-
deployable instruments, and both of which use TlenBliode Lasers (TDL) to accurately
probe a small region of the spectrum. IntegratedtZ&®utput Spectroscopy (ICOS;
Baer et al., 2008) illuminates the sample gas amtity measure the absorption
spectrum from light that leaks from optical celhélsecond approach is Wavelength
Scanning - Cavity Ring-Down Spectroscopy (WS-CRDB&jsson 2008) in which the
optical cavity is filled with a pulse of light alde measurement is of the decay in light

intensity as a function of time when the lasemigched off. While there are some
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technical advantages for either method, both aghemare fast enough that in field
applications, measurements can be made in a neingous manner with measurements
made every few seconds. It has been shown thatrdogsion and accuracy of these types
of instruments now rivals that of the laboratorgdd isotope ratio mass spectrometers.
Gupta et al., (in review) reports the precisiorcontinuous (12 second) samples to be

0.17 %o ford™®0 and 1.1 %o fodD even at very low water vapor concentrations.

Figure 5 shows an example of a time series of halifD and deuterium excess data
measured over a 10-day period in New Haven (L. Vdalp X. Lee, personal
communication, 2008) using a direct absorption mets described by Wen et al.
(2008), which yields a measurement precision ardu@id %o ford'®0 and 1.1 %o fodD
and an absolute accuracy of 1.2%.d50 and 1.1 %o fodD for hourly average data.
The figure shows clear diurnal variability thatied to the daily transpiration cycle and
boundary layer activity at the measurment site @awNHaven, Connecticut. Both longer
term weather-scale variability, and higher frequyevariability associated with local
conditions are also seen. Rain occurred on 17 Auday 229) and 20-21 August (day
232-233) and likely linked to the more depletftD values measured at those times
because of both local recycling by evaporatioratieh water and that the rain is
associated with arrival of different prevailing aiasses. Being able to examine this fine
scale structure in the time domain as a functiomefeorological controls is not readily

possible from traditional methods and is a cleaaade provided by optical systems.
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The ability to use a network of such instrumentsp spatial variations in water vapor
isotopes is of great interest in the future buddte is lacking. On the other hand, the
scientific benefit for surrendering spatial detsiin the advantages offered by what is
learned from the structure found the temporal damBime series data lend themselves
to improving understanding of the controlling preses and the ability to resolve isotope
variability from the order of seconds, upwards tiothe diurnal cycle, weather

timescales, the annual cycle and beyond, cannohferstated.

Until the recent appearance of commercial analyzkesuse of laser-based instruments
has been the domain of specialist research gréigpsnstance, there have been
applications that focused on upper tropospheriemaith high frequency measurements
needed for fast moving high altitude aircraft (Wtebsind Heymsfield 2003; Hanisco et
al, 2007), and specialist surface studies are begirto appear (e.g., Welp et al., in
press). With the availability of commercial analggzen 2007 and 2008, wider use of such
instruments is likely, and there is great poterfbalcontinuous in situ instruments to
revolutionize water isotope science. At this eatbge of their availability, care is needed
to demonstrate the accuracy of laser-based measuotemelative to exiting sample
collection and mass spectrometer methods. Whiladkscof experience with mass
spectrometry has lead to many refinements in laborgractices that allow reliability in
measurements, there remains a number of techesas that can scientifically degrade
performance of optical analyzers if not kept inahd-or instance the polar nature of the
water molecules provides special concern in cootisiflow systems since the water can

“stick” to sample inlet tubes and surfaces with dpéical cavity. Sticking can lead to an
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isotopic fractionation and degrade the precisiothefinstrument. Further, the use of
multiple passes of the laser though the sampldyceaquires high quality and well
calibrated optical components such as mirrors. I8y the most accurate
measurements require accurate and well calibrasetd that can be precisely tuned.
Nonetheless, while obtaining lasers of appropugiglity remains a particular
technological issue, gaining confidence in the measents from existing instruments
remains a scientific endeavor and indeed thereirens@me question as to how such

systems can be reliably calibrated against knogundi standards.

Due to their fledgling status, laser-based instmisiare presently not being used to
provide information on spatial gradients at anylescathough the opportunity certainly
exists. An ideal platform for monitorial global $espatial distributions is provided by
satellites. The use of high resolution space-bspsetrometers to obtain the spectra of
natural emission of infrared radiation from sateltan be used to estimate the isotopic
composition. Due to the temperature of the atmasphadiative emission is mostly in
the infrared, but the specific frequencies at whadhation is emitted depends on the
abundance of each nuclide in the mixture of gaséisd atmosphere at any time. Of
interest, all water vapor isotopologues emit radrathat leads to specific spectral
features that can be measured by precise spacd-basetrometers. To date, four Fourier
transform infrared spectrometers have been flowhpravided demonstration of the
methodology. The Interferometric Monitor for Greenke-gasses (IMG) instrument on
the Japanese Advanced Earth Observing System spHaguerated for nine months at

the end of 1996 and 1997. Zakharov et al. (20044 tisese data to estimate the total
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column mean HDO abundance and demonstrated thidtituelinal gradient could be
recovered. The Michelson Interferometer for Pas8iveospheric Sounding (MIPAS)
was flown on the Envisat satellite and operatdulgit resolution between 2002 and
2004. This limb scanning instrument was used toenet HDO from 6 km upwards to the
top of the mesosphere, and is most reliable irsttaosphere (Payne et al. 2007). The
Tropospheric Emission Spectrometer (TES) on NASAIsa spacecraft was launched in
2004, and continues to recover spectra from whichay maps of HDO can be
constructed at approximately 5x5 degree resoludia@ry two days from observations
taken at local 2am and 2pm as an operational ptdchra that mission (Worden et al.
2006, 2007). Because of the accuracy and operatiamare, these results are a
remarkable leap in the ability to monitor naturallycurring isotopes. The Infrared
Atmospheric Sounding Interferometer (IASI) instrurhen Eumetsat has similar optical
characteristics to TES, and while isotope retrigVvealve been done in an experimental
capacity (Herbin et al. 2007) have not been useabtain in an operational manner.
IMG, TES and IASI are all downward looking instrumb& and recover the isotopic

composition in the lower-mid troposphere abovelibendary layer.

Figure 6 shows a climatology of the TH®O measurements for the layer between 800
and 500 hPa based on measurements between Dec2bidesind February 2008. Many
aspects of the large scale spatial structure ofréeetroposphereidD distribution

emerge, including a latitude effect, continentatatic contrasts, and both enriching and
depleting influences of convective activity. Angilyof the data show that the large scale

atmospheric hydrology can be directly inferred frthra isotopes (Brown et al. 2008;
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Noone 2008). It is important to recognize that lfitgederived data are not for vapor at
the surface but in the free troposphere and asduoictot necessarily match the isotopic
composition of boundary layer vapor or precipitatiwhich are governed by different
sets of processes. Also, while the spectroscoptbadelogy used by space-based
sensors is fundamentally similar to in situ instemnts, they are less precise because of
measurement and retrieval uncertainty. As a capeimt, TES obtaingD with a
precision of 10 %o, compared to the in situ instratseat around 1 %o, and traditional
mass spectrometry of around 0.2 %o. Similarly, imdtre difficult to estimate®O since
theH,™®0 lines are less well separated from th®Hines even though the abundance of
H,*®0 molecules is greater, and contain little inforimabeyond that provided D.
Even so, the ability of space platforms to prosgatial context and make regular
isotopic measurements of otherwise unobserved patte atmosphere leads them to

hold observational advantages that complimenttinmeasurements.

6. Final remarks

There is now a range of measurement techniquekahbieathat will greatly advance the
ability to map the spatial and temporal distribnti@f water vapor isotopes near the
surface and in the free atmosphere. These new nhetre not without their limitations,
but provide new strengths that compliment existexhniques. To this end, new
measurements provide opportunities to pose newtsteeproblems in the realm of
isotope hydrological studies. Importantly, sincdevarapor abundance is a measure of
the atmospheric state (as compared to precipitatrbich is a flux) better constraint on

theoretical models and explanations of water exgbaan be investigated in a more
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integrated manner. Also, with a wider range of watpor isotope measurements that
span from the stratosphere, though the tropospheceto the surface, the pathways of
water movement in the atmosphere and surface hygloall systems can be better
understood. Given improved understanding, morelddtenapping of water vapor
isotopes will allow better constraint on developsegondary isoscapes of, for instance,

leaf water isotopes.
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Figure captions

Figure 1: Observed leaf water loss af\tD for T. usneoidesPanel A, water loss as a
percent of full saturation. Panel B, changes @dffiO through time. The day/night
was 94/98 percent, respectively and water lossdetermined by weighing the

individual strands. n =5 for each day.

Figure 2: Observed leaf watdt?O (the first number) and reconstructed water vapid
(the second number) for August 2, 2007. All samplere taken within 2 hours of solar
noon during a coordinated survey. The dashedditiee fall line forT. usneoides
distribution in the US. The black dot is a fieltesvhere mean, measured water vapor

d'®0 was -12.0 + 0.8 from 8/9/2007 to 8/13/2007.

Figure 3: Reconstructed leaf watdt®0,) and water vapord{®0,) d*°0 in Miami,

Florida. Leaf water and water vapifOwere calculated from whole-ledf?0 of T.
usneoide®f fresh material sampled in September of 2005h@darium specimens
sampled from 1878 to 1930. See text for detaikhefcalculations. The horizontal dash
for 2005 is the calculated modern equilibrium vaiered'®0,using the 30-year mean
annual temperature in Miami of 23.3 °C and surfaagerd*®0 = -3.5 %o.. n = 2 for 1930,
n =5 for 2005, n = 1 for all other years, errorso@present one standard error mean.

Reprinted from Helliker and Griffiths (2007) witlepnission from Blackwell Scientific.
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Figure 4: An example section of the infrared rirgyvtd Spectrum showing the signature
of water isotopologues measured by a Picarro G1Mater Vapor Isotope Analyzer in
the region scanned by a tunable diode laser anpdre CRDS measurement. The shape
and size of each line feature is related to thebmrmof molecules in the sample. (P.

Gupta, personal communication, 2009).

Figure 5: Example of an hourly time seriestfO (upper panel) and deuterium excess
(lower panel) measured via infrared absorption spscopy between measured 13-23

August 2007 in New Haven (L. Welp and X. Lee, pa@ommunication, 2008).

Figure 6: DJF and JJA medD for the atmosphere between 800 and 500 hPa derive
from the infrared spectra measured by the NASA @spheric Emission Spectrometer
on the Aura spacecraft. Observations were takemdset December 2004 and February

2008. Contour interval is 10 %o and the data aretmedgbly between 3N and 30S.
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Figure 1: Observed leaf water loss af\tD for T. usneoidesPanel A, water loss as a
percent of full saturation. Panel B, changes @dffiO through time. The day/night

was 94/98 percent, respectively and water lossdetermined by weighing the

individual strands. n =5 for each day.

35



T ™
II _Ii_..ql"_ =,
— . 7 |
| I| I"-._l / IrI
- -' ) "%, @D
T o " F — - |_| s ., LF:'
e = ==~ i
l 7/ | 4.6/138
{ S
& '
3 N
(2.7/-119) 3.8/-13. : .
AT g W ET >
" A/ - 10, | .
/ '||
'|-__ I I-|._Il . I.
Y (0305 o (3.5112.7)
' | L
-y _
_-'—\—l L

Figure 2: Observed leaf watdt?O (the first number) and reconstructed water vapid
(the second number) for August 2, 2007. All samplere taken within 2 hours of solar
noon during a coordinated survey. The dashedditiee fall line forT. usneoides
distribution in the US. The black dot is a fieltesvhere mean, measured water vapor

d'®0 was -12.0 + 0.8 from 8/9/2007 to 8/13/2007.
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Figure 3: Reconstructed leaf watdt®0,) and water vapord{®0,) d*°0 in Miami,

Florida. Leaf water and water vapifOwere calculated from whole-ledf?0 of T.
usneoide®f fresh material sampled in September of 2005h@darium specimens
sampled from 1878 to 1930. See text for detaikhefcalculations. The horizontal dash
for 2005 is the calculated modern equilibrium vaiered'?0,using the 30-year mean
annual temperature in Miami of 23.3 °C and surfaagerd*®0 = -3.5 %o.. n = 2 for 1930,
n =5 for 2005, n = 1 for all other years, errorso@present one standard error mean.

Reprinted from Helliker and Griffiths (2007) witlepnission from Blackwell Scientific.
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Figure 4. An example section of the infrared rirayth spectrum showing the signature
of water isotopologues measured by a Picarro G1Water Vapor Isotope Analyzer in
the region scanned by a tunable diode laser anpdre CRDS measurement. The shape
and size of each line feature is related to thebmrmof molecules in the sample. (P.

Gupta, personal communication, 2009).
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Figure 5: Example of an hourly time seriestO (upper panel) and deuterium excess

(lower panel) measured via infrared absorption spscopy between measured 13-23

August 2007 in New Haven (L. Welp and X. Lee, pa@ommunication, 2008).
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Figure 6: DJF and JJA medD for the atmosphere between 800 and 500 hPa derive
from the infrared spectra measured by the NASA dspperic Emission Spectrometer
on the Aura spacecraft. Observations were takemdset December 2004 and February

2008. Contour interval is 10 %o and the data aretmedsbly between 3N and 30S.
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