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Abstract Because of the pervasive role of water in the Earth system, the relative abundances of stable
isotopologues of water are valuable for understanding atmospheric, oceanic, and biospheric processes,
and for interpreting paleoclimate proxy reconstructions. Isotopologues are transported by both large-scale
and turbulent flows, and the ratio of heavy to light isotopologues changes due to fractionation that can
accompany condensation and evaporation processes. Correctly predicting the isotopic distributions requires
resolving the relationships between large-scale ocean and atmospheric circulation and smaller-scale
hydrological processes, which can be accomplished within a coupled climate modeling framework. Here we
present the water isotope-enabled version of the Community Earth System Model version 1 (iCESM1),
which simulates global variations in water isotopic ratios in the atmosphere, land, ocean, and sea ice. In a
transient Last Millennium simulation covering the 850-2005 period, iCESM1 correctly captures the
late-twentieth-century structure of 8'*0 and 8D over the global oceans, with more limited accuracy over
land. The relationship between salinity and seawater §'%0 is also well represented over the observational
period, including interbasin variations. We illustrate the utility of coupled, isotope-enabled simulations
using both Last Millennium simulations and freshwater hosing experiments with iCESM1. Closing the
isotopic mass balance between all components of the coupled model provides new confidence in the
underlying depiction of the water cycle in CESM, while also highlighting areas where the underlying
hydrologic balance can be improved. The iCESM1 is poised to be a vital community resource for ongoing
model development with both modern and paleoclimate applications.

1. Introduction

The isotopic ratios of hydrogen and oxygen in water (i.e., 1°0/*®0, H/D) are affected by processes throughout
the hydrological cycle, including isotopic fractionation during evaporation, condensation, and isotopic
exchange between raindrops and the surrounding vapor; interaction between large-scale and turbulent-scale
transport; and variation in moisture source regions (Craig, 1961; Craig & Gordon, 1965; Dansgaard, 1964;
Epstein et al., 1965; Gat, 2000; Galewsky et al., 2016). The relative abundances of stable isotopes (given by
the isotope ratios, R, and hereafter denoted by delta notation, §'*0 and 8D, where 8 = (R/R; - 1) X 1,000
and R; is the isotope ratio of the international standard reference material) are sensitive tracers of
hydrological activity, which provide valuable tools for inferring atmospheric circulation (e.g., Aggarwal
et al., 2016; Dee et al., 2018; Noone, 2008). Because of the large spatial and temporal scales of the relevant
processes, isotope ratios often provide more robust information on large-scale circulation than more
commonly observed physical variables such as precipitation, which is often strongly affected by localized
processes (Hu et al., 2018; Konecky et al., 2013). As such, the observational community is beginning to
leverage these capacities of water isotopes (Berkelhammer et al., 2012; Galewsky et al., 2016; Kuang et al.,
2003; Noone, 2012; Tremoy et al., 2014).

Understanding the controls on isotope ratios is critical in paleoclimate research. Most “proxy”
reconstructions are made using measurements of isotopic ratios in natural archives such as ice cores (e.g.,
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Dansgaard et al., 1993; Epstein & Mayeda, 1953; Petit et al., 1999; North Greenland Eemian Ice Drilling
Project NEEM community members, 2013), corals (e.g., Cobb et al., 2003, 2013), speleothems (e.g., Wang
et al., 2001), and marine and lake sediments (e.g., Zachos et al., 2001). Most of these archives are intricately
reliant on isotope ratios in the water cycle. As such, using proxy records to interpret past climate variations
in the atmosphere and ocean requires not only an understanding of the proxy system (reef, speleothem, etc.;
Evans et al., 2013) but also of how physical variables (temperature, precipitation, soil moisture, etc.) lead to
changes in the isotopic expression at the location of the proxy site. This has been estimated using empirical
relationships in observations (e.g., Dee et al., 2018; Moerman et al., 2014), but a detailed physical under-
standing requires the use of climate models with the capacity to directly simulate water isotope ratios.

Efforts to simulate water isotope ratios in climate models span at least half a decade. Earlier isotope-enabled
simulations typically included only the atmosphere and land surface (Field et al., 2014; Hoffmann et al.,
1998; Joussaume et al., 1984; Jouzel et al., 1987; Jouzel et al.,, 1991; Mathieu et al., 2002; Noone &
Simmonds, 2002; Noone & Sturm, 2010; Werner et al., 2011), and have been found to be reliable in reprodu-
cing the extensive database of precipitation observations from the Global Network for Isotopes in
Precipitation (GNIP) (IAEA/WMO, 2016). There are fewer more recent atmospheric models with isotopic
tracers that have been compared to isotope ratios of tropospheric water vapor from satellite or in situ obser-
vations (notably, Schmidt et al., 2005, Risi et al., 2012; Nusbaumer et al., 2017). Water isotope ratios have also
been included in ocean general circulation models (Delaygue et al., 2000; Paul et al., 1999; Schmidt, 1998,
1999) and used for constructing past and present three-dimensional tracer fields (Wadley et al., 2002).
Some efforts to understand the diversity of simulated isotopic variations across models have also been
completed, most prominently through the Stable Water Isotope Intercomparison Group version 2 project
(Conroy et al., 2013; Risi et al., 2012).

With the recognition of the importance of coupled dynamics, there is also focus on coupled isotope-enabled
simulations. Intermediate-complexity coupled models such as SPEEDY-IER (Dee et al.,, 2015) and
iLOVECLIM (Caley & Roche, 2013; Roche, 2013) are computationally inexpensive, but do not include many
important processes such as atmospheric convection/cloud formation, land surface processes, and sea ice
effects. As such, the use of fully coupled general circulation models has gained popularity (LeGrande &
Schmidt, 2008; Risi et al., 2010; Russon et al., 2013; Schmidt et al., 2007; Tindall et al., 2009; Werner et al.,
2016). However, increasing the number of isotope-enabled general circulation models is critical, as the diver-
sity of model representations of both mean climate and climate variability is well documented for both phy-
sical and isotopic variables (Conroy et al., 2013; Risi et al., 2012; Stevenson, 2012). Additionally, no
systematic intercomparisons of newer isotope-enabled model versions have been completed since Stable
Water Isotope Intercomparison Group version 2. Thus, the degree to which recent model improvements lead
to enhanced capacity for correctly capturing isotopic variability remains an open question. These model
improvements are substantial in many cases; for instance, the simulation of the El Nifio-Southern
Oscillation (ENSO) has improved drastically in the Community Earth System Model version 1 (CESM1;
Bellenger et al., 2014) relative to previous model versions (e.g., the Community Climate System Model
version 4; Gent et al., 2011), and it is expected that these types of advances will lead to corresponding
improvements in the isotopic simulation.

Here we present a new version of CESM1 (Hurrell et al., 2013), including the capacity to simulate hydrogen
and oxygen isotope ratios in the water cycle and both abiotic radiocarbon and biotic *C/**C ocean tracers
(Jahn et al., 2015). The CESM is one of the most widely used climate models in the world, owing to its unique
open-source nature and the availability of publicly hosted community ensemble simulations (Kay et al.,
2015; Otto-Bliesner et al., 2016). However, although some components of the previous model versions
(e.g., CCM3, CAM2, Community Atmosphere Model, version 3 (CAM3)) have included isotopic simulation
capacity (e.g., Guan et al., 2016; Tharammal et al., 2013), to date no isotopic processes had been included in
the fully coupled CESM. This new model version (hereafter “iICESM1”) thus represents a significant
technical advance, as the isotopic simulation capabilities will be retained through successive model
generations. iCESM1 is already being used in a variety of contexts, including the water isotope-enabled
simulation of the Last Glacial Maximum (Zhu et al., 2017b), freshwater hosing experiments to mimic the
Heinrich-like events (Zhu et al., 2017a), orbital-driven monsoon variability (Tabor et al., 2018), and the crea-
tion of an isotope-enabled Last Millennium community ensemble analogous to the CESM Last Millennium
Ensemble (Otto-Bliesner et al., 2016).
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Figure 1. A schematic of iCESM1 showing the five major model components (iCAM, iCLM, iRTM, iPOP, and iCICE) and
all of the major intercomponent fluxes that impact water isotopes. It should be noted that although some of these
fluxes are only shown once, they occur for multiple components (e.g., dew/frost can occur between iCAM and iCLM,
iPOP, and iCICE).

2. Model Description

A diagram of the iCESM1 model components and moisture fluxes is shown in Figure 1. The isotope-enabled
model has as its base the CESM1.2 release (http://www.cesm.ucar.edu/models/cesm1.2/), which has active
atmosphere, land, ocean, river transport, and sea ice component models linked through a coupler. The atmo-
sphere component model is the CAM5.3 (Neale et al., 2010) and the land component is the Community Land
Model, version 4 (CLM4; Oleson et al., 2010). Here we adopt the “FV2” version of CESM, where FV2 refers to
the finite-volume dynamical core and the nominal 2° resolution. (The FV2 CESM has a horizontal resolution
of 1.9° in latitude and 2.5° in longitude.) The ocean and sea ice components are the Parallel Ocean Program
version 2 (POP2; Smith et al., 2010) and the Los Alamos Sea Ice Model version 4 (CICE4; Hunke, 2010).
POP2 and CICE4 here use a common grid of size 320 X 384, a displaced-pole grid with poles in Greenland
and Antarctica, and a nominal 1° resolution with enhancement near the equator and in the North
Atlantic. A River Transport Model routes total runoff from the land surface model to either the active ocean
or marginal seas, enabling the hydrological cycle to be closed. This version of CESM has been previously
shown to well simulate preindustrial and present-day climate (e.g., Hurrell et al., 2013; Kay et al., 2015;
Otto-Bliesner et al., 2016).

Water isotope ratios, and the associated fluxes and isotopic fractionations, are tracked in all of the
components of the hydrologic cycle: atmospheric water vapor and clouds, soil moisture and other land
surface water pools, oceans, and sea ice. Fractionation describes the vapor pressure-dependent equilibrium
fractionation, or the mass-dependent kinetic fractionation that accompanies molecular diffusion. Due to
fractionation effects, isotopic species respond slightly differently to hydrologic processes (e.g., through
different rates of evaporation and associated latent heating/cooling). However, the resulting differences in
isotope ratios are assumed to have negligible influence on latent heating or heat capacity and are not large
enough to directly impact the hydrologic cycle itself, nor its interactions with the rest of the climate system.
Thus, the first step in representing water isotopes in a climate model is to create a new, parallel hydrologic
cycle for the isotope tracers. This diagnostic hydrologic cycle experiences all the same changes and processes
that the regular water cycle does, but has no influence on any other underlying simulation of the predicted
state of the model. The simulated water isotopes are represented as numerical “water tracers”; they track

BRADY ET AL.

2549



'AND SPACESCIENCE

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001663

water through space and time, through the different phases of water, and the different components of the
hydrologic cycle (e.g., Bosilovich, 2002; Dyer et al., 2017; Noone & Simmonds, 2002; Risi et al., 2010;
Singh et al., 2016). This secondary water tracer cycle has been implemented in all components of CESM,
except land ice, along with the necessary fractionation physics routines.

iCESM is designed to ensure that the physics governing isotopic and other physical variables correspond as
closely as possible with one another. This means requiring that certain isotope-specific processes respond
directly to simulated physical processes, rather than tuning to match isotopic observations. For example, iso-
topic fractionation during rain re-evaporation is sometimes tuned to minimize the simulated isotopic error
by prescribing a certain evaporation fraction (e.g., Hoffmann et al., 1998; Jouzel et al., 1987, 1991). By con-
trast, in iCESM this fractionation is governed directly by the precipitation flux simulated by the model.
Following model physics rather than separately tuning isotopic processes may result in larger disagreement
with observations in some cases; however, it allows water isotope observations to be more easily used to
evaluate the underlying model physics. This is particularly valuable given the recent advent of global data
sets from satellite instruments and high-frequency in situ spectrometer measurements (for a recent survey
of isotope ratio data sets, see Galewsky et al. (2016)). These data sets provide the potential to constrain global
physical processes using water isotope ratios (Bony et al., 2008; Field et al., 2014; Schmidt et al., 2005), and to
improve future versions of CESM (Nusbaumer et al., 2017).

Water tracers can also be used as water “tags” in the atmosphere and ocean, where aspects of the secondary
water tracer hydrologic cycle are turned off for a particular tracer to isolate, or tag, a specific region or
process. Water tags have a long history of use in climate and weather models, as they allow for the detailed
evaluation of moisture sources and sinks (Dominguez et al., 2016; Koster et al., 1986; Lewis et al., 2010;
Noone & Simmonds, 2002; Sodemann et al., 2009; Zhang et al., 2017). Water tagging has been implemented
in the atmospheric component of CESM with new infrastructure within CAM and CLM to facilitate a variety
of applications. For instance, the scheme has already been used to examine global (Singh et al., 2016) and
regional (Dyer et al., 2017) variations in moisture source, as well as to determine the average moisture
sources for specific weather phenomena (Nusbaumer & Noone, 2018). This water tagging can be applied
to water isotopologues as well, allowing one to determine the impact of moisture source and pathway
changes on the isotope ratios for a particular region (Tabor et al., 2018; Zhu et al., 2017a). We note that water
tagging currently requires custom coding within the coupler to enable tag information to pass between
components, and in the default configuration iCESM has tags within each of CAMS5, CLM4, and POP2 as
independent components (i.e., tags are not coupled).

2.1. Atmosphere Model

The atmospheric component of iCESM1 is the isotope-enabled Community Atmosphere Model version 5.3
(iCAMS5.3), which is based on the original, nonisotope enabled CAMS5 (Neale et al., 2010). iCAM5.3 includes
an additional, passive tracer hydrologic cycle that follows standard “bulk” model water in all phases through
surface fluxes and boundary layer mixing, shallow convection, deep convection, cloud macrophysics and
microphysics, and advection via the resolved large-scale atmospheric dynamics. The isotopic water vapor
model state variable is proportional to specific humidity, and described as q; = yR/R; q, where q is the specific
humidity, subscript i denotes the isotopologue, y is the number of possible isotopic substitution sites in water
(1 for 80 and 2 for *H), R is the molar ratio between the heavy and light isotopologue or water tracer, and Ry
is an isotope ratio of an appropriate standard. It is useful to choose R to be the international standard (i.e.,
V-SMOW), which ensures similar numerical truncation error for the bulk water and isotopic species while
also preserving mass during advection. This hydrologic cycle can be used to simulate both water tracers or
tags and water isotopes, and therefore can track the isotope ratio of tagged water. The isotopic scheme is built
on the same philosophy as previous isotopic models (especially, Jouzel et al., 1987; Hoffmann et al., 1998;
Noone & Simmonds, 2002; Noone & Sturm, 2010), and modified to match the more sophisticated cloud
schemes in CAMS5 relative to prior models.

For water isotopologues, equilibrium fractionation occurs whenever there is a phase change of water, except
for the sublimation of ice directly into vapor. In both convective and stratiform clouds, cloud liquid is
assumed to be maintained in equilibrium with interstitial vapor. Ice is deposited from vapor (onto small
crystals or snow) and is accompanied by a kinetic effect (Jouzel & Merlivat, 1984). No fractionation occurs
during melting or freezing of ice and liquid condensate (cloud and falling precipitation). The Wegner-
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Bergeron-Findisen process is treated as a special case to model the isotopic effects for transition from liquid
to ice via vapor phase in mixed phase clouds. This is accompanied by kinetic fractionation during redeposi-
tion of the newly evaporated vapor onto ice. Isotopic exchange occurs as raindrops fall and follows the
approach outlined by Stewart (1975) that describes the approach toward equilibrium that is mediated by
the diffusive flux adjusted for ventilation effects. This expression of diffusion provides a kinetic fractionation
as drops fall. The amount of isotopic equilibration between raindrops and vapor that occurs is a function of
rain drop size, which is itself estimated from the rain rate. Thus, high rain rates result in large drop sizes and
partial equilibration, while low rain rates result in small drop sizes and (near-)complete equilibration. Both
equilibrium and kinetic fractionation occur during surface ocean evaporation based on a Craig and Gordon
(1965) approach modified to include kinetic effects (Merlivat & Jouzel, 1979). A change was made to the
CAMS5.3 formulation to track both ice and liquid within convective updrafts (rather than just total conden-
sate), which facilitates a different ice formation pathways and detrainment of both ice and liquid to the
environment. This change was required to allocate detrained condensate to ice and liquid stratiform cloud.
A more in-depth description of the isotopic physics, along with an analysis of iCAMS5.3 results compared to
observations, can be found in Nusbaumer et al. (2017).

2.2. Land Model

The CLM4 (Oleson et al., 2010) is used as the land surface component of iCESM. CLM4 is a one-dimensional
surface model of the energy, momentum, water, and CO, exchanges between land and atmosphere. CLM4
accounts for ecosystem dynamics, biophysical, hydrological, and biogeochemical processes based on plant
functional types. The isotope-enabled version of CLM4, iCLM4, contains a parallel water isotopic hydrology
that is similar to the implementation in CAMS, and the isotopic fractionation scheme follows a similar
philosophy as was used in an earlier National Center for Atmospheric Research Land Surface Model
(Buenning et al., 2011; Kanner et al., 2014; Noone & Simmonds 2002; Riley et al., 2002). The native CLM4 stores
water in four pools: soil liquid water and ice, snowpack, and moisture intercepted by the vegetation canopy.

As in CAMS5, the state variable carried for isotope tracers is proportional to the product of the isotope ratio
and the primary state variable, with accompanying isotopic fluxes. Liquid water transport in the soil results
from solution of an approximate Richards equation, and the isotopic tracer transport follows the diagnosed
fluxes without fractionation. Melt and freeze of belowground and aboveground water occurs with no
fractionation, and the transport of isotopic tracers within the snowpack follows that of bulk water with no
fractionation. It was found for stability of the solution in locations near ice margins, frost must be formed
without fractionation to avoid sequential enrichment over a series of diel cycles of frost and sublimation.
Snowpack has a maximum depth of 1 m (water equivalent) over continental ice and ice sheets. In both
Greenland and Antarctica this represents several years of accumulation. Furthermore, if the incident snow
and precipitation would lead a grid cell to exceed the 1-m water equivalent maximum in the snowpack, the
excess water is channeled into runoff with the isotopic ratio of the incident water (no mixing with the exist-
ing water in the snowpack). For isotopic fractionation during evaporation and sublimation from snowpack
(more than 10 mm of accumulation), only the isotope ratio of the top snow layer is included. These choices
are made to remain consistent with the native CLM4 model physics.

For vegetated plant functional types iCLM4 uses an implicit solver to maintain a five-way water isotopic flux
balance between the total land surface evapotranspiration flux and the sum of (1) surface evaporation,
(2) evaporation of canopy-intercepted water, and transpiration from sunlit (3) and shaded (4) leaves, and
(5) export of water vapor from the canopy airspace to the atmosphere above. An implicit scheme is used
to maintain stability of the upper layer soil water and canopy intercepted water in cases where the evapora-
tion is near complete. At each time step, the updated water isotope ratios are calculated to satisfy this
mass balance.

It is assumed that transpired water has the same isotope ratio as the root-weighted soil water, while the iso-
tope ratio of leaf water is set by the requirement of isotopic mass balance within the plant (i.e., water mass in
plants is constant, and small compared to transpiration flux). The nonvegetated case is a simplification of
this five-way balance that excludes transpiration. Evaporation from soil includes kinetic fractionation based
on both aerodynamic and soil diffusive transport. Transpiration includes kinetic fractionation due to aero-
dynamic transport from the canopy, though a leaf boundary layer and due to stomatal conductance.
Evaporation from soil includes kinetic fractionation based on both aerodynamic and soil diffusive
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transport. No fractionation process takes place in the isotope-enabled River Transport Model. The isotopic
river runoff is simply routed to the ocean, as is done for the bulk water (Oleson et al., 2010). The interested
reader is referred to Wong et al. (2017) for further details regarding iCLM4.

2.3. Ocean Model

The ocean component of the iCESM1 is based on the isotope-enabled, stand-alone POP2 (Zhang et al., 2017).
Water isotopes are transported by both resolved flow and parameterized (diffusive) turbulence in the ocean
interior as a passive tracer. The model simulated surface seawater isotope ratios are used to compute eva-
poration. Freshwater fluxes represented are evaporation, precipitation, river runoff, and sea ice formation,
with an option to include an additional surface freshwater flux to account for glacial discharge in paleocli-
mate applications. These isotopic fluxes are passed through the coupler and used to construct a surface
boundary condition for the isotopic water tracers. The global ocean volume is fixed in POP2, which requires
the use of a “virtual isotopic flux,” analogous to the virtual salt flux, in the implementation of the surface
boundary condition. Bulk and isotopic water fluxes of evaporation, precipitation, runoff, and freezing and
melting of ice received by the ocean are converted into a virtual isotopic flux applied to the top ocean layer.

Following the marginal sea balancing scheme for the bulk surface freshwater flux and salinity in the stan-
dard POP (Smith et al., 2010), a parallel isotopic marginal sea balancing scheme has been implemented in
isotope-enabled, stand-alone POP2 for the isotopic surface water flux and seawater isotope ratios. Unlike
the surface heat flux and sea surface temperature (SST), there is no direct negative feedback between the sur-
face freshwater flux and salinity. As a result, POP2 could produce unphysical salinity in isolated marginal
sea regions (e.g., a negative salinity in marginal seas with large freshwater input from river runoff). To miti-
gate this issue, the standard POP2 implements a marginal sea balancing scheme, which transports any
excess/deficit of freshwater flux over a marginal sea to the nearby open ocean (Smith et al., 2010). This
method implicitly connects marginal seas with the active ocean and conserves the total water in the system.
We have implemented a parallel marginal sea balancing scheme for the isotopic water flux and seawater iso-
tope ratios, in which any excess/deficit of isotopic water flux over a marginal sea is redirected to the nearby
open ocean, an effort to remove any unrealistic seawater isotope ratios over the marginal seas. As in standard
POP2, marginal seas in a modern climate configuration of isotope-enabled, stand-alone POP2 include the
Red Sea, the Baltic Sea, the Black Sea, and the Caspian Sea.

2.4. Sea Ice Model

Water isotope tracers in iCICE4 are treated similarly to other tracer concentrations. Just as in standard
CICE4, the sinks of the isotopic water mass in the sea ice-snow system are top, bottom, and lateral melting
and sublimation. The sources include snowfall, congelation and frazil sea ice growth, and vapor condensa-
tion. Snow is converted to sea ice when flooded with seawater. In addition to these thermodynamic changes,
the sea ice dynamics transport the isotopes; these are conserved in the advection scheme. The subgrid-scale
ice thickness distribution will redistribute the isotopes between thickness categories, but the overall grid cell
concentration is not changed.

Currently, fractionation in iCICE4 is applied during vapor condensation and sea ice formation. The
condensation includes any “negative evaporation” over snow-covered and bare sea ice. The fractionation
coefficients for vapor condensation were adopted from Majoube (1971). The formation of sea ice (both con-
gelation and frazil) in iCICE4 follows an equilibrium fractionation process (Lehmann & Siegenthaler, 1991).
The uptake of a water isotopologue is a product of the mass of new bulk sea ice, isotopic ratio of the surface
seawater, and the corresponding fractionation coefficient. Sea ice melting occurs without fractionation.
Rainfall over sea ice, including the isotopic information, is not accumulated on the sea ice and is passed
to the ocean directly by the model.

2.5. The Coupling and Optional Flux Correction

The CESM coupler passes information on isotopic water fluxes and state variables between components
using the same methodology as for bulk water. Each model sends relevant fields and fluxes necessary for
coupling the isotopic hydrologic cycle on their respective grids to the coupler. These isotopic water fluxes
and state variables are remapped and merged for the exchange on the appropriate grid, and sent to each
model for use in driving the isotopic hydrologic cycle. Details about the computation of isotopic evaporation
over the sea surface can be found in Nusbaumer et al. (2017).
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Figure 2. (a) Annual average precipitation in mm/day and (c) surface relative humidity in percent as simulated by iCESM1. Also shown are the differences between
iCESM and ERA-Interim for (b) precipitation and (d) surface relative humidity. The iCESM values were averaged over model years 1950-2005.

By design, iCESM1 conserves (to the order of the numerical schemes) the total water mass and total isoto-
pologue mass within all components. This requires some care in setting model initial conditions that match
natural abundances. In practice this has been accomplished in an ad hoc manner by allowing each of the
component models to be close to the observed values as part of their initialization and spin-up procedure,
and recognizing that the overwhelming majority of water within the simulated system is in the ocean.
Here seawater has global volume-mean values of 0.05%0 and 0.4%. for §180 and 8D, respectively.

Despite the goal of mass conservation, after coupling all the components together, there is a drift in the total
water isotopes in the ocean. The trend in global volume-averaged 5'%0 in the ocean is about —0.05%o/kyr.
Further diagnostics suggest that the drift is attributable primarily to the isotope-enabled atmosphere and sec-
ond to the land model. To mitigate this drift, an optional flux correction can be implemented at the ocean
surface, adding a constant isotope water flux to compensate for the lost isotopic water. This optional flux cor-
rection removes trend in global mean ocean §'®0 and 8D. After more than 1,000 years of integration with the
flux correction, trend in surface ocean §'%0 is on the order of —0.001%o/kyr, which reflects the internal
adjustments of 8'%0 within the ocean. If long simulations (~1,000 model years) are required, we recommend
that this flux correction be turned on, as the numerical drift in §'30 could be significant, particularly in the
upper ocean. Note that a comparable drift in water isotopes has been reported from other modeling groups
(e.g., Russon et al., 2013).

3. Results
3.1. Transient Last Millennium Simulation

The simulation analyzed here is the twentieth-century portion of a transient simulation of the last millen-
nium, covering 850-2005 CE. This simulation was run using the same configuration (model resolution
and transient external forcings) as the CESM Last Millennium Ensemble (Otto-Bliesner et al., 2016), includ-
ing time-varying orbital configurations, solar irradiances, and greenhouse gas emissions, as well as volcanic
aerosol forcing and anthropogenic influences from aerosol emissions and land use/land cover changes.

The Last Millennium iCESM simulation was initialized from a preindustrial control simulation with fixed
850 CE forcings, which was initialized from the gridded seawater §'®0 data set of LeGrande and Schmidt
(2006) and integrated for 1,000 years to allow equilibration. Initial conditions for 8D were generated by
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Figure 3. (a) Zonal and annual average air temperature in kelvin and (c) specific humidity in g/kg as simulated by
iCESM1.2. Also shown are the differences between iCESM and ERA-Interim for (b) air temperature and (d) specific
humidity. The iCESM values were averaged over model years 1950-2005.

scaling 8'%0 by a factor of 8. These initial conditions were chosen to minimize the computational cost of
ocean spin-up, which can take up to 6,000 years if initialized far from equilibrium (Jahn et al., 2015;
Zhang et al., 2017). iCLM4 and iCAMS5 were initialized from a near-equilibrium state from a previous
150-year simulation with fixed SST. Uncoupled experiments suggest that approximately 50 years is
sufficient to bring deep soil water isotope ratios close to equilibrium in most locations. From this
simulation, the transient last millennium run was branched off at year 850 and run with subsequent time-
varying forcings as described above. This approach was also used to create other Last Millennium
iCESM1 experiments, including both fully forced (using all external forcing factors) and single-
forcing experiments.

3.2. Atmospheric and Terrestrial Perspectives

The simulated physical state of the atmosphere in iCESM1 compares reasonably well to ERA-Interim
(Figures 2 and 3), although there are noticeable biases, such as the presence of a double ITCZ. The model
is also generally too cold and too humid relative to ERA-Interim, consistent with iCAM results from
Nusbaumer et al. (2017). Figure 4 shows the average 880 of precipitation (Figure 4a) and d-excess of preci-
pitation (Figure 4b), compared with the GNIP. As shown below, and known from observations, the spatial
variations in isotope ratios in the ocean are quite small relative to variations in precipitation. Therefore, dif-
ferences in the simulations of isotope ratios in iCESM relative to iCAM result mainly from differences in the
simulation of the climate when ocean temperatures are allowed to evolve rather than using observed SSTs.
Consequently, the broad features, also simulated in the uncoupled configuration, are reproduced here: polar
regions have low isotope ratios due to systematic rainout during transport, the subtropical regions have high
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Figure 4. (a) Annual average precipitation 580 and (b) d-excess from iCESM1.2 (contours) and GNIP (circles). Also shown are the (c) average 580 and

(d) d-excess values from the model grid cells closest to each GNIP station, compared against those GNIP values. The black line shows the values for a “perfect”
match with GNIP. The differences between iCESM1.2 and iCAM5/iCLM4 with prescribed SSTs are also shown for (e) precipitation 5180 and (f) d-excess. The
iCESM1.2 values were averaged over model years 1950-2005. The iCAM5 and GNIP values were the same used in Nusbaumer et al. (2017).

delta values associated with regions where evaporation dominates, the ITCZ region is a local minimum, and
continental interiors have generally lower isotope ratios than surrounding oceans (viz., Dansgaard, 1964). As
in the uncoupled model, the residence time for water in the atmosphere is on the order of weeks to months,
and therefore, these isotope relationships emerge from the simulation and are free from the influence of the
initial state after the spin-up period. Figures 4c and 4d show a scatterplot of the iCESM1 precipitation 8'*0
(Figure 4c) and d-excess (Figure 4d) values for the grid points closest to the GNIP stations, with the black
solid line representing a perfect match. iCESM1 captures the general qualitative and quantitative features
of isotopes in precipitation, but does exhibit a depleted bias in precipitation §'*0 (median bias = —2.5%),
which is comparable to that in the uncoupled configuration (median bias = —2.2%. from Nusbaumer
et al. (2017)). The deuterium excess, d-excess (defined d-excess = 8D — 8 x 8'%0), values are not
simulated well, with less correlation with the observations and too large a mean (median bias = 3.3%o).
The magnitude of this bias is similar to that found in previous works with prescribed ocean and sea ice
values (Nusbaumer et al., 2017; Wong et al., 2017). This implies that these particular biases are products
of the atmosphere and land-surface components alone. However, differences between iCESM and
iCAMS.3 do exist, for example, the precipitation §'0 (Figure 4e) and d-excess (Figure 4f). Relatively large
differences exist over Africa, Antarctica, and the Central United States, although these regions have rela-
tively few GNIP observations, which it makes it difficult to validate these differences quantitatively.

Figure 5 shows the differences in surface (lowest model level) air temperature, precipitable water, and eva-
poration minus precipitation for the two different models. It can be seen that many of the isotopic differences
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may be explained by differences in climate, such as higher temperatures
over Antarctica in iCESM1, along with a dryer, more evaporative climate
in the Caribbean/Central America. However, some isotopic differences,
such as the large isotopic differences over Africa, do not seem to be as well
explained by differences in the local climate alone, and warrant further
study. A more detailed discussion of these general biases can be found
in Nusbaumer et al. (2017), Wong et al. (2017), Risi et al. (2010), Werner
et al. (2011), and Werner et al. (2016).

90°N

For many paleoclimate applications the relationship between isotope
ratios and other climate parameters is important. Figure 6 shows a scatter-
plot of the time-averaged values of precipitation 8'*0 versus 8D of preci-
pitation (Figure 6a), surface air temperature versus precipitation 8'*0

asoN

0°

45°S -

(Figure 5b), and precipitation rate versus precipitation §'30 (Figure 6c)
for both the GNIP data (blue) and the iCESM grid cells closest to the
GNIP station locations (red). Figure 6b only uses stations poleward of
45°N/S, whereas Figure 6¢c only uses stations equatorward of 25°N/S.
The solid lines represent the linear regression between the respective scat-
terplot quantities for both the observations and the model. The slopes of
those regression lines are displayed on each plot as well.

It can be seen that the Global Meteoric Water Line (Craig, 1961), or the

920°S

regression between 8'®0 and 8D, is well simulated by iCESM1, although
the depleted bias can be seen in the 8D values themselves. This agree-
ment of modeled Global Meteoric Water Line is due to the simulation
of isotopic hydrological cycle in the atmosphere and land and is found

90°N

45°S —°

90°S

to be independent of initial conditions in the ocean. The air-temperature
versus 820 slope is too shallow in iCESM1, which is associated with the
fact that the model is too depleted in the tropics and extratropics relative
to observations, but then becomes too enriched at high latitudes. This is
particularly true for locations with annual average temperatures less than
5 °C, where the iCESM1 slope is substantially shallower than the GNIP
observations (not shown). This overly shallow slope in iCESM1 appears
larger than was the case in iCAM3 (Guan et al., 2016), and may be related
to biases in extratropical moisture transport in iCAMS5, as discussed in

180°

Figure 5. Climatological differences in (a) surface temperature, defined
here as the temperature at the lowest atmospheric model layer;

! i Nusbaumer et al. (2017). Further, the precipitation rate versus §**0 slope,
which can be thought of as representing the “amount effect” (Dansgaard,
12 3 4 5 1964), is too strong in iCESM1 relative to observations (Figure 6¢). While
a complete theory to describe the mechanisms leading to the amount
effect remains elusive, parameterized cloud and precipitation processes

(b) precipitable water; and (c) evaporation minus precipitation, between are likely partly responsible. For instance, the shortcoming could poten-
iCESM1 and iCAMS5/iCLM4 with prescribed SSTs and sea ice. tially be due to the model parameterization for isotopic fractionation dur-

ing rain evaporation, which has previously been identified as a leading
(and tunable) control on deuterium excess over land (e.g., Bony et al., 2008; Hoffmann et al., 1998;
Jouzel et al., 1987; Noone & Simmonds, 2002). Finally, it was found that all of these regression relationships
and biases hold for specific seasons as well (not shown), implying that the correlations are not just a
seasonal-cycle effect, but are instead the result of multi-time scale relationships present in both the obser-
vations and model simulation.

3.3. Ocean and Sea Ice Perspectives

The biases of SST and sea surface salinity against the WOA13v2 observational climatology (Boyer et al.,
2013) for the modern (1955-2005) portion of the last millennium run in iCESM1 are shown in Figure 7.
The performance of iCESM is comparable to the nonisotope-enabled configuration (Otto-Bliesner et al.,
2016). The large warm SST biases that originate in upwelling regions along the west coasts of continents
and extend into the open ocean in CCSM4 (Danabasoglu et al., 2012) have been greatly reduced in
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Figure 6. Scatterplots of (a) time-averaged precipitation-weighted 5'%0 and 8D, (b) surface air temperature and 880 of
precipitation in the extra tropics, and (c) precipitation rate and 8'%0 of precipitation in the tropics for GNIP (blue) and
iCESM (red) at the grid cell nearest to the GNIP station. The solid lines represent the linear regression between the
respective quantities, with the slopes of those regression lines shown in the legends for both GNIP and iCESM. The
temperature plot (b) only uses stations poleward of 45°N/S, whereas the precipitation plot (c) only uses stations between
15°N/S and 90°E to 255°E. The precipitation plot also uses monthly values, while all other plots use the long-term averages
for each station.

iCESM1. The biases are less extensive spatially and limited to regions that are immediately adjacent to the
coasts. In addition, the cold SST biases over the Southern Ocean in CCSM4 are not present in iCESM1.
Sea surface salinity in iCESM1 shows an overall fresh bias, similar to previous CCSM versions
(Danabasoglu et al., 2012).

The model simulated 8§'®0 of surface water is compared with the climatological surface data of Global
Seawater Oxygen-18 (GISS-O18) Database v1.21 (accessible at http://data.giss.nasa.gov/o18data/; Bigg &
Rohling, 2000; LeGrande & Schmidt, 2006) in Figure 8. iCESM1 captures the major features in observations,
including the relatively enriched water (~0.5-1%o0) in the subtropics, the depleted water (< —1%o) in the
Arctic, and the interbasin contrast in §'®0 between the Atlantic and Pacific Oceans. These features largely
reflect moisture transport in the atmosphere. Net evaporation occurs in the subtropical oceans, preferen-
tially removing the lighter °0 and resulting in '®0-enriched seawater there. After evaporation, the atmo-
spheric circulation transports the **0-depleted vapor to high latitudes and forms precipitation, decreasing
the seawater 5'0 where the precipitation deposits. Similarly, along the ITCZ, high precipitation rates give
rise to locally low 8D and "0 values (i.e., contrast Figure 8b with Figures 2a and 4a). Overall, there is a net
moisture transport from the Atlantic to the Pacific, which is also consistent with the more '*0-enriched sea-
water in the Atlantic. i{CESM1 captures these major features quite well; the model correctly produces local
8'80 maxima in the centers of the Pacific subtropical gyres and the larger mean 8'®0 in the Atlantic relative
to the Pacific. The overall negative bias in seawater 8*%0 is consistent with the fresh bias in salinity, suggest-
ing a common cause in simulating the hydrological cycle (Danabasoglu et al., 2012). The 5'®0 over the

SSI’ A A AIC ELSMAd'1' Loosj A A dlegcl JSS§ A A lcEASMldl"AObSA 4 A psu
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Figure 7. Model annual mean (a) sea surface temperature (SST) and (b) sea surface salinity (SSS), minus the WOA13v2
observational climatology (Boyer et al., 2013). The model results are averaged over years 1955-2005. Biases are in °C
and PSU, respectively.
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Figure 8. Model-data comparison of annual mean 580 composition of surface seawater (unit: %o). (a) The GISS data set
and (b) iCESM simulation (1955-2005).

Maritime Continent is more negative than predicted by LeGrande and Schmidt (2006); this discrepancy is
likely due to a combination of the limited data availability in the region and the strong influences of preci-
pitation and river runoff, which may not be well simulated by iCESM1.

To evaluate the simulation of subsurface 80 and related water mass signatures, zonal mean 8180 in the
Pacific and Atlantic is compared against the gridded GISS data set (LeGrande & Schmidt, 2006) in
Figure 9. iCESM1 reproduces the 8'®0 signature of major water masses, such as the North Atlantic Deep
Water values of ~0.2-0.4%o (Figure 9d) and the slightly negative Antarctic Bottom Water and Antarctic
Intermediate Water (Figures 9c and 9d). One deficiency of the current simulation is that the upper ocean
in the tropics and subtropics is too depleted in '*0 when compared with observations, in both the
Atlantic and Pacific. Given the similar fresh bias in salinity over these regions (Danabasoglu et al., 2012;
Figure 7), we argue that biases in seawater §'0 and salinity may originate from common biases in simulat-
ing the bulk hydrological cycle and/or ocean dynamics, instead of isotopic processes. This could arise, for
instance, due to errors in the simulated location of the jet and therefore gyre extent, or in the degree of deep-
water formation. We also note that model spin-up should not play a significant role in generating model-data
offsets, since the simulation has been integrated over 1,500 years since initialization; the solution thus likely
reflects mainly the physical processes resolved in the model.
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Figure 9. Model-data comparison of zonal mean seawater 5'%0 (unit: %o). Pacific zonal mean in (a) the GISS data set and
(b) the iCESM simulation averaged between year 1955 and 2005. (c and d) Same as in (a) and (b) but for the Atlantic zonal
mean.
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Figure 10. Relationship between salinity and seawater 5'%0, in both iCESM and the GISS database. Color shading indicates the model year of the simulation.
Circles indicate GISS data and triangles iCESM output. Note that iCESM output has been subsampled to match the latitudes/longitudes/times corresponding

to GISS data points; best fit regressions for GISS and iCESM are plotted as black and red lines, respectively. (a) Tropical Pacific (25°S-25°N, 90°E-90°W), (b) North
Pacific (30-70°N, 90°E-90°W), and (c) North Atlantic (0-70°N, 100°W-60°E).

Another key metric of oceanic isotopic performance is the relationship between salinity and the §'%0 of sea-
water (Figure 10). The two variables are known to covary substantially (Conroy et al., 2014; LeGrande &
Schmidt, 2006), and §'®0 is therefore often considered to be a proxy for salinity (e.g., Thompson et al.,
2011). The ability of iCESM1 to capture the relationship between the two variables is evaluated in
Figure 10, by subsampling iCESM1 output at the nearest grid point to each GISS database entry over the
appropriate month and year. iCESM1 is generally able to well capture the salinity:5'®0 relationship in both
the Atlantic and Pacific, although the slope appears systematically shallower in iCESM in most regions.
Mismatches in slope are largest in the North Pacific, which could arise from issues with the simulation of
storm track dynamics as noted above. Some of these mismatches may also arise from undersampling of
internal variability in observations, as noted by Stevenson et al. (2018). Additionally, there is a systematic
trend toward weaker slopes with time in the North Atlantic salinity:5'®0 relationship; the causes for this
trend are unclear, but may represent an influence from anthropogenically driven climate changes.

3.4. Coupled Applications

Coupled isotope-enabled simulations are crucial tools in many areas of paleoclimate studies, both for bench-
marking climate models and investigating fundamental questions in climate dynamics. This is particularly
obvious in cases where the objective is to understand the response of modes of coupled climate variability to
external forcing, which requires a coupled modeling framework in order to properly evaluate the dynamics
responsible for generating signals observed in the paleoclimate record. Examples of such studies include the
response of ENSO to external forcings (e.g., volcanic, solar, GHGs, ice sheets, meltwater; Anchukaitis et al.,
2010; Liu, Wen, et al., 2014; Mann et al., 2005; Meehl et al., 2006; Stevenson et al., 2016; Zhu et al., 2017b),
abrupt climate changes and role of the Atlantic Meridional Overturning Circulation (e.g., Bakker et al., 2016;
Liu et al., 2009; Otto-Bliesner & Brady, 2010), the response of monsoons and hydroclimate to climate for-
cings (e.g., ; Liu, Lu, et al., 2014; Otto-Bliesner et al., 2014), and the role of changing orbital configurations
in altering the expression of these and other modes of variability (e.g., Karamperidou et al., 2015; Lu & Liu,
2018). Here we present analyses demonstrating the value of the coupled configuration of iCESM1 for both
modern and paleoclimate applications.

The isotopic expression of the ENSO in iCESM1 is shown in Figure 11; the regression patterns of precipita-
tion amount (contours) and §'%0 of precipitation (colors) on the Nifio3.4 index (5°S-5°N, 120-170°W aver-
age SST) are quite different. The model shows similar spatial pattern to previous forced atmospheric
simulations (e.g., Hoffmann et al., 1998; Noone & Simmonds, 2002) and within the Stable Water Isotope
Intercomparison Group version 2 archive (Conroy et al., 2013). Distinctions between precipitation and its
isotopic composition are particularly apparent in the subtropics and higher latitudes, where precipitation
580 exhibits substantial ENSO-induced variability in the near absence of changes in precipitation amount
(consistent with previous work, e.g., Hurley et al., 2019; Moerman et al., 2013). The dynamics of these effects
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Figure 11. (a) Anomalies in precipitation (contours) and 880 of precipitation (colors) regressed on Nifio3.4 SSTA in
iCESM. Time period is the entire length of an iLME full-forcing experiment (850 2005), and anomalies are all com-
puted relatlve to a 20-year movmg window. (b) Same as in (a), for seawater 880 anomalies. (c) Regression of grid point
seawater 850 on precipitation 8'%0 anomalies. Time period and anomaly computation is the same as in (a).

have yet to be investigated fully, but it is known that moisture transport linked to ENSO involves coupling
between the midlatitude and convective circulation, which can alter precipitation 8'*0 through shifts in
storm tracks and moisture transport pathways (e.g., Noone, 2008; Noone & Simmonds, 2002; Vachon
et al., 2010).

Although ocean dynamics may play a role in generating the precipitation §'*0 patterns of Figure 11, the role
of the coupled configuration is more obvious when examining the variations in seawater &'0.
Understanding the ENSO influence on seawater 8'®0 is crucial to interpreting recent increases in §'*0 var-
iance observed in the coral record in the late twentieth century relative to the Holocene (Cobb et al., 2013), as
both temperature and seawater §'0 are known to influence coral 8**0 in the tropical Pacific. Additionally,
recent work using isotope-enabled ocean models has demonstrated the capacity for ENSO-related seawater
880 to vary on decadal time scales (Stevenson et al., 2018). However, the dynamical controls on seawater
880 remain poorly understood, as do their potential responses to anthropogenic forcing—addressing both
of these questions necessarily requires coupled simulations. As does precipitation §'0, seawater §'®0 varies
as a function of ENSO phase—the regression of seawater 50 on the Nifio3.4 index is shown in Figure 11b.
El Nifio events are associated with enriched seawater "0 over the Maritime Continent and depleted sea-
water 8'%0 in the western Pacific warm pool, and the patterns of seawater and precipitation §'%0 over the
tropical Pacific bear a qualitative resemblance to one another (cf. Figure 11a versus 11b). Figure 11c provides
further insight, by depicting the regression of local seawater §'30 on precipitation §'*0 anomalies. Over
some portions of the tropical oceans, the sensitivity of seawater §'®0 to precipitation 8*%0 is relatively small,
likely indicating a dominant role for ocean dynamical processes in generating seawater 8'°0 variations
(Stevenson et al., 2018). However, under the climatological locations of the Intertropical and South Pacific
Convergence Zones, the sensitivity is much larger, suggesting that the seawater 8'®0 anomalies mentioned
above are in fact driven in part by variations in precipitation 5'®0. And of course, this result could not have
been obtained without the use of a coupled, isotope-enabled modeling framework.
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Figure 12. A model-data comparison of response in speleothem 5'%0 during Heinrich events (unit: %o). The response in
the model is the difference between a water hosing experiment and a preindustrial control simulation. Either (left) 0.25-Sv
or (right) 0.5-Sv freshwater with a 50 signature of —30%o. was applied for 300 years in the water hosinsg experiments.
Open circles are results if only the indirect climate effects are considered (no influence from meltwater st 0); filled circles
include both effects. Modeled 5180C is calculated from model 5180p and temperature using Kim and O'Neil (1997).
Reproduced from Zhu et al. (2017a), Figure S3. Please refer to Zhu et al. (2017a) for details of the simulations and
model-data comparison.

Isotope-enabled coupled simulations are also vital in other paleoclimate contexts. One example is on the
interpretation of terrestrial §*%0 signal during Heinrich events, which are abrupt climate changes typically
identified by ice-rafted debris deposits in high-latitude ocean sediments and are thought to be associated
with collapse of North Atlantic ice sheets and associated increases in the discharge of icebergs into the region
(Heinrich, 1988). Heinrich events are generally associated with minimum in 8180 in Greenland ice cores,
decreases in North Atlantic salinity associated with enhanced freshwater flux, and weakening of the
Asian monsoon reflected in low-latitude speleothem records (e.g., Bond et al., 1993; Wang et al., 2001).
However, the lack of a quantitative interpretation of signal in proxy archives is a primary barrier to a
mechanistic understanding of Heinrich events and their global impacts. Recent work with the coupled
iCESMI1 has attempted to quantitatively interpret terrestrial §'*0 signals by directly comparing them with
8'®0 anomalies in “water hosing” experiments, for example, injecting isotopically depleted meltwater with
a 8'%0 signature of —30%. into the northern North Atlantic in iCESM1 (Zhu et al., 2017a). Figure 12 shows
that the magnitude and spatial features of speleothem 8'®0 changes during Heinrich events can be well
reproduced using iCESM1. Additionally, iCESM1 can be used to quantify the roles of the “direct meltwater
effect” (a nonclimatic influence from the **0-depleted signature of the meltwater) versus the climatic effects
resulted from freshwater forcing. This was accomplished by Zhu et al. (2017a) via sensitivity experiments
with injection of a nondepleted meltwater with a §'0 signature of 0%o. Results suggest that a large portion
of the 8'%0 variations (e.g., 15-35% over eastern Brazil; see Zhu et al., 2017a, Figure 1) can be related to the
direct meltwater effect (a nonclimatic effect) from the depleted meltwater, instead of changes in monsoon
intensities. This indicates that physical process-based modeling of water isotopes is critical. Additionally,
combining iCESM with proxy records can help constrain other physical processes which are poorly under-
stood during Heinrich events, that is, the magnitude and location of freshwater discharge (Roche et al., 2014;
Zhu et al., 2017a).

4. Discussion and Conclusions

The isotope-enabled version of the Community Earth System Model, iCESM1, has been presented. Water
isotope ratios are directly simulated within all components of iCESM1, with communication between the
atmosphere (CAMS5.3), land (CLM4), sea ice (CICE4), and ocean (POP2) components. Isotope ratios are
simulated via the inclusion of a tracer hydrologic cycle that follows “standard” model water through all rele-
vant flux exchanges, with both kinetic and equilibrium fractionation applied during phase change, and from
which the hydrological balance emerges in a fully consistent framework. In the coupled configuration, there

BRADY ET AL.

2561



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Journal of Advances in Modeling Earth Systems

10.1029/2019MS001663

Acknowledgments

This material is based upon work
supported by the National Center for
Atmospheric Research, which is a
major facility sponsored by the National
Science Foundation under cooperative
agreement 1852977. Additional funding
to E.C.B. and B.O.-B. was provided by
an NSF P2C2 grant (AGS-1401803). J.N.
was supported by the NASA Post-
doctoral Program (NPP) fellowship. S.S.
was supported by an NSF P2C2 grant
(AGS-1805143), and an NSF EaSM
grant (AGS-1243125). Z.L., J. Zhang,
and J. Zhu were supported by an NSF
P2C2 grant (AGS-1810682). J. Zhang
acknowledges Regional and Global
Climate Modeling Program of the U.S.
DOE through support of the HILAT
project and CNLS sponsored by LDRD.
D.N. acknowledges support from the
NSF P2C2 and Climate and Large-scale
Dynamics programs (AGS-1502806,
AGS-1049104, AGS-0955841, and AGS-
1564670). The CESM project is
supported primarily by the National
Science Foundation. Computing
resources (doi:10.5065/D6RX99HX)
were provided by the Climate
Simulation Laboratory at NCAR's
Computational and Information
Systems Laboratory, sponsored by the
National Science Foundation and other
agencies.

is the option for a “flux correction” to prevent long-term (multicentennial) isotopic drift, which is relevant
primarily for long paleoclimate simulations.

The simulation of physical variables in iCESM1 is essentially identical to the underlying, nonisotope-
enabled released version of CESM1 with the exception of minor code updates, and the fidelity of the
iCESM1 simulation thus follows closely the performance of released CESM1 (Hurrell et al., 2013; Kay
et al., 2015; Otto-Bliesner et al., 2016; Danabasoglu et al., 2011). iCESM1 is shown to capture the broad qua-
litative features of precipitation isotopic patterns, albeit with a low bias in §'0 values of precipitation. The
representation of 580 is more accurate than that of d-excess, whose values are too low over land and do not
correlate as well with observations, consistent with stand-alone simulations in iCAMS5 and iCLM4
(Nusbaumer et al., 2017; Wong et al., 2017). This result highlights the importance of continued refinement
of the simulated hydrological cycle associated with clouds and terrestrial processes. On the other hand, the
isotopic simulation of precipitation has only weak dependence on the evolving isotope ratios of seawater. Of
importance for paleoclimate applications, the relationship between temperature, precipitation, and precipi-
tation 8'®0 are reproduced in CESM but also reflect iCAMS5; the temperature/5'0 slope is too shallow and
the precipitation amount/5'®0 slope too steep compared with observations. The fact that iCAMS and iCLM4
closely follow the modeling structure of the base CAM5 and CLM4 models means that biases in the isotopic
model versions offer unique opportunities to detect and improve shortcomings in the base models.

iCESM1 well captures the geographic structure of seawater §'*0, including subtropical enrichment, Arctic
depletion, and interbasin contrasts between the Atlantic and Pacific; these features are related to the struc-
ture of moisture transport in the atmosphere. The isotopic signatures of major water masses are also well
captured by iCESM1, although the tropical/subtropical upper ocean appears to be depleted in 0 relative
to observations. This likely relates to issues with simulating the bulk hydrological cycle and/or ocean
dynamics, since isotopic biases closely track biases in salinity (Danabasoglu et al., 2012). The relationship
between salinity and seawater '®0, a parameter of key interests for paleoclimate applications, is also well
captured by iCESM1.

Interpretation of isotopic measurements from the calcium carbonate of speleothems is one useful applica-
tion of the coupled iCESM1 (Liu, Lu, et al., 2014; Tabor et al., 2018). While iCESM1 cannot directly simulate
the cave drip water that ultimately produces the speleothem records, the simulated transport of water iso-
topes through the land and atmosphere provides several signals for comparison with the proxy records.
Furthermore, outputs from iCESM1 can be added into forward proxy models to provide valuable insights
into how seasonal and annual isotopic variability translate into the speleothem records (e.g., Dee et al.,
2015). Previous work has already shown the utility of this approach in constraining the properties of
Heinrich events (Zhu et al., 2017a), glacial ENSO variability (Zhu et al., 2017b), and orbital-scale monsoon
variability (Tabor et al., 2018), and we anticipate that future investigations with iCESM over a wide variety of
time periods will yield similar advances.

iCESM code is publicly accessible via Github (https://github.com/NCAR/iCESM1.2).
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