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Abstract All physical process models and field observations are inherently imperfect, so there is a need
to both (1) obtain measurements capable of constraining quantities of interest and (2) develop frameworks
for assessment in which the desired processes and their uncertainties may be characterized. Incorporation
of stable water isotopes into land surface schemes offers a complimentary approach to constrain hydrologi-
cal processes such as evapotranspiration, and yields acute insight into the hydrological and biogeochemical
behaviors of the domain. Here a stable water isotopic scheme in the National Center for Atmospheric
Research’s version 4 of the Community Land Model (CLM4) is presented. An overview of the isotopic
methods is given. Isotopic model results are compared to available data sets on site-level and global scales
for validation. Comparisons of site-level soil moisture and isotope ratios reveal that surface water does not
percolate as deeply into the soil as observed in field measurements. The broad success of the new model
provides confidence in its use for a range of climate and hydrological studies, while the sensitivity of
simulation results to kinetic processes stands as a reminder that new theoretical development and
refinement of kinetic effect parameterizations is needed to achieve further improvements.

1. Introduction

Recent years have seen the proliferation of field deployable instruments capable of making measurements
of stable water isotope ratios. The computational power necessary to run elaborate model simulations of
ecosystems more representative of natural systems from which measurements originate has also become
more widely available. These advances heighten the importance of developing tools at their interface, spe-
cifically for the synthesis of measurements of stable water isotopic ratios and isotopically enabled model
simulations. The availability of water isotopic measurements at high-temporal resolution provides a means
to validate the land surface schemes [Griffis, 2013]. These isotope-enabled land surface models provide an
opportunity to gain unique insight into hydrological processes and biogeochemical behaviors of ecosys-
tems. For example, land-based water isotopic data are commonly used to partition evapotranspiration (ET)
flux into evaporation and transpiration components [Ferretti et al., 2003; Yepez et al., 2003; Williams et al.,
2004; Wang et al., 2010; Jasechko et al., 2013; Sutanto et al., 2014; Wei et al., 2015; Good et al., 2015]. Water
isotopic data may also be leveraged in isotopically enabled climate models to diagnose key model short-
comings [Risi et al., 2012]. Furthermore, it has been shown that through improved simulation of the below-
canopy isotopic exchanges between surface and canopy air-space, better agreement between modeled
and observed isotope ratios may be achieved [Aemisegger et al., 2015; Sutanto et al., 2014].

We present a tracer hydrological scheme incorporated into the National Center for Atmospheric Research’s
(NCAR) version 4 of the Community Land Model (CLM4) [Oleson et al., 2010]. This model, iCLM4, closely par-
allels the native hydrology in CLM4, with several essential additions which enable the modeling of hydro-
logical tracers. Here ‘‘iCLM4’’ denotes the isotopic model version, while ‘‘CLM4’’ is reserved for the
underlying nonisotopic model. These tracers may be temporal (such as tracing summer rainfall through the
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hydrological cycle), spatial (such as tracing rain reevaporation from the Amazon rainforest), or isotopic
(tracing water isotopologues). The focus of the present work is on the latter, specifically heavy water iso-
topes HDO and H18

2 O. This parallel tracer hydrology approach was also followed by Haese et al. [2013] in
the implementation of their isotopically enabled ECHAM5-JSBACH model. These authors noted the need
to resolve the vertical structure within the soil water isotopic simulation, as well as the need for observa-
tions of soil moisture and its isotopic composition to validate such a scheme. The isotope-enabled
ORCHIDEE land surface model of Risi et al. [2016] found a similar sensitivity of their modeled soil water
isotope ratios to the infiltration pathways and evaporative fraction of soil water. Risi et al. [2016] suggest
that water isotopic measurements be leveraged to constrain such hydrological processes in land surface
models. The isotope-enabled NASA-GISS ModelE Land Surface Model found a need for multilayer obser-
vations of isotope ratios in soil moisture, as well as global data sets to validate the coupled model as a
whole [Aleinov and Schmidt, 2006]. The iCLM4 model and experiments described here make progress
toward fulfilling these needs, and examinations of uncertainties in the global as well as local soil isotopic
simulation will be presented.

This work is organized as follows: Section 2.1 provides a technical review of the isotope tracer model
implemented in iCLM4, with some review of key parameterizations from CLM4. Section 3.1.1 outlines
the site-level data used for validation of the model results, and section 3.1.2 provides a detailed
process-level comparison between these data and model results. Section 3.2.1 gives a description of a
set of global-scale model experiments to assess model performance and sensitivity by coupling the iso-
topic land surface scheme reviewed in the present work with the complementary stable water isotope-
enabled atmospheric model [Nusbaumer et al., 2017]. The data sets used for this comparison are
reviewed in section 3.2.2, and results are presented in section 3.2.3. Model simulations are compared
using data sets that span the global domain as well as a more complete and high frequency set for a
specific site. It will be shown that the iCLM4 model illuminates strengths and shortcomings in the
parameterizations of evaporation and soil hydrology in CLM4, and these key findings were attainable
through incorporation of the water tracer scheme implemented here. A review of the practical implica-
tions of these results and future work is given in section 4.

2. Methods

2.1. Isotope Model for Terrestrial Water Exchange
In CLM4, each model gridcell is composed of landunits, which include glacier, lake, wetland, urban, and veg-
etated [Oleson et al., 2010]. Note that vegetated landunits include bare soil. In the isotope scheme described
here, the glacier, lake, wetland, and urban landunits treat all water species tracers identically, and do not
fractionate. This simplifying assumption is made as a step toward parameterizing the first-order effects of
the land surface, the vegetated land areas. Glaciers, lakes, wetlands, and urban land areas are, of course,
also fractionating, but the attention of the present study, in particular the comparison of model output to
observational data, is restricted to vegetated areas.

Figure 1 depicts the main iCLM4 isotopic water pools (light blue) and fluxes between them (arrows). Each
water flux in the model is accompanied by an analogous water isotopic flux. The interested reader is
directed to Oleson et al. [2010] for more detailed discussion and schematics (specifically their Figure 1.2) of
the CLM4 hydrology. Only the parts most relevant to the water isotopic scheme are mentioned in the fol-
lowing model description. The essence of the isotopic tracer scheme is to estimate these water isotopic
fluxes between the atmosphere and land surface (evaporation from soil, evaporation of water intercepted
by the canopy, and transpiration), and consequently predict the isotopic composition of all water pools. At
the end of each model time step, the mass of all isotope species is checked to ensure the change in storage
in soil, snow, and canopy-intercepted water is equal to the input from rain and snow, minus the output to
evapotranspiration and surface and subsurface runoff.

Let i refer to any specific water isotopologue, H16
2 O, HDO, or H18

2 O. Surface evaporation, Ei
g, transports water

between the surface soil (or top snow pack layer) and the canopy air-space. Transpiration through sunlit
and shaded leaves, Ei

v;sun and Ei
v;sha, respectively, transports water from within leaves to the canopy

air-space. Evaporation of canopy-intercepted water, Ei
c , moves water between the surface of leaves to the

canopy air-space. Ei denotes the transfer of moisture between the canopy air-space and the above-canopy

Journal of Advances in Modeling Earth Systems 10.1002/2016MS000842

WONG ET AL. ISOTOPE-ENABLED COMMUNITY LAND MODEL 979



air-space. When coupled to an isotopically enabled atmospheric circulation model, Ei is provided to the
atmospheric model; precipitation and near-surface isotopic mixing ratio are provided to iCLM4 as inputs.
For i5 16O, the water isotopic fluxes (and other quantities calculated below) reduce to those for bulk water.
The balance of these five fluxes in the canopy air-space is illustrated in Figure 1 and may be expressed as

Ei5Ei
g1Ei

v;sun1Ei
v;sha1Ei

c: (1)

CLM4 stores water on the landscape in three distinct reservoirs: soil water, snowpack, and water intercepted
by the canopy. Conservation of mass (equation (2)) and Darcy’s Law (equation (3)) govern the soil moisture
parameterization, for both bulk water and isotopic water, and are combined to yield a Richards equation for
the soil water isotopic fluxes throughout the soil column, modified by a moisture sink term (equation (4)). In
equations (2)–(4), hðz; tÞ is the soil water content of the soil at depth z and time t (mm3 mm23); q(z, t) is the
water flux from the current soil layer to the one below it (mm s21); Q(z, t) is a soil moisture sink term (e.g.,
evaporation) (mm s21); k(z, t) is hydraulic conductivity (mm s21); wðz; tÞ is the soil matric potential (mm);
and wEðz; tÞ is the equilibrium state soil matric potential (mm). Further details regarding the bulk water
hydrological parameterizations in CLM4 may be found in Oleson et al. [2010]

@hðz; tÞ
@t

52
@qðz; tÞ
@z

2Qðz; tÞ; (2)

qðz; tÞ52kðz; tÞ @ðwðz; tÞ1zÞ
@z

� �
; (3)

@hðz; tÞ
@t

5
@

@z
kðz; tÞ @ðwðz; tÞ2wEðz; tÞÞ

@z

� �� �
2Qðz; tÞ; (4)

Figure 1. Schematic of ecosystem water pools (blue boxes), resistances to moisture and heat transport (red resistors), moisture fluxes
(thick arrows), isotope ratios (R), humidities (q), and temperatures (T).
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The continuous equations are discre-
tized on 20 model levels and solved
numerically [Oleson et al., 2010]. The
fluxes between soil layers are linear-
ized about the moisture content of
those layers to create a tridiagonal sys-
tem of equations in terms of the soil
moisture. This system is solved using
the Crank-Nicolson method [Crank and
Nicolson, 1947].

After the bulk soil moisture update
(above), each layer’s soil water iso-
tope ratios are then updated. This is
done by dividing the model time
step into nsub substeps to maintain
numerical stability. The default soil
time substep is one second. This step
size was determined to ensure the
result for the isotopic substep calcu-
lation for H16

2 O in iCLM4 came into
agreement with the bulk water calcu-
lation by CLM4. The total moisture
fluxes between all adjacent soil layers
are known, from conservation of
mass and the surface boundary con-
dition (soil infiltration and evapora-
tion are known). During each time
substep, 1=nsub of the total moisture
fluxes are moved between adjacent
soil layers, and interfacial fluxes carry
the isotopic ratios from their layers of
origin. After each substep, the iso-
tope ratios of each soil layer are
updated.

2.1.1. Isotopic Kinetic Fractionation Factor
Two main parameterizations are used for the isotopic kinetic fractionation factor, ai

k . The first is:

ai
k5

Di

D

� �n

; n constant (M78)

In (M78), i refers to the isotopic species, D and Di are the molecular diffusivities of the light and heavy isoto-
pologue, respectively [Merlivat, 1978], and the exponent n is chosen between 0 and 1 to reflect the balance
of turbulent versus molecular diffusive transport for the water movement between the two isotopic reser-
voirs in question. Williams et al. [2004] use n 5 1 for evaporation from dry soils, where diffusion through the
dry soil matrix is the primary form of moisture transfer, and n 5 1/2 for evaporation from wet soil. In purely
turbulent conditions, n 5 0 is appropriate, because turbulent mixing treats all isotopic species equally,
regardless of differing molecular properties [Noone and Sturm, 2010]. Although the optimal choice for the
exponent n for a given set of environmental conditions is an area of ongoing study, (M78) remains a popu-
lar choice [Roden et al., 2000; Wang and Yakir, 2000; Williams et al., 2004; Xu et al., 2008; Buenning et al.,
2014; Rothfuss et al., 2010].

The second formulation is adapted from the parameterization of kinetic fractionation for evaporation from
rough ocean surfaces given by Merlivat and Jouzel [1979] (cf., their Figure 2):

Figure 2. Comparison between modeled and observed (a) latent heat flux (LE)
and (b) sensible heat flux (H) for BAO. The line indicates a one-to-one
relationship.
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k18O 5

8:82u�10:472; if Re � 1

6; if Re < 1
;

8<
:

kD50:88k18O ;

k16O 50;

ai
k5

10002ki

1000
:

(MJ79)

In (MJ79), Re is the Reynolds number, which represents whether the land surface conditions are smooth
(Re < 1) or rough (Re � 1), and u� is the friction velocity (m s21). This model differs from (M78) by capturing
the partitioning of diffusive versus turbulent transport as a function of the Reynolds number rather than
treating it as a constant. The equation given above for k18O (&) is a linear fit for the results presented in Fig-
ure 2 of Merlivat and Jouzel [1979]. A similar approach was followed by Haese et al. [2013]. In iCLM4, (MJ79)
is used, and the benefits and sensitivities of this choice are assessed below.
2.1.2. Isotopic Composition of Evaporation and Transpiration
2.1.2.1. Bare Ground Fluxes
This section describes the formulation of the water isotopic evaporative flux over bare soil. Let Eg refer to
the evaporation flux of H16

2 O, as calculated by native CLM4. The isotopic evaporation flux (kg m22 s21 is
based on the model of Craig and Gordon [1965]:

Ei
g5ci

g fs;eq
Ri

sqg

aiðTgÞ
1ð12fs;eqÞRi

atmqatm

� �
2Ri

atmqatm

� �
: (5)

qg is the specific humidity of the air at the ground surface; qatm is the atmospheric specific humidity; ci
g is the

water isotopic conductance between the evaporating surface and the above-canopy air-space; ai is the equilib-
rium fractionation factor at Tg, the temperature of the evaporating surface [Horita and Wesolowski, 1994]; Ri

atm is
the isotope ratio of the atmospheric water vapor; and Ri

s is the isotope ratio of the total soil water and ice on
the evaporating surface. The case where qatm > qg represents dew or frost formation. Ice is included in the cal-
culation to account for possible sublimation or dew/frost onto snow or ice. Neither kinetic nor equilibrium frac-
tionation is applied to sublimation. fs;eq ranges from 0 to 1 and is the fraction of tracer evaporation source water
which is not in equilibrium with the tracer atmospheric water vapor, which accounts for partial isotopic equili-
bration between evaporation source and destination water. fs;eq is taken to be one for evaporation from bare
soils (implying no partial equilibration and reduction to the original model of Craig and Gordon [1965]). For evap-
oration from vegetated soils, fs;eq is calculated as an exponential decay, with rate constant given by the ratio of
the atmospheric water vapor content to the moisture content of the surface soil layer. When fs;eq50, the evapo-
rative flux is zero, and isotopic exchange brings soil water into equilibrium with canopy water at a rate given by
the canopy conductance. This avoids the problem that the Craig and Gordon [1965] formulation for the evapora-
tion assumes that the liquid reservoir is infinite, which is not valid in all cases. That is, both the soil water content
and the isotopic composition can change dramatically over a single time step, which needs to be taken into
account to both ensure numerical stability and correctly model the physical system.

The Monin-Obukhov stability iteration used in CLM4 results in an aerodynamic resistance to moisture and
heat transport from surface to above-canopy air-space, raw (s m21). The water isotopic conductance is then

ci
g5

ai
k

1
raw

; if qatm > qg

ai
k
bsoi

raw
; if qatm � qg

;

8>><
>>: (6)

where bsoi ranges from 0 to 1 and represents the limitation on evaporation below the potential evaporation
rate when soil is nonsaturated [Oleson et al., 2010; Sakaguchi and Zeng, 2009], and ai

k is the isotopic kinetic
fractionation factor for isotopic species i. For bare ground evaporation, ai

k is parameterized following (MJ79).
2.1.2.2. Vegetated Fluxes
A cornerstone of the fractionation scheme in iCLM4 is the formulation of the total water isotopic fluxes
between the land and the atmosphere as the sum of surface evaporation, vegetation transpiration, and
evaporation of canopy-intercepted water for vegetated surfaces, as in equation (1). For each isotopic spe-
cies, i, a five-way water isotopic mass balance in the vegetation canopy is solved between: (1) ground
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evaporation (Ei
g), (2) evaporation of canopy-intercepted water (Ei

c), (3 and 4) sunlit and shaded leaf transpira-
tion (Ei

v;sun and Ei
v;sha), and (5) coupling flux to the atmosphere (Ei). This calculation originates from Riley et al.

[2002], although iCLM4 supports the additional flux of evaporation of canopy-intercepted water, and an
analytic solution has been found to simultaneously compute leaf water and canopy air-space isotopic ratios.
These fluxes are based on the model of Craig and Gordon [1965], and modified to include partial isotopic
equilibration and the mass balance of Flanagan et al. [1991]. For a given isotopic species, i, the total water
isotopic ecosystem flux, Ei (equation (1)), and its constituents are

Ei5qatmci
a R�i

c qc2Ri
atmqatm

� �
; (7)

Ei
g5qatmci

g cal;0ðfs;eqRi
s;v1ð12fs;eqÞR�i

c Þqg2cl;0R�i
leaf qsat;lðTvÞ2ca;0Ri

atmqatm

� 	
; (8)

Ei
c5qatmci

c fc;eq
Ri

c;w

aiðTvÞ
1ð12fc;eqÞR�i

c

 !
qsat;lðTvÞ2R�i

c qc

" #
; (9)

Ei
v;sun5qatmci

sun

R�i
l;sunqsat;lðTvÞ

aiðTvÞ
2R�i

c qc

 !
; (10)

Ei
v;sha5qatmci

sha

R�i
l;shaqsat;lðTvÞ

aiðTvÞ
2R�i

c qc

 !
; (11)

In equations (7)–(11), R�i
c is the isotope ratio of the canopy water vapor when the transpirative outflow from

vegetation is in isotopic steady state with the root uptake inflow; R�i
l;sha and R�i

l;sun are the as yet unknown iso-
tope ratios of the sunlit and shaded leaf water, respectively, at steady state. R�i

leaf is the leaf area index (LAI)-
weighted average (sunlit/shaded) leaf water isotope ratio at steady state; Ri

atm is the isotope ratio of the
atmospheric water vapor (above-canopy water vapor); Ri

s;v is the isotope ratio of the evaporation front water
vapor (currently taken to be surface soil); Ri

c;w is the isotope ratio of the canopy-intercepted water (i.e., water
pooling on a leaf); aiðTvÞ is the equilibrium fractionation factor at the temperature of the vegetation (Tv)
[Horita and Wesolowski, 1994]; fc;eq ranges from 0 to 1 and is the fraction of tracer canopy-intercepted water
which is not in isotopic equilibrium with the tracer canopy water vapor; qatm is the atmospheric specific
humidity; qsat;lðTvÞ is the saturated specific humidity at the temperature of the transpiring vegetation; qg is
the specific humidity at the evaporation front; qc is the specific humidity in the canopy air-space; qatm is the
atmospheric mass density; ci

a is the water isotopic conductance between the canopy and above-canopy air-
spaces; ci

g is the water isotopic conductance between the evaporating surface and canopy air-spaces; ci
c is

the water isotopic conductance between the canopy-intercepted water and canopy air-spaces; ci
sun and ci

sha

are the water isotopic conductances between the sunlit and shaded leaf interiors and the canopy air-space,
respectively; cal;0 is the sum of the normalized conductances for the light isotopologue through the canopy
to above-canopy air-spaces (ca;0) and through the leaf air-space (cl;0). The parameterization for the steady
state isotope ratios of sunlit and shaded leaf water is from Flanagan et al. [1991]:

R�i
l;sun5aiðTvÞ

qsat;lðTvÞ2ql;sun

qsat;lðTvÞ
Ri

xy

ai
k;s

1
ql;sun2qc

qsat;lðTvÞ
Ri

xy

ai
k;b

1
qc

qsat;lðTvÞ
R�i

c

 !
; (12)

R�i
l;sha5aiðTvÞ

qsat;lðTvÞ2ql;sha

qsat;lðTvÞ
Ri

xy

ai
k;s

1
ql;sha2qc

qsat;lðTvÞ
Ri

xy

ai
k;b

1
qc

qsat;lðTvÞ
R�i

c

 !
; (13)

where ql;sun and ql;sha are the specific humidities within the sunlit and shaded leaves, respectively; and ai
k;s

and ai
k;b are the kinetic fractionation factors for moisture diffusion through vegetation stomata ((M78), n 5 1)

and through the laminar leaf boundary layer ((M78), n 5 2/3), respectively [Roden et al., 2000; Flanagan et al.,
1991]. Ri

xy is the isotope ratio of vegetation xylem water, which is calculated as the soil column-averaged soil
water isotope ratio, weighted by the vegetation rooting depth profile at each soil layer. Equations (12) and
(13) can be substituted into equations (7)–(11), which can in turn be substituted into equation (1) to obtain
the unknown R�i

c to provide a solution that assumes isotopic steady state. This steady state assumption, while
often valid near midday in highly productive ecosystems, can be relaxed, and the nonsteady solution is given
below. It remains, however, to select the conductances that capture the isotopic kinetic effects.
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2.1.2.3. Conductances and Kinetic Effects
The water isotopic conductances follow the native CLM4 calculation for their bulk water analogs:

ci
a5

fveg

raw

ai
k;a

� � ; (14)

ci
l5

fvegðL1SÞ
rb

ai
k;b

r00; (15)

ci
g5

fveg

r0aw

ai
k;g

1
rlitter

ai
k;litter

; if qatm > qg

bsoi fveg

r0aw

ai
k;g

1
rlitter

ai
k;litter

; if qatm � qg

;

8>>>>>>>><
>>>>>>>>:

(16)

where fveg is the fraction of the land surface which is vegetated but not covered in snow; L and S are the
leaf and stem area indices, respectively; raw is the aerodynamic resistance between the canopy air-space
and above-canopy (GCM) air-space; r0aw is the aerodynamic resistance between the surface air-space and
canopy air-space; rlitter is a leaf litter resistance; rb is the leaf boundary layer resistance; and r00 is the fraction
of potential evaporation from transpiration. Further information regarding the parameterization of all
nonisotope-specific terms may be found in Oleson et al. [2010]. ai

k;litter is by default equal to 1, representing
a null hypothesis of no fractionation as moisture evaporates through the dry litter layer. ai

k;a follows (M78)
with n 5 0 because exchange between canopy and above-canopy air-spaces is dominated by turbulence
[Lee et al., 2009]. ai

k;g is parameterized by (MJ79). In order to be consistent with the original formulation of
Merlivat and Jouzel [1979], the kinetic factor of (MJ79) is rescaled to act over the entire surface to above-
canopy air-space, instead of only surface to canopy.

Given the bulk vegetation transpiration (Ev) and evaporation of canopy-intercepted water (Ec) fluxes of H16
2 O

calculated, effective conductances for these fluxes may be calculated in a manner consistent with the bulk
fluxes (equations (17) and (18)). Using fsun, the fraction of leaves which are sunlit, the bulk transpiration flux
is then divided into sunlit and shaded leaf components (equations (19) and (20)):

cc5
Ec

qatmðqsat;l2qcÞ
; (17)

ct5
Ev

qatmðqsat;l2qcÞ
; (18)

csun5fsunct; (19)

csha5ð12fsunÞct; (20)

Now the effective conductances for isotopic species i are related to the bulk conductances as follows:

ci
sun5

csun

r00
fdry rb

Lsun
Lsun1Lsha

� 	
rb

ai
k;b

1
rs;sun

ai
k;s

1

Lsha
Lsun1Lsha

� 	
rb

ai
k;b

1
rs;sha

ai
k;s

0
@

1
A; (21)

ci
sha5

csha

r00
fdry rb

Lsun
Lsun1Lsha

� 	
rb

ai
k;b

1
rs;sun

ai
k;s

1

Lsha
Lsun1Lsha

� 	
rb

ai
k;b

1
rs;sha

ai
k;s

0
@

1
A; (22)

ci
c5ai

k;ccc; (23)

fdry is the fraction of foliage that is green and dry, and ai
k;c is given by (M78) with n 5 2/3. r00 is the fraction of

potential evaporation from transpiration for H16
2 O, and given by
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r005fdry rb

Lsun
Lsun1Lsha

� 	
rb1rs;sun

1

Lsha
Lsun1Lsha

� 	
rb1rs;sha

0
@

1
A : (24)

Substituting equations (7)–(13) into equation (1) permits solving for R�i
c , the isotope ratio of the canopy

water vapor at steady state. Algebra reveals
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Equations (12) and (13) are used to determine the steady state leaf water isotope ratios (R�i
l;sun and R�i

l;sha).
The isotope ratios of the canopy-intercepted liquid water (Ri

c;w ) and soil water vapor (Ri
s;v ) are determined

using R�i
c and fs;eq and fc;eq . Finally, equations (7)–(11) are used to determine the water isotopic fluxes.

The isotope ratios of the leaf water, canopy-intercepted water, surface water vapor, and canopy water vapor
are all in isotopic steady state. The Peclet effect describes the opposing tendencies within leaves between
evaporatively enriched water at evaporation sites within leaves and inflowing unenriched xylem water
[Farquhar and Lloyd, 1993]. It has been shown that including the Peclet effect in the calculation of isotope
ratios in leaf water leads to better agreement with observations of leaf water isotope ratios [Farquhar and
Lloyd, 1993; Cernusak et al., 2005]. The latter authors also found that their steady state model with Peclet
effect approximated the nonsteady state reasonably well. To this end, the steady state leaf water isotope
ratios are inputs to a diagnostic calculation of these nonsteady state ratios, accounting for the Peclet effect.
In iCLM4, it is left as an option whether to use these Peclet-included leaf water isotope ratios in the prog-
nostic physics calculations or leave as a purely diagnostic quantity.

It has been consistently noted that the assumption of isotopic steady state is not always realized in the field
[Buenning et al., 2014; Cernusak et al., 2005; Wang and Yakir, 2000]. Therefore, iCLM4 incorporates a nonsteady
leaf water model in the style of Dongmann et al. [1974], under the assumption that the leaf water volume
does not change, but the isotopic ratio of leaf water tends toward steady state at a rate given by the ratio of
the transpiration flux to the leaf water volume. Upon writing the budget equation and integrating analytically,
the resulting mass balance resembles an exponential relaxation toward isotopic steady state:

Riðt1DtÞ5e2Dt=sðRiðtÞ2R�iðt1DtÞÞ1R�iðt1DtÞ: (26)

The rate constant s is determined by the ratio of the transpiration rate to the assumed constant specific leaf
water volume; t is time; RiðtÞ and Riðt1DtÞ are the modeled isotope ratios for the previous and current time
steps, respectively; and R�iðt1DtÞ is the isotope ratio at steady state for the current time step. The modeled
value Ri is a weighted average between its value at the previous model time step and the newly calculated
value in isotopic steady state, R�i .

While numerical calculations are performed with isotope ratios and isotopologue mass, results are reported
in the standard ‘‘delta’’ notation. Delta values (in permil, &) are calculated as

di5
Ri

RSMOW
21

� �
� 1000 &; (27)

where Ri is the sample molar ratio of abundances of the heavy isotope (H18
2 O or HDO) to the light isotope

(H16
2 O) and RSMOW is this ratio for standard mean ocean water. Model state variables are scaled by RSMOW

within the model code to provide the numerical advantage that the bulk water and water isotopic tracers
have similar numerical precision. Deuterium excess, d, is calculated as

d5dD28 � d18O: (28)
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3. Data and Simulations

3.1. Site-Level Comparisons
3.1.1. Data From Boulder Atmospheric Observatory
The site-level observational data consist of meteorological, hydrological, and water isotopic data spanning
from May 2011 to September 2015 in Erie, Colorado, USA, approximately 25 miles north of Denver,
Colorado. Measurements described here focus on those made from a 10 m tall tower at the Boulder
Atmospheric Observatory site (BAO, 4080300000N, 10580001400W, 1584 m elevation). This is a semiarid grass-
land with minimal undergrowth and a canopy height of roughly 0.5 m. The BAO site was selected for this
study due to the high quality and volume of available stable water isotopic data and previously validated
hydrological and flux data.

Air temperature (8C) and humidity (%) were measured by a series of Vaisala HMP155 probes. Wind speed (m
s21), ambient pressure (hPa), and concentrations of CO2 (flux, lmol m22 s21) and H2O (mmol mol21) were
measured using a Campbell Scientific EC150 open-path analyzer. Eddy covariance methods were used to
determine latent and sensible heat fluxes (W m22). Upward and downward longwave and shortwave radia-
tion (W m22) were measured using a suite of Kipp and Zonen CNR4 radiometers. Soil temperature and
moisture measurements were gathered using Campbell Scientific and CS616 probes, respectively. Measure-
ments of isotopic ratios of water vapor were made using a Picarro L2120-i water isotopic analyzer.

Measurements for the humidity, temperature, wind speed, and atmospheric pressure forcings were made
at 1 min intervals and averaged to half-hourly intervals to match the model time step. Precipitation was
measured at 1 min intervals and aggregated to half-hourly intervals. Water isotope ratios in vapor were
measured at eight heights in a vertical that spans from 0.5 to 300 m, and values were obtained by measur-
ing each height for 15 min. A continuous half-hourly time series to force the model was obtained by inter-
polating in time. Precipitation isotope ratios were collected at BAO at irregular intervals, with mean time
between observations of 9.75 days (median is 7 days). Isotope ratios in precipitation water are assumed to
be constant between measurements, which does not affect the simulation when there is no precipitation.

Between May 2011 and May 2012, isotope ratios of above-canopy water vapor and precipitation were miss-
ing from the forcing data. As a proxy, monthly measurements of isotope ratios in precipitation, collected in
nearby Boulder, Colorado, were used for this time period [International Atomic Energy Agency (IAEA), 1994a].
Isotope ratios of atmospheric water vapor were assumed to be in isotopic equilibrium with the precipita-
tion, at the measured atmospheric temperature [Horita and Wesolowski, 1994].

The simulations for BAO were initialized using observational data from the first date of the model simula-
tions (11 May 2011). Initial soil temperature, moisture, and water isotopic profiles were linearly interpolated
from data. Model results from May 2011 to May 2012 were used for spin-up, and results May 2012 to Sep-
tember 2015 were used for analysis. Only the growing season (May–October) was used for analysis because
the most complete data sets (soil water isotope profiles, in particular) were available for the growing
season.
3.1.1.1. Uncertainty Estimation
To provide a level of agreement which can reasonably be expected between the isotope ratios modeled by
iCLM4 and those observed at BAO, the spatial representation (rrep;di ) and observational (robs;di ) uncertainties
for the site were estimated for soil water, water vapor, and ET source water (Keeling plot-based observations).

Samples of precipitation were collected at a network of four schools located throughout the Colorado Front
Range region (representing an area approximately the same size as the BAO footprint in CLM4). The
assumption is made that the spatial uncertainty in isotope ratios in precipitation serves as an indicator of
the spatial uncertainty in soil water isotope ratios. Spatial uncertainty was estimated as the sample standard
deviation of the difference between long-term averages of the isotope ratios of each site’s precipitation and
the isotope ratios of precipitation measured at BAO, yielding rrep;d18Osoi

51:449 & and rrep;dDsoi 511:902 &.
These data are provided as supporting information. Observational uncertainties in soil water isotope ratios
were derived from Wassenaar et al. [2014] (c.f., their Table 6). Accuracies were 0:075 & for d18O and 0:550
& for dD; precisions were 0:04 & for d18O and 0:4 & for dD. Combining these in quadrature with the spatial
uncertainties yield rd18Osoi

51:45 & and rdDsoi 511:9 &. These errors, assuming independence between isoto-
pic species, propagate to rdsoi 516:6 &. It is important to note that these observational errors in isotope
ratios are dominated by spatial heterogeneity, not analytical uncertainty.
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Uncertainties in the Keeling plot-derived ET flux isotope ratios were calculated following the methods of
Good et al. [2012]. It is expected that these estimates of uncertainty at the upper-most vapor inlet incorpo-
rate all spatial uncertainty, but this decreases with decreasing height along the tower. The representation
uncertainty measured closer to the surface is much larger, and was estimated to be equal to rrep;di;soi . The
uncertainty associated with the water vapor isotopic ratios at a given inlet height was estimated by fitting
for each isotopic species i an exponentially decreasing function of the form

rvap;iðhÞ5Ai1Bi e2h=hmax ; (29)

where h is height (m) Ai and Bi are parameters determined by fitting this function to the requirements rvap;i

ð0Þ5rrep;di;soi and rvap;iðhmaxÞ50, and hmax is the height of the uppermost inlet (8.5 m). This spatial uncer-
tainty was added in quadrature to the observational uncertainties associated with each vapor isotopic mea-
surement, estimated as above from Wassenaar et al. [2014]. This total uncertainty at each inlet was factored
into the calculations following Good et al. [2012] to find the total observational and spatial uncertainties in
ET flux isotope ratios to be rd18OET

52:85 & and rdET 515:1 &. These error estimates were calculated at a
daily time scale.
3.1.1.2. Soil Moisture Data Assimilation
An experiment was conducted to evaluate the extent to which the native CLM4 soil hydrological scheme is
principally responsible for biases in the modeled soil water isotope ratios relative to observations. Soil mois-
ture data were assimilated into the BAO model simulation at each time step and soil layer (j) using a one-
dimensional basic linear Kalman filtering approach [Kalman, 1960; Rodgers, 2000]. A zero flux boundary con-
dition was imposed at the bottom of the iCLM4 soil column. Based on the change in water content of each
soil layer (hnew;j2hold;j), starting with the lowest layer (jmax), a flux between layers j and j 2 1 was calculated.
Using the forecast isotopic ratios of each soil layer, the isotopic fluxes during each assimilation step were
calculated, and the water isotopic composition of each soil layer was updated. In effect, this data assimila-
tion approach is a ‘‘nudging’’ of the model state toward the observed soil moisture state, where the strength
of the nudging is determined by the uncertainties in the model and observations. This soil moisture data
assimilation method does not conserve soil moisture. Rather, an ‘‘assimilation flux’’ at the soil surface results,
and may be viewed as an error term in the surface soil moisture balance. This error term is the result of
poor constraint on precipitation, surface runoff, subsurface runoff, and infiltration fluxes.
3.1.2. Results From Boulder Atmospheric Observatory
3.1.2.1. Latent and Sensible Heat Fluxes
Figure 2 shows the modeled surface latent heat and sensible heat fluxes plotted against the observations of
these fluxes from BAO derived from eddy covariance, averaged on a daily time scale. A low model bias in
latent heat flux was present (3.1 W m22, Figure 2a). Sensible heat flux displayed a high model bias of 27.0
W m22 (Figure 2b). These results reflect model structural errors which are inherent in the original, noniso-
topic, version of CLM4. These errors will propagate into the isotopic evapotranspiration terms in the water
isotopic hydrology in iCLM4. A more comprehensive investigation of the uncertainties in the surface fluxes
modeled by CLM4 should be undertaken, but within the scope of the present study, the sensitivity of mod-
eled isotope ratios to errors in the bulk soil moisture reveal the value of using the isotopic observations for
diagnosing errors in water transport.
3.1.2.2. Isotope Ratio Estimates
While the total latent heat flux displays biases (Figure 2a), it is useful to compare the isotope ratios of the
evapotranspiration (ET) flux against those derived from observations of humidity, isotope ratios of water
vapor, and Keeling plot techniques [Keeling, 1958].

For BAO, the modeled isotope ratio d18O and deuterium excess d of the ET flux were biased high by 2:37 &

and 16:7 &, respectively (Figures 3a and 3b). These biases were calculated from daily averages of Keeling
plot-derived isotope ratios of ET fluxes for observations and directly from model output (cf. section 2.1.2).
While these biases appear large at first glance, the estimates of observational uncertainties were also large,
at 2:85 & for d18O and 15:1 & for d (section 3.1.1.1). The modeled water vapor isotope ratios at two meters
height were in good agreement with observations. This was to be expected from simulations for a site for
which 2 m is above the (0.5 m) canopy.
3.1.2.3. Soil Moisture
The modeled soil moisture profile and isotope ratios of d18O and d for BAO highlight model hydrology
shortcomings and strengths (Figure 4). Observations are displayed as scatter points with the color of
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shading corresponding to the colors of the contours, which represent the modeled moisture and isotope
ratio profiles. Note that the modeled bulk soil water profiles are the result of the hydrology native to noniso-
topic CLM4, and the isotopic physics introduced in the present work have no impact on those results. A first
estimate of the model biases attributable to the bulk soil moisture may be obtained by examining the errors
in soil water isotope ratios in the control versus the bulk soil moisture assimilation experiments. Thus, it is
immediately evident that many of the shortcomings in the isotopic simulation arise from poor simulation of
the base model water balance. This serves as an excellent reminder of the value of isotopic measurements
in diagnosing the origin of model-observation mismatch.

During 2012 and summer 2013, the modeled soil moisture profile exhibited the summer drying and fall/
winter wetting displayed by the observations (Figures 4a and 4b). Major precipitation events do not show
infiltration as deeply into the soil as observations suggest. A particular example is in association with a
major flooding event that occurred in the Colorado Front Range in September of 2013. During this event,
the region experienced precipitation totals up to about 450 mm over a 10 day period, and significant stand-
ing water in low elevation regions [Yochum, 2015]. For example, the spring 2013 rainfall does not inject as
deeply into the modeled soil moisture simulation (<10 cm) as seen in the observations (about 10250 cm)
(Figures 4a and 4b). This demonstrates that the modeled connectivity of the near-surface soil moisture to
the deeper soils is not as strong as seen in the available data.

This issue of too weak of a hydrological connectivity between surface and deeper soils was also seen in the
modeled isotopic moisture profiles. For example, in the year from November 2013 to November 2014, the

Figure 3. Comparison between modeled and observed isotope ratios (a) d18O and (b) deuterium excess, d, of ET flux for BAO. Included are isotope ratios of surface soil water, soil water
at 0.85 m depth, leaf water, water vapor at 2 m height, and ET flux.
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modeled deuterium excess d in soil water showed overall consistency with the observed magnitude of deu-
terium excess, but the model generally underestimated the depth to which the evaporative enrichment in
d18O and decrease in deuterium excess extends (Figure 4d). Specifically, in May 2014, a deuterium excess of
about 210 & was observed at 12.5 cm depth, but in the modeled profile, 210 & deuterium excess was at
about 3 cm depth. Similarly, the evaporative enrichment in d18O during summer and early fall 2014 extends
to about 10 cm depth, but in October 2014 the model missed the observed enrichment (Figure 4c). On
average, however, the summer enrichment and winter depletion of d18O were present and matched the
measured isotope ratios with a mean growing season bias of 20:32 & (Figure 4c). The model biases are
defined as model-observations. The modeled d in soil water was too positive during the growing season
(mean bias of 18:4 &), and in the 2012–2013 season, lacked the precise seasonal cycle and depth of evapo-
rative decrease of d in the summers and increase in winters (Figure 4d). From this control simulation at
BAO, it is clear that the modeled soil water isotope ratios were qualitatively accurate, but conclusive state-
ments regarding the soil water isotopic scheme cannot be made because of potentially confounding inher-
ent errors in the bulk soil water hydrology in CLM4.

Figure 4. Comparison between (a) modeled and (b) observed bulk soil water (mm3 mm23) and its (c) isotope ratio, d18O, and (d) deuterium excess, d, for BAO.

Journal of Advances in Modeling Earth Systems 10.1002/2016MS000842

WONG ET AL. ISOTOPE-ENABLED COMMUNITY LAND MODEL 989



To alleviate this limitation, soil moisture data were assimilated according to the experiment described in
section 3.1.1.2 using data from the BAO site, yielding a close match between modeled and observed soil
water content, as expected (Figures 5a and 5b). For growing season (May–October) months, the mean
model bias in bulk soil water was reduced from 0.0182 mm3 mm23 to 20.0038 mm3 mm23. As a conse-
quence of the improved simulation of bulk soil water, modeled soil water isotope ratios also slightly better
matched observations. Soil water d18O shows greater seasonality at depth, and displays a slight improve-
ment in column mean growing season bias from 20:32 & to 20:31 & and root-mean-squared error
(RMSE) from 3:55 & to 3:30 & (rd18Osoi

51:45 &; Figures 5c and 6a). The simulation of deuterium excess d
was improved as well, reducing the model bias of 18:4 & to 12:4 & and RMSE from 23:9 & to 20:5 &

(rdsoi 516:6 &; Figure 5d). Further improvements were seen specifically in the deep (0.85 meter) soil water
d; this bias was reduced from 7:0 & to 20:1 & (Figures 5d and 6b). During the November 2013 to Novem-
ber 2014 year, the trend toward soil moisture d depletion at depth is much better matched in the assimila-
tion experiment (bias of 12:9 &, RMSE is 17:8 &; Figure 5d) than the control (bias of 17:6 &, RMSE is
21:8 &; Figure 4d).

In summary, the native CLM4 bulk soil moisture simulation was ‘‘nudged’’ into better agreement with obser-
vational data, and the simulated water isotope ratios reflected the adjusted vertical flux of soil water that
was implied by the bulk moisture transport from this data assimilation. As a result of the (forced) improve-
ment in the bulk soil moisture simulation, the resulting soil water isotope ratios were also in better agree-
ment with the observational data. Even after the assimilation, however, there remains some mismatch
between the modeled and observed soil water isotopic profiles. While it is not expected that the model will
reproduce the observations exactly (due to observational and model structural uncertainties), other poten-
tial sources of error include a lack of subsurface water vapor transport and potential heterogeneity in soil
characteristics. Additionally, this assimilation approach only corrects the soil moisture amount, and does
not adjust the fluxes themselves.

3.2. Impact of Land Processes in Climate Simulations
3.2.1. Global-Scale Experiments
An investigation of the model sensitivity to individual isotopic kinetic effects’ parameterizations used on a
global scale is presented, in order to gain insight into how these kinetic factors may best be chosen. In a
coupled model framework, the surface and subsurface runoff in CLM4 flows into the river model compo-
nent of the NCAR Community Earth System Model (CESM), the River Transport Model (RTM) [Hurrell et al.,
2013]. Evapotranspiration couples the land surface to the atmospheric component of CESM, the Community
Atmosphere Model, version 5 (CAM5), which precipitates back to the land surface, and impacts the land sur-
face through the above-canopy humidity as well. The isotopic land surface model detailed in the present
work was coupled to isotope-enabled versions of RTM (iRTM) and CAM5 (iCAM5) [Nusbaumer et al., 2017].
iRTM is structured such that river outflow from iCLM4 is transported to oceans, preserving water isotope
ratios. In the present work, the coupled land-river-atmosphere model is hereafter referred to as ‘‘iCESM,’’
although it should be noted that ocean and dynamic sea ice models were not active in this setup.

A spin-up simulation was run from 1850 to 1975. Isotope ratios of vegetation leaf and xylem water, soil
water, and canopy water vapor were initialized at values derived from long-term averages from the Global
Network of Isotopes in Precipitation (GNIP) [International Atomic Energy Agency (IAEA), 1994a]. This simula-
tion used the parameterizations outlined in section 2.1, at 28 resolution. A series of experiments conducted
to investigate the sensitivity of the modeled climate system to the land surface water isotopic parameteriza-
tions is described below, and summarized in Table 1. Each simulation was branched from the spin-up simu-
lation in 1975 and ran until 2015 with the modifications specified. The first 20 years (1975–1995) of each
experiment were discarded as spin-up; the last 20 years (1995–2015) of each experiment were used for anal-
ysis, their mean isotope ratios serving as an estimate of long-term average climate behavior. A control
experiment (‘‘EC’’) used the same land surface kinetic fractionation setup as the spin-up simulation, with the
exception that parameterization (M78) was used for the surface evaporative kinetic effect instead of (MJ79),
in agreement with other, similar models [Buenning et al., 2014; Rothfuss et al., 2010; Xu et al., 2008; Williams
et al., 2004; Roden et al., 2000; Wang and Yakir, 2000]. In experiment E0, all land surface water isotopic frac-
tionation factors were neglected. In experiment ELI, a kinetic fractionation factor following (M78) with n 5 1
was assigned to model diffusive transport within the litter layer. Experiment ES changed the kinetic fraction-
ation factor associated with surface evaporation from (M78) to (MJ79). (MJ79) was offered as the alternative
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in ES because (1) (MJ79) yields a typically weaker kinetic effect, making ES a complementary experiment to
ELI, and (2) (MJ79) makes explicit the dependence of the kinetic effect on turbulent conditions through the
friction velocity and Reynolds number.

Due to errors and biases in the iCAM5 and iRTM schemes, it is not expected that changing the land surface
scheme alone will remove errors relative to global isotope ratio data sets. A set of experiments were con-
ducted to examine the impacts of the sensitivity experiments outlined in Table 1 on the soil moisture isoto-
pic simulation at the BAO site. These tests suggested that, in light of the biases inherent in running a global
climate model, the precise form of the land surface kinetic fractionation is essential to obtain a high quality
water isotopic simulation (see supporting information, Figures S8 and S9). Investigations into the atmo-
spheric processes involved are treated in detail in Nusbaumer et al. [2017]. Here experiments are designed
to evaluate the importance of the land surface parameterizations by analyzing the coupled climate model
response, and provide a starting point for future work using iCLM4.

Figure 5. Comparison between modeled and observed bulk soil water (mm3 mm23, (a) and (b), respectively) and its (c) isotope ratio, d18O, and (d) deuterium excess, d, for BAO. These
simulations are identical to those in Figure 4, but have bulk soil moisture data assimilated using a Kalman filter approach.
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After the runs were completed an error in the treatment of different plant types was found that has a small
(positive) bias on the deuterium excess. Since the impact was confined to the high northern latitudes, with
opposing tendencies in summer versus winter, and the impact on a single isotope ratio was small, the error
has trivial impact on the results reported here. This error has since been fixed in the available source code.
3.2.2. Global-Scale Data
3.2.2.1. GNIP
In iCESM, modeled isotope ratios in precipitation were compared to isotope ratios from the Global Network
of Isotopes in Precipitation (GNIP) [International Atomic Energy Agency (IAEA), 1994a]. Additional stations
were added from studies in the Maritime Continent [Moerman et al., 2013; Kurita et al., 2009] region as well,
in order to improve the spatial coverage of isotopic precipitation stations globally. Raw GNIP data were
processed as in Buenning et al. [2014] to obtain a gridded global climatology.

For the other global comparisons, the mean iCESM/GNIP precipitation isotope ratio bias was subtracted to
remove a known systematic error that otherwise complicates the present analysis of land surface influences.
Thus, the results presented are normalized to account for the iCESM model bias in precipitation relative to
the GNIP observations. Specifically, the figures that follow show ddata2dGNIP versus diCLM42diCAM5, where
ddata is the river or vegetation isotope ratio from a global data set, diCLM4 is the isotope ratio modeled by
iCLM4 matching the river or vegetation isotope ratios, diCAM5 is the precipitation isotope ratio modeled by
iCAM5, and dGNIP is the precipitation isotope ratio from GNIP.
3.2.2.2. GNIR
The iCESM sensitivity experiments produced output for isotope ratios of river flow throughout river basins,
as well as inflow to oceans. These modeled river isotope ratios from iRTM represent an integrated ratio,
incorporating iCLM4 surface and subsurface runoff along the flow path. This is commensurate with the iso-
tope ratios measured by the Global Network of Isotopes in Rivers (GNIR) [International Atomic Energy Agency
(IAEA), 2012; Vitvar et al., 2007], which span 1967–2015.

Figure 6. Comparison between modeled and observed soil water isotope ratios (a) d18O and (b) deuterium excess, d, when bulk soil moisture was assimilated using a Kalman filter.
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3.2.2.3. MIBA
Observations of isotope ratios of leaf and xylem water from the network of Moisture Isotopes in the Bio-
sphere and Atmosphere (MIBA) offer a constraint on the parameterizations of isotopic surface processes
[International Atomic Energy Agency (IAEA), 1994b; Twining et al., 2006]. Raw MIBA data for isotope ratios in
xylem water and leaf water were averaged for each site to obtain a long-term average climatology. Site
information for the MIBA locations used here is provided in supporting information Data Set S2.
3.2.3. Results: Global Comparisons
3.2.3.1. Global Network of Isotopes in Precipitation
In the control sensitivity experiment (EC), iCESM produced isotope ratios d18O in precipitation which were
too enriched in northern high latitudes and the Himalayas and too depleted in mid-latitudes and southern
hemisphere (Figure 7a). By removing all surface isotopic effects, it was shown that the land surface alone
was responsible for only a minor portion of errors, mostly over Africa and Asia (Figure 7b). Neither weaken-
ing (ES) nor strengthening (ELI) the surface kinetic effects relative to EC improved the low d18O bias (Figures
7c and 7d). Deuterium excess d was typically biased low in high latitudes (both northern and southern) and
high in the tropics and subtropics (Figure 8a). Both experiments weakening the surface kinetic effect (E0
and ES) improved this d bias (Figures 8b and 8c), and strengthening the surface kinetic effect had mixed
weak effects (Figure 8d). This highlights the need to correctly account for kinetic effects in ecosystems to
produce realistic simulations of isotope ratios in continental regions. In Figures 7 and 8, the locations of
GNIP observation sites are denoted with diamonds (�). Note that in Figures 7 and 8, plot (a) shows the con-
trol model (EC) bias relative to GNIP, while plots (b–d) show the sensitivity simulation results relative to the
control model, experiment-control.

Global mean biases (model-observations) for the sensitivity tests EC, E0, ES, and ELI for d18O were 21.44&,
20.84&, 21.40&, and 21.56&, respectively, and for d were 1.5&, 20.9&, 0.9&, and 2:1 &. The soil water
isotope ratio uncertainty estimates for BAO were 1:45 & in d18O and 16:6 & in d, and were derived from
precipitation data. The grassland environment at BAO is a more straightforward prospect than complica-
tions that arise in slopped terrain or where there is more complex ecosystem structure. Thus, it is expected
that the first-order observational uncertainties (spatial and analytical) for BAO are representative of those
associated with other sites. Therefore, it is unlikely that strengthening the surface kinetic effect beyond that
of (M78) is appropriate on a global scale.
3.2.3.2. Global Network of Isotopes in Rivers
For both d18O and d, the modeled isotopic offset between the ratios in river outflow relative to precipitation
is relatively insensitive to the precise form of the kinetic fractionation factor used for the surface evapora-
tion (Figure 9). RMSE, mean iCESM bias, and correlation coefficient are given in each panel of Figure 9. This
insensitivity demonstrates that biases and errors in the river water isotope ratios are likely attributable to
water isotopic effects beyond those due to soil evaporation alone—for example, lateral transport of subsur-
face moisture, or subsurface vapor diffusion. Contour maps show little contrast between experiments due
to the relative insensitivity of the river outflow isotope ratios to the specific land surface isotopic scheme
used, reflecting the assertion that the land surface is near steady state with respect to the balance between
precipitation, evapotranspiration, and runoff on long time scales.
3.2.3.3. Moisture Isotopes in the Biosphere and Atmosphere
Comparisons with MIBA leaf water isotope ratios highlighted the danger of neglecting land surface isotopic
processes (Figure 10). The E0 experiment which, to test the importance of land fractionation, ignored these
processes, incurred extremely large biases in leaf water isotope ratios relative to the isotope ratios in precip-
itation: 217:6 & in d18O and 65:9 & in d. We use uncertainties in soil water isotope ratios to estimate the
uncertainties in leaf water isotope ratios. As we are concerned primarily with long-term averages and soil
water serves as vegetation source water, these are an appropriate estimate. The modeled leaf water d18O

Table 1. Global Isotope-Enabled Model Experiments

Equilibrium
Fractionation

Surface
Evaporation

Canopy
Evaporation Transpiration

Nonsteady
Leaf Peclet Litter

EC Yes (M78) (M78) Equations (10) and (11) Yes Yes No
E0 No No No Steady No No No
ES Yes (MJ79) (M78) Equations (10) and (11) Yes Yes No
ELI Yes (M78) (M78) Equations (10) and (11) Yes Yes (M78)
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bias with respect to the MIBA observations was within this uncertainty estimate, pointing to decent agree-
ment in the three experiments accounting for isotopic fractionation effects (Figure 10). All displayed similar
biases in leaf water d, which is attributed to poor constraint on the isotopic kinetic fractionation factors
through stomata and the leaf boundary layer (equations (21) and (22)). The vegetation and aerodynamic
resistances to heat and moisture transport (equations (21)–(23)) partly control the strength of these kinetic
effects. In practice, a parameter calibration approach for these ecosystem resistances and other factors
related to the water isotopic kinetic effects could be implemented, which will be the focus of a follow-up
study.

Xylem water isotope ratios also underscored the importance of accounting for land surface isotopic pro-
cesses (Figures 11b and 11f). From the d18O comparisons via scatter plots (Figures 11a–11d) and con-
tour maps (Figure 12), experiments ELI and EC displayed the best agreement with MIBA observations.
All experiments overestimated the observed depletion in xylem water relative to precipitation at higher
northern latitudes, but the control EC and experiment ELI demonstrate how calibrating the strength of
the kinetic fractionation may serve to mitigate this bias. Modeled d, however, showed that the surface
evaporative kinetic effect parameterized by (M78) was too strong in mountain and desert regions (Fig-
ures 13a and 13d) but a parameterization following (MJ79) yields good agreement (Figure 13c). These
highly depleted isotope ratios in vegetation water were confined to regions with low LAI (primarily
mountain and desert regions) and areas with little/no observational data to constrain model results.
This arises from low amounts of bulk water is these regions (e.g., the Sahara). When evaporation occurs,
the isotopic kinetic separation still enriches the soil water in heavier isotopes relative to lighter ones,

Figure 7. Biases of iCESM-modeled d18O of precipitation (a) relative to GNIP observations for EC, and relative to the control experiment for the sensitivity experiments (b) E0, (c) ES, and
(d) ELI. Contours represent (a) model-observations bias and (b, c, and d) model-control bias. Locations of GNIP observation sites are denoted with a diamond (�).
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even though the total amount of moisture available has decreased. Thus, the enrichment in d18O
becomes quite large (Figures 12a and 12d) and the deuterium excess becomes quite small (Figures 13a
and 13d).

4. Summary and Discussion

A water tracer scheme in CLM4 has been outlined and implemented, with particular attention given to
applications in stable water isotope hydrology. The iCLM4 model has been forced with and validated
against site-level observations from a field site in central Colorado, USA. iCLM4 was also run in a coupled,
isotope-enabled modeling framework (iCESM), which was validated against global networks of observations
of isotope ratios in precipitation, river outflow, and vegetation moisture.

Comparisons with long-term mean isotope ratios in precipitation (GNIP), river outflow (GNIR), and vegeta-
tion xylem and leaf water (MIBA) indicated that (M78) (experiment EC) or (M78) with an additional fraction-
ation through the leaf litter layer (experiment ELI) were the most appropriate parameterizations for the
kinetic effect during evaporation of surface water, on a global average scale. These experiments indicated
that future work should consider calibrating the fractionating effects beyond those during surface soil evap-
oration—for example, through the leaf boundary layer and stomatal conductances, or by accounting for
subsurface vapor diffusion. Indeed, the MIBA results revealed that (M78), despite being in common use
[Buenning et al., 2014; Rothfuss et al., 2010; Xu et al., 2008; Williams et al., 2004; Roden et al., 2000; Wang and
Yakir, 2000], strongly overestimates the magnitude of the kinetic isotopic effect for mountain and desert
regions (Figures 13a and 13d). Therefore, (M78) is recommended, noting the caveats above. The global
experiments and model-data comparison presented here comes with many caveats of its own, including

Figure 8. Biases of iCESM-modeled d of precipitation (a) relative to GNIP observations for EC, and relative to the control experiment for the sensitivity experiments (b) E0, (c) ES, and (d)
ELI. Contours represent (a) model-observations bias and (b, c, and d) model-control bias. Locations of GNIP observation sites are denoted with a diamond (�).
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strong spatial heterogeneity, potential seasonal and local effects, imperfect representation of local vegeta-
tion covers, and the numerical uncertainty associated with using an interpolated GNIP data product.

The sensitivity of the vegetated land surface water isotopic signal to the specific form of the kinetic fraction-
ation factor during evaporation is consistent with the results of Haese et al. [2013]. These authors also found

Figure 9. Comparison between iCESM-modeled and GNIR observations of d18O (top row) and deuterium excess, d (bottom row) in river outflow for the sensitivity experiments: (a and e)
EC, (b and f) E0, (c and g) ES, (d and h) ELI. Modeled isotope ratios are relative to isotope ratios in iCAM5 precipitation and observed isotope ratios are relative to GNIP.

Figure 10. Comparison between iCESM-modeled and MIBA observations of leaf water d18O (top row) and deuterium excess, d (bottom row) for each sensitivity test: (a and e) EC, (b and
f) E0, (c and g) ES, (d and h) ELI. Modeled isotope ratios are relative to isotope ratios in iCAM5 precipitation and observed isotope ratios are relative to GNIP.
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Figure 11. Comparison between iCESM-modeled and MIBA observations of xylem water d18O (top row) and deuterium excess, d (bottom row) for each sensitivity test: (a and e) EC, (b
and f) E0, (c and g) ES, (d and h) ELI. Modeled isotope ratios are relative to isotope ratios in iCAM5 precipitation and observed isotope ratios are relative to GNIP.

Figure 12. Comparison between iCESM-modeled and MIBA observations of xylem water d18O for the sensitivity experiments: (a) EC, (b) E0, (c) ES, and (d) ELI.
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that their land surface scheme alone was unable to rectify discrepancy between their modeled isotope
ratios in precipitation and GNIP data. This, too, is consistent with the present work and provides confidence
in both studies’ conclusions regarding the land surface isotopic processes. Together, these findings suggest
the need for coupled global climate model simulations to constrain the coupled climate isotopic signal, as
well as an in-depth evaluation of existing theory that describes kinetic effects at ecosystem scales to con-
strain the individual contributions of the land and atmospheric components of the climate system. Braud
et al. [2009] evaluated in a controlled experimental setup, the isotope ratios of evaporative fluxes from bare
soils, and resulting isotope ratios on soil water and water vapor. Rothfuss et al. [2012] constrained estimates
of isotopic kinetic effects from a calibration framework approach, demonstrating that a time-varying formu-
lation (e.g., (MJ79)) is most appropriate. Other such controlled experiments and model experimental frame-
works would be suitable for such experiments. These types of studies hold promise to assess uncertainties
in existing kinetic models and where these models may best be improved.

Improvements stemming from coupled climate system simulations will include accounting for fractionating
processes over lakes and wetlands [Gibson and Edwards, 2002], which have been neglected in the present
study. This simplification likely leads to a slightly depleted bias in surface water and enriched bias in evapo-
ration and precipitation isotope ratios. These signals are confounded by other biases introduced by cou-
pling with an atmospheric model, the sensitivity of which is examined separately [Nusbaumer et al., 2017],
and is an area for continued study. For example, there is considerable difficulty in modeling high-elevation,
high-precipitation regions such as the Himalayas (Figure 7a).

The site-level experiments at BAO (semiarid grassland, Erie, Colorado, USA) emphasize the need for tuning or
calibrating the precise strength of parameters that control exchange fluxes and other kinetic fractionation fac-
tors in site-specific or region-specific applications. Further study using similar data sets from sites in other eco-
systems is necessary to determine if these results hold in general. In spite of these inherent practical modeling

Figure 13. Comparison between iCESM-modeled and MIBA-observed xylem water deuterium excess for the sensitivity experiments: (a) EC, (b) E0, (c) ES, and (d) ELI.
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choices that must be made with care, it has been shown that (1) iCESM is capable of reliably reproducing iso-
topic signals in moisture data, and (2) it is critical to account for isotopic physics at the land surface (evidenced
by the poor performance of the ‘‘null hypothesis’’ experiment E0, e.g., Figures 10 and 11).

The BAO simulations demonstrated that the hydrological connectivity in CLM4 is not strong enough, and as
a result does not allow infiltration of surface water deeply enough into the soil column. This is consistent
with other recent studies which have found that representation of the connectivity of the surface and deep
soil moisture is a key feature for accurate soil moisture and flux modeling [Good et al., 2015; Hu et al., 2014;
Aleinov and Schmidt, 2006]. By assimilating soil moisture data from the BAO site into the model simulation,
the modeled soil water isotope ratios were brought into slightly better agreement with observed d18O
ratios (mean RMSE reduced by 7%) and even better agreement with observed deuterium excess (mean
RMSE reduced by 14%), even though no isotopic data were assimilated. This experiment demonstrated that
a small portion of the error in iCLM4 estimates of soil water isotopic ratios stems from errors in the bulk soil
hydrological scheme (compare Figures 4d and 5d). It should be noted that the biases in modeled fluxes and
soil temperature were degraded as a result of the soil moisture assimilation. Thus, certain applications will
require that either ensemble filtering data assimilation methods (e.g., ensemble Kalman filter) or statistical
calibration schemes [e.g., Higdon et al., 2004] be used, so that the model and observations may be synthe-
sized, accounting for the uncertainty inherent in each. The fact that assimilating soil moisture data does not
lead to large improvements in the soil water isotopic simulation presented here points to the need to exam-
ine other potential sources of error in the isotopic model (e.g., lateral subsurface moisture transport and
vapor diffusion). This use of water isotopic data to point to areas for model improvement—even in light of
what might be viewed as a null result—makes progress on the need outlined by Haese et al. [2013] for soil
moisture isotopic data capable of constraining model results, and a model capable of representing these
vertically resolved data well. A single, simple field site has been used here; model comparisons with soil
water isotopic data from a variety of ecosystems and climate regimes are still needed. For example, Risi
et al. [2016] performed more detailed site-level investigations for a set of MIBA sites, similar to the site-level
comparisons for BAO reviewed here. The limitations of the coarse model-data comparison presented here
using the MIBA results indicates that these more detailed site-level experiments such as the BAO experi-
ment here and the site-level MIBA experiments of Risi et al. [2016] offer the most promising use of the MIBA
database.

These findings regarding the native CLM4 soil hydrology are largely attributed to the manner in which mod-
eled evaporation is removed from the soil. This is an advance which was made possible only through incor-
poration of the present tracer scheme within CLM4. In CLM4, soil evaporation is removed from the top soil
layer only, whereas recent studies have demonstrated that hydrological connectivity extends to roughly
30 cm deep into the soil column [Wang et al., 2010; Good et al., 2015]. The assumed surface soil evaporative
front in CLM4 leads to the low d in the surface soil layers, and difficulty modeling the soil moisture d (Fig-
ures 4d and 5d). Improvement in the CLM4 hydrology to better account for rapid water movement in upper
soil layers (such as that associated with subsurface vapor transport in arid and semiarid environments) will
likely result from setting the isotope ratio of evaporation source water equal to a mass-weighted average of
several of the upper layers of soil moisture. The depth to which this averaging is done should depend on
the ecosystem in question, and can be determined from the evaporation front from isotopic profiles, as has
been done previously [Mathieu and Bariac, 1996; Wang et al., 2010]. To account for deeper and broader
evaporative fronts, the isotopic kinetic fractionation factor from Mathieu and Bariac [1996] would then be
most appropriate for soil evaporation, and yield further improvement in the representation of land surface
isotopic processes, as has been implemented in, for example, the model of Haese et al. [2013]. A thorough
evaluation of the numerous possible formulations of the isotopic kinetic fractionation factor is beyond the
scope of the present work, which sought to provide (and provide confidence in) a modeling tool to enable
a wider communal effort on this frontier. Including model parameterizations for soil vapor diffusion will also
yield a more realistic simulation of moisture transport through soils [Tang et al., 2013].

Persistent errors in the modeled bulk soil hydrology lead to errors in the isotopic simulation of soil water,
which propagates into errors in modeled fluxes and other water pools. Thus, there are two main compo-
nents of uncertainty leading to biases in modeled isotope ratios: uncertainty in bulk water hydrology and
uncertainty in the isotopic parameterizations implemented in iCESM. An opportunity to evaluate the nonlin-
ear dependence of soil water transport on the mean soil water state, and reduce the associated
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uncertainties, exists through assimilation of newly available global soil moisture remote sensing data prod-
ucts. Satellite-based soil moisture data products such as the European Space Agency’s Soil Moisture and
Ocean Salinity (SMOS) [Kerr et al., 2010] and the National Aeronautics and Space Administration’s Soil Mois-
ture Active Passive (SMAP) [Entekhabi et al., 2010] offer viable options for assimilation data. Undoubtedly,
the need to integrate newly and widely available data products with state-of-the-art physical process mod-
els, such as the one presented here, will only grow as computational power and availability of data increase.
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