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Abstract General circulation models (GCMs) predict that the global hydrological cycle will change

in response to anthropogenic warming. However, these predictions remain uncertain, in particular,

for precipitation (Intergovernmental Panel on Climate Change, 2013, https://doi.org/10.1017/
CB0O9781107415324.004). Held and Soden (2006, https://doi.org/10.1175/JCLI3990.1) suggest that as lower
tropospheric water vapor concentration increases in a warming climate, the atmospheric circulation and
convective mass fluxes will weaken. Unfortunately, this process is difficult to constrain, as convective mass
fluxes are poorly observed and incompletely simulated in GCMs. Here we demonstrate that stable hydrogen
isotope ratios in tropical atmospheric water vapor can trace changes in temperature, atmospheric
circulation, and convective mass flux in a warming world. We evaluate changes in temperature, the
distribution of water vapor, vertical velocity (w), advection, and water isotopes in vapor (6D,/). Using water
isotope-enabled GCM experiments for modern versus high-CO, atmospheres, we identify spatial

patterns of circulation change over the tropical Pacific. We find that slowing circulation in the tropical
Pacific moistens the lower troposphere and weakens convective mass flux, both of which impact

the 6D of water vapor in the midtroposphere. Our findings constitute a critical demonstration of how
water isotope ratios in the tropical Pacific respond to changes in radiative forcing and atmospheric
warming. Moreover, as changes in 6D, can be observed by satellites, our results develop new metrics for
the detection of global warming impacts to the hydrological cycle and, specifically, the strength of the
Walker circulation.

1. Introduction

In recent decades, a large number of climate modeling studies have been devoted to constraining changes
in the hydrological cycle that may occur with increased anthropogenic carbon dioxide emissions (e.g., Held
& Soden, 2006; Huntington, 2006; Loaiciga et al., 1996; Seager et al., 2010; Wentz et al., 2007, and references
therein), summarized in Intergovernmental Panel on Climate Change (2013). A robust feature in these simu-
lations of global warming with general circulation models (GCMs) is an increase in atmospheric water vapor
content. Water vapor is predicted to increase with temperature following Clausius-Clapeyron scaling (Jenkins,
2008), under which a 1 °Cincrease in temperature causes a 7% increase in total column water vapor. Despite
the 7%/°C increase in specific humidity, global mean precipitation is predicted to increase by only 1.5-3%
in the multimodel average (Held & Soden, 2006). This discrepancy is significant: the moisture balance of the
atmosphere dictates that P = M- g, where P is precipitation, M is convective mass flux, and g is specific humid-
ity. Because the mean global precipitation rate must be balanced by moisture transport from the boundary
layer to the free troposphere (M), vertical motion must decrease to maintain the surface energy and vapor
budget (Betts, 1998; Held & Soden, 2006; Schneider et al., 2010; Soden & Held, 2006). The mass flux (M) in pre-
cipitating convective towers thus is predicted to decrease with increasing temperature (Vecchi et al., 2006),
weakening mass exchange between the boundary layer and free troposphere (Vecchi et al., 2006).
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In the tropical Pacific—a locus of convective transport for the global hydrological cycle—a decline in verti-
cal mass flux between the boundary layer and free troposphere should weaken the Walker circulation. This
reduction in the strength of the Walker circulation in response to climate warming is predicted by most GCMs
(DiNezio et al., 2009; Vecchi et al., 2008, 2006), which suggest that the Walker circulation will weaken more
than the zonally-symmetric Hadley circulation (Gastineau et al., 2009; Vecchi & Soden, 2007). However, there
is still considerable debate about changes in the strength of vertical motion in the tropical Pacific, in part due
to a paucity of instrumental observations prior to 1950 to test model predictions (e.g., Sandeep et al., 2014,
and references therein). Indeed, in contrast to model predictions, satellite-derived, in situ, and proxy-based
observations have reported a strengthening of the Walker circulation in recent decades (An et al., 2012; Carilli
et al., 2014; Conroy et al,, 2009; LHeureux et al., 2013; Sohn & Park, 2010; Tokinaga et al., 2012). While obser-
vations of sea level pressure (SLP) and sea surface temperature (SST) are commonly used to identify changes
to the Walker cell, changes in the organization of the atmosphere and hydrological cycle in response to shifts
in SLP and SST have proven difficult to detect; further, the dynamical mechanisms linking changes in SST and
SLP with the mean circulation in the tropics may not be consistent in a warmer future mean state.

Part of the challenge understanding changes in the large-scale overturning circulation stems from the fact
that vertical motion and vertical mass flux are not directly observable via satellite retrievals. Moreover, con-
vective mass transport processes are not simulated explicitly in Intergovernmental Panel on Climate Change
(IPCC)-class GCMs, and instead are parameterized and estimated at the subgrid scale. Identifying metrics that
can trace the impact of anthropogenic warming on the tropical overturning circulation in observations and
model simulations is therefore critical to detecting changes in the hydrological cycle.

To address this challenge, this study evaluates the ability of stable water isotopologues (HDO, H;so) in tropo-
spheric water vapor and precipitation to record changes in convective processes and mass fluxes associated
with the Pacific Walker circulation. Because heavier isotopologues experience a lower saturation vapor pres-
sure than their isotopically light counterparts, the isotope ratio of vapor (e.g., 6D,) can distinguish vapor
masses with different condensation histories, including boundary layer versus free tropospheric air and con-
vective mixing of the two (e.g., Bailey et al., 2015; Galewsky et al., 2016; Risi et al., 2012). We investigate
hydrological changes and the isotopic responses to climate warming in the tropical Pacific using high-CO,
simulations with isotope-enabled GCMs. We decompose these responses into a thermodynamic component,
which depends solely on an increase in specific humidity due to warming (estimated using a single-column
Rayleigh distillation model), and a dynamical component that we isolate by comparing the single-column dis-
tillation model to GCM simulations. Isolating this dynamic component allows us to evaluate isotopic changes
driven by changes in the tropical overturning circulation.

This study documents substantial thermodynamic and dynamic impacts on 6D,, that could be used to detect
past, present, and future changes in the tropical hydrological cycle and, in particular, the strength of the
Walker circulation. We demonstrate that water isotopes inform our interpretation of the atmospheric changes
accompanying changes to the Walker cell in a way that SLP and SST changes alone cannot. We expect that
moistening of the atmosphere accompanying warming should increase isotope ratios in the atmosphere; we
find, in contrast to this prediction, that isotope ratios decrease in key regions of the Walker cell in response to
dynamical changes alone. This yields a unique tracer for diagnosing future changes to the hydrological cycle
in the tropical Pacific. Section 2 reviews the experimental design including GCM simulation details. Section 3
reviews our single-column, 1-D Rayleigh distillation model simulation and compares its prediction to water
vapor isotope profiles from high-CO, atmosphere experiments in two state-of-the-art isotope enabled atmo-
spheric GCMs. Finally, section 4 discusses the implications of our work for the validation of isotope-enabled
GCMs, future remote sensing initiatives, paleoclimate data interpretation, and tracking changes in the Walker
circulation.

2. Methods

We analyzed both modern and future high-CO, simulations from the isotope-enabled Community Atmo-
sphere Model 5, iCAM5 (Nusbaumer et al.,, 2017) alongside predictions for both a modern and high-CO,
atmosphere from a single-column Rayleigh distillation model. By design, the Rayleigh model calculates
changes in isotope ratios caused by the change in humidity (g) that results from increasing temperature. We
therefore expect isotopic changes predicted by this model to represent the isotopic response to thermody-
namic perturbations. In contrast, the GCM calculates the full water isotopic response resulting from an array of
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processes, including temperature, precipitation, humidity, circulation, and other dynamical changes. We com-
pute the residuals of the predictions from the GCM simulations relative to the Rayleigh model to isolate the
isotopic signature of changes in the tropical overturning circulation. In this manner, we differentiate changes
in free troposphericisotope ratios caused by thermodynamic factors, e.g. changes in temperature and specific
humidity (AT, Ag), from those caused by dynamic factors (changes in moisture flux convergence, convective
transport, and vertical velocity).

2.1. Idealized Single-Column Rayleigh Distillation Model

Asingle-column Rayleigh distillation model was initialized using temperature and pressure profiles taken from
a tropical Pacific grid average in iCAM5, for both the modern control and the high-CO, future atmosphere
(Trmod> Truture » Pmodr @Nd Pruiure)- We assume that the air parcel is saturated as the air is lofted vertically, and such
that g = g, (specific humidity is equal to saturation specific humidity). Distillation was calculated for the same
vertical resolution and lapse rate as iCAM5. Saturation vapor pressure (e,) and the saturation specific humidity
(9., 9/kg) at each vertical level are then calculated via Clausius-Clapeyron scaling:

e, =610.78 - exp[(17.27 * To00)/ (T + 237.3)] M

g, =¢€- es/pmod 2

where T is temperature in Celsius, p is pressure in hectopascal, and €=0.622 (Wallace & Hobbs, 2006) for the
future atmosphere and modern control. The single-column model estimates isotopic changes with height
assuming a moist adiabatic lapse rate and Rayleigh distillation for stable isotopic fractionation (e.g., Sharp,
2007). The temperature-dependent equilibrium fractionation factor (¢, o) is calculated as follows:

a=0ap/(T2.0) + b5/ Trod + o (3)

aq = exp(a), (4)

where ap, = 24.844e + 3, b, = —76.248, and ¢, = 52.612e — 3 (Majoube, 1971).

We imposed changes in temperature drawn from the GCM'’s future minus modern temperature profiles, using
the mean tropical average profile for the Pacific [20°S to 20°N, 140°E to 270°E], to quantify the thermodynam-
ically driven shift in the isotope profile. The value of 6D is initialized to —80%o at the surface, which is chosen
as a characteristic mean value near the surface for vapor near equilibration with sea water. The isotope ratio
of vapor in each model layer changes following a Rayleigh relationship:

8D, = (6Dy, + 1,000) - F@a= — 1,000 (5)

where 6D is defined in units of per mille (and see section S1.1 in the supporting information for  notation),
F is the fraction of vapor remaining in each layer after distillation and is calculated as F’ = q’ /g, where F/,q’
are the fraction of vapor remaining and humidity in the k™' model layer, respectively, and F, g refer to the
k" model layer. In comparing these results to the GCM simulations to evaluate changes in mass flux (M), we
focus on the degree to which water vapor isotope ratios in the region of the Walker cell deviate from the
single-column Rayleigh distillation model, which serves as the null hypothesis.

In using the single-column model to estimate the thermodynamically-driven isotopic response, a key assump-
tion is that the atmospheric lapse rate is closely approximated by a pseudoadiabat. This is representative of
the moist humid tropics (Mapes, 2001; Park et al., 2014), but we acknowledge that changes in M could be dif-
ferent in the drier, unsaturated tropics, that is, outside of the current range of the Intertropical Convergence
Zone (ITCZ). Thus, this assumption is likely more robust in the West Pacific than in the East Pacific. This must
be considered when comparing differences between the GCM and single-column model in ascending and
descending branches of the Walker circulation.

2.2. Isotope-Enabled GCM Experiments

We examined changes in T, g, vertical pressure velocity w, 6Dy, pressure (p), cloud water, advection, and evap-
oration minus precipitation (E—P) in isotope-enabled model simulations with two experiments: an RCP8.5
high-CO,-forcing scenario (25 years), and a modern control (30 years). Three isotope-enabled models were
initially investigated for this study (see supporting information for comparisons), but we here focus in detail
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Figure 1. 6Dy, as a function of height in the atmosphere, single-column model versus GCM. Results for both high-CO, forcing (future) and control (modern)
experiments, tropical Pacific domain, 20°S to 20°N. (a) Water vapor 6D, future minus modern at each vertical level. (b) Vapor isotope profiles for single-column
model (blue, red) versus iCAM5 (purple, pink), showing differences between single-column model prediction (Rayleigh-only) and full GCM (total isotopic
response) simulation, with a focus on the midtroposphere. For (a), the Y axis indicates the difference in the 6D, between the experiment and the control; that is,
more positive values mean that the experiment is more enriched in heavy HDO. The difference between the pink and blue bars in (a) represents the non-Rayleigh
component of the response. GCM = general circulation model.

on results from iCAM5 (Nusbaumer et al., 2017), coupled to the isotope-enabled Community Land Model
(Wong et al., 2017). For the iCAM5 simulations, modern SST/sea ice fields were taken from observations and
averaged over the years 1974-1999 to produce an annual average climatology. For the high-CO, experi-
ment, fields were taken from a bias-corrected fully coupled Community Earth System Model simulation with
RCP8.5 forcing (Riahi et al., 2011) for the years 2074-2099 and were averaged to produce a new SST and
sea ice field (Hurrell et al., 2013; Nusbaumer et al., 2017). The RCP8.5 forcing scenario is characterized by CO,
concentrations approaching 1,000 ppm by the year 2100, and the forcing fields are described in detail in
Riahi et al. (2011).

For completeness, we additionally evaluated a 4xCO, simulation with IsoGSM (Yoshimura et al., 2008) and
a last millennium simulation of SPEEDY-IER (Dee, Noone, et al., 2015); we compare the future simulations of
iCAM5 and IsoGSM in the supporting information in terms of temperature changes (Figure S2), circulation
(Figures S3 and S4), isotope simulations (Figure S5), and advective tendencies for isotope ratios (Figures S9
and S10).

We calculated differences between the GCM and the single-column model predictions of 6D, for the future
experiment minus the modern control at each vertical level to evaluate how the tropical overturning circula-
tion impacts isotope ratios.

3. Results

3.1. Idealized Atmospheric Single-Column Experiment

In the idealized atmospheric column simulation of the warmer climate, the largest changes in 6D, between
the experiment and the control occur in the upper troposphere, where isotope ratios are sensitive to large
relative changesin T and g. Indeed, the Rayleigh model predicts an increase in §D,, of 20—30%o in the midtro-
posphere (~500 hPa), and up to 90%o in the upper troposphere (~200 hPa; see Figure 1a, blue bars indicate
the change in the warming experiment minus the control). This suggests that a large portion, if not all, of the
water isotope composition’s response can result from thermodynamic changes in response to CO,-induced
warming (Figure 1a).

In comparison with the GCM simulation, large offsets between the pink and blue bars (showing warming
minus modern changes in Figure 1a indicates the GCM simulates a larger change in 6D,, at midelevations
(~500-hPa level) than the single-column model, whereas the single-column model simulates larger changes
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Figure 2. Defining regions of the Walker cell: For the purposes of this paper, we define the western, central, and eastern
Pacific between 10°S and 10°N. Western (red shaded region) spans 90°E to 160°E. Central (purple shaded region) spans
165°E to 175°W. Eastern (blue shaded region) spans 160°W to 80°W. Adapted from definitions given in Vecchi et al.
(2006) and Sandeep et al. (2014).

than the GCM at higher elevations (above ~300 hPa). Further, water vapor 6D, profiles calculated with the
GCM versus the single-column model are lower by 30-40%o, especially in the midtroposphere (Figure 1b).
iCAM5 simulates lower 6D, (30-40%o) in the midtroposphere and is far less enriched in HDO than the
single-column model in the upper troposphere. At higher altitudes, 6D, is more sensitive to large fractional
changes in T, g, and thermodynamic effects dominate (both for the Rayleigh-only experiment and in the
GCM). Finally, providing a g-specific reference frame, both simulations are plotted as a function of g and pres-
sure in Figure S1. The g-6D,, diagram shows the Rayleigh-predicted response for the single-column model
experiment versus the GCM. In the warmer atmosphere, Rayleigh curves shift toward higher humidity and
more enriched é6D,,.

The difference between the single-column model and the GCM can be explained by processes simulated in
the GCM including convection and cloud physics, vertical and horizontal moisture transport (i.e., advection
and convergence), and entrainment and detrainment (all relatonly response is essentiallyed to M), none of
which are resolved by the Rayleigh model. Relative to the single-column model, the thermodynamic-only
response is muted in the GCM, where water vapor mixing processes buffer the thermodynamic response. The
differences indicate changes in circulation influence the water isotope ratios.

3.2. Atmospheric General Circulation Model Experiments

To analyze regional patterns of isotopic change in the GCM experiment, we first define the western, central, and
eastern regions of the Walker cell (adapted from Sandeep et al., 2014; Vecchi et al., 2006). Figure 2 highlights
these regions, and we refer to these definitions in the analyses that follow.

Temperature changes simulated by the GCM over the tropical Pacific are relatively zonally and vertically
homogenous (Figure S1). With uniform warming of the atmosphere at all model levels, we expect a compli-
mentary increase if 6D, is driven by thermodynamic/Rayleigh processes alone. Indeed, the response of 6D,, to
temperature is large and vertical changes in temperature and vapor are tightly coupled (e.g., Figures 1a and
1b). Simulated 6D, increases sharply in the troposphere as predicted by a purely thermodynamic response,
highlighting the direct control of temperature on water isotopes in a warming climate. Temperature changes
impact 6D, via temperature-dependent equilibrium fractionation (Majoube, 1971) and by increasing residual
water vapor content in the atmosphere (F).

In the central tropical Pacific, however, there is considerably more horizontal and vertical structure in 6D, than
in temperature, indicating changes in convection, mixing, and other processes that could result from a decel-
erating tropical circulation and reductions in the gross upward mass flux, M. Figures 3, S3, and S4 show the
change in vertical velocity (w) in the modern control, future warming experiment, and difference between
them in the atmospheric GCM simulations. The variables M and w are directly related viaM = w - p,w = —w/
(p-g9), where pis the atmospheric density and w is the vertical velocity in m/s) (and see Schneider et al., 2010,
for a more complete derivation). The two variables have been shown to scale similarly with climate change
in an idealized GCM experiment (Schneider et al., 2010). Our use of M in this context refers to the time-mean,
tropical gross upward mass flux, and does not explicitly account for transient convective circulations,
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Figure 3. General circulation model changes in vertical velocity (w) across the tropical Pacific. iCAM5 = 2xCO,
experiment minus modern control, meridional mean (—20 to 20 latitude). Change in vertical velocity (w) in the
experiment minus the control in color filled contour plot. Black contour lines show control simulation. Sign convention
is negative = upward motion, positive = downward motion. Thus, red colors in western Pacific indicate a reduction in
the magnitude of the negative values in the control compared to the experiment, or less uplift. Blue colors indicate less
positive values in the experiment compared to the control or less downward motion.

which are also substantial. Thus, the GCM simulation is consistent with a slowing of the Walker circulation: we
observe less upward motion (convection) in the western/central tropical Pacific and less downward motion
(subsidence) in the eastern tropical Pacific (Figure 3).

We expect an isotopic response to these processes in the midtroposphere, as 6Dy, is sensitive to changes in
mixing and convection at these higher altitudes (Noone, 2012). By contrast, 6D, at the surface is affected by
factors such as SSTs, surface wind speed, and surface humidity; the impacts of these surface processes are
muted in the midtroposphere, and dynamical signals emerge. Deviating from the predicted thermodynamic
response, midtropospheric isotope ratios decrease in certain regions in the high-CO, experiment (Figures 4b,
4c, S3, and S4). Some of the strongest changes in w occur between 500 and 600 hPa, where we observe strong
spatial coherency in the changes in w and 6D, in the high-CO, atmosphere experiment and the modern
control (Figures 4a and 4b). This result holds for altitudes between approximately 850 and 400 hPa. The simu-
lations indicate decreasing subsidence in the central and eastern tropical Pacific coincide with enriched water
isotope ratios, whereas less uplift in the western Pacific is spatially correlated with decreased 6D,,.

To further investigate the relationship between atmospheric circulation changes and 6D,,, we examined the
changes in future minus modern 6D, at an altitude of 500-600 hPa in the tropical Pacific, as well as the
meridional mean cross section of these fields at all altitudes (Figures 4, S3, and S4). We compared the GCM
simulations to the prediction from the single atmospheric column model. This was achieved by modeling
the predicted Rayleigh fractionation using the temperature profile for both the modern and high-CO, GCM
experiments, which yields a temperature and moisture-driven 8D,, response at every grid cell and at every
pressure level, a value we term 6Dppy i - Removing 8Dgay pigy from the actual modeled (6D,) isotope ratio at
a given height for iCAM5 (defined here as 6Dpyy = 6D, — 6Dpayieign » DYN for dynamic component) shows the
predicted response of the water isotopes accompanying a deceleration of the Walker circulation (Figure 4c).
Changes in 6Dpyy (the residual) align with changes in w in the midtroposphere.

3.3. Water Vapor Isotope Ratios as Tracers of Circulation Changes

As mentioned, water vapor isotope ratios are generally enriched in iCAM5'’s high-CO, future experiment; how-
ever, we observe several zones in the tropical Pacific where isotope ratios are, remarkably, more depleted
in the high-CO, future simulations (Figure 4b). The simulated changes are consistent with satellite observa-
tions of 6D,, climatology, specifically for El Nifio versus La Nifia events; during warmer months, observations
indicate reduced isotope ratios in the western tropical Pacific in the midtroposphere (see Figure 9c¢). Val-
ues of 6Dpyy further highlight these zones of depletion (Figure 4c); the future minus modern 6D values are
lower in the western Pacific (150-170°E) at 600 hPa. This is because 6D, is in part controlled by circulation
changes: convective intensity directly affects the fraction of moisture detrained in the midtroposphere, and
8D values in the troposphere are thus influenced by the height of convective detrainment. Convection in the
midtroposphere tends to moisten the atmosphere and enrich §D through detrainment and sublimation of ice
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Figure 4. iCAM5 changes in circulation versus water isotope ratios in the midtroposphere (500-600 hPa). iCAM5
simulation: 2xCO, (2,100 A.D.) minus modern control. (a) Change in vertical velocity (w). (b) Change in 6D),. (c) Change in
simulated 6D,, minus the Rayleigh-only component, yielding 6D;_gavieigH = 6Dpyn- All fields were extracted for
500-600 hPa as a target atmospheric level for this study, as the largest negative changes in 6Dy, occur at this height.

crystals, both of which distribute water in higher levels of the atmosphere. By contrast, deep convection tends
to deplete lower tropospheric water vapor via isotopically depleted downdrafts and rain reevaporation.

In the midtroposphere, the impacts of vertical motion and convection on 6D are more difficult to constrain;
isotopic tendencies depend jointly on advection, evaporation, condensation, and upper to lower tropospheric
mixing effects, including the height of convective mixing and detrainment (Galewsky et al., 2016). We here
explore each of these controls in succession via the examination of key moisture budget terms: w, E-P,
detrained moisture fraction, and advection.

3.3.1. Vertical Motion

Vertical motion (w) is strongly tied to the isotopic composition of vapor in the midtroposphere (Figure 4).
In the high-CO, experiments, we observe a decrease in 6D, in the midtroposphere over the western
Pacific/Indo-Pacific Warm Pool (IPWP). This depletion is likely due to a decrease in upward motion (Figure 3)
and convective mixing in the midtroposphere in the warmer atmosphere, consistent with a reduction
in M. Conversely, 6D, increases in high-CO, simulations where the change in w is negative (less subsi-
dence), particularly in the midtroposphere (500 to 600 hPa; Figure 4, central/eastern Pacific). Decreasing
subsidence allows for increased convection and enrichment in the midtroposphere in the central and
eastern Pacific.
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Figure 5. iCAM5: Changes in evaporation, precipitation, and cloud water. Future minus modern changes in the
hydrological cycle, including (a) evaporation minus precipitation, future — modern, and (b) total change in cloud water
at 500-600 hPa, future — modern.

Although deep convection detrains more boundary layer moisture into the midtroposphere, the 6D of that
moisture also depends heavily on conditions in the boundary layer. For example, detrained moisture in the
western Pacific and along the ITCZ is often HDO-depleted due to a previous history of mixing and rain reevap-
oration (Noone, 2012). This necessitates investigation into the impacts of E—P, advection, and convergence
on éD.

3.3.2. Evaporation Minus Precipitation

Previous studies suggest variations in 6D,, independent of variations in humidity are sensitive to imbalances in
E—P (Bailey et al., 2017; Lee et al.,, 2007). If water vapor moves upward, mixing in an atmospheric column with-
out any precipitation, then, for a given moisture concentration, 6D, will be enriched compared to a column
in which precipitation is occurring. Furthermore, in heavily precipitating regions, a net import of moisture is
required to balance large differences in P and E, and this moisture convergence tends to further deplete the
atmospheric column (assuming converged moisture has lost heavy isotopes through precipitation; Moore
etal., 2014; Torri et al.,, 2017). In contrast, horizontal advection may cause 6D, to depart significantly from the
change expected due to differences in E and P alone; advection of air masses sourced from remote regions
will cause mixing, changing local isotope ratios. We thus expect that isotope ratios will most closely align with
changesin E—P in places where changes in atmospheric convergence dominate the total hydrological change.

In the iCAMS5 future simulation, E—P decreases in the central/equatorial Pacific (Figures 5a and S7) indicating
higher precipitation, which should result in a local decrease in 6D, . However, 6D, increases (Figure 4c), which
suggests advection from a non-local moisture source. It is possible that the increase in moisture advection is
derived from the highly HDO-enriched air mass in the southeast Pacific. In this case, the advected 6D, in the
midtroposphere may overwhelm the local E—P signal (which would act to deplete 6D,, via increased rainout).
In other words, in the central Pacific, the increase in 6D, is produced by the advection of enriched moisture
from the southeast Pacific (described in detail below).

Dynamical impacts on 6D, are also apparent in the ITCZ and Warm Pool. We expect that where E—P increases
(e.g., over the Indo-Pacificregion), 6D, should also increase. Examining Figures 4cand 5a, 6D, in fact decreases
in the midtroposphere, with a change as much as —20%o. This discrepancy requires contributions from a
third source of HDO-depleted moisture via either horizontal advection or lofted cloud condensate. Given
that E—P increases locally, the net moisture convergence should decrease. Further, the Warm Pool and
ITCZ are net precipitating regions, which means that local vertical transport likely follows a Rayleigh line.
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Figure 6. iCAM5 results: Detrained moisture fraction, 5/g, [10°S to 10°N], experiment minus control. Meridional average
across the tropical Pacific for detrainment, showing the fractional change in detrained moisture with respect to the
future — modern change in total moisture (q).

Less horizontal isotopic convergence shifts 6D, closer to the relatively depleted local Rayleigh values, and
thus, the midtropospheric (500-600 hPa) water isotope ratios are lower in the high-CO, simulations.

3.3.3. Detrainment

Changes in vertical transport, including detrainment, also influence 6D,,.iCAM5 includes a detrainment water
tag which represents both locally and remotely-advected detrained moisture. Figures 5b and 6 indicate a
modest reduction in cloud water and detrained moisture fraction in the Warm Pool region: convective clouds
moisten the midtroposphere via detrainment, and the small decrease in detrained moisture at these alti-
tudes may contribute to the decrease in 6D,,. The relatively large decrease in the detrained moisture fraction,
6/q (Figure 6) in the East Pacific compared to the West Pacific results in a significant west-east gradient in
the change in detrainment fraction (especially in the midtroposphere; see Figure S8). These changes align
with changes in @ in the model, such that regions with less (more) subsidence experience a larger (smaller)
decrease in detrained moisture fraction, linked to the strength of the tropical overturning circulation. Further,
Figure 5b indicates changes in cloud water that confirm a reduction in water content reaching the 500- to
600-hPa level in the western Pacific, but an increase in total cloud water in the central and eastern regions, sug-
gestive again of increased convection/reduced subsidence in the central Pacific but reduced upward motion
in the west.

3.3.4. Advection

Finally, changes in advection in the high-CO, experiment impact isotope ratios in midtropospheric vapor. The
advective tendencies for isotope ratios is given by

R _v.ve 6)
5t "

where R; is the water isotope ratio HDO/H®O, V is the 3-D wind field and VR; is the centered differ-
ence of isotope ratios in every grid cell. Figure 7 shows the change in isotope ratios due to advec-
tion in the modern (a), future (b), and the future minus modern difference (c). In the control experi-
ment (Figure 7a), the change in isotope ratios due to advection is positive in the central Pacific; positive
isotope ratios in the central Pacific are advected west by prevailing easterlies. For reference, Figure 8
shows tropical Pacific wind vectors superposed on the isotope ratios in the midtroposphere. The easter-
lies weaken aloft in the future warming experiment (Figure 8), consistent with a weakening Walker cell.
The reduced easterly strength corresponds to a reduction in the advection of isotopically enriched water
vapor to the west, resulting in the lower advective tendencies between 170°E and 190°E in Figure 7c.
Conversely, the advective tendencies support a modest increase (rather than the observed decrease) over
the IPWP and Maritime Continent. In this region, the isotopic change is likely dominated by local vertical
velocity changes.

In the eastern tropical Pacific, low isotope ratios above cold upwelling ocean waters (see Figure 8a) are
advected toward the west in the modern, and this weakens in the future. The reduced advection of depleted
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Figure 7. Advective tendencies for isotopes in water vapor, iCAM5. Change in water isotope ratios at 600 hPa due to
advection, (a) control, (b) experiment, and (c) experiment minus control.

moisture drives isotope ratio tendencies higher in the eastern tropical Pacific, ~130-90°W (Figure 7c). Thus, in
the eastern Pacific, (1) isotope ratios increase due to temperature forcing in the warmer climate and (2) given
less subsidence, higher isotope ratios, and slower easterlies, advection is positive. The advective tendencies for
isotope ratios essentially respond to slower easterly winds in a warmer atmosphere (Figure 8c), and this con-
tributes to reduced isotope ratios in the western and central tropical Pacific in the future experiment. Finally,
the wind fields in Figure 8c suggest that there is additional transport of depleted IPWP moisture into the south
central Pacific (~10°S, from 150°E to 150°W) via westerly wind anomalies in the experiment compared to the
control, evident in the low isotopic advection tendencies in the same region shown in Figure 7c.

To summarize, with reduced easterlies and less subsidence in the east, high isotope ratios accumulate (rather
than disperse, diverging outward due to subsidence, and advecting westward). We observe a coincident
reduction in deep convection in the western and central Pacific, consistent with warming predictions. This
convective change depletes the atmosphere in the western and central Pacific, allowing a depleted signal to
be advected to the west Pacific ~170°E. Finally, isotope ratios are highly sensitive to changes in the advec-
tion of moisture and are not controlled by changes in vertical velocity alone. Rather, the full signal indicates
systematic reorganization of convection. This link suggests that changes in vertical velocity as they relate to
water isotope ratios reflect, more broadly, the large-scale convective changes in the Walker cell.

Finally, we note that we do not show changes in convergence, as this term has a much smaller, if any, impact
on isotope ratios. Convergence can increase or decrease moisture, but it also increases isotopic moisture at
the same rate; thus, it does not produce a change in the actual ratio R. A derivation demonstrating this is given
in section S1.3.
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Figure 8. Changes in winds superposed on isotopes in water vapor, iCAMS5. Changes in advection can be explained via
changes in the winds and the spatial pattern of water isotopes in vapor at the 600-hPa level. Change in winds (vectors)
and simulated isotope ratios in water vapor, (a) control, (b) experiment, and (c) experiment minus control.

3.3.5. Net Isotopic Response and Comparison to Satellite Observations

All of the above-mentioned circulation impacts to midtropospheric water vapor emerge in the west-east gra-
dient in 6D,, across the tropical Pacific (Figure 9). The figure shows a horizontal cross section through the
600 hPa for both w (a) and 6D, (b) in the experiment versus control for iCAM5. Panel (a) shows changes in
w suggesting decreased upward motion in the western Pacific and decreased subsidence over the central
and eastern Pacific, together indicating a slowing of the Walker circulation. Examining the 6D, (Figure 9c),
the high-CO, experiment (red line) over the IPWP shows that 6D,, is lower than the control experiment (blue
line). In this region, increased moisture in the troposphere leads to more enriched §D,,. Convection enriches
the midtroposphere, and less uplift/convection would decrease the HDO enrichment. In essence, decreased
convection in the western Pacific leads to less water lofted into the midtroposphere, accompanied by a
decrease in 6D,,.. Conversely, in the eastern Pacific, the 6D, values are more enriched due to increasing tem-
peratures. Reduced subsidence would also allow convective mixing with moist boundary layer air to further
enrich midtropospheric vapor and would lessen drying of midtropospheric air and mixing with HDO-depleted
upper-tropospheric water masses. Together, these processes drive a robust isotopic signal of changes in
tropical circulation.

In the high-CO, experiment, the west-east gradient in midtrophospheric 56D, over the tropical Pacific weakens
(Figure 9¢). If 6D,, decreases with decreased convective uplift, higher E-P, and reduced advection of isotopi-
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Figure 9. iCAM5 results: changes in vapor isotopes and w across the tropical Pacific (W—E). (a) Future (warmer climate)
and modern o, (b) future (warmer climate) and modern 6Dy, at 500-600 hPa, and (c) inset for simulated changes in the
western Pacific (145 to 180°E). Changes in 5D vertical gradients may serve as a tracer for future changes to the tropical
hydrological cycle. (d, e) Tropospheric Emission Spectrometer (TES) retrievals across the Walker cell: (d) Midtropospheric
tropical 6D, estimated from TES satellite retrievals for El Nifio and La Nifia and (e) the mean difference between these
weak and strong Walker circulation periods, respectively. Midtropospheric TES 6D, is calculated from joint retrievals of
HDO and H,0 volume mixing ratios near the 620-hPa level, using the TES Lite version 6 data set (TES Science Team,
2013). The retrievals are filtered to ensure at least 0.5 degrees of freedom in the HDO vertical profile and a mean cloud
optical depth less than 3.6. HDO and H, O concentrations are then averaged daily to a 3 x 3° grid before being averaged
across weak and strong Walker circulation periods. El Nifio-Southern Oscillation composites are defined by the months
September-February with seasons 2006-2007 and 2009-2010 representing moderate El Nifio conditions (weak Walker
circulation) and seasons 2007-2008 and 2010-2011 representing moderate La Nifia conditions (strong Walker
circulation). Solid lines in panel (d) represent meridional means (spanning 21°S to 21°N) for each composite, with the
shading representing the standard error around the meridional estimate (n = 13). The meridional means and their errors
are smoothed using a span of 0.25. The thick black line in panel (e) represents the mean difference between El Nifio and
La Nifa composites at each meridian, with the thin black lines representing the standard error of the mean difference
estimate (n = 13). As in panel (d), the lines are smoothed using a span of 0.25.

cally enriched moisture in the western Pacific and simultaneously increase due to reduced subsidence and
weakened easterlies in the eastern Pacific, the west minus east (W—E) difference in 6D, will decrease as a
direct impact of circulation changes (Figure 9c). The W—E gradient in iCAM5 is 44%o in the modern control
and 19%o in the high-CO, warmer climate, which in total shows a shallowing in the W—E gradient of ~25%o (a
56% reduction) with a doubling of CO,. To quantify the extent to which the W—E gradient response in 6D, is
dynamic versus thermodynamic, we computed the same gradient for the Rayleigh-predicted response in the
single-column model for both regions. We obtain a difference of ~7.5%o due to temperature alone, indicating
that approximately 70% of the response is due to changes in circulation. The total shift of 25%o is sufficiently
large to be detectable via remote sensing. We propose that W—E gradient in 6D,, in the midtroposphere will
be reduced with future warming and serves as a dynamical fingerprint of changes in the strength of the
Walker circulation.
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4, Discussion: Detecting Changes in the Walker Circulation

Global warming will have large impacts on the global hydrological cycle, but these impacts remain uncertain
(Intergovernmental Panel on Climate Change, 2013). This work highlights the utility of water isotope ratios
to detect large-scale changes in the hydrological cycle and the Walker circulation in a warmer world. Both
GCM and Rayleigh single-column model results indicate that there is a dominant thermodynamic impact on
isotope ratios at most heights in the atmosphere, as warming coupled with higher humidity tend to enrich
isotopes in water vapor.

However, in high-CO, model simulations, isotope ratios in the midtroposphere (~700-500 hPa) are depleted
relative to expectations from thermodynamics alone. This isotopic depletion is driven by dynamical changes
in the tropical Pacific, the impacts of which are quantifiable. Simulations show vertical velocity slowing (less
upward motion in the west and less downward motion in the east). Consequently, isotope ratios decrease in
the west and increase in the east, consistent with changes in vertical moisture transport. The resulting W—E
6Dy, gradient is reduced with a weakening Walker circulation, potentially providing a diagnostic for past and
future changes in the overturning circulation. Dynamically-driven changes in water vapor isotopes are large
enough to detect and provide targets for future satellite retrievals.

Further, spatial variations in isotope ratios in the tropical Pacific show sensitivity to variables beyond a simple
W—E gradientin w. Changes along the ITCZ and South Pacific convergence zone are consistent with increasing
condensation (cloud content) and precipitation, while increasing 6D, along the eastern ITCZ and southeast
tropical Pacific are likely dominated by slowing easterlies and changes in advection. Changes in isotope ratios
provide much more than a record of changing vertical velocity: they are an indicator of the reorganization of
tropical convection and its relationship to the large-scale Walker circulation.

Monitoring future changes would require a joint modeling and observational effort to track changes to the
mean tropical circulation and, in particular, the strength of the Walker circulation in a warmer atmosphere
using water isotopes. Water isotope monitoring and remote sensing campaigns are generally sparse in both
space and time, especially for water vapor (e.g., Steen-Larsen et al., 2017). Such monitoring is critical for the val-
idation of isotope-enabled climate models. Water vapor isotope ratios are now regularly measured by satellite
missions, which measure upwelling radiance in different spectral bands sensitive to the absorption of water
vapor. At present, available satellite products include total column (Scanning Imaging Absorption Spectrom-
eter for Atmospheric Chartography, Frankenberg et al., 2009), midtropospheric (450 to 850 hPa, Tropospheric
Emission Spectrometer, TES Field et al., 2014), multilevel measurements of water vapor at 100-hPa spacing,
sensitive between 2- and 8-km altitude, from the Infrared Atmospheric Sounding Interferometer (Pougatchev
et al., 2009; Schneider et al., 2015; Siméoni et al., 1997), and upper-tropospheric (Advanced Composition
Explorer and Michelson Interferometer for Passive Atmospheric Sounding) HDO/H,O (Bernath et al., 2005;
Fischer et al., 2008). Satellite products for HDO often exhibit large differences and contain biases of up to 30%o
(Risi et al., 2012). TES does capture the impacts of rainout and the Walker circulation in the tropical Pacific, but
measures a large range of altitudes.

What precision is needed in satellite data products to capture (1) a change in the W—E gradient in 6Dy, in
the midtroposphere and thus (2) anthropogenic impacts on the hydrological cycle with water isotopes? Cur-
rently, available satellite missions measure 6D, in the atmospheric boundary layer, the free atmosphere, or
total column; our study suggests that more accurate midtroposphere measurements (above ~700 hPa) may
be needed to detect changes in convective mass flux using water vapor isotope ratios. Recent work using
TES observations across El Niflo-Southern Oscillation events show variations of 20-40%o in 6D, suggesting
that it is possible to distinguish between warmer and colder phases in the tropical Pacific and related circula-
tion changes (Bailey et al., 2017). Figures 9d, 9e, and S6 show the difference in water isotopes in vapor in TES
satellite retrievals for composite ENSO events spanning 2004-2011 and compares changes in w to observa-
tions of water isotope ratios and iCAMS5-simulated 6D,,. These observations, though limited in time, suggest
circulation changes with ENSO leave an isotopic fingerprint (Bailey et al., 2017) and that a decelerated Walker
tends toward El Nifio-like conditions (in agreement with Vecchi & Soden, 2007). Further, Figures 9d and 9e
show that 6D,, estimated from TES satellite retrievals for El Nifio versus La Nifa are consistent with the mod-
els’ future prediction of a shoaling W—E gradient in 6D, with mean warming. Thus, we assert that there is
large potential, with future improvements to these satellite retrievals of HDO and H,O, to capture dynamical
changes captured by water isotopes in midtroposphere. Even though ENSO is not an exact proxy for changes
in the Walker circulation with global warming, the Walker circulation does weaken during El Nifio compared

DEEET AL.

WATER ISOTOPES IN VAPOR AND GLOBAL WARMING 7266



~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2017JD027915

to La Nifa (Vecchi & Soden, 2007). There is thus reason to believe that satellite retrievals of isotope ratios in
water vapor are capable of detecting isotopic changes caused by a weakening of the Walker circulation.

This work also harbors important implications for paleoclimate interpretations of isotopic reconstructions in
the tropics. Our analysis indicates that water isotopes are strongly affected by thermodynamic processes in
the free troposphere, including in the tropics where the impacts of temperature on water isotope records are
usually not considered. Rather, paleoclimate reconstructions from the deep tropics have primarily focused
on the changes in the hydrological cycle and precipitation amount. Our analysis shows that the impacts of
temperature on water isotope ratios should be fully considered in the climate reconstructions and via addi-
tional work with coupled GCMs. Further, rain primarily forms in the lower atmosphere (the boundary layer
or lower-middle free troposphere) where moisture concentrations are higher, providing added evidence that
proxies that record rain amount will capture a lower-atmospheric signal largely controlled by thermodynam-
ics. Changes due to circulation or a reorganization of the hydrological cycle might prove difficult to tease
apart from thermodynamic changes in geochemical archives of past climate. These complications highlight
the importance of the use of water isotope-enabled models and proxy system models (e.g., Dee, Emile-Geay,
etal, 2015) in paleoclimate data-model comparison.

We acknowledge important caveats to this study. The results presented here are specific to one isotope-
enabled model, iCAM5. A comparison of observations (TES) and iCAM5 suggests that this model provides a
realistic simulation of midtroposphere isotope ratios in the present (supporting information Figure S6 com-
pares ERA-Interim reanalysis w values and TES 6D, to community atmosphere model version 5 for ENSO event
composites). Because of iCAM5's strong agreement with available observations, we assert that our method-
ology puts forth an important test for other models. A companion simulation with IsoGSM reveals that both
models show changes in @ consistent with a slowing Walker cell in a warming atmosphere (Figures S3 and S4),
weakening easterly winds aloft (Figure S10), and anomalous depletion of midtropospheric 6D, in the central
tropical Pacific (Figure S5)—a result that provides confidence as it is common to both models. However, dif-
ferences emerge between the two state-of-the-art GCMs, in part because the forcing and control simulations
differ (see supporting information section 51.2). IsoGSM shows characteristic differences in its simulation of
isotope ratios with height, which, coupled with differences among models in the advection term (Figure S9),
results in large differences in water vapor isotope profiles and spatial patterns. IsoGSM’s signal of isotopic
depletion in the warming simulation is localized to the south central Pacific rather than the western Pacific as
in iCAMS5. Figures S3 and S4 show that the longitudinal changes in the strength of the Walker are also different
in both models. We expect different circulation responses due to different forcing and also different isotope
physics parameterizations.

To this end, differences in the simulation of midtropospheric isotope ratio profiles should be diagnosed across
a suite of isotope-enabled models (e.g., Table S1, Hoffman et al., 1998; Kurita et al., 2011; Liu et al., 2014;
Mathieu etal., 2002; Mignot & Bony, 2013; Noone, 2002; Peixoto & Oort, 1992; Reuter et al., 2018; Risi et al., 2010;
Schmidtetal., 2007; Tindall et al., 2009; Werner et al., 201 1). Such simulations need to employ identical CO, and
SST forcing in order to evaluate intermodel differences in the isotopic response. Comparison across multiple
models is crucial for establishing robust isotope diagnostics of changes in the tropical overturning circulation.
In future work, we hope to perform an isotope-enabled model intercomparison project investigating changes
in the Walker cell as recorded by midtropospheric isotopes in vapor, focusing on differences in, for example,
models’ cloud physics. Such work is ongoing.

Better diagnostics are needed for the many processes impacting isotopes in vapor related to circulation (e.g.,
impacts of residence time, Aggarwal et al.,, 2012; divergence, Bailey et al., 2017; Lee et al., 2007; precipitation
efficiency, Bailey et al., 2015; cloud physics, Moore et al., 2016; and updraft strength on the isotopic signal
Bolot et al., 2013), and we have yet to fully address the impact of horizontal transport, potentially using water
tracer/tagging experiments. Further, recent modeling work has challenged the relationship between global
convective mass flux M and the strength of the Walker circulation, which is formally defined by SLP gradientsin
the tropical Pacific (Sandeep et al., 2014). The dynamical controls on changes in the Walker circulation require
further observation and a greater diversity in model simulations. Finally, recent work demonstrating the utility
of incorporating of water isotope ratios in data assimilation-based reanalyses may provide more advanced
data products with which to investigate the relationships between M and §D,, (Yoshimura et al., 2014).

Changes to the dynamics of the hydrological cycle in response to global warming will be caused in part by
increased atmospheric water vapor, which amplifies other climate system feedbacks (Schneider et al., 2010).
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Further, uncertainties in the simulation of convective processes are currently a major source of uncertainty in
projections of future climate and climate sensitivity estimates (e.g., Sherwood et al., 2014, 2015). Water iso-
topes in both GCMs and satellite-derived observations provide a quantitative measure changes in convective
mass transport in the atmosphere and, more globally, help diagnose changes to the atmospheric water cycle
on a warmer planet. This study lays the groundwork for large-scale detection of changes in the strength of the
Walker circulation and trends in vertical mass transport observable in water isotope space. This is a first step
in setting targets for remote sensing and in situ observations of future changes to the hydrological cycle.
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