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Abstract

Water isotope tracers can be included in comprehensive atmospheric models and can
provide deeper insight to isotope distributions than simple physically-based isotope
models or statistical methods because of their ability to resolve the underlying processes
of interest. Within such models, isotope tracers follow normal “prognostic” water, and
differ only in that fractionation is applied during surface evaporation and transpiration,
cloud condensation processes, exchange between falling raindrops and environmental air,
and when there are any extra water sources. The details of the mass balance that underlies
modeling isotopes and the key processes can be represented in models are examined to
illuminate how it is the compilation of many simple aspects which give rise to a
comprehensive model. One particular advantage of dynamical isotope models is their
ability to account for mixing of air masses by resolved larger-scale transport and by
smaller scale parameterized turbulence. While the output from comprehensive dynamical
isotope models is useful for subsequent applications, adequate accounting for model error
is needed. In the past, few observations have been available to validate isotopic models,
especially for vapor which is the model state variable of importance, and validating
models remains a limitation. Nonetheless, comprehensive models are valuable in
mapping water isotope distributions in vapor and precipitation. They are also well suited
to diagnostic studies in which model sensitivity tests expose the physical basis for the
final isotopic signal. This type of analysis is invaluable in guiding the interpretation of

isotopic observations.
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Introduction

Unlike statistical maps of water isotope distributions, the isotope distributions that
emerge from numerical simulations with comprehensive mechanistic models reflect an
understanding of the underlying physical and chemical processes which control the
budgets of water and water isotopologues. A comprehensive model accounts for all
processes which are determined to be, or likely to be, of significant influence on the
budgets (e.g., transpiration, cloud formation and rain, oxidation of various chemical
agents). Dynamical models, such as weather and climate models, are particularly
advantageous for isotope studies because the often non-linear and non-local influences of
transport processes can be accounted for in simulation. The final isotope distribution
emerges from numerical integration of the budget equation, yet the result holds
advantages over statistical maps because the mechanistic cause of the distribution can be
determined quantitatively by examining additional diagnostics on all the contributions of
each of the controlling processes computed by the model. In this way comprehensive
dynamical models of water isotopologues can provide maps of isotope concentration that
compliment those obtained by statistical methods. Here we provide a basis for
understanding how water isotope distribution can be simulated by incorporating isotope

fractionation schemes into the water cycles of weather and climate models.

Comprehensive models can be distinguished from simpler models that appear frequently
in isotope studies. Simple models such as those of trajectory and box budget-types (which
includes Rayleigh models and simple mixing models) are extremely valuable at providing

first order descriptions of water isotope distributions. However, they are limited in three
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important regards: 1) They often need appropriate initial conditions to be provided, 2)
they require gross simplification of cloud and other exchange processes, and 3) they
seldom account for mixing and transport of air masses in any detail. More comprehensive
isotope models, such as those provided through modification of atmospheric general
circulation models (GCMs) or regional meteorological models to include isotope tracers,
can overcome some of these problems. To illustrate this, the basis of isotope tracking
schemes as employed in comprehensive dynamical models is described and some
examples of the use of such models in both reproducing climatological distributions and
in informing process studies are discussed. Since the underpinning of comprehensive
models is numerically evaluating the processes which contribute to the budgets, we
describe in some detail the basic budget constraints and how account is made of the
pertinent exchange processes. While models exist which can resolve exchanges at
molecular scales and motions at turbulent scales, and some of these have been tasked
with modeling isotopes, we focus here on dynamical models with grid resolution in the

range 20-500 km.

X.1 Development and uses of comprehensive isotope models

In the early 1980s the Laboratoire de Météorologie Dynamique (LMD) atmospheric
GCM was fitted with water isotope tracers with the technique obtaining notoriety with
the seminal paper published in Nature (Joussaume et al. 1984). This work demonstrated
that a global model with even modest representation of the atmospheric water cycle can
reproduce the bulk features of the global and seasonal variations in isotopic composition

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

4
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with the modeling group at the Goddard Institute for Space Sciences developed an
isotope scheme in that group’s global model (Jouzel et al. 1987; Jouzel et al. 1991).
Initially, early studies focused on testing the validity of water isotopes as climate proxies.
Indeed Joussaume’s early work included simulating dust concentrations such that results
could also validate proxy reconstructions from ice core dust records (Joussaume 1993;
Joussaume and Jouzel 1993). The interest in using comprehensive models to simulate
isotope distributions in precipitation and vapor has continued to grow with numerous
models now having isotopic tracers (Table 1). Intriguingly, the development of isotope
schemes in models has often been the result of doctoral studies (Joussaume 1983;
Hoffmann 1995; Noone 2001; Werner and Heimann 2002; Lee 2005; Sturm 2005; Risi et

al. 2008).

While initially ice core records were of interest, and the validation of the so-called
isotope-temperature slope, the community’s attention quickly moved to other aspects of
the isotope hydrology. Research areas include the monsoons (Hoffmann and Heimann
1997; Sturm et al. 2007a; Sturm et al. 2007b), tropical corals (Cole et al. 1999; Charles et
al. 2001; Brown et al. 2006), atmospheric transport processes (Noone and Simmonds
2002a; Vuille et al. 2003) and cloud processes (Schmidt et al. 2005; Lee et al. 2007).
Still, because of the great experience with isotopes in the paleoclimate community, many
of the published studies using water isotopes in comprehensive dynamical models have
focused on examining past climate. There has been less attention given to using

dynamical models of water isotopes to describe modern climate change, although the
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studies of Hoffmann et al. (2000), Schmidt et al. (2007) and Yoshimura et al. (2008)

stand as exceptions.

The non-isotope modeling community often sees the utility isotopes as informing the
construction of more accurate cloud microphysical packages for non-isotopic models, yet
there has been little work in this area. Part of the reason for the lack of engagement is that
there is rarely a perceived clear advantage in considering isotopic exchange, and in part
that existing isotope models in fact only poorly constrain the detailed microphysics used
in modern dynamical models. This is in part due to lack of an adequate amount of
isotopic data for validation. Nonetheless a number of studies with comprehensive
dynamical isotope models have informed understating of cloud processes in the
underlying hydrology. As a case in point, Schmidt et al. (2005) aimed to explain the
impact on the isotope distribution from different assumptions about cumulous clouds in
the context of explaining the aircraft observations of Webster and Heymsfield (2003).
Similarly, Bony and Risi (2008) used a parameterized model of convection (in an off-line
configuration rather than coupled to a dynamical model) to explain the role of cloud
microphysics in setting the isotopic composition of the tropics. So too, Lee et al. (2008)
and Risi et al. (2008) targeted the impact of post condensation processes on the isotopic
composition of precipitation. These studies demonstrate the utility in reconsidering the
simulated hydrology by examining the impact on the isotopic results. To do so, however,

requires an isotopic scheme that is designed and implemented with this as its objectives.
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X.2 Isotopic budgets in comprehensive models

While it is often that diagnostics on the isotopic composition of precipitation or
evaporation that results from models which of most interest, the state variable of interest
in atmospheric models is the water vapor abundance. Usually this is quantified by mass
mixing ratio or specific humidity (¢)'. Modern climate models also include state variables
for cloud liquid and ice and land surface components of global and regional models track
the amount of water in soil, snow and sea ice. The isotopic composition of all these and
any other state variables must be tracked to develop a comprehensive closed isotope

scheme.

The water cycle in a dynamical model stems from the prediction of water vapor mixing

ratio (g), and is described by the evaluation of the tendency equation:

Y- _y.yy +DVy +ai(aTq') +E -C +5
p .

ot (X.1)
@) (2) 3)

The first three terms on the right (numbered 1-3) warrant discussion. The three-

dimensional wind field is V, and the first term on the right (—V - Vq) is the large-scale

advective transport in a coordinate system (e.g., x, y, p, where p is pressure and the

velocity in the vertical is ). Here, “large-scale” can be defined as that which can be

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

! Strictly the isotope ratio is the mole ratio of heavy to light isotopes, so one should use volume mixing

ratio, which differs only by a constant (ratio of molecular weight of air and the vapor).
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smaller scale motions is expressed in the characteristic form of horizontal diffusion (i.e.,
DV;q) with some, generally non-linear, effective eddy diffusion coefficient D. The third

term on the right captures vertical transports due to small scale processes, and is
expressed mathematically as associated with the Reynolds stress @’q’. Such processes are
not resolved in models, yet the effects of the processes are important. As such they are
accounted for through “parameterization,” which aims to estimate the effects of small
scale processes on the large-scale quantities using only large-scale information. Should
the vertical transport be associated with (dry) turbulent motions the third term takes the
meaning of turbulent flux, such as one finds most strongly in the boundary layer. On the
other hand, if the turbulence occurs in concert with condensation, this term captures
transport in the region of convective clouds, in which there may be water entrained at
their base and detrained at some higher altitude. Accounting for both boundary layer
turbulence and moist convection is a topic great interest in dynamical modeling, and a
complex subject in its own right. It is appropriate to note here, however, that the sum of
these three numbered terms in (X.1) capture the total transport and mixing of air masses,

and it is the explicit evaluation of them which is a unique element of dynamical models.

Beyond transport, the water budget has both active sources and sinks. The primary source
of water in the atmosphere is evaporation and evapo-transpiration at the surface and
evaporation of falling hydrometeors, E. Loss of water is via condensation, C. The
additional term, S, accounts for sources or sinks which are associated with other
processes, and can include the water source associated with methane oxidation in the

stratosphere (e.g., McCarthy et al. 2004), mass independent isotopic exchange in the
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region of the ozone layer (e.g., Yung and Miller 1997), and radioactive decay, in the case

of, say, Y0 or *H.

A comprehensive model for to simulation isotopic composition stems from writing down
an analog of the atmosphere budget (X.1) for isotopologues and considering their
changes relative to the most abundant nuclide. The challenge in developing an isotope
model is seen by noting that where condensation and evaporation occur, it does so with
both kinetic and equilibrium fractionation, and the additional sources typically have
different isotopic signatures. Thus the terms E, C and S need special attention because it
is the isotopic variation in these which give rise to isotope distributions. The transport
processes themselves do not impose fractionation (since there is no phase change), but
the details of transport are fundamental in setting the spatial and temporal distributions.
However, since the key strength of comprehensive models is in accounting for transport

and mixing processes, they warrant further examination.

X.3 Transport processes and numerical solution

X.3.1 Diagnostic water tracers

Before examining the details of isotopic calculations, it is useful to consider the more
abstract idea of water tracers. The use of non-fractionating water tracers is greatly

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

2002; Noone and Simmonds 2002a). Indeed the desire to use isotopes in diagnostic
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studies often stems from their ability to naturally tag water sources. Water tracers can be
defined by duplicating the water budget equation, (X.1), such that within the model
“tracer water” follows the usual “prognostic water” exactly. The difference between
tracer water and prognostic water is only that the latter influences the diabatic heating,
and the former is purely a slave to the prognostically computed quantity. At a coding
level this is easily (but often tediously) achieved by replicating lines of code for the tracer
water whenever the prognostic water variable is modified. Denoted with subscript 7, the

tracer water budget is

g, ——
eV Vg + DV, + 0} RE-RCH RS, (X2)
t /4

which conserves the tracer proportion during transport, and the ratio of tracer to total

(prognostic) water is given via the source terms and the ratios Rg, Rc and Rs.

In the absence of the source § (or taking Rs =1), should one be interested in tagging the
water that originates from some geographical location defined as those model grid points
(X,Y) and time (7), a useful choice is R, = gi/q, and an evaporative source mask can be

defined such that

_ {1 V(x,y,t)e (X,Y,T) X3)

0 otherwise

Fig 1 shows a case where the region of interest is defined as southern South America, and
the quantity plotted is the fraction of total precipitation that results from
evapotranspiration in that region. Values over the region itself give the recycling rate
(i.e., the fraction of rain which came from local evapotranspiration). Values are high

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

10
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where the source water is entrained into the tropical easterlies. The source in this case
was defined without a time constraint, but the methodology can be adapted to track water
from, say, a given month. More elaborate source mask functions of Rg =f(x,y,?) that are
smooth have some numerical advantages because numerical transport of step-like
anomalies is almost always problematic. Rather than considering surface sources, one can
tag other water sources, such as the evaporation of ice crystals, water of stratosphere
origin, water that has experience super-saturation, or any other specific condition that is

of interest.

The tagging methodology is a required first step in building an isotope scheme, and
indeed developing the code infrastructure to correctly tag the water, generate appropriate
flux statistics comparable to, say, precipitation and evaporation, and handle archiving of
model results, accounts for most of the effort in building an isotope scheme in
comprehensive models. This is unlike the simpler task of tagging air masses, since the
partitioning of water tracers changes during each instance of existing hydrological
exchange. That is, one must account for the known (calculated) terms E, C and S in a
hydrologic tracer scheme, while these are not present in gas-phase tracer schemes in

which only transport is needed.

The difference between a tagging scheme and an isotope scheme is simply that the ratios
Rg, Rc and Rgare modified by physically based fractionation, and i is a particular
isotopologue rather than a generic tracer. In practice one can have a tagged-isotope

scheme such that that isotopic composition of water from some specified source is

11
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tracked (e.g., Noone and Simmonds 2002b). Fig 1b shows the 880 of the water that
originated from South America in a climate simulation. Notice the depletion away from
the source region, and that the resulting pattern in some ways resembles the rainout that
one expects from Rayleigh distillation. In this case, however, the distillation is combined
with large-scale and turbulent mixing processes which ensures the simulation result is
strictly (and quantifiably) non-Rayleigh. Such results provide significant diagnostic
capabilities for understanding the final isotope distributions beyond simple attribution to

different origins.

X.3.2 Numerical issues for transport processes

Even though there is no fractionation associated with large-scale advection or during
(dry) turbulent exchange, some care is needed in a numerical implementation. Because
water vapor abundance changes by at least four orders of magnitude in nature, any
numerical scheme must be able to resolve this range, plus three more orders of magnitude
if one is interested in deviations there order of 1 %e. This is a significant numerical
challenge. Jouzel et al. (1987) found that the advection scheme used in the GISS model
of the time was unable to conserve isotope ratios which introduced an isotopic
fractionation. Artificial fractionation during transport is a purely numerical issue, but is
clearly non-trivial and persists even in recent isotope schemes (Yoshimura et al. 2008).
Noone and Simmonds (2002b) found that the treatment of water vapor transport via
spectral methods was inadequate to preserved the isotope ratio in very low temperature
regions such as Antarctic and the upper troposphere, and lead them to replace their

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

12
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(1989). The spectral method, while appealing for resolving sharp gradients in dynamic
fields (i.e., cold fronts), is remarkably poor at conserving covariance between two tracers
(such as H,O and any other isotopologue) in the region of such gradients. While the semi-
Lagrangian scheme better preserves tracer-tracer correlations, it is not conservative, and
the addition of mass fixers to ensure global conservation introduces a non-physical
component to the transport. This is usually small compared to the dominant physical
signal, at least in the lower troposphere where the lifetime of water is reasonably short.
Prather et al. (1986) developed a highly accurate numerical scheme based on the
describing the sub-grid scale structure with quadratic moments, and which has been
found to preserve isotope ratios adequately in the GISS model (Schmidt et al. 2005). A
numerical scheme that is expressly designed to preserve tracer-tracer correlations was
developed by Lin and Rood (1996) and guarantees the isotope ratio R will be preserved
under advection of ¢ and ¢g; independently. However, in all cases, more complicated
schemes require more numerical operations and faster computers, and thus the ultimate

choice is a practical compromise.

Part of the result stems from the choice of the state variable. The most physically
meaningful choice is the isotope mass mixing ratio (or number density), such that the
isotope budget perfectly mirrors the underlying water cycle given by (X.1), but another
choice is the isotope ratio itself. Transforming (X.1) into a budget equation for the ratio R
is straightforward, and given R and ¢, the source and sink terms can still be included as

influences on g; as needed. One can obtain the numerical benefits of using R in transport,
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by writing the isotope mass flux as the sum of a “base state” component, plus an “isotope
flux” by appealing to the product rule:

V-Vq. =R(V-Vq)+q(V-VR). (X.4)

While algebraically the same, the small differences that project onto numerical
uncertainties provide substantial differences in the resulting & values®. Jouzel et al. (1987)
found a solution to the transport problem in the GISS model by using a scheme like
(X.4), and considered the isotope advection relative to the advection of water.
Improvements from such an approach are greatest for the least accurate schemes, and
indeed the advantage in the Lin and Rood’s (1996) finite-volume scheme is trivial.
Treatment of non-resolved fluxes by diffusion is subject to similar artifacts (particularly
in boundary layer schemes that parameterize “non-local” transport), and these also can be
overcome by recognizing no numerical scheme is perfect and designing a scheme in
which the numerical precision is better than that needed for a given magnitude physical

signal is the main requirement. The precision needed for isotopes is three orders of

? Consider the inequality that results from simplest one-dimensional centered finite difference
approximation to (X.4):
+ -

T i e B

2A¢ 1 TN 2Ax| ¢ 9" q
where the subscripts + and — denote values evaluated as some position x+4x and x-Ax, and values without
subscripts are evaluated at position x. The error that leads to the inequality is a result of the order of the
finite approximation, and the size of the error can be as large as the isotope variations of interest in cases

where the changes in g are large relative to q.
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magnitude greater than for non-isotope applications because the physical signal of

interest is measured in units of per mil.

X.4 Exchange processes and fractionation

X.4.1 Land and ocean water sources

Craig and Gordon (1965) suggested a model for the evaporative flux of isotopes from
both open water and through vegetation. These ideas persist to today and are considered
both robust and applicable for modeling isotopic exchange in many instances. They posit
that, following a Fickian transport process, one can express evaporation as a flux
associated with mixing between ambient air and a reservoir of vapor that is in
thermodynamic equilibrium with open water (say, ocean). This is a special case of a more
general description of water mass mixing (Noone 2009). As such, the evaporative flux

can be written:

E=pc(q, -
pclq,—q) X.5)
Ei = pnC(qus - QI)
where c is an exchange coefficient (or, conductance), g, is the saturation mixing ratio at

the source temperature Ty, and p is the density of dry air. The two terms E and E; can

immediately be combined to give an expression for the isotope ratio of the flux Rg.

The isotopic flux E;, depends on the isotopic composition of the source vapor R;. Over
the ocean this can be taken as R; = Ryccan/Oe, Where ¢, is the equilibrium fractionation

factor which depends on the surface temperature (7). Fig 2a shows the annual mean 5'%0
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of precipitation simulated by a model in which only the surface fluxes fractionate (no
fractionation is applied during condensation). Noone (2009) demonstrated that a mixing
processes, such as evaporation and evapotranspiration, tends toward a steady state value
set as the weighted mean of all source waters, which in this case is dominated by the
infinite ocean source. As such the vapor tends toward the flux-weighted mean value of
vapor in equilibrium with the ocean. Notice that the equilibrium fractionation factor is
weakly temperature dependant over the range 0-35°C that spans the global SST
distribution, and gives rise to the spatial variation seen in the figure. Given the global
mass weighted mean value of precipitation from this simulation of §'*0 = -10.05 %o, one
finds the mean temperature of evaporation is 289 K, which corresponds with ocean
surface temperature in the region of the extratropics and mid-latitudes. The rate at which
the model approaches this steady state value is a function of the surface exchange
coefficient (c), the kinetic fractionation efficiency (77), the strength of turbulence in the
boundary layer, and large scale mixing by small and large-scale motions, and is on the

order of months.

At steady state, Craig and Gordon (1965) showed that the isotopic composition of the
water flux from plants must equal the isotopic composition of the soil water (Helliker and
Noone , this volume), and so R=R,,;; and there is no apparent fractionation. Dongmann et
al. (1974) relaxed the steady state assumption and showed that Craig and Gordon’s
simpler model is often quite satisfactory in the time-mean. A non-steady state assumption
has subsequently been used in a sophisticated process model by Noone et al. (2002) and

Still et al. (2009), who again find for long-term statistics the steady-state assumption is
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quite valid, and only when one is interested in variations on, say, diurnal time-scales does

one need to account for non-steady conditions.

The factor 77in (X.5) accounts for the slightly differing conductance of isotopologues
compared to normal water, and is slightly less than one. This arises because the total flux
is composed of both transport by molecular diffusion and by turbulent eddy motions.
While the transport by turbulence has no fractionation, the diffusive component for the
different isotopologues introduces kinetic fractionation. Merlivat and Jouzel (1979)
studied the influence of this kinetic effect as a function of the turbulent strength, and
showed a clear transition as a function of the Richardson number (and thus, friction
velocity), or near-surface wind speed (77 here is equivalent to their 1-kyo1). Their
parameterized theory is in common use for oceanic fluxes in global models, although

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

An alternate, but equivalent, approach was taken by Riley et al. (2002), who explicitly
wrote down the isotopic conductances associated with both turbulent and diffusive fluxes
in the case of transpiration and evaporation from soils. The advantage of Riley’s scheme
stems from the knowledge of both the molecular and turbulent components in the
underlying model (Bonan 1994; Bonan et al. 1997). That is, the physics that controls the
isotopic kinetic effect are represented explicitly. Because the fractionation is tied more
directly to the model physics this is a more satisfying 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 and evaporation is parameterized
depending on a number of large scale variables, including temperature and humidity. The
humidity of an air mass changes due to variation in the moisture and temperature fields
because of any number of the dynamic or thermodynamic influences simulated, and
condensation can occur when vapor reaches some fraction of the saturation value. If the
condensation is slow, then it can be considered thermodynamically reversible (as in a
reversible moist adiabatic process, Noone 2009), and one can assume the formation of
cloud liquid droplets occurs at isotopic equilibrium (i.e., a closed system). On the other
hand if condensation is fast, to larger drops or the condensate is ice, the molecules
composing the hydrometeors are effectively separated from the vapor and an open-
system (Rayleigh) assumption is more reasonable. The first implementations of isotope
tracers in a global models used this physical reasoning to model isotopic fractionation
that accompanies rain formation by stratiform cloud as an open process, and formation of
ice condensate and either ice or liquid condensate from convective cloud as a Rayleigh
process. We will refer here to isotope schemes of this type as “first generation” isotope
schemes for the treatment of cloud processes. While the concepts are borrowed from
simpler box/trajectory models, such a fractionation scheme can be fitted to

comprehensive dynamical models.

The use of close-system assumption in a discrete spatial model provides a finite estimate
of the (continuous) Rayleigh process, and as such, any model that uses this assumption

will ultimately represent a distribution that approximates a Raleigh distillation. On the
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other hand, the choice of using a Rayleigh processes to model convective condensation is
akin to suggesting a time-scale separation between the processes which operate within
clouds and those associated with the large-scale flow, and is an assumption that is
implicit to all large scale models that do not track the evolution of cloud liquid and ice.
Indeed prognosis of cloud liquid is required in high resolution models to explicitly
account for sub-Rayleigh behavior if there is cloud liquid retained. This has been
demonstrated analytically by Noone (2009) for the case of the two-phase model given by
Merlivat and Jouzel (1984). On the other hand, the correct sub-Rayleigh behavior is

implicit in low resolution dynamical models as a resolution artifact.

Given these considerations, one can envisage the simplest (but still comprehensive)
isotope model in which one has an H,O tracer, along with HDO and HzlgO tracers. There
is some surface source, say given by (X.5), and the resulting water is subject to transport
by non-fractionating large-scale motion, turbulent boundary layer motion, and by
convective updrafts and downdrafts. A check is made at each time step for each grid box
to see if the tracer water has exceeded saturation at the environmental temperature. If so,

an adjustment (Ag;) is made as either an open or closed isotope exchange such that

Ag = min(h.q.(T)—q,0) <0

-1
1
4 -1 T>T,,, andsmalldrops - (X.6)
Ag, = g m } freeze p
qg,\F* — 1) T<T,,., orlarge drops

The fraction of vapor remaining after the adjustment (final/initial), F, is given by

'=1+ﬂs1 (X.7)
q
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where /. is some critical relative humidity (often taken as 80% for a grid-cell mean), and
the freezing temperature, Tz, could be taken below 0°C where super-cooled liquid
exists. In practice some care is needed to ensure solution of (X.6) avoids divide by zero
errors when F becomes small. Choice of the fractionation factor as the equilibrium value
when condensation is to liquid is robust since this is assumed a slow process. During
formation of ice condensate, the diffusivity slows the transport of vapor onto growing ice
crystals, and this limitation is greater for the heavier isotopologues. Specifically, while
there is a preference for the heavy nuclides to condense, the strength of this preference is
reduced through the kinetic limitation. Jouzel and Merlivat (1984) introduced a
parameterization for the kinetic effect as a function of supersaturation of the vapor in the

presence of ice, which remains in common use in isotope models.

Fig 2b shows a model simulation for the case where fractionation during condensation is
applied only during stratiform condensation as by (X.6). Notice that in the tropics the
influence enriches the precipitation relative to the original vapor because the
condensation temperature is lower than the (surface) evaporation temperature and thus
fractionation is more efficient. The removal of heavy isotopes at midlatitudes gives rise to
the latitude effect, as seen in the greater depletion at higher latitudes and particularly over
Antarctica and Greenland. Indeed, with fractionation in only stratiform cloud there is
evidence for the latitude, altitude and continental effects noted by Dansgaard (1964). The
impact of fractionation associated with convection is seen in Fig 2c to mainly influence
the spatial structure in the tropics and over land, where a large fraction of the total

precipitation is associated with convective storms. At high latitudes a depleting influence
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is again seen because of condensation upstream, with subsequent transport of the
remaining depleted vapor toward the poles. Indeed the globally integrated influences of
fractionation during condensation is small (+0.66 %o for stratiform, and +0.18 %o for
convective), and non-zero only because of non-linearity introduced by transport. As such,
the importance of fractionation during condensation is best seen as affecting the spatial
distribution, while the strength of fractionation associated with the surface fluxes, sets the
mean. Notice that combining these two condensation terms, a spatial pattern emerges that
is consistent with a spatial view of Dansgaard’s empirical amount effect since the tropical
regions where precipitation totals are higher are more depleted than the higher

(subtropical) latitudes.

X.4.3 More advanced isotope cloud physics

First generation cloud schemes need not be tied all that closely to the underlying physical
model yet can provide satisfying results for many applications. A second generation
cloud isotope scheme incorporates more explicit treatment of hydrological exchanges
within convective clouds, rather than simply applying a single bulk fractionation to
capture the entire behavior of the cloud. Specifically, modern atmospheric GCMs
represent the transport with the region of convection via convective updrafts and
downdrafts. As indicated in Table 1, most isotope models presently in use can be
described as of this type since they account in some way for convective scale transport.
Accounting for fractionation within clouds is more complicated, but there are some
simple bulk assumptions about isotopic exchange that can be made. For instance, in

updrafts, rapid condensation ensures the environment is near-saturated with respect to the
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in-cloud temperature giving motivation for a Rayleigh distillation. Similarly, the
existence of downdrafts is associated with evaporation of rain, and one might assume that
these regions are also (near) saturated, and so isotopically close to equilibrium with liquid

drops.

Within a region of convective clouds one can write the tendency associated with

convection as

% Iwg) 9
o i Tl X.8
( ot jconvecn‘ve ap ap [W“ (q 4q. )] ( )

where the subscript u indicates quantities in the updraft region, and an elementary mass

balance for the in-cloud vapor can be written as

aﬁ:—a(mq“)_c+}q—luqu=0. (X.9)

ot op
The budget equation of updraft water is assumed at steady state, which is justified by
noting the timescale separation between convection (less than an hour) and the resolved
large-scale motion (order of a day). The rate at which water vapor from outside the
plume is entrained is ¥, & is the rate of detrainment of the plume material, and m is the
vertical mass flux. The mass flux is related to the updraft velocity @, through knowing
the fraction of the grid box covered by updrafts. From conservation considerations, m, ¥
and u are related (consider the case with C =0 and ¢,=g=1). An isotopic version of (X.8)
follows by assuming the vertical profile in g, satisfies a Rayleigh profile, and so isotopic
composition of condensation is set via equilibrium with the vapor (with a kinetic effect if
the condensation is to ice). Because the convective mass flux, m, is found as part of the

underlying convective parameterization, this is a reasonably convenient form. This
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approach can easily be adapted for models that track cloud liquid and ice in addition to
large-scale vapor. Similarly, an expression analogous to (X.9) but for downdrafts can be
written upon assuming that downdrafts are saturated, and one writes the isotopic
composition of the downdraft as that in (or close to) equilibrium with precipitation falling
in the downdraft region if liquid or resulting from non-fractionating sublimation if the

precipitation is frozen.

Such second generation schemes begin to address issues surrounding the isotopic
partitioning in the region of clouds. While this added complexity may not have a
substantial influence on the simulated isotopic composition of precipitation, the
microphysical and isotopic assumptions greatly influence the simulation of the isotopic
composition of mid and upper troposphere water vapor. Schemes of even this complexity

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

Third generation cloud isotope schemes are beginning to appear and represent the state of
the art. They differ in their design by specifically fitting isotope physics to the more
detailed cloud processes within modern atmospheric models. This is motivated in part by
a desire to understand the isotopic exchange within clouds, rather than the isotopic
composition that results from clouds in some average sense. To this end, the development
of third generation models is facilitated by more detailed bulk microphysical schemes
being used in modern climate and Earth-system models. Fig 3 shows a schematic
example of a third-generation isotope cloud model and depicts the multiple exchanges

between different microphysical moments that are explicitly (or implicitly) accounted for
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in the underlying non-isotopic cloud model. This scheme treats both grid-average and in-
cloud vapor, cloud liquid, cloud ice, liquid drops (rain) and ice precipitation (a
combination of snow, grauple and hail). Transport processes include the mixing between
grid-scale and in-cloud properties via entrainment and detrainment, and updraft and
downdraft fluxes as expressed in (X.8). Such models share some similarities with the
cloud models of Federer et al. (1982), Gedzelman and Arnold (1994), Lawrence et al.
(1998), Bony and Risi (2008), and the mixed-phase cloud model of Ciais and Jouzel
(1994). The computational demand of third-generation scheme is much greater since the
isotopic (bulk) microphysics needs to be solved via numerical integration over each
dynamical model time step to be accurate, which contrasts with second-generation
schemes in which the bulk exchanges can be directly computed via integral expressions
of the required adjustment, as, for instance, given by (X.6). It is this numerical
requirement and the complexity of web of exchanges within clouds that separates second

and third generation schemes.

Fourth generation cloud isotope schemes can be foreseen as those in which the
microphysical exchanges (such as diffusional particle growth and coalescence processes)
are resolved and isotopic exchanges can be computed directly, rather than resorting to the
bulk microphysics used in third generation schemes. An example of a such as scheme
was used at cloud resolving scales with a detailed microphysical scheme by Smith et al.
(2006). Such schemes will place constraints on the underlying assumed microphysics,
which themselves are not well known, since both equilibrium and kinetic isotopic

exchanges are resolved as first principles processes rather derived from assumptions
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surrounding bulk microphysics. The practical issue of applying explicit microphysical
schemes in large-scale models remains a challenge for the non-isotopic modeling

community, and is an area where isotope constraints are may be particularly informative.

X.4.4 Post condensation exchange

Although the cloud processes control the primary removal of water from the free
atmosphere, Jouzel (1986) noted that the time taken for liquid drops to equilibrate with
the environment through which they fall is usually comparable, and often shorter than,
the time required to reach equilibrium. The effect results from two drop-size dependant
features: 1) small drops fall slowly, and 2) small drops equilibrate quickly. As such,
sufficiently small rain drops will equilibrate with vapor near the ground, and the isotopic
composition of liquid precipitation will closely resemble the isotopic composition of near
surface (boundary layer) vapor. Stewart (1975) noticed this effect and explained the

tendency toward the equilibrium as a mixing process.

The exchange mechanism has been used to explain the amount effect that Dansgaard
observed (Stewart 1975; Rozanski et al. 1993; Worden et al. 2007; Bony and Risi 2008;
Lee and Fung 2008; Noone 2009). Because the sub-cloud layer is sub-saturated (by
definition), isotopic exchange is usually accompanied by a net evaporation of the falling
rain, and exchange provides a net recycling of molecules between the condensate and the
free atmospheric vapor (Worden et al. 2007; Noone 2009). In this way, the isotopic
composition provides a metric of the efficiency with which water is removed from the

atmosphere as precipitation.
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While the solid matrix of ice precipitation prohibits any equilibration, large rain drops
associated heavy rain events will undergo partial equilibration. Hoffmann et al. (1998)
suggested that in a comprehensive model rain under convective clouds experiences 45%
equilibration, while stratiform cloud (with assumed smaller drops and lower rainfall
rates) almost completely equilibrate (95% equilibration). Lee et al. (2008) used a
parameterization of the drop size distribution to allow this rate to be calculated within the
model based on the modeled precipitation rates. Fig 2d shows the impact of allowing
isotopic equilibration using a similar physically based scheme on the final precipitation.
Notice that at high latitudes where the precipitation is largely ice, and in the tropics where
the raindrops are typically large and associated with convection, the partial equilibration
has limited influence. Generally the influence is to enrich the precipitation (the globally
integrated enrichment is +1.45 %o) and is largest in the subtropical regions where the sub-
cloud relative humidity is low. With enriched precipitation the remaining tropospheric
vapor is consequently more depleted. The depleting influence at high latitudes thus
results from transport of vapor that has undergone this depleting influence at lower

latitudes.

The isotopic composition of all but the heaviest rain is set through isotopic exchange as it
falls from clouds, and because the vapor near the surface ocean is tied to ocean water via
the exchange coefficient c in (X.5), only in regions that are far from equilibrium, should
the precipitation deviate much from that set by exchange at the ocean surface. It is for

this reason that atmospheric models, in which the strength exchange process can be
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tuned, can simulate the isotopic composition of precipitation over the ocean and moist
continental regions with high fidelity. Doing so, however, does not suggest that these

models accurately simulate the atmospheric hydrology and clouds processes in detail.

X.5 Interpretive utility and reproducibility

All models can be used with either the goal of reproducing some set of data, or being
used to test the importance of some specific physics or processes being modeled.
Mlustrating the case of reproduction, Fig 4 shows the annual mean 8'*0 composition in
precipitation from the three global isotope models that participated in the first Stable
Water-isotope Intercomparison Group (SWING) experiment, compared to the
observationally based map of Buenning and Noone (2008). It shows that many of the
spatial features are reproduced, including the dominant latitude, altitude, continental and
amount effects. However, there are also substantial model errors. While the three models
all fit GNIP-based map with a root mean squared error around 2 %o, errors the order of 2
%o can often be too large for applications. Closer examination of Fig 4 reveals that many
of the regions with largest model error are associated with regions where the underlying
hydrology is less robust, and tied to deficiencies in the simulation of large scale transport,

problems with cloud physics and poor representation of surface hydrology.

The deuterium excess simulation (Fig 5) is even more problematic because the less
precise knowledge of kinetic effects. Similarly, many of the environmental conditions
that give rise to kinetic effects are not modeled by the underlying hydrologic scheme
(such as supersaturation, or the partitioning of molecular and turbulent transport during
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evaporation), and thus ultimately not well accounted for. To this end, mapping isotope
distributions with comprehensive models is ultimately limited by both the robustness of
the underlying model hydrology and the strength of the assumptions about the isotopic
physics. Because the isotope physics in all but fourth generation schemes use bulk
microphysical implementations of the isotope exchange, there is some uncertainty in the
degree to which any errors in the final isotope fields is associated with the isotope
scheme versus other errors in the underlying hydrological or climate simulation. Usually,
isotope studies attribute much of the error to the underlying model with the assumption
that the uncertainty in the isotope physics is much smaller than other model problems, but

this has never been well quantified.

X.6 Discussion and outlook

While the advantages of comprehensive models are substantial, they are of course subject
to a different set of limitations experienced by simpler models. Specifically, the
simulation quality reflects both the detail to which the contributing processes are
understood and the accuracy with which those processes are represented numerically. In
part because of computational demand, no single aspect of these comprehensive models
(clouds, land surface exchange, transport, etc.) is the most detailed available. This
naturally places limits on the type of science questions that can be explored with such
models. On the other hand, models of any complexity can be configured to provide
meaningful results for some science application, and the choice to use comprehensive
dynamical models of isotopes must stem from a need to account for combinations of

processes or variability not well captured by simpler models. While the maps that result
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from comprehensive dynamical isotope models are useful in their own right for follow-on
studies, a valuable use of isotopic models is in diagnosing the behavior of various
processes. Indeed the most powerful use of these models is in the ability to probe the

mechanisms responsible for the true isotope distributions.

Being based on some underlying dynamical model, any biases in simulated climate
variables (temperature, boundary layer dynamics, etc.) are reflected in the simulated
isotopic distribution. The agreement between observations and simulations increases
when some aspects of the simulation can be constrained. Recent interest has arisen in
using isotopic models in which the large-scale meteorology is prescribed (say, nudged,
Noone 2006; Yoshimura et al. 2008) and it is found that the simulated isotopic variability
is remarkably robust on both daily and longer time scales. While this is a reminder that
many aspects of the isotopic variability are associated with the large-scale transport
pathways, it also suggest that constrained simulations are helpful in understanding the
impact of synoptic circulation variability and organized patterns of variability (e.g., El
Nifio Southern Oscillation or North Atlantic Oscillation) on some observed isotopic

record.

Comprehensive models lend themselves to hypothesis testing via sensitivity tests which
can inform as to which types of mechanisms one should expect to influence a given set of
measurements. This capability is at least of equal importance as the ability of
comprehensive models to reproduce known isotopic distributions. While global scale

models are especially useful in providing climatological understanding of isotope
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distributions, they are often not able to match isotope observed distributions because of
the need to use relatively course resolution. This is of particular concern when the
isotopic composition depends on geographic structures (topography, vegetation
classification, coastlines) which are not well captured by relatively low resolution global
models. Increasing the spatial resolution has several advantages, but it comes at a high
cost in terms of computational burden. One option is therefore to use regional circulation
models (RCM) for high resolution isotope studies over some region of interest (Sturm et
al. 2005; Sturm et al. 2007a). While the gap between the resolution of RCMs and global
models has narrowed, many regional models now can be configured to run just short of

resolving individual clouds and have other benefits.

Simulating isotopes within comprehensive dynamical models is a task which is limited by
appropriate datasets for validation and testing. The International Atomic Energy
Agency’s GNIP remains a gold standard for testing global and regional models, but as
argued here, these data do not provide a rigorous test of isotopic exchanges associated
with cloud processes. Indeed even if the precipitation isotopes are simulated accurately, it
is not a guarantee that the atmospheric water vapor isotopes are also simulated reliably
because of post condensation exchange. Very few observations of the isotopic
composition of water vapor exist, yet since this is the state variable in isotope models (as
compared to the precipitation, which is a by-product flux), direct evaluation of the vapor
phase is highly desirable. Complimenting traditional water vapor collection and analysis
methods, new observational techniques (including in situ and satellite based observations,

Helliker and Noone , this volume) are poised to allow more detailed testing of specific
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isotope physics and hydrologic balances within comprehensive models, and will likely
foster significant model improvements. The need for increased rigor in validation is
particularly warranted as the scope of scientific investigations to which comprehensive
isotope models are being applied expands. Similarly, with greater validation effort comes
increased confidence in the spatially and temporally resolved isotopic distributions that
are simulated, and thus increased capacity to use the outputs from comprehensive

dynamical isotope models as input to subsequent applications and isoscaping.
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Figure captions

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

Noone and Simmonds (2002a).

Fig 2: Global model simulation of annual mean 580 in precipitation (%o) in a global
isotope model with a) fractionation only associated with surface evaporative sources and
dew/frost sinks, b) as in a) but with fractionation also associated with stratiform
condensation), ¢) as in a) but with fractionation also associated with convective
condensation, and d) the influence of fractionation during exchange as raindrops fall from
clouds. Panel b) and c) are differences relative to a), and panel d) is a difference relative
to a control simulation that has all fractionations, and is shown in Fig 4b. To the degree to
which the model results are linear, the (weighted) sum of all four components composes

the total isotope signal.
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Fig 3: Schematic depiction of the third-generation isotope scheme describing the cloud
microphysics for isotopes used in CAM3 (adapted from Noone 2003). Detailed
exchanges between in-cloud properties and the environment, the accounting for multiple
microphysical moments, and inclusion of transport processes differentiates this scheme
from first and second generation schemes. Because on non-linearity in the budget
equations for the set of moments, such schemes usually need to be integrated

numerically.

Fig 4: Simulations of "0 in precipitation from three atmospheric models (MUGCM,
ECHAM and GISS) participating in the first Stable Water-isotope Intercomparison Group
(SWING) experiment, and from the observationally based regression model of Buenning
and Noone (2008). Contour interval is 4 %o with extra contours at -2 and 0 %.. Shading in
panels b-d show where the models deviate from the GNIP data by more than 1 %o. (red

positive and blue negative) with gradations of 1 %o. (Courtesy N. Buenning 2008).

Fig 5: As in Fig 4 but for deuterium excess in precipitation. Contour interval is 1 %o.
Light shading in panels b-d show where the models deviate from the observations by less
than -2 %o, and dark shading shows where there differ by more than +2 %o with

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

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

GISS 2’ Jouzel et al. (1987, 1991) Global Finite difference, 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 Spectral/semi- 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 difference, @))]
offline, 1.25 degree

GISS E Schmidt et al. (2005) Global Finite 2(3)
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 volume 3
4x5, 2x2.5

DARMA Smith et al, (2006) Cloud scale 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 finalized 2,0r3

LMD4 Risi et al. in prep Global To be finalized 2,0r3

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

models reported to have isotope scheme being developed are the HadGem, UKMO,

ACCESS and WRF (Noone, personal communication, 2007, 2008). Generation number

in parentheses indicates the model is close to being classed at the higher level.
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907  Fig 1: a) Percentage of precipitation that originated from evapotranspiration over a region
908  in South America (shown as bold box) deduced using a non-fractionating water tracking
909 scheme in the MUGCM, and b) the isotopic composition of that water. Adapted from

910  Noone and Simmonds (2002a).
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Fig 2: Global model simulation of annual mean 5'%0 in precipitation (%o) in a global
isotope model with a) fractionation only associated with surface evaporative sources and
dew/frost sinks, b) as in a) but with fractionation also associated with stratiform
condensation), ¢) as in a) but with fractionation also associated with convective
condensation, and d) the influence of fractionation during exchange as raindrops fall from
clouds. Panel b) and c) are differences relative to a), and panel d) is a difference relative
to a control simulation that has all fractionations, and is shown in Fig 4b. To the degree to
which the model results are linear, the (weighted) sum of all four components composes

the total isotope signal.
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924  Fig 3: Schematic depiction of the third-generation isotope scheme describing the cloud
925  microphysics for isotopes used in CAM3 (adapted from Noone 2003). Detailed

926  exchanges between in-cloud properties and the environment, the accounting for multiple
927  microphysical moments, and inclusion of transport processes differentiates this scheme
928  from first and second generation schemes. Because on non-linearity in the budget

929  equations for the set of moments, such schemes usually need to be integrated

930  numerically.
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Fig 4: Simulations of 8'®0 in precipitation from three atmospheric models (MUGCM,
ECHAM and GISS) participating in the first Stable Water-isotope Intercomparison Group
(SWING) experiment, and from the observationally based regression model of Buenning
and Noone (2008). Contour interval is 4 %o with extra contours at -2 and 0 %o.. Shading in
panels b-d show where the models deviate from the GNIP data by more than 1 %o. (red

positive and blue negative) with gradations of 1 %o. (Courtesy N. Buenning 2008).
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Fig 5: As in Fig 4 but for deuterium excess in precipitation. Contour interval is 1 %eo.
Light shading in panels b-d show where the models deviate from the observations by less
than -2 %o, and dark shading shows where there differ by more than +2 %o with

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