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Abstract The ability to identify moisture source regions and sinks and to model the transport
pathways that link them in simple yet physical ways is critical for understanding climate today and in the
past. Using water tagging and isotopic tracer experiments in the Community Earth System Model, this
work shows that poleward moisture transport largely follows surfaces of constant moist entropy. The
analysis not only provides insight into why distinct zonal bands supply moisture to high- and low-elevation
polar sites but also explains why changes in these source regions are inherently linked to changes in
temperature and rainout. Moreover, because the geometry, and specifically length, of the moist isentropic
surfaces describes how much integrated rainout occurs, the analysis provides a physical framework for
interpreting the isotopic composition of water in poleward-moving air, thus indicating how variations in
moisture transport might influence Antarctic ice cores.

1. Introduction

Moisture transport by the atmospheric circulation critically regulates patterns of temperature, humidity,
and precipitation. Describing this transport in simple yet physical ways can provide invaluable insight into
how and why these variables change in response to climate forcing. One framework of potential appeal for
evaluating outstanding questions about poleward moisture transport is a moist isentropic representation
of Earth's atmospheric flow (Pauluis et al., 2008, 2010). In this framework, the atmospheric circulation is
averaged on surfaces of constant moist entropy instead of a more customary vertical coordinate like pressure.

Pauluis et al. (2010) espoused this choice, arguing that a moist isentropic representation can describe the
trajectories of air masses with greater fidelity if the eddies responsible for transport are largely moist adia-
batic. This is approximately the case in the extratropics, where much of the poleward moisture transport is
accomplished through fast-moving episodic pulses (Fajber et al., 2018; Laliberté & Kushner, 2014; Messori
& Czaja, 2013; Newman et al., 2012; Sinclair & Dacre, 2019). As a result, moist transport occurs on time
scales faster than energy dissipation. This makes it reasonable to assume that extratropical air masses con-
serve energy (in the form of moist entropy) as they move poleward, even though net poleward heat transport
is ultimately driven by radiative imbalances between the equator and the poles. Ostensibly, one could thus
use moist isentropic surfaces to define poleward moisture transport pathways and to diagnose and predict
variations in moisture source regions.

Examining the accuracy of this framework is of particular interest over Antarctica, where long-standing
questions about moisture source regions and sinks, and the transport pathways that link them, affect
our understanding of climate today and in the past. Indeed, Lagrangian analyses of air mass trajectories
(Sodemann & Stohl, 2009) and water-tagging experiments in general circulation models (GCMs; Noone &
Simmonds, 2002) suggest that distinct moisture source regions supply Antarctica’s low- and high-elevation
sites. Consequently, there is wide geographic variation in correlations between temperature and the isotope
ratios of hydrogen and oxygen in Antarctic precipitation (Goursaud et al., 2018; Kavanaugh & Cuffey, 2003;
Masson-Delmotte et al., 2008; Sime et al., 2009; Wang et al., 2009)—which have traditionally informed our
interpretation of past climate from ice cores. Isotopic inversion methods used to reconstruct past climate
have tried to address this problem by applying a correction to the isotope-temperature relationship based
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on estimated conditions for the presumed evaporative source region (e.g., Markle, 2017; Stenni et al., 2004;
Stenni et al., 2010; Uemura et al., 2012; Vimeux et al., 2002). If the average poleward moisture flow approx-
imately conserves moist entropy, a moist isentropic framework could offer a valuable conceptual model for
explaining how water isotope ratios change with simultaneous variations in moisture source region and
temperature, thus bolstering our understanding of the global circulation and its ties to climate.

Here we evaluate the utility of the moist isentropic framework for describing Antarctic moisture transport
in two steps. First, we compare the source regions and transport pathways explicitly identified by water tags
in GCM simulations with those indicated by moist isentropes. Second, we compare simulations of isotopic
tracers in water vapor from the GCM with theoretical predictions of isotopic distillation for air mass advec-
tion along moist isentropic surfaces. Unlike water tags, simulated isotopic tracers can be compared directly
with modern and historical observations.

Though ours is not the first study to relate Antarctic moisture transport and isotopic distillation to entropy,
previous efforts have considered “dry” isentropic surfaces alone (cf. Noone, 2008). The moist isentropic
framework distinguishes itself in at least two ways. First, it accounts for a much larger proportion of mass
transport in the extratropics, since much of the moist poleward flow in dry isentropic coordinates is masked
by dry equatorward transport at low altitudes (Pauluis et al., 2008, 2010). Second, by accounting for vari-
ations in both temperature and humidity, moist isentropes describe the integrated rainout along moisture
transport pathways more directly. Since this integrated condensation history determines the isotope ratios
of water vapor and precipitation over Antarctica (Dansgaard, 1964), the moist isentropic framework has
greater potential to describe how variations in moisture transport influence isotopic records preserved
in ice cores.

2. Experimental Design

Following previous investigations (Pauluis et al., 2008, 2010; Sherwood et al., 2010), this study uses equiv-
alent potential temperature (6,) as a measure of moist entropy. 6, is calculated using the approximation of

Stull (1988)
L Ri/cpa
0, ~ <T+ —”r) <@> , )
cpd p

in which 0, varies principally as a function of temperature (T), water vapor mixing ratio (r), and pressure
(p)- Though the latent heat of vaporization (L,) and the heat capacity of dry air at constant pressure (c,4)
also depend on T, because the dependence is weak over much of the troposphere, we choose to treat these as
constant and assign them values of 2.5x10° J/kg and 1,006 J/kg/K, respectively. R, is the specific gas constant
for dry air (287 J/kg/K), and the reference pressure (p,) is set to 1,000 hPa. Estimates of 8, derived using
the approximation suggested by Bryan (2008) were also considered but do not alter the study's conclusions
(Supporting Information S1). For all estimates of 8,, we use climatological values of T, p, and r. The input
variables are derived from monthly mean output from NCAR's Community Earth System Model (CESM),
interpolated to a regular vertical pressure grid that assigns missing values, where necessary, to account for
surface topography.

To evaluate the utility of a moist isentropic framework for characterizing the source regions that supply mois-
ture to Antarctica and for delineating the transport pathways by which this moisture moves poleward, two
experiments are conducted. In the first experiment, moisture transport pathways mapped by water tracers
are compared to surfaces of constant ,. Numerical water tracers are implemented in version 5 of NCAR's
Community Atmosphere Model (CAMS5; Neale et al., 2012) for this purpose. Atmospheric water is tagged
with its region of origin (within 10° latitude bands over the oceans), and this tag remains through advection,
phase changes, and precipitation (Singh et al., 2016). CAMS5 with water tracers is run within the fully cou-
pled CESM (CESM1; Hurrell et al., 2013) in a 30-year preindustrial simulation (i.e., all greenhouse gases,
ozone, volcanic constituents, and solar insolation are held at preindustrial levels), from which seasonal and
annual mean climatologies are constructed. All model components are at (nominally) 1° spatial resolution,
and the ocean and sea ice are fully dynamic.

In the second experiment, we leverage the fact that, from a Lagrangian frame of reference, the isotope ratios
of oxygen and hydrogen in water vapor trace the rainout of air masses, so long as air mass mixing is negligible
(e.g., Noone, 2012; Worden et al., 2007). (Note that air mass mixing must also be negligible for moisture
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transport to conserve moist entropy.) Due to their lower saturation vapor pressures, isotopically heavy water
molecules (e.g., H;SO) are preferentially removed from an air mass as condensation and rainout occur. This
preferential loss is well described by distillation theory (Dansgaard, 1964). Therefore, if poleward moisture
transport approximates moist isentropic advection, the isotope ratios of water vapor along the isentropes
should match distillation predictions.

To evaluate this hypothesis, we define five moist isentropic surfaces using output from CESM. The surfaces
(corresponding to 0, values of 270, 280, 290, 300, and 310 K) are derived by averaging across all meridi-
ans south of 25° S that share the same climatological 8, target value (+5 K) at a given pressure level. These
target values were selected to approximate 10° spacing over the Southern Hemisphere extratropics; how-
ever, the results are not sensitive to the number or spacing of the moist isentropes (Supporting Information
S1). We then compare isotopic distillation expected for a hypothetical air mass advecting along these sur-
faces to the seasonally averaged oxygen isotope ratios derived from GCM simulations. The simulations come
from an isotope-enabled version of CAMS5 coupled to an isotope-enabled version of the Community Land
Model (CLM4) run with prescribed sea surface temperatures, sea ice, greenhouse gases, and aerosols for the
years 2000-2014. Details about the model simulation and the underlying isotopic physics can be found in
Nusbaumer et al. (2017) and Wong et al. (2017).

Three variations of distillation are considered in order to estimate uncertainty around the isotopic predic-
tions. For two distillation models, we assume that all condensate precipitates immediately, such that the
heavy-to-light oxygen isotope ratio (R ='* 0/1°0) decreases according to Rayleigh distillation (Dansgaard,
1964; Galewsky et al., 2016):

R=Ryf*" | @)

where f represents the fraction of water vapor remaining (i.e., r/r,), « is a temperature-dependent effective
fractionation factor, and subscript 0 indicates a reference level. We assume the reference level is the pressure
level immediately preceding that under consideration along the moist isentropic surface. R is calculated
along the surface sequentially, using the climatological values of T and r that define the isentrope and an
initial estimate from CESM of the isotope ratio at the lowest pressure level (Rg.).

The first distillation model assumes that all water vapor condenses to liquid under saturated conditions, such
that « is simply the temperature-dependent equilibrium fractionation factor (a,,). In contrast, the second dis-
tillation model assumes that all water vapor deposits as ice, such that « must also account for kinetic effects
owing to the distinct diffusion rates of heavy and light water under supersaturated conditions (a,;). We use
the same a,, formulae reported in Appendix D3 of Bolot et al. (2013) for the two possible phase changes
and estimate «,; following Nusbaumer et al. (2017). A full list of equations may be found in Supporting
Information S1.

The third distillation model accounts for the fact that the conversion of liquid condensate to precipita-
tion is not customarily 100% efficient (i.e., ¢ = precipitation efficiency < 1; see Supporting Information S1;
Bailey et al., 2013, 2015; Noone, 2012). The required estimates of condensate concentrations for this modi-
fied distillation are derived by summing the climatological mixing ratios of liquid water and ice simulated
by CESM along the moist isentropic surfaces. For ¢, however, we assign a fixed value of 0.5, which closely
approximates the precipitation efficiency expected in atmospheric convection (cf. Lutsko & Cronin, 2018)
and provides greater isotopic variation from the simple Rayleigh model described above. We do not modify
distillation for vapor conversion to ice, as low diffusion rates in ice crystals tend to inhibit isotopic exchange
with the surrounding vapor (Bolot et al., 2013; Jouzel & Merlivat, 1984).

As is customary, all isotope ratios are presented relative to Vienna Standard Mean Ocean Water (VSMOW)
and reported in units permil:

5=< R —1>><1,000. (3)

RVSMOW
All isotopic means are mass-weighted.

3. Results

3.1. Water Tracer Experiments

We begin our evaluation of the moist isentropic framework by testing whether it can reliably delineate
the moisture source regions and transport pathways to Antarctica identified in water tracer experiments in
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Figure 1. Zonal-mean moisture source regions and pathways for Southern Hemisphere atmospheric water vapor: (a) contribution of distinct oceanic zonal
bands to the annual mean water vapor over Antarctica, normalized by the water vapor concentration at each pressure level, and (b-g, shading) normalized,
annual and zonal mean distributions of water vapor in the Southern Hemisphere sourced from (b) 60° S to the pole, (c) 50° S to 60° S, (d) 40° S to 50° S, (e) 30°
S to 40° S, (f) 20° S to 30° S, and (g) 10° S to 20° S, overlaid with (contours) equivalent potential temperature (K). A representative surface pressure for Dome C,
Antarctica (3,233 m, discussed later in the text) is indicated by the dashed line in (a).

CESM. Figure 1a shows the relative contributions of distinct Southern Hemisphere oceanic zonal bands to
the water vapor concentration at various pressure levels above Antarctica. Figures 1b-1g show the normal-
ized, zonal-mean concentrations of atmospheric water vapor evaporated from these source regions, with
shading demonstrating that most of the moisture evaporated from each band follows a distinct pathway as
it moves poleward. In the extratropics, these moisture plumes approximately align with the moist isentropic
surfaces indicated by contours. As a result, zonal bands farthest from Antarctica (i.e., most equatorward)
tend to contribute substantially to the upper tropospheric moisture, while higher latitudes contribute mois-
ture to the lower troposphere only (Figure 1a). This implies that moisture evaporated from the polar ocean
(i.e., south of 60° S) is not the same water that reaches Antarctica's high-elevation interior (cf. Noone &
Simmonds, 2002; Sodemann & Stohl, 2009). This supposition is confirmed by mapping both the
mass-weighted mean latitudes that contribute precipitation to Antarctica (Figure 2a) and the mean surface
moist entropy (Figure 2b) against the continent's elevation contours.

There are, nevertheless, discrepancies between the extratropical moisture transport pathways identified in
the water-tagging experiment and the surfaces of constant moist entropy. In particular, moisture plumes
in Figures 1c-1f show an apparent southward shift above approximately 800 hPa, indicating some degree
of cross-isentropic transport. In addition, moisture evaporating from more poleward zonal bands appears
more likely to slope down and cross from higher to lower moist isentropes than moisture evaporating from
the subtropics. We suspect three factors may be at work.
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Figure 2. Moisture source latitudes for Antarctic precipitation and moist entropy at the surface: (a) annual mean latitude from which precipitation originates
(degrees) and (b) 6, at the surface (K). Contours show surface elevation (m) in both panels. The black dot (a) marks the location of Dome C observations

(discussed later in the text).

First, because moist isentropes are not zonally uniform, a perfect match with the zonal water tags is not
expected. It is also possible that processes that don't conserve moist entropy play a role. Moisture recharge
by evaporation, for example, will increase the 6, of air masses that are fully or partially coupled to the ocean
surface (i.e., those at relatively low altitudes). Similarly, water loss through precipitation can decrease the
0, of rising air. However, given the relative insensitivity of 8, to precipitation (Pauluis et al., 2010), a more
likely possibility is that radiative cooling at higher altitudes is sufficient to elicit “down-gradient” tendencies
in poleward-moving air (Yamada & Pauluis, 2016). Previous studies have shown that atmospheric energy
transport is well described by diffusion down the meridional moist static energy gradient (e.g., Flannery,
1984; Frierson et al., 2007; Hwang & Frierson, 2010; Roe et al., 2015; Siler et al., 2018) and that extratropi-
cal potential temperature anomalies move slightly down the moist entropy gradient in the latitude-height
plane (Fajber et al., 2018). Examining to what extent net atmospheric heat transport can be deduced from
discrepancies between the actual transport pathways and the moist isentropic predictions—particularly in
different climate states—would thus be an interesting direction for future research.

3.2. Isotopic Tracer Experiments

To further evaluate the conceptual accuracy and utility of the moist isentropic framework, we compare
June-July-August (JJA) zonal-mean isotope ratios simulated in CESM along five moist isentropic surfaces
with water vapor isotope ratios predicted from Rayleigh distillation during air mass advection (Figure 3). The
GCM values fall well within the bounds of the isotopic predictions, given the range of microphysical possi-
bilities represented by the three distillation models considered. Moreover, while there are clear differences
among the distillation predictions, due to variations in effective fractionation (@) or the degree of precipita-
tion efficiency (¢), the resultant isotopic differences at high latitudes are smaller than those produced when
crossing from one moist isentropic surface to the next. In particular, variations in e make little difference
except in the driest parts of the atmosphere (Figure 3c), such as one might find over the highest elevations of
the Antarctic continent. However, because low mixing ratios (which make up the isotope ratio denomina-
tor) tend to accentuate small isotopic inaccuracies, it is difficult to gauge whether these results confirm the
importance of microphysical factors in regulating water isotope ratios in extremely cold and dry climates, as
others have argued (Schoenemann et al., 2018). Regardless, for the extratropics as a whole, Figure 3 shows
that the dynamics that set the geometry of the moist isentropic surfaces are the more important constraint
on the atmosphere's zonal-mean isotopic composition.
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Figure 3. Water vapor isotope ratios on moist isentropic surfaces. (a) June-July-August 6'80 values predicted for five
moist isentropic surfaces (distinguished by color and labeled in K) shown as a function of latitude. Predictions come
from (dashed line) modified distillation with a precipitation efficiency (¢) of 0.5, assuming all water vapor condenses to
liquid; (solid line) Rayleigh distillation (e = 1.0), assuming all water vapor condenses to liquid; (dotted line) Rayleigh
distillation, assuming all water vapor deposits as ice; and (crosses) the Community Earth System Model (CESM).

(b) Predictions from the distillation models identified in (a) are plotted against simulated isotope ratios in water vapor
from CESM, with the 1:1 line shown in gray. (c) Differences between the various distillation models and CESM are
shown as a function of water vapor mixing ratio (g/kg), with the zero-line shown in gray. Note the reversed y axis in all
panels.

Figure 4 emphasizes the importance of the moist isentrope geometry by showing the seasonal shift
in water vapor isotope ratios along the 6, surfaces. As austral winter (JJA) gives way to summer
(December-January-February), the surfaces are displaced nearly 10° poleward, contracting and shortening
as a result. It is this change in surface shape—and specifically length—that matters most for the shift in iso-
topic composition (tens of permil over Antarctica). Figure 4b illustrates this point by considering the effects
of seasonal variations in the individual factors that control distillation along the moist isentropes: namely,
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Figure 4. Seasonal variations in water vapor isotope ratios along moist isentropic surfaces: (a) (thin line)
June-July-August (JJA) and (thick line) December-January-February (DJF) 5180 values predicted for five moist
isentropic surfaces (distinguished by color and labeled in K) shown as a function of latitude. Predictions come from
Rayleigh distillation assuming all water vapor condenses to liquid. Symbols show isotope ratios from the Community
Earth System Model (CESM) and observations from Dome C, Antarctica, for comparison. The open circle with vertical
bar identifies the mean and total range of 6'30 in water vapor (Dome Cy,) observed by Casado et al. (2016) during
December 2014 to January 2015. The closed circle shows the annual mean precipitation 680 (Dome Cp) reported by
Goursaud et al. (2018). (b) Variations in the 680 values along JJA moist isentropic surfaces produced when using DJF
values for (dashed line) Ry (the water vapor isotope ratio near the moisture source), (dotted line) f (one minus the
effective rainout along the moisture trajectory), and (dotted-dashed line) a4, which is determined by atmospheric
temperature. Scatterplots of DJF versus JJA values for these three factors are provided in Supporting Information S1.
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the isotopic composition of the moisture source, the effective rainout along the moisture trajectory, and
the temperature at which condensation occurs. These factors are represented by Ry, f, and a.,—the full
set of inputs required for equation (2) under the assumptions of Rayleigh distillation. The broken lines in
Figure 4b indicate the seasonal shift in isotopic composition that occurs when December-January-February
values are substituted for JJA values for any single factor: It is hardly detectable at most locations. What this
implies is that it is primarily the length of the surface—controlling how much total rainout and distillation
occurs—that influences the seasonal isotopic shift that the GCM produces. This result provides evidence
that seasonal isotopic variations are tightly tied to variations in mean moisture length scale and corroborates
the work of Feng et al. (2009), who argued that precipitation §'30 seasonality depends on the zonal position
of the subtropical highs and coincident global moisture source regions.

4. Implications

Though mean poleward moisture transport may not be strictly moist isentropic, the results of this study
provide evidence that a moist isentropic representation of the meridional flow offers a useful lens for describ-
ing moisture transport and for linking changes in transport to changes in climate. First, moist entropy
provides a concise argument for why high- and low-elevation Antarctic sites are linked to distinct mois-
ture source regions (Figure 2; Noone & Simmonds, 2002; Sodemann & Stohl, 2009) and exhibit different
isotope-temperature scaling relationships geographically and temporally (Goursaud et al., 2018; Kavanaugh
& Cuffey, 2003; Masson-Delmotte et al., 2008; Sime et al., 2009; Wang et al., 2009). Low-altitude polar air
masses simply cannot gain enough potential energy (through loss of latent and sensible heat) to reach
the high-elevation continental interior while still conserving moist entropy. The moist isentropic frame-
work thus reinforces the findings of earlier studies by Noone and Simmonds (2002) and Noone (2008),
which argued that low buoyancy and potential temperature limit the influence of evaporation from Antarc-
tica's coastal waters on the moisture budget—and hence isotopic records—of ice core drilling sites on the
Antarctic plateau.

Observed isotope ratios of water vapor and precipitation from near the summit of Dome C (3,233 m, Casado
et al., 2016; Goursaud et al., 2018) further support this contention. As shown in Figure 4a, the observed
isotope ratios are simply too low to be consistent with advection of evaporate along the lowest 8, surfaces.
Indeed, the water vapor measurements (collected between December 2014 and January 2015) are most con-
sistent with the 300-K surface, whose affiliated source region migrates between 40° and 45° S annually. The
center of this zonal band aligns almost exactly with the mean annual moisture source latitude identified
by water tags in CESM (Figure 2a). Previous studies using other tracer methods have demonstrated similar
links between the midlatitude surface and higher altitudes in the Arctic, indicating that isentropic transport
can effectively deliver midlatitude pollution and warming signals to polar regions (Orbe et al., 2013, 2015).

Second, our results suggest that it is not so much the differences in moisture source per se that cause Antarc-
tica's isotope-temperature relationships to vary with elevation but rather the differences in total rainout
dictated by the distinct 6, surfaces that link the source regions to these sites (Figure 4). As clear from equation
(1), both temperature and moisture define the geometry of the atmosphere's moist isentropic surfaces, and
these variables themselves are strongly linked to one another through the Clausius-Clayperon relationship,
assuming variations in relative humidity are negligible. Consequently, shifts in temperature imply a change
in the latitude and pressure coordinates of the moist isentropes. The resultant modification to surface geom-
etry not only affects hydrological linkages between Antarctica and lower-latitude regions but also influences
the mean distance over which moisture is transported. Our study suggests it is this change in mean mois-
ture length scale that alters the total rainout experienced by poleward moving air and, ultimately, its isotopic
composition.

Finally, our analysis helps demonstrate the utility of idealized distillation models by elucidating why these
models work despite their neglect of air mass mixing. Because mixing is a cross-isentropic process, distilla-
tion can provide fairly accurate predictions of isotopic changes if the moisture transport pathways considered
mostly conserve moist entropy, as we have shown is the case in the extratropics. Conversely, because moist
(as compared to dry) isentropes account for variations in both temperature and precipitable water with
altitude, they offer a useful conceptual framework for predicting and interpreting isotopic distillation with
poleward transport for a given climate state.
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5. Conclusion

Using a single state-of-the-art GCM, this study shows that poleward moisture transport is largely consistent
with a moist isentropic view of the mean atmospheric flow. Both numerical water tracer and isotopic tracer
experiments in CESM demonstrate that moist entropy is a useful framework for identifying the moisture
source regions that supply moisture to Antarctica and for delineating the hydrological pathways by which
moisture sources and sinks are linked. The fact that our results are self-consistent between the distinct tracer
experiments adds a degree of confidence to the findings, though further evaluation, using other GCMs and
targeted observational campaigns, would be desirable. The isotopic results are particularly valuable in that
they can be compared directly to observations, whether remote or in situ (e.g., by aircraft).

The moist isentropic framework provides a simple yet physical explanation for a number of key relation-
ships. It shows, for instance, that high- and low-elevation sites at high latitudes are connected to distinct
moisture source regions, with higher-elevation sites receiving moisture from more equatorward sources, due
to the shape of the moist isentropic surfaces. The surface geometry also controls the mean distance mois-
ture travels by altering the integrated rainout experienced by poleward moving air. Since this total rainout
regulates isotopic distillation to first order, conservation of moist entropy provides a conceptual basis for
understanding how changes in meridional transport influence the isotope ratios of water vapor over Antarc-
tica, as others have intimated (Markle et al., 2017, Noone, 2008, Stenni et al., 2004, 2010; Vimeux et al.,
2002). Moreover, because the isentropic surface geometry is largely defined by atmospheric temperature,
moist entropy offers a possible framework for predicting variations in moisture source region and moisture
length scale with changes in climate.
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