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Abstract

Water isotope tracers can be included in compreteasmospheric models and can
provide deeper insight to isotope distributionsiteanple physically-based isotope
models or statistical methods because of theiitpld resolve the underlying processes
of interest. Within such models, isotope tracet®ionormal “prognostic” water, and
differ only in that fractionation is applied durisgrface evaporation and transpiration,
cloud condensation processes, exchange betwesmgfedindrops and environmental air,
and when there are any extra water sources. Thddet the mass balance that underlies
modeling isotopes and the key processes can beseed in models are examined to
illuminate how it is the compilation of many simg@spects which give rise to a
comprehensive model. One particular advantage wémhycal isotope models is their
ability to account for mixing of air masses by fgsd larger-scale transport and by
smaller scale parameterized turbulence. While thiput from comprehensive dynamical
isotope models is useful for subsequent applicatiadequate accounting for model error
is needed. In the past, few observations have &eatable to validate isotopic models,
especially for vapor which is the model state \adgaf importance, and validating
models remains a limitation. Nonetheless, comprgkrermodels are valuable in

mapping water isotope distributions in vapor arecgitation. They are also well suited
to diagnostic studies in which model sensitivitstseexpose the physical basis for the
final isotopic signal. This type of analysis is awable in guiding the interpretation of

isotopic observations.
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Introduction

Unlike statistical maps of water isotope distribus, the isotope distributions that
emerge from numerical simulations with comprehemsnechanistic models reflect an
understanding of the underlying physical and chahpeoocesses which control the
budgets of water and water isotopologues. A congreire model accounts for all
processes which are determined to be, or likehetoof significant influence on the
budgets (e.qg., transpiration, cloud formation aaid,roxidation of various chemical
agents). Dynamical models, such as weather anéidimodels, are particularly
advantageous for isotope studies because the mdtefinear and non-local influences of
transport processes can be accounted for in sironlathe final isotope distribution
emerges from numerical integration of the budgetaéqn, yet the result holds
advantages over statistical maps because the nistba@ause of the distribution can be
determined quantitatively by examining addition@ghostics on all the contributions of
each of the controlling processes computed by theem In this way comprehensive
dynamical models of water isotopologues can promd@s of isotope concentration that
compliment those obtained by statistical methodseHlve provide a basis for
understanding how water isotope distribution casibrilated by incorporating isotope

fractionation schemes into the water cycles of iveraand climate models.

Comprehensive models can be distinguished fromlsinmpodels that appear frequently
in isotope studies. Simple models such as thosmjetctory and box budget-types (which
includes Rayleigh models and simple mixing modais)extremely valuable at providing

first order descriptions of water isotope distribos. However, they are limited in three
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important regards: 1) They often need appropriat&al conditions to be provided, 2)
they require gross simplification of cloud and eteechange processes, and 3) they
seldom account for mixing and transport of air reasa any detail. More comprehensive
isotope models, such as those provided throughfroation of atmospheric general
circulation models (GCMs) or regional meteorologimadels to include isotope tracers,
can overcome some of these problems. To illustragethe basis of isotope tracking
schemes as employed in comprehensive dynamicallsisddescribed and some
examples of the use of such models in both repiadudimatological distributions and
in informing process studies are discussed. Sime@imderpinning of comprehensive
models is numerically evaluating the processes lwbintribute to the budgets, we
describe in some detail the basic budget conssraimti how account is made of the
pertinent exchange processes. While models existwdan resolve exchanges at
molecular scales and motions at turbulent scafessame of these have been tasked
with modeling isotopes, we focus here on dynamuadlels with grid resolution in the

range 20-500 km.

X.1 Development and uses of comprehensive isotope malel

In the early 1980s the Laboratoire de Météorol@yaamique (LMD) atmospheric
GCM was fitted with water isotope tracers with teehnique obtaining notoriety with
the seminal paper published in Nature (Joussaurale £984). This work demonstrated
that a global model with even modest representatidhe atmospheric water cycle can
reproduce the bulk features of the global and seds@riations in isotopic compaosition

in precipitation. Shortly after, J. Jouzel sperttsdical time in New York and working

4



89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

with the modeling group at the Goddard InstituteSpace Sciences developed an
isotope scheme in that group’s global model (Joakeal. 1987; Jouzel et al. 1991).
Initially, early studies focused on testing theidi&y of water isotopes as climate proxies.
Indeed Joussaume’s early work included simulatung} doncentrations such that results
could also validate proxy reconstructions fromaoee dust records (Joussaume 1993;
Joussaume and Jouzel 1993). The interest in usimpiehensive models to simulate
isotope distributions in precipitation and vapos lsantinued to grow with numerous
models now having isotopic tracers (Table 1). ¢ntmgly, the development of isotope
schemes in models has often been the result cbdddtudies (Joussaume 1983;
Hoffmann 1995; Noone 2001; Werner and Heimann 2062;2005; Sturm 2005; Risi et

al. 2008).

While initially ice core records were of interesd the validation of the so-called
isotope-temperature slope, the community’s attergisickly moved to other aspects of
the isotope hydrology. Research areas include thresoons (Hoffmann and Heimann
1997; Sturm et al. 2007a; Sturm et al. 2007b),itadorals (Cole et al. 1999; Charles et
al. 2001; Brown et al. 2006), atmospheric transpostesses (Noone and Simmonds
2002a; Vuille et al. 2003) and cloud processestsdhet al. 2005; Lee et al. 2007).

Still, because of the great experience with iscgapehe paleoclimate community, many
of the published studies using water isotopes mprehensive dynamical models have
focused on examining past climate. There has Esndttention given to using

dynamical models of water isotopes to describe modénate change, although the



111 studies of Hoffmann et al. (2000), Schmidt et 20Q77) and Yoshimura et al. (2008)

112 stand as exceptions.

113

114  The non-isotope modeling community often sees titigyusotopes as informing the

115 construction of more accurate cloud microphysicalkages for non-isotopic models, yet
116  there has been little work in this area. Part efrason for the lack of engagement is that
117 there is rarely a perceived clear advantage inideriag isotopic exchange, and in part
118 that existing isotope models in fact only poorlystrain the detailed microphysics used
119 in modern dynamical models. This is in part dutatk of an adequate amount of

120 isotopic data for validation. Nonetheless a nundfestudies with comprehensive

121 dynamical isotope models have informed understaifragjoud processes in the

122 underlying hydrology. As a case in point, Schmidile (2005) aimed to explain the

123 impact on the isotope distribution from differessamptions about cumulous clouds in
124  the context of explaining the aircraft observatioh8Vebster and Heymsfield (2003).

125 Similarly, Bony and Risi (2008) used a parameterizedel of convection (in an off-line
126 configuration rather than coupled to a dynamicatietpto explain the role of cloud

127 microphysics in setting the isotopic compositiorite tropics. So too, Lee et al. (2008)
128 and Risi et al. (2008) targeted the impact of postdensation processes on the isotopic
129  composition of precipitation. These studies demasithe utility in reconsidering the
130 Simulated hydrology by examining the impact onifedopic results. To do so, however,
131 requires an isotopic scheme that is designed aptktmented with this as its objectives.

132
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X.2 Isotopic budgets in comprehensive models

While it is often that diagnostics on the isotopaenposition of precipitation or
evaporation that results from models which of niotgrest, the state variable of interest
in atmospheric models is the water vapor abundavseally this is quantified by mass
mixing ratio or specific humidityy)’. Modern climate models also include state varigble
for cloud liquid and ice and land surface compose@ftglobal and regional models track
the amount of water in soil, snow and sea ice.igb®pic composition of all these and
any other state variables must be tracked to dpweelmmprehensive closed isotope

scheme.

The water cycle in a dynamical model stems frompitegliction of water vapor mixing

ratio (@), and is described by the evaluation of the teagemquation:

1 & 2 1 (=
—= -VXNg +DN;g +—\w(q) +E -C +S
Tt " ‘Hp( ) :

@ 2 &)

(X.1)

The first three terms on the right (numbered 1-8)rant discussion. The three-
dimensional wind field i%/, and the first term on the right  *Nq) is the large-scale
advective transport in a coordinate system (&,g/, p wherep is pressure and the
velocity in the vertical isv). Here, “large-scale” can be defined as that wicen be

resolved by the model, and is a function of the ehoesolution. Horizontal transport by

! Strictly the isotope ratio is the mole ratio oflag to light isotopes, so one should use volumengix

ratio, which differs only by a constant (ratio oblecular weight of air and the vapor).



152 smaller scale motions is expressed in the charstiteiorm of horizontal diffusion(i.e.,
153 DN?2q) with some, generally non-linear, effective ediffugion coefficientD. The third

154 term on the right captures vertical transports tdusmall scale processes, and is

155 expressed mathematically as associated with thadkiy stressyq’ . Such processes are
156 not resolved in models, yet the effects of the psses are important. As such they are
157 accounted for through “parameterization,” which sitm estimate the effects of small

158 scale processes on the large-scale quantities asigdarge-scale information. Should
159 the vertical transport be associated with (drypilent motions the third term takes the
160 Mmeaning of turbulent flux, such as one finds masirgly in the boundary layer. On the
161 other hand, if the turbulence occurs in concerhwidndensation, this term captures

162 transport in the region of convective clouds, irnchkithere may be water entrained at

163 their base and detrained at some higher altitudeoénting for both boundary layer

164  turbulence and moist convection is a topic gretarast in dynamical modeling, and a
165 complex subject in its own right. It is appropri&benote here, however, that the sum of
166 these three numbered terms in (X.1) capture tla ti@nsport and mixing of air masses,
167 and it is the explicit evaluation of them whichaisinique element of dynamical models.
168

169  Beyond transport, the water budget has both asbueces and sinks. The primary source
170 of water in the atmosphere is evaporation and ewgmnspiration at the surface and

171 evaporation of falling hydrometeols, Loss of water is via condensati@, The

172 additional termS, accounts for sources or sinks which are assacwitd other

173 processes, and can include the water source atbergh methane oxidation in the

174 stratosphere (e.g., McCarthy et al. 2004), masspieddent isotopic exchange in the
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region of the ozone layer (e.g., Yung and MilleBTp and radioactive decay, in the case

of, say,°0 or®H.

A comprehensive model for to simulation isotopicpmsition stems from writing down
an analog of the atmosphere budget (X.1) for isnltigues and considering their
changes relative to the most abundant nuclide.chlalenge in developing an isotope
model is seen by noting that where condensatioresagoration occur, it does so with
both kinetic and equilibrium fractionation, and #widitional sources typically have
different isotopic signatures. Thus the terms Bn@ S need special attention because it
is the isotopic variation in these which give rigesotope distributions. The transport
processes themselves do not impose fractionatiooeg(¢here is no phase change), but
the details of transport are fundamental in settimegspatial and temporal distributions.
However, since the key strength of comprehensiveeisas in accounting for transport

and mixing processes, they warrant further exanunat

X.3 Transport processes and numerical solution

X.3.1 Diagnostic water tracers

Before examining the details of isotopic calculasipit is useful to consider the more
abstract idea of water tracers. The use of nortifna&ting water tracers is greatly

advantageous in diagnosing water transport pathweayge atmosphere, and tracking
specific water origins (Koster et al. 1986; Kosteral. 1993; Bosilovich and Schubert

2002; Noone and Simmonds 2002a). Indeed the desiree isotopes in diagnostic
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studies often stems from their ability to naturally water sources. Water tracers can be
defined by duplicating the water budget equatiainl), such that within the model
“tracer water” follows the usual “prognostic wateXactly. The difference between
tracer water and prognostic water is only thatigitter influences the diabatic heating,
and the former is purely a slave to the prognoyicamputed quantity. At a coding

level this is easily (but often tediously) achievsdreplicating lines of code for the tracer
water whenever the prognostic water variable isifrestl Denoted with subscript the

tracer water budget is

" =-voflg +Dig + LW )+ RE- RC+RS (x.2)

qt
which conserves the tracer proportion during trans@nd the ratio of tracer to total

(prognostic) water is given via the source ternt the ratiofRRg, Rc andRs.

In the absence of the sour@éor takingRs =1), should one be interested in tagging the
water that originates from some geographical locatiefined as those model grid points
(X,Y) and time T), a useful choice iB; = gi/g, and an evaporative source mask can be
defined such that

1 " (xyHl (X,Y,T)

) (X.3)
0 otherwise

RE:

Fig 1 shows a case where the region of interedgfined as southern South America, and
the quantity plotted is the fraction of total pyatation that results from
evapotranspiration in that region. Values overrdggon itself give the recycling rate

(i.e., the fraction of rain which came from locabhpotranspiration). Values are high

downstream and to the west in the southern midtids and near the equator to the east

10
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where the source water is entrained into the ted@asterlies. The source in this case
was defined without a time constraint, but the madtilogy can be adapted to track water
from, say, a given month. More elaborate sourcekrhasctions ofRe =f(x,y,) that are
smooth have some numerical advantages becauseinaht@msport of step-like
anomalies is almost always problematic. Rather ttmansidering surface sources, one can
tag other water sources, such as the evaporatime ofystals, water of stratosphere
origin, water that has experience super-saturatioany other specific condition that is

of interest.

The tagging methodology is a required first stepuiiding an isotope scheme, and
indeed developing the code infrastructure to colyeag the water, generate appropriate
flux statistics comparable to, say, precipitatiod @vaporation, and handle archiving of
model results, accounts for most of the efforturiding an isotope scheme in
comprehensive models. This is unlike the simplgk taf tagging air masses, since the
partitioning of water tracers changes during easkance of existing hydrological
exchange. That is, one must account for the knaaltlated) termg, C andSin a
hydrologic tracer scheme, while these are not ptaeegas-phase tracer schemes in

which only transport is needed.

The difference between a tagging scheme and ampisaicheme is simply that the ratios
Re, Rc andRsare modified by physically based fractionation, argla particular
isotopologue rather than a generic tracer. In pracdne can have a tagged-isotope

scheme such that that isotopic composition of wiaten some specified source is

11
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tracked (e.g., Noone and Simmonds 2002b). Fig blwsthed™0O of the water that
originated from South America in a climate simuatiNotice the depletion away from
the source region, and that the resulting pattesome ways resembles the rainout that
one expects from Rayleigh distillation. In this €asowever, the distillation is combined
with large-scale and turbulent mixing processe<tviensures the simulation result is
strictly (and quantifiably) non-Rayleigh. Such rigsgprovide significant diagnostic
capabilities for understanding the final isotopgtiabutions beyond simple attribution to

different origins.

X.3.2 Numerical issues for transport processes

Even though there is no fractionation associated large-scale advection or during
(dry) turbulent exchange, some care is needechimaerical implementation. Because
water vapor abundance changes by at least foursoofienagnitude in nature, any
numerical scheme must be able to resolve this rgige three more orders of magnitude
if one is interested in deviations there order &b1This is a significant numerical
challenge. Jouzel et al. (1987) found that the etiime scheme used in the GISS model
of the time was unable to conserve isotope ratimsiwintroduced an isotopic
fractionation. Artificial fractionation during traport is a purely numerical issue, but is
clearly non-trivial and persists even in recentape schemes (Yoshimura et al. 2008).
Noone and Simmonds (2002b) found that the treatwienater vapor transport via
spectral methods was inadequate to preserveddtapesratio in very low temperature
regions such as Antarctic and the upper tropospherckelead them to replace their

spectral advection scheme with the semi-Lagranggaeme of Williamson and Rasch

12



265 (1989). The spectral method, while appealing fephang sharp gradients in dynamic
266 fields (i.e., cold fronts), is remarkably poor ahserving covariance between two tracers
267 (such as KO and any other isotopologue) in the region of syreldients. While the semi-
268 Lagrangian scheme better preserves tracer-traceatons, it is not conservative, and
269 the addition of mass fixers to ensure global coret@n introduces a non-physical

270  component to the transport. This is usually smathpared to the dominant physical

271 signal, at least in the lower troposphere wherditbgme of water is reasonably short.
272 Prather et al. (1986) developed a highly accuratearical scheme based on the

273 describing the sub-grid scale structure with quadraoments, and which has been

274  found to preserve isotope ratios adequately iral&S model (Schmidt et al. 2005). A
275 numerical scheme that is expressly designed teepredracer-tracer correlations was
276  developed by Lin and Rood (1996) and guaranteesthepe ratidR will be preserved
277 under advection af andg; independently. However, in all cases, more corafdid

278 schemes require more numerical operations and festeputers, and thus the ultimate
279 choice is a practical compromise.

280

281 Part of the result stems from the choice of theestariable. The most physically

282 meaningful choice is the isotope mass mixing r@drocnumber density), such that the
283 isotope budget perfectly mirrors the underlyingevatycle given by (X.1), but another
284  choice is the isotope ratio itself. TransformingiXinto a budget equation for the ralo
285 IS straightforward, and giveR andq, the source and sink terms can still be included a

286 influences org; as needed. One can obtain the numerical benéfitsimgR in transport,

13
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by writing the isotope mass flux as the sum of astbstate” component, plus an “isotope
flux” by appealing to the product rule:

Vg, = R(V g)+q(V NR). (X.4)

While algebraically the same, the small differenites project onto numerical
uncertainties provide substantial differences erésultingd value$. Jouzel et al. (1987)
found a solution to the transport problem in th&&Imodel by using a scheme like

(X.4), and considered the isotope advection retaivthe advection of water.
Improvements from such an approach are greategtdédeast accurate schemes, and
indeed the advantage in the Lin and Rood’s (19@@gfvolume scheme is trivial.
Treatment of non-resolved fluxes by diffusion ibjgat to similar artifacts (particularly

in boundary layer schemes that parameterize “noafFldransport), and these also can be
overcome by recognizing no numerical scheme isepednd designing a scheme in
which the numerical precision is better than thesded for a given magnitude physical

signal is the main requirement. The precision néddeisotopes is three orders of

2 Consider the inequality that results from simptest-dimensional centered finite difference
approximation to (X.4):

U (o Y. U Of. G %
ﬁ(qi_qi)lﬁa(q'q)-l-q?'q__

where the subscripts + and — denote values evalaatsome positioxtLx andx-£X, and values without
subscripts are evaluated at positiofThe error that leads to the inequality is a resithe order of the
finite approximation, and the size of the error baras large as the isotope variations of inténesises

where the changes @qare large relative tq.

14



302  magnitude greater than for non-isotope applicatlmetause the physical signal of
303 interest is measured in units of per mil.

304

05 X.4 Exchange processes and fractionation

306 X.4.1 Land and ocean water sources

307 Craig and Gordon (1965) suggested a model forthparative flux of isotopes from

308 both open water and through vegetation. These ipe@sst to today and are considered
309 both robust and applicable for modeling isotopiclenge in many instances. They posit
310 that, following a Fickian transport process, one e&press evaporation as a flux

311 associated with mixing between ambient air andsark®ir of vapor that is in

312 thermodynamic equilibrium with open water (say,ae This is a special case of a more
313 general description of water mass mixing (Noone9208s such, the evaporative flux

314 can be written:

315 E=re(d. - q) (X.5)

E =rhc(Ra, - q)
316 Wherec is an exchange coefficient (or, conductanqgis the saturation mixing ratio at
317 the source temperatulg andr is the density of dry air. The two terfBsandE; can
318 immediately be combined to give an expressionterisotope ratio of the fluRe.
319
320 The isotopic fluxg;, depends on the isotopic composition of the sovap®rRs. Over

321 the ocean this can be takenRas= Rocead@e, Whereag is the equilibrium fractionation

322 factor which depends on the surface temperafigeRig 2a shows the annual me#tfo

15



323 of precipitation simulated by a model in which otig surface fluxes fractionate (no

324  fractionation is applied during condensation). Ne¢2009) demonstrated that a mixing
325  processes, such as evaporation and evapotrangpjrends toward a steady state value
326 set as the weighted mean of all source waters,hwhithis case is dominated by the

327 Iinfinite ocean source. As such the vapor tends tdwee flux-weighted mean value of
328 vapor in equilibrium with the ocean. Notice that gquilibrium fractionation factor is

329  weakly temperature dependant over the range°C-8%at spans the global SST

330 distribution, and gives rise to the spatial vaoatseen in the figure. Given the global

331 mass weighted mean value of precipitation from siisulation ofd"®0 = -10.05 %o, one
332 finds the mean temperature of evaporation is 28@td¢h corresponds with ocean

333 surface temperature in the region of the extrat®pnd mid-latitudes. The rate at which
334 the model approaches this steady state valueusdidn of the surface exchange

335 coefficient €), the kinetic fractionation efficiencys), the strength of turbulence in the
336 boundary layer, and large scale mixing by small lange-scale motions, and is on the
337 order of months.

338

339 At steady state, Craig and Gordon (1965) showeitkthieaisotopic composition of the

340  water flux from plants must equal the isotopic cosipon of the soil water (Helliker and
341 Noone , this volume), and $&=Rs.ijand there is no apparent fractionation. Dongmann et
342 al. (1974) relaxed the steady state assumptiorshoded that Craig and Gordon’s

343 simpler model is often quite satisfactory in thregtmean. A non-steady state assumption
344 has subsequently been used in a sophisticatedgsrovedel by Noone et al. (2002) and

345 Still et al. (2009), who again find for long-tertasstics the steady-state assumption is

16
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quite valid, and only when one is interested inat&ns on, say, diurnal time-scales does

one need to account for non-steady conditions.

The factor/ in (X.5) accounts for the slightly differing conttance of isotopologues
compared to normal water, and is slightly less thia@. This arises because the total flux
is composed of both transport by molecular diffasamd by turbulent eddy motions.
While the transport by turbulence has no fractimmatthe diffusive component for the
different isotopologues introduces kinetic fracation. Merlivat and Jouzel (1979)
studied the influence of this kinetic effect asiadtion of the turbulent strength, and
showed a clear transition as a function of the &idkon number (and thus, friction
velocity), or near-surface wind spe€d lfere is equivalent to their 1sk). Their
parameterized theory is in common use for ocedmx@$ in global models, although

there remains some question as to the value of pamaeneters (Cappa et al. 2003).

An alternate, but equivalent, approach was takeRilgy et al. (2002), who explicitly
wrote down the isotopic conductances associatdd lvaith turbulent and diffusive fluxes
in the case of transpiration and evaporation froits sThe advantage of Riley’'s scheme
stems from the knowledge of both the moleculartarnioulent components in the
underlying model (Bonan 1994; Bonan et al. 1997patTs, the physics that controls the
isotopic kinetic effect are represented expliciBgcause the fractionation is tied more
directly to the model physics this is a more syiiigf approach than introducing an

additional parameterization.
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X.4.2 Elementary cloud processes in comprehensive models

Within a modeled hydrologic cycle condensation ewndporation is parameterized
depending on a number of large scale variableljdimy temperature and humidity. The
humidity of an air mass changes due to variatictménmoisture and temperature fields
because of any number of the dynamic or thermodimarfiuences simulated, and
condensation can occur when vapor reaches sont®frad the saturation value. If the
condensation is slow, then it can be considereahtbeynamically reversible (as in a
reversible moist adiabatic process, Noone 2009)caxe can assume the formation of
cloud liquid droplets occurs at isotopic equililmii.e., a closed system). On the other
hand if condensation is fast, to larger drops erdbndensate is ice, the molecules
composing the hydrometeors are effectively sepdfaten the vapor and an open-
system (Rayleigh) assumption is more reasonable fif$t implementations of isotope
tracers in a global models used this physical r@agato model isotopic fractionation
that accompanies rain formation by stratiform clasdan open process, and formation of
ice condensate and either ice or liquid conderfsate convective cloud as a Rayleigh
process. We will refer here to isotope schemehisftype as “first generation” isotope
schemes for the treatment of cloud processes. \WHeleoncepts are borrowed from
simpler box/trajectory models, such a fractionasoheme can be fitted to

comprehensive dynamical models.

The use of close-system assumption in a discretigaspnodel provides a finite estimate
of the (continuous) Rayleigh process, and as saarthmodel that uses this assumption

will ultimately represent a distribution that appiroates a Raleigh distillation. On the
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other hand, the choice of using a Rayleigh prosessmodel convective condensation is
akin to suggesting a time-scale separation betweeprocesses which operate within
clouds and those associated with the large-saale #ind is an assumption that is
implicit to all large scale models that do not kréice evolution of cloud liquid and ice.
Indeed prognosis of cloud liquid is required inthigsolution models to explicitly
account for sub-Rayleigh behavior if there is cltigdid retained. This has been
demonstrated analytically by Noone (2009) for tasecof the two-phase model given by
Merlivat and Jouzel (1984). On the other hand ctireect sub-Rayleigh behavior is

implicit in low resolution dynamical models as aakition artifact.

Given these considerations, one can envisageni@est (but still comprehensive)
isotope model in which one has agHtracer, along with HDO and,HO tracers. There
is some surface source, say given by (X.5), andegbelting water is subject to transport
by non-fractionating large-scale motion, turbulbatindary layer motion, and by
convective updrafts and downdrafts. A check is natdsach time step for each grid box
to see if the tracer water has exceeded saturatithe environmental temperature. If so,

an adjustmentg;) is made as either an open or closed isotope aegehsuch that

m = mln(hcqs(T) - q,O) £0

1

1
. -1 T>T,._andsmalldrops. (X.6)
in - ql a(l- Fl) freeze p
q (Fa - 1) T <T{.e,cOF largedrops

The fraction of vapor remaining after the adjustt{@nal/initial), F, is given by

g 1, Dy (X.7)
q q

F =
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whereh. is some critical relative humidity (often taken8896 for a grid-cell mean), and
the freezing temperaturéyeeze could be taken below @ where super-cooled liquid
exists. In practice some care is needed to enslugan of (X.6) avoids divide by zero
errors wherk becomes small. Choice of the fractionation faathe equilibrium value
when condensation is to liquid is robust since ithesssumed a slow process. During
formation of ice condensate, the diffusivity slothie transport of vapor onto growing ice
crystals, and this limitation is greater for theier isotopologues. Specifically, while
there is a preference for the heavy nuclides taense, the strength of this preference is
reduced through the kinetic limitation. Jouzel afhetlivat (1984) introduced a
parameterization for the kinetic effect as a fumttof supersaturation of the vapor in the

presence of ice, which remains in common use itosmodels.

Fig 2b shows a model simulation for the case whaiionation during condensation is
applied only during stratiform condensation asX¥). Notice that in the tropics the
influence enriches the precipitation relative te driginal vapor because the
condensation temperature is lower than the (suriacaporation temperature and thus
fractionation is more efficient. The removal of iag#sotopes at midlatitudes gives rise to
the latitude effect, as seen in the greater depiett higher latitudes and particularly over
Antarctica and Greenland. Indeed, with fractionaiioonly stratiform cloud there is
evidence for the latitude, altitude and contineetédcts noted by Dansgaard (1964). The
impact of fractionation associated with convecimseen in Fig 2c to mainly influence
the spatial structure in the tropics and over lavitkre a large fraction of the total

precipitation is associated with convective storAtshigh latitudes a depleting influence
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435 IS again seen because of condensation upstreamswbsequent transport of the

436 remaining depleted vapor toward the poles. Indeedjtobally integrated influences of

437 fractionation during condensation is small (+0.6&66cstratiform, and +0.18 %o for

438 convective), and non-zero only because of non-tityeetroduced by transport. As such,
439 the importance of fractionation during condensaisobest seen as affecting the spatial
as0  distribution, while the strength of fractionatiossaciated with the surface fluxes, sets the
441 mean. Notice that combining these two condensadions, a spatial pattern emerges that
442 is consistent with a spatial view of Dansgaard’piical amount effect since the tropical
443 regions where precipitation totals are higher aoeendepleted than the higher

444 (subtropical) latitudes.

445

446 X.4.3 More advanced isotope cloud physics

447 First generation cloud schemes need not be tigtiatliclosely to the underlying physical
448 model yet can provide satisfying results for mappl@ations. A second generation

449  cloud isotope scheme incorporates more explictttnent of hydrological exchanges

450  within convective clouds, rather than simply apptya single bulk fractionation to

451 capture the entire behavior of the cloud. Spedlficenodern atmospheric GCMs

452 represent the transport with the region of conweectiia convective updrafts and

453 downdrafts. As indicated in Table 1, most isotopmeis presently in use can be

454 described as of this type since they account inesamay for convective scale transport.
455 Accounting for fractionation within clouds is maremplicated, but there are some

456 simple bulk assumptions about isotopic exchangecdrabe made. For instance, in

457 updrafts, rapid condensation ensures the envirohis@&ear-saturated with respect to the
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in-cloud temperature giving motivation for a Ragleidistillation. Similarly, the
existence of downdrafts is associated with evaporatf rain, and one might assume that
these regions are also (near) saturated, and ®pisally close to equilibrium with liquid

drops.

Within a region of convective clouds one can wiiite tendency associated with

convection as

1q _Tlwa) 1
—_ — » — - X . 8
ﬂt convective 1-l‘F) 1-llF) [Wu (q qu )] ( )

where the subscriptindicates quantities in the updraft region, aneél@mentary mass

balance for the in-cloud vapor can be written as

To, M) oy g, =0, (x9)

it fip
The budget equation of updraft water is assumeateady state, which is justified by
noting the timescale separation between conve¢#ss than an hour) and the resolved
large-scale motion (order of a day). The ratelativwater vapor from outside the
plume is entrained ig, mis the rate of detrainment of the plume mateaatim s the
vertical mass flux. The mass flux is related todbdraft velocityw, through knowing
the fraction of the grid box covered by updraftsrk conservation consideratioms, g
andmare related (consider the case with C =0@pg=1). An isotopic version of (X.8)
follows by assuming the vertical profile @ satisfies a Rayleigh profile, and so isotopic
composition of condensation is set via equilibriwith the vapor (with a kinetic effect if
the condensation is to ice). Because the conventags fluxm, is found as part of the

underlying convective parameterization, this ie@sponably convenient form. This
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approach can easily be adapted for models thdt tlaad liquid and ice in addition to
large-scale vapor. Similarly, an expression analggo (X.9) but for downdrafts can be
written upon assuming that downdrafts are satuyated one writes the isotopic
composition of the downdraft as that in (or clasedaquilibrium with precipitation falling
in the downdraft region if liquid or resulting fronon-fractionating sublimation if the

precipitation is frozen.

Such second generation schemes begin to address ssrrounding the isotopic
partitioning in the region of clouds. While thisdedl complexity may not have a
substantial influence on the simulated isotopic gosition of precipitation, the
microphysical and isotopic assumptions greatlyuiefice the simulation of the isotopic
composition of mid and upper troposphere water uapohemes of even this complexity

are not easily employed in models simpler than geimgnsive dynamical models.

Third generation cloud isotope schemes are begytoiappear and represent the state of
the art. They differ in their design by specifigditting isotope physics to the more
detailed cloud processes within modern atmosplimeodels. This is motivated in part by

a desire to understand the isotopic exchange willounds, rather than the isotopic
composition that results from clouds in some aversgnse. To this end, the development
of third generation models is facilitated by moegailed bulk microphysical schemes
being used in modern climate and Earth-system rsoéi&d 3 shows a schematic
example of a third-generation isotope cloud model @epicts the multiple exchanges

between different microphysical moments that agieily (or implicitly) accounted for
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in the underlying non-isotopic cloud model. Thisesme treats both grid-average and in-
cloud vapor, cloud liquid, cloud ice, liquid drofrain) and ice precipitation (a
combination of snow, grauple and hail). Transpootcpsses include the mixing between
grid-scale and in-cloud properties via entrainngent detrainment, and updraft and
downdraft fluxes as expressed in (X.8). Such mosledse some similarities with the
cloud models of Federer et al. (1982), Gedzelmah/anold (1994), Lawrence et al.
(1998), Bony and Risi (2008), and the mixed-phasedmodel of Ciais and Jouzel
(1994). The computational demand of third-genenasicheme is much greater since the
isotopic (bulk) microphysics needs to be solvednuanerical integration over each
dynamical model time step to be accurate, whichirasts with second-generation
schemes in which the bulk exchanges can be directhputed via integral expressions
of the required adjustment, as, for instance, glwe(X.6). It is this numerical
requirement and the complexity of web of exchangésin clouds that separates second

and third generation schemes.

Fourth generation cloud isotope schemes can bedereas those in which the
microphysical exchanges (such as diffusional parigcowth and coalescence processes)
are resolved and isotopic exchanges can be comgiradly, rather than resorting to the
bulk microphysics used in third generation schemAesexample of a such as scheme
was used at cloud resolving scales with a detailetdophysical scheme by Smith et al.
(2006). Such schemes will place constraints onuttderlying assumed microphysics,
which themselves are not well known, since bothlgxiwum and kinetic isotopic

exchanges are resolved as first principles prosasdker derived from assumptions
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surrounding bulk microphysics. The practical isstiapplying explicit microphysical
schemes in large-scale models remains a challemdbd non-isotopic modeling

community, and is an area where isotope constranetsnay be particularly informative.

X.4.4 Post condensation exchange

Although the cloud processes control the primanyaeal of water from the free
atmosphere, Jouzel (1986) noted that the time takdiquid drops to equilibrate with

the environment through which they fall is usualmparable, and often shorter than,
the time required to reach equilibrium. The efii@sults from two drop-size dependant
features: 1) small drops fall slowly, and 2) snamtdps equilibrate quickly. As such,
sufficiently small rain drops will equilibrate withapor near the ground, and the isotopic
composition of liquid precipitation will closely semble the isotopic composition of near
surface (boundary layer) vapor. Stewart (1975)aectithis effect and explained the

tendency toward the equilibrium as a mixing process

The exchange mechanism has been used to explaamibient effect that Dansgaard
observed (Stewart 1975; Rozanski et al. 1993; Woedal. 2007; Bony and Risi 2008;
Lee and Fung 2008; Noone 2009). Because the suid-&gyer is sub-saturated (by
definition), isotopic exchange is usually accompdry a net evaporation of the falling
rain, and exchange provides a net recycling of moés between the condensate and the
free atmospheric vapor (Worden et al. 2007; Nod@92. In this way, the isotopic
composition provides a metric of the efficiencywithich water is removed from the

atmosphere as precipitation.
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While the solid matrix of ice precipitation prohibiany equilibration, large rain drops
associated heavy rain events will undergo partjalldration. Hoffmann et al. (1998)
suggested that in a comprehensive model rain wualerective clouds experiences 45%
equilibration, while stratiform cloud (with assum&aaller drops and lower rainfall

rates) almost completely equilibrate (95% equililnra). Lee et al. (2008) used a
parameterization of the drop size distributionltovathis rate to be calculated within the
model based on the modeled precipitation rates2&ighows the impact of allowing
isotopic equilibration using a similar physicallgded scheme on the final precipitation.
Notice that at high latitudes where the precipitatis largely ice, and in the tropics where
the raindrops are typically large and associated @onvection, the partial equilibration
has limited influence. Generally the influencedastirich the precipitation (the globally
integrated enrichment is +1.45 %o) and is largeshésubtropical regions where the sub-
cloud relative humidity is low. With enriched prpitation the remaining tropospheric
vapor is consequently more depleted. The deplatithgence at high latitudes thus
results from transport of vapor that has undergbrsedepleting influence at lower

latitudes.

The isotopic composition of all but the heaviegt iia set through isotopic exchange as it
falls from clouds, and because the vapor nearutface ocean is tied to ocean water via
the exchange coefficietin (X.5), only in regions that are far from eqhrium, should
the precipitation deviate much from that set byhexge at the ocean surface. It is for

this reason that atmospheric models, in which ttength exchange process can be
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572 tuned, can simulate the isotopic composition otipitation over the ocean and moist
573 continental regions with high fidelity. Doing smwever, does not suggest that these
574  models accurately simulate the atmospheric hydsoéowl clouds processes in detail.

575

s76  X.5 Interpretive utility and reproducibility

577 All models can be used with either the goal of ogpicing some set of data, or being

578 used to test the importance of some specific pBy@i@processes being modeled.

579 lllustrating the case of reproduction, Fig 4 shakesannual mead®0 composition in

580  precipitation from the three global isotope modk&t participated in the first Stable

581 Water-isotope Intercomparison Group (SWING) expenmcompared to the

582 Observationally based map of Buenning and Noon@8R0t shows that many of the

583  spatial features are reproduced, including the dantilatitude, altitude, continental and
s84 amount effects. However, there are also substantiael errors. While the three models
s85  all fit GNIP-based map with a root mean squaredraround 2 %o, errors the order of 2
586 %o can often be too large for applications. Closameination of Fig 4 reveals that many
587  Of the regions with largest model error are assediavith regions where the underlying
s88  hydrology is less robust, and tied to deficienanethe simulation of large scale transport,
589  problems with cloud physics and poor representaifaurface hydrology.

590

501  The deuterium excess simulation (Fig 5) is evenenpooblematic because the less

592 precise knowledge of kinetic effects. Similarly, mpaf the environmental conditions

503  that give rise to kinetic effects are not modelgdhe underlying hydrologic scheme

504  (such as supersaturation, or the partitioning oflecwdar and turbulent transport during
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evaporation), and thus ultimately not well accodrfte. To this end, mapping isotope
distributions with comprehensive models is ultinhatenited by both the robustness of
the underlying model hydrology and the strengtthefassumptions about the isotopic
physics. Because the isotope physics in all butfiogeneration schemes use bulk
microphysical implementations of the isotope exggarhere is some uncertainty in the
degree to which any errors in the final isotopé&lBas associated with the isotope
scheme versus other errors in the underlying Hgdical or climate simulation. Usually,
isotope studies attribute much of the error touhéerlying model with the assumption
that the uncertainty in the isotope physics is marolaller than other model problems, but

this has never been well quantified.

X.6 Discussion and outlook

While the advantages of comprehensive models drgtautial, they are of course subject
to a different set of limitations experienced bygier models. Specifically, the
simulation quality reflects both the detail to winihe contributing processes are
understood and the accuracy with which those peaseare represented numerically. In
part because of computational demand, no singlecag these comprehensive models
(clouds, land surface exchange, transport, ettheisnost detailed available. This
naturally places limits on the type of science ¢joes that can be explored with such
models. On the other hand, models of any complexdtybe configured to provide
meaningful results for some science applicatiod, the choice to use comprehensive
dynamical models of isotopes must stem from a te@dcount for combinations of

processes or variability not well captured by sienphodels. While the maps that result
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from comprehensive dynamical isotope models araulisetheir own right for follow-on
studies, a valuable use of isotopic models is aguibsing the behavior of various
processes. Indeed the most powerful use of thesels\ in the ability to probe the

mechanisms responsible for the true isotope digiohs.

Being based on some underlying dynamical model bgases in simulated climate
variables (temperature, boundary layer dynamics) ate reflected in the simulated
isotopic distribution. The agreement between olzems and simulations increases
when some aspects of the simulation can be consttaRecent interest has arisen in
using isotopic models in which the large-scale meti®gy is prescribed (say, nudged,
Noone 2006; Yoshimura et al. 2008) and it is fothmat the simulated isotopic variability
is remarkably robust on both daily and longer tsoales. While this is a reminder that
many aspects of the isotopic variability are assed with the large-scale transport
pathways, it also suggest that constrained sinmuatare helpful in understanding the
impact of synoptic circulation variability and orgaed patterns of variability (e.g., El
Nifio Southern Oscillation or North Atlantic Osciltan) on some observed isotopic

record.

Comprehensive models lend themselves to hypotlesstiag via sensitivity tests which
can inform as to which types of mechanisms oneldhexpect to influence a given set of
measurements. This capability is at least of engpbrtance as the ability of
comprehensive models to reproduce known isotopitidutions. While global scale

models are especially useful in providing climagi@l understanding of isotope
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distributions, they are often not able to matchdpe observed distributions because of
the need to use relatively course resolution. & particular concern when the
isotopic composition depends on geographic strast(topography, vegetation
classification, coastlines) which are not well capt by relatively low resolution global
models. Increasing the spatial resolution has s¢eelvantages, but it comes at a high
cost in terms of computational burden. One optsotherefore to use regional circulation
models (RCM) for high resolution isotope studiesrasome region of interest (Sturm et
al. 2005; Sturm et al. 2007a). While the gap betwibe resolution of RCMs and global
models has narrowed, many regional models now earobfigured to run just short of

resolving individual clouds and have other benefits

Simulating isotopes within comprehensive dynammadels is a task which is limited by
appropriate datasets for validation and testing [Rternational Atomic Energy

Agency’s GNIP remains a gold standard for testilodpgl and regional models, but as
argued here, these data do not provide a rigoesi®f isotopic exchanges associated
with cloud processes. Indeed even if the precipitasotopes are simulated accurately, it
is not a guarantee that the atmospheric water Maptwpes are also simulated reliably
because of post condensation exchange. Very fearaditsons of the isotopic
composition of water vapor exist, yet since thithes state variable in isotope models (as
compared to the precipitation, which is a by-prddlux), direct evaluation of the vapor
phase is highly desirable. Complimenting traditiomater vapor collection and analysis
methods, new observational techniques (includingitinand satellite based observations,

Helliker and Noone , this volume) are poised towlmore detailed testing of specific
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isotope physics and hydrologic balances within cahensive models, and will likely
foster significant model improvements. The needrioreased rigor in validation is
particularly warranted as the scope of scientifigestigations to which comprehensive
isotope models are being applied expands. Simjlaith greater validation effort comes
increased confidence in the spatially and tempgprabolved isotopic distributions that
are simulated, and thus increased capacity tohgsetitputs from comprehensive

dynamical isotope models as input to subsequenicagipns and isoscaping.
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Figure captions

Fig 1: a) Percentage of precipitation that origagiafrom evapotranspiration over a region
in South America (shown as bold box) deduced uaingn-fractionating water tracking
scheme in the MUGCM, and b) the isotopic compasitbthat water. Adapted from

Noone and Simmonds (2002a).

Fig 2: Global model simulation of annual me#tfO in precipitation (%) in a global
isotope model with a) fractionation only associatgith surface evaporative sources and
dew/frost sinks, b) as in a) but with fractionatalso associated with stratiform
condensation), ¢) as in a) but with fractionatitsoassociated with convective
condensation, and d) the influence of fractionatlaring exchange as raindrops fall from
clouds. Panel b) and c) are differences relative) t@and panel d) is a difference relative
to a control simulation that has all fractionatioasd is shown in Fig 4b. To the degree to
which the model results are linear, the (weightadh of all four components composes

the total isotope signal.
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Fig 3: Schematic depiction of the third-generaigmiope scheme describing the cloud
microphysics for isotopes used in CAM3 (adaptedthfidgoone 2003). Detailed
exchanges between in-cloud properties and the@mwient, the accounting for multiple
microphysical moments, and inclusion of transpootcpsses differentiates this scheme
from first and second generation schemes. Becauserm-linearity in the budget
equations for the set of moments, such schemedlyisead to be integrated

numerically.

Fig 4: Simulations oé®0 in precipitation from three atmospheric model$J®CM,
ECHAM and GISS) patrticipating in the first Stableat&r-isotope Intercomparison Group
(SWING) experiment, and from the observationallgdzhregression model of Buenning
and Noone (2008). Contour interval is 4 %o with extontours at -2 and 0 %.. Shading in
panels b-d show where the models deviate from tidPGlata by more than 1 %.. (red

positive and blue negative) with gradations of 1(%©ourtesy N. Buenning 2008).

Fig 5: As in Fig 4 but for deuterium excess in jgaation. Contour interval is 1 %o.
Light shading in panels b-d show where the modelsate from the observations by less
than -2 %0, and dark shading shows where thererdiffanore than +2 %o with

gradations of 1%.. (Courtesy N. Buenning 2008).
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Tables

Model Reference Domain Typelresolution|  Generation
LMD Joussaume et al., (1984). Global Finite difference 1(2)
Joussaume and Jouzel (1991, 93)

GISS 2’ Jouzel et al. (1987, 1991) Global Finitéedtence, 1(2)
8x10 degree

Cloud Gedzelman and Arnold (1994). | Cloud scale | Two dimensional, | 1 (3)

model Lawrence et al. (1998) 100m

ECHAM 3 Hoffman et al.(1998) Global Spectral/semi- 2
Lagrangian T21/T42

ECHAM 4 | Werner et al. (2001) Global Spectral/semi- 2
Lagrangian
T63/106

MUGCM Noone and Simmonds (2002b) Global Spectralise 1(2)
Lagrangian

GENESIS Mathieu et al.(2002) Global Spectral/semi-
Lagrangian T31

CCM3 Noone (2003) Global Spectral/semi- 2
Lagrangian T42

ICM Yoshimura et al. (2003)? Global 2d Finite driface, Q)
offline, 1.25 degree

GISS E Schmidt et al. (2005) Global Finite 23)
difference/quadratic
moments, 4x5, 2x2.5

REMO Sturm et al. (2007) Regional Finite difference | 2
45 km, 10 km

CAM3 Noone (2003, 2006, in prep.) Global Finite wolke 3
4x5, 2x2.5

DARMA Smith et al, (2006) Cloud scalg 100 meter 4

CAM2 Lee et al. (2007) Global Spectral/semi- 2
Lagrangian T42

CCSR/NIES| A. Numaguti (2005), Kurita in Global Spectral/semi- 2

prep Lagrangian T42

GSM Yoshimura et al. (2008) Global Spectral T62 2

RSM Yoshimura, in prep Regional Spectral, 10-50 km 2

ECHAM 5 Harold et al., in prep Global To be finai 2,0r3

LMD4 Risi et al. in prep Global To be finalized @, 3

Table 1: Historical account of isotope models,Imast chronological order. Other

models reported to have isotope scheme being deselare the HadGem, UKMO,

ACCESS and WRF (Noone, personal communication, 20008). Generation nhumber

in parentheses indicates the model is close tggbEassed at the higher level.

43



905

906 1 2 5 10 20 30 40 50 60 -80 -70 -60 -50 -40 -30 -20 -10 0 10

907  Fig 1: a) Percentage of precipitation that origagiafrom evapotranspiration over a region
908 In South America (shown as bold box) deduced uaingn-fractionating water tracking
909  scheme in the MUGCM, and b) the isotopic compasitbthat water. Adapted from

910 Noone and Simmonds (2002a).
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Fig 2: Global model simulation of annual me#fO in precipitation (%o) in a global
isotope model with a) fractionation only associatgith surface evaporative sources and
dew/frost sinks, b) as in a) but with fractionatedso associated with stratiform
condensation), ¢) as in a) but with fractionatitsoassociated with convective
condensation, and d) the influence of fractionatlaring exchange as raindrops fall from
clouds. Panel b) and c) are differences relative) t@and panel d) is a difference relative
to a control simulation that has all fractionatioasd is shown in Fig 4b. To the degree to
which the model results are linear, the (weightad) of all four components composes

the total isotope signal.
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Fig 3: Schematic depiction of the third-generaigotope scheme describing the cloud
microphysics for isotopes used in CAM3 (adaptedhfidoone 2003). Detailed
exchanges between in-cloud properties and the @mwient, the accounting for multiple
microphysical moments, and inclusion of transpootcpsses differentiates this scheme
from first and second generation schemes. Becausem-linearity in the budget
eqguations for the set of moments, such schemedlyisead to be integrated

numerically.
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Fig 4: Simulations o060 in precipitation from three atmospheric model$J®CM,
ECHAM and GISS) patrticipating in the first Stableat&r-isotope Intercomparison Group
(SWING) experiment, and from the observationallgdzhregression model of Buenning
and Noone (2008). Contour interval is 4 %o with ex¢tontours at -2 and 0 %.. Shading in
panels b-d show where the models deviate from tidPGlata by more than 1 %.. (red

positive and blue negative) with gradations of 1(%©ourtesy N. Buenning 2008).
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Fig 5: As in Fig 4 but for deuterium excess in jaation. Contour interval is 1 %o.
Light shading in panels b-d show where the modelsate from the observations by less
than -2 %0, and dark shading shows where thererdiffanore than +2 %o with

gradations of 1%o. (Courtesy N. Buenning 2008).
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