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Abstract
This paper describes Iso-MATSIRO, a land surface model that includes stable water isotopes and simulates physically
reasonable isotopic fluxes and reservoirs at the ground. The model calculates kinetic and equilibrium fractionation of HDO and
H18
2 O between ice, liquid, and vapor phases and separately considers soil surface evaporation, vegetation transpiration, evaporation
from the canopy-intercepted reservoir, and snow sublimation. New aspects are consideration of subsurface advective flow and the
use of canopy resolved leaf water. One-dimensional simulations with modeled meteorological forcings showed reasonable features
in the annual isotopic budget, seasonal variations of δ18O in soil moisture, diurnal variations of leaf water with some enrichment,
and δ-diagram of representative surface reservoirs and fluxes. Kinetic fractionation, however, should be carefully parameterized. A
subsequent, independent global simulation used Iso-MATSIRO coupled with an atmospheric isotope circulation model for a half
year in 1998. Simulated precipitation δ18O was closer to observations than in a previous study, confirming the physical treatments
of isotopes in the land surface processes, and indicating their large impact on precipitation isotopes over middle to high latitudinal
continents.
© 2006 Elsevier B.V. All rights reserved.
Keywords: stable water isotopes; land surface model; offline simulation; iPILPS

1. Introduction
Stable isotopes of water (HDO and H218O) are good
tracers for the hydrologic cycle because their concentrations in water reflect the accumulated record of physical
phase changes. In particular, heterogeneity in precipitation isotopes in time and space reflects complex
atmospheric behavior. Many observational studies of
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precipitation isotopes have occurred since Dansgaard
(1964), and a variety of models can explain observed
precipitation isotopes (e.g., Gat and Matsui, 1991). Most
land surface models, however, excessively simplify or
even neglect isotopes of vapor evaporated from the land
surface even though the isotopes in land evaporation
will reflect precipitation and complex land surface
processes. For example, the atmospheric general
circulation models (AGCM) in Hoffmann et al. (1998)
incorporated isotopes but assumed no isotopic fractionation from the land surface. Yoshimura et al. (2003)
assumed constant isotopic compositions from evaporative sources though noted that this method introduced
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discrepancies between observation and simulation
results. Moreover, Bosilovich and Schubert (2002) and
Yoshimura et al. (2004b) showed a quantitatively large
contribution of land surface evaporation to land
precipitation. Koster et al. (2004) extracted “hot spots”
of land surface which have large influences to
atmosphere, and Henderson-Sellers et al. (2002) pointed
out that the climatic shift of precipitation isotopes over
Amazonian forest could not be reasonably explained
without the land processes.
Precise isotopic mechanisms in land surface
processes have been studied mainly in a view of
ecosystem-biological researches regarding carbon dioxide exchange with carbon isotope (13C) in CO2 (i.e.,
Yakir and Sternberg, 2002; Farquhar and Gan, 2003)
Water isotopes are also regarded interesting and have
been studied in regards of land evaporation processes
(i.e., Brunel et al., 1992; Martinelli et al., 1996;
Brunel et al., 1997; Wang et al., 1998; He and Smith,
1999; Wang and Yakir, 2000).
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Recently, a few land surface models that incorporate
stable water isotopes have been developed (Riley et al.,
2002; Braud et al., 2005). Furthermore, the first
intercomparison project of water isotope embedded
land surface models (iPILPS: isotopes in the project for
intercomparison of land-surface parameterization
schemes) started in 2004 (Henderson-Sellers et al.,
2006-this issue). Therefore, the present study also
develops a land surface model that incorporates isotopes
and yields reasonable estimates of isotopes for evaporation from land sources under various atmospheric
conditions.
The following section details model structure and
equations. Results from one-dimensional simulations in
the vertical at three locations are given in Section 3.
Section 4 describes an independent global simulation in
which Iso-MATSIRO is coupled with an atmospheric
isotope model. Simulated precipitation isotopes are compared to global observations and previous simulations.
The last section includes a summary and conclusions.

2. Model description
This section describes the original land surface model, MATSIRO, the isotopic physics adopted in the model, and
modules integrated with MATSIRO to simulate HDO and H218O of all water fluxes and reservoirs. Isotopic values are
expressed as parts per thousand (‰) relative to standard mean ocean water (SMOW).
2.1. MATSIRO
This study used the Minimal Advanced Treatments of Surface Interaction and RunOff (MATSIRO; Takata
et al., 2003) land surface model (LSM). The LSM was modified for energy and water flux partitioning in
PILPS-2(e) (Bowling et al., 2003) and optimized to treat water and energy fluxes in a large-scale global
simulation. MATSIRO has a single-layer canopy and albedo; bulk exchange coefficients are evaluated based
on a multilayer canopy model. Fluxes are calculated from the energy balance at the ground and canopy
surfaces in both snow-free and snow-covered portions that consider the subgrid snow distribution.
Evaporation of water on the canopy and transpiration parameterized on the basis of photosynthesis (SiB2type; Sellers et al., 1996) are included. A simplified TOPMODEL (Beven and Kirkby, 1979) calculates
baseflow runoff, in addition to surface flows. Snow has up to three layers depending on the snow water
equivalent, and snow layer temperatures are calculated with thermal conduction equations. Snowmelt and
refreeze are considered. There are five soil layers in which energy and water movements are treated with
physical equations that consider freezing and condensation. Model results are described in Hirabayashi et al.
(2005). Sakamoto et al. (2004) describe a simulation coupled with an AGCM.
In Iso-MATSIRO, all variables that contain water amount or flux have respective isotopic concentrations. Isotopic
concentrations that satisfy isotopic mass balances are computed at each time step. Fig. 1 schematically shows the model
structure of Iso-MATSIRO.
2.2. Basic surface isotopic fluxes with fractionation
When phase changes (e.g., liquid to gas) at any surface (i.e., soil, stoma, canopy, and snow) occur in the model,
not only equilibrium fractionation, but also kinetic isotopic fractionation of the isotopic composition in the
surrounding vapor are considered. Following Craig and Gordon (1965), turbulent diffusion is assumed to produce
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Fig. 1. Schematic representation of Iso-MATSIRO.

no isotopic fractionation, although molecular diffusion does. Surface flux F and corresponding isoflux Fiso are
expressed as


F ¼ qCF jVs j qðTÞ
*  qa
ð1Þ


* Þ RaðT Þ  qa Ra
F iso ¼ qCF iso jVs j qðT

ð2Þ

"
#
* ÞaðTÞ R  qa Ra
F iso CF iso qðT
¼
RF u
CF
CF
qðTÞ
*  qa

ð3Þ

where RF is the isotopic ratio of flux F (note that it is not “delta”); ρ is density of water; and CF and CFiso denote
bulk exchange coefficients of water and isotopes fluxes, respectively, where surface roughness resistance is
considered. The ratio of bulk coefficients, CFiso is the kinetic fractionation coefficient, and the parameterized values
in Merlivat and Jouzel (1979) (hereafter MJ79), which are functions of wind speed as expressed in the equations
below, are used for the first experiments.
CF iso
uak MJ u1  kbk
CF 
0:006
bk ¼
0:000285  Vs þ 0:00082

for Vs V7 ½m=s
;k ¼
for Vs > 7 ½m=s



ð4Þ
1
0:88

for 18 O
for D

λ is the ratio of the isotopic molecular diffusivity, and the value 0.88 is taken from Merlivat (1978). A discussion
on different parameters of kinetic fractionation will be appeared in the last section of next chapter. Vs is wind speed
⁎ and q are the saturated specific humidity at temperature T and the specific humidity of the
on the surface, and q(T)
a
surrounding vapor, respectively. R and Ra denote the isotopic composition of water in the surface reservoir and
surrounding vapor, respectively. T is temperature at the reservoir, and α is equilibrium fractionation factor obtained
from Majoube (1971a).
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RF is isotopic composition of water flux, and all model calculations that manipulate isotopic mass balance do so
considering isoflux (Fiso = RFF). Therefore, isotopic exchange is not considered when net water flux is zero.
2.3. Canopy
Iso-MATSIRO describes canopy evaporation flux, Ec, and its isotopic composition, as follows:

Ec ¼

fcwet qCHc jVa jðqðT*c Þ qa Þ
qCHc jVa jðqðT*c Þ qa Þ

REc ¼ ak

ðqðT*c Þ qa Þ > 0
ðqðT*c Þ qa ÞV0

* ÞaT*c Rc  qa Ra
qðT
c
* Þ qa
qðT

ð5Þ

ð6Þ

c

where fcwet is wet area fraction of the canopy, CHc is the bulk exchange coefficient for the evaporation from the canopyintercepted reservoir, Rc is the isotopic ratio of canopy reservoir, and α* denotes an equilibrium fractionation factor for
liquid to vapor (α) when Tc exceeds 0 °C and for ice to vapor (αice) when Tc is cooler than 0 °C. Note that dew
condenses onto the entire canopy regardless of canopy wetness. Iso-MATSIRO is “big-leaf” type model and canopy
intercepted water is one reservoir. Canopy reservoir water C and its isotopic ratio Rc are calculated with the above
evaporation flux and the corresponding isotopic ratio as
AC
¼ Ic  E c  D r
At

ð7Þ

ACRc
¼ Ic RIc  Ec REc  Dr Rc
At

ð8Þ

where Ic is input flux for the canopy reservoir, which is defined by precipitation flux (convective and large-scale
condensation) and canopy cover fraction derived from leaf area index (LAI). Dr is the dripping flux from the canopy,
that is total of overflow more than 0.2 mm and the gravitational drip (Rutter et al., 1975). Finally, RIc is the isotopic ratio
of Ic.
2.4. Snow
Sublimation from snow, Ss, and its isotopic composition, RSs, are defined almost similar to the Eqs. (5) and (6), but
weighting by Asn, the subgrid snow fraction, and using CHs, the bulk exchange coefficient for evaporation from soil
surface, αice, fractionation factor between ice and vapor, and Rsn, the isotopic ratio of all snow, instead of respective
variables.
Iso-MATSIRO allows up to three snow layers, tracks the amount of snow water equivalent (SWE), and considers
rain freezing, snow melting, and refreezing of melted snow in addition to snowfall. The model assumes an equilibrium
fractionation for liquid to ice formation, but non-fractionation for ice to liquid phase change. Meltwater from each snow
layer is first aggregated and mixed with rainfall on top of the first snow layer:
Z
Fliq

top

RFliq

top

¼ Isn

þ

M dzsn
R
Isn Rf RIsn Rf þ MRM dzsn
¼
ðwhere RM ¼ Rsn Þ
Fliq top
Rf

ð9Þ
ð10Þ

where Fliq in the snow layers is vertical liquid water flux, and RFliq is the isotopic composition. Isn_Rf and M in each
layer are liquid input flux for the snow reservoir and snow-melting flux, and RIsn_Rf and RM are their isotopic ratio,
respectively; Rsn is the isotopic ratio of snow, and zsn is the vertical axis for the snow layers.
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Liquid water that percolates downward is affected by equilibrium-fractionated refreezing that depends on the
freezing point at each layer in the soil:
AFliq
¼ Fr
Azsn

ð11Þ



ARFliq Fliq
¼ Fr RFr where RFr ¼ RFliq =aþ
Azsn

ð12Þ

Here Fr and RFr are the refreezing flux of liquid water at each layer and the isotopic ratio, respectively, and α+ is the
equilibrium fractionation factor between ice and liquid (Majoube, 1971b).
SWE and its isotopic composition at each snow layer (Sn and Rsn) are given as follows:
ASn
¼ M þ Fr
At

ð13Þ

ASn Rsn
¼ MRsn þ Fr RFr
At

ð14Þ

Note that sublimation flux and corresponding isotopic flux and snowfall should also be considered at the top layer as
ASn
¼ Isn Sf  Esn  M þ Fr
Attop
ASn Rsn
¼ Isn Sf RIsn Sf  Ss Rss  MRsn þ Fr RFr
Attop

ð15Þ
ð16Þ

where Isn_Sf and RIsn_Sf are the solid input flux on snow (usually snowfall) and its isotopic ratio.
2.5. Vegetation
Transpiration flux Et estimates include the isoflux that considers equilibrium and kinetic fractionation from liquid to
gas at stoma by the similar equations as (5) and (6), but weighting by (1 − fcwet), dry area fraction of canopy; and
replacing CEc, the bulk exchange coefficient for transpiration that depends on Simple Biosphere Model-type (SiB-type)
stoma resistance (Sellers et al., 1996) and LAI, and Rl_tip, the isotopic ratio in the leaf tip, to corresponding variables in
(5) and (6).
Vegetation in the model has one trunk layer and five leaf layers by default as shown in Fig. 1. Transpiring water
drawn up from the root zone layers has isotopic composition Rr that is weighted by the root density in each root zone
layer (froot) as
R
Rh froot dz
:
ð17Þ
Rr ¼ R w
froot dz
where Rθw is the isotopic ratio of soil water in each layer, and z is the vertical axis for soil. Water conveyance driven by
both transpiration and back diffusion is considered in the leaf. The isotopic ratio of leaf water, Rl, can therefore be
described as


dVl ARl 1 Et Al ARl
A2 Rl
¼
 Ds 2
ð18Þ
q LAI Azl
dzl At
Azl
Here, zl is the axis directed from leaf base to tip, and Vl and Al are water volume in a leaf and area of leaf surface,
respectively, determined by vegetation type. LAI is the leaf area index, D is liquid diffusivity of an isotope, which
diffusivity varies by temperature and isotopic species, and τ describes the crookedness of the leaf. REs and Rr are used as
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boundary conditions for the leaf tip and leaf base, respectively. Water conveyance flux Et does not vary on the zl-axis
(from leaf base to leaf tip): leaf water volume Vl does not change with time.
In ISOLSM (Riley et al., 2002), and in other isotopic land surface models (Braud et al., 2005), the isotopic
compositions in leaves are analytically diagnosed by assuming very small leaf reservoirs (Eq. (20) in Riley et al., 2002)
and isotopic steady state conditions based on the Craig and Gordon model. In contrast, the present model explicitly
predicts leaf water content and isotopes without assuming a steady state.
2.6. Runoff
The four runoff types in the original MATSIRO (saturation excess runoff [Dunne flow], infiltration excess runoff
[Horton flow], base flow, and overflow of the uppermost soil layer) are also considered in Iso-MATSIRO. All water
fluxes onto the ground surface are aggregated and some portions of this water, which depends on surface soil
conditions and physical soil properties, becomes Dunne flow or Horton flow. These two surface runoff types are
therefore isotopically “direct.” Base flow is calculated using the simplified TOPMODEL scheme. Base flow originates
from the layer where the water table depth is defined, and the isotopic composition of the base flow is same as that of
the soil layer. Finally, overflow has the same isotopic composition as soil water in the uppermost soil layer.
ROs ¼ ROi ¼ RIs

ð19Þ

ROb ¼ Rhw

zt

ð20Þ

ROo ¼ Rhw

top

ð21Þ

ROs, ROi, ROb, and ROo denote isotopic ratios of Dunne flow (Os), Horton flow (Oi), the base flow (Ob), and the
overflow (Oo), respectively. RIs is the isotopic ratio of liquid input flux onto the soil surface, and is isotopic ratio of soil
moisture. zl is the water table depth.
2.7. Soil
2.7.1. Soil evaporation
Water does not evaporate from snow-covered soil. Soil resistance and humidity in the surface soil is calculated only
in the snow-free part of the domain. If soil is partly or completely frozen, sublimation from ice is considered. The model
assumes that surface humidity results from equilibrium fractionation of soil water contents. Soil evaporation flux, Es,
and its isotopic ratio, REs, which considers kinetic isotopic fractionation (diffusion to atmosphere), are
⁎
˜
Es ¼ ð1  Asn Þð1  fice ÞqC
EsjVa jðhsoil qðTs Þ  qa Þ

REs ¼ ak

hsoil q⁎ðTs Þ aðTs Þ Rhw top  qa Ra
hsoil q⁎ðTs Þ  qa

ð22Þ

ð23Þ

˜
Asn and fice are the snow-covered area fraction and frozen soil area fraction, respectively. C
Es is a bulk exchange
coefficient that considers soil resistance for cases of evaporation (hsoil qðT*s Þ qa > 0) but not for cases of dew
condensation (hsoil qðT*s Þ qa V0); hsoil is the relative humidity in the surface soil, and q⁎ is saturated specific humidity.
When sublimation flux from frozen soil Es_ice takes place, its isotopic ratio REs_ice is simply the same as that of frozen
soil water at the surface, Rθitop.
2.7.2. Soil water transfer
Thermal and water transfers occur at five layers in the model; these layers are 5, 20, 75, 100, and 200 [cm] (total 4 [m])
from the surface. The original MATSIRO uses Richards' equation and thermal conduction to model soil water transfer
between the five soil layers with Clapp and Hornberger's (1978) hydraulic conductivity and matric potential. Vapor in
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soil (and its diffusivity) is ignored. Isotopes in Iso-MATSIRO move only through vertical soil moisture fluxes and source
flux (i.e., root uptake and runoff). Soil water content and isotopes can therefore be expressed as
Ahw AFw
¼
þ Sw
At
Az

ð24Þ

Ahw Rhw AFw RFw
¼
þ Sw Rhw
At
Az

ð25Þ

where θw is soil moisture content, and Rθw is its isotopic ratio; Fw is the vertical soil moisture flux, and RFw is its isotopic
ratio; and Sw is the source term defined as − Froot − Ob. The flux terms Fw and RFw are expressed using boundary
conditions at the surface and the bottom of the soil layers:


Aw
1
ð26Þ
Fw ¼ K
Az
RFw ¼ Rhw

ð27Þ

Note that Rθw of the water “upstream” is used for practical descritized equations. At the surface,
Fw
RFw

top

top

¼ Is  Es
¼

ð28Þ

Is RIs  Es REs
Fw top

ð29Þ

at the bottom,
Fw

bot

¼0

ð30Þ

Is is the liquid input flux to the soil surface, and RIs is its isotopic ratio. Equilibrium fractionation is considered when soil
moisture freezes, but no fractionation when soil ice melts.

3. One-dimensional offline simulations
3.1. Design
One-dimensional simulations in the vertical are
based on the iPILPS-EQY1 framework (see Henderson-Sellers et al., 2006-this issue), which compares the
performance of different land surface models that
incorporate isotopes. Simulations for steady states of
energy, water, and isotopic fluxes (i.e., cyclo-stationary
for a repeating annual cycle) occur at three sites:
Tumbarumba, Australia (35S,148E), Manaus, Brazil
(3N,60W), and Munich Germany (48N,11E).
Surface boundary conditions, i.e., specific humidity,
wind speed, air temperature, pressure, downward
radiation, precipitation (convective and large scale),
and the isotopic compositions of precipitation (convective and large scale) and vapor, are derived from output
from REMO-iso (Sturm et al., 2005) at 15-min time
steps for one ideal year (360 days). The forcing
meteorology is therefore modeled and the simulations
allow a check on the basic model performance that

would be difficult to achieve with observations.
Continuous isotopic ratio data for atmospheric vapor
and precipitation are very hard to acquire. Table 1 shows
selected respective soil types and vegetation types as
well as other important parameters.
The model timestep is 5 min, and the model iterates a 1yr calculation until differences between the initial and the
final water storage (soil, canopy, and snow) decrease below
a threshold. Thresholds in this paper are 0.01[mm/yr]
for water and 0.01 [mm/yr⁎RSMOW] for isotopic
species. RSMOW is the isotopic ratio of the standard
mean ocean water (SMOW).
3.2. Results
3.2.1. Annual budget of energy, water and isotopic
fluxes
Table 2 shows annual total energy, water, and
isotopic fluxes. Energy and water partitioning are
reasonably simulated (see Henderson-Sellers et al.,
2006-this issue for more detail). Transpiration and
evaporation from canopy interception are less than soil
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Table 1
Soil and vegetation types and corresponding site-specific parameters
for three simulated sites

a

Soil type
Veg. type

LAI b
Veg. cover
(%)
Root dist.
(%) c

Tumbarumba

Manaus

Munich

Loam
Mixed coniferous and
broadleaf deciduous
forest and woodland
0.63
45

Clay loam
Broadleaf
evergreen
forest
4.51
90

Clay loam
High latitude
deciduous forest
and woodland
4.50
90

15, 40, 40, 5, 0

All of the parameters except root distributions are based on
observations provided by iPILPS-EQY1.
a
Classified by Cosby et al. (1984).
b
Average for target area and fixed in time.
c
From the top layer to the bottom (fifth) layer.

evaporation at Tumbarumba, but greater than soil
evaporation at Manaus and Munich. Table 1 suggests
that this relationship is largely controlled by LAI and
vegetation cover (both are smaller in Tumbarumba), so
that these boundary parameters are carefully measured
and used. Runoff is overestimated at Manaus because of
high rates of convective precipitation there (89% of total
precipitation, versus 48% at Tumbarumba and 33% at
Munich). Convective precipitation is assumed to occur
in only a portion of the grid cell (10% by default), so the
precipitation rate over the area is ten times the
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convective rainfall rate, which increases the infiltration
excess runoff (Horton flow). In addition, the temporal
resolution of the forcing data is too fine, considering the
main model purpose of global climate simulation. Finer
temporal resolutions cause more fluctuations in precipitation rates and therefore more Horton flow (over the
infiltration capability). These seem physically reasonable, but current version of original MATSIRO instantaneously loses the Horton runoff from the system,
whereas some reservoirs (ponds or streams) should
appear and some extent of the water finally infiltrate in
reality. The treatment of surface reservoir would be
incorporated for further better simulations.
At the current stage, the authors did not do any tuning
for fit the water and energy separations, not only
because there is no comparable observed data, but also
because the main purpose of this paper is to see the first
isotopic performances. Moreover, discussion of adequate spatial and temporal scales in land surface
modeling can be found elsewhere (e.g., Brunsell and
Gillies, 2003). Such details, however, lie outside of the
scope of this study.
Consider the annual averages of isotopic ratios for
each flux. The isotopic ratio of the evapotranspiration
flux resembles that of the precipitation, in ± 1.5‰ range
for δ18O. This confirms that the simple assumption used
in atmospheric global simulations, that no fractionation
occurs during evaporation from land surfaces (e.g.,
Hoffmann et al., 1998), is plausible on annual time

Table 2
Annual budget of energy, water, and isotopic fluxes at three sites
Tumbarumba
Energy fluxes (W/m2)
Net energy
Latent heat
Sensible heat
Ground heat
Water fluxes (mm)
Precipitation
Evaporation
Transpiration
Soil evap.
Canopy evap.
Snow subl.
Total runoff

Manaus
94.7
80.2
14.0
0.4

Munich
141.1
93.7
47.3
0.02

1368.7
998.1

3072.0
1165.7
112.0
696.4
189.7
− 0.02

1349.5
900.6
333.8
181.3
650.5
–

370.6

Isotopic ratio, δ18O/δD/d-excess (‰)
Precipitation
− 4.98
− 25.2
Evaporation
− 5.37
− 27.7
Transpiration
− 0.86
1.6
Soil evap.
− 5.74
− 29.9
Canopy evap.
− 6.62
− 36.8
Total runoff
− 3.91
− 18.5

59.6
74.4
−16.8
2.0

236.4
113.9
548.7
1.7

1906.3

14.6
15.3
8.5
16.1
16.2
12.7

−2.24
−1.98
−1.20
−5.17
−1.49
−2.40

− 11.0
− 7.3
− 3.8
− 24.6
− 4.2
− 13.3

448.8

6.9
8.5
5.8
16.8
7.7
5.9

− 9.19
− 9.45
− 6.69
−16.67
− 8.75
− 8.68

−66.2
−67.4
−49.8
− 115.8
−62.4
−63.6

7.4
8.2
3.6
17.6
7.6
5.9
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scales. However, the contents (i.e., evaporation from
soil, transpiration, and evaporation from canopy) are
isotopically different. Transpired flux is more enriched
than precipitation at all three sites. In Tumbarumba,
particularly, transpired water is about 4.5‰ heavier than
precipitation. In contrast, evaporate from soil is depleted
at all sites; the difference between soil evaporation and
transpiration is about 9‰ for δ 18 O in Munich.
Evaporation from the canopy intercept has an isotopic
ratio similar to precipitation. It is depleted in heavy
isotopes at Tumbarumba and Munich but enriched at
Manaus because of seasonal variations of the isotopic
ratio in precipitation.

Furthermore, d-excess in evapotranspiration flux
exceeds that in precipitation at all sites. The difference
between d-excess of transpiration and soil evaporation is
large, more than 10‰, with smaller values for
transpiration fluxes. Distinct differences in isotopic
ratios show that partitioning transpiration and soil
evaporation using isotopic information is reasonable
on this scale.
Runoff flux is enriched in heavy isotopes at
Tumbarumba and Munich, but not at Manaus. Evaporative fractionation affects enrichment. The runoff rate is
larger at Manaus where there was less enrichment than
the other sites. The table also shows slightly depleted

Fig. 2. Seasonal variations of daily-averaged isotopic ratios (δ18O) in soil moisture at each layer (lines), and that in precipitation (crosses) at
Tumbarumba (a), Manaus (b), and Munich (c).
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values in runoff at Manaus. Such depletion must arise
from seasonal variations because runoff should be
enriched to some degree if the precipitation is
isotopically steady.
3.2.2. Seasonal variations in soil isotopes
Fig. 2 shows seasonal variations of δ18O in soil
moisture at each of the five layers and in precipitation
for 1 yr at the three sites. Fluctuations in δ18O decrease
with increasing soil depth at all three sites. When
precipitation occurs, the first soil layer responds. That
layer subsequently becomes enriched as evaporation
occurs. The precipitation and evaporation spikes are
sharpest at Tumbarumba because soil evaporation
dominates the total evapotranspiration there (see Table 1).
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Furthermore, the loamy soil at Tumbarumba is easier to
infiltrate because the hydraulic conductivity is larger;
thus the first layer of soil will be more sensitive to
isotopic variations of precipitation there. Snow exists at
Munich from the end of November until April.
Therefore, direct soil infiltration of precipitation is
prevented, and large fluctuations do not occur there
during winter.
Fig. 3 shows seasonal variations of soil wetness and
precipitation. There is less soil wetness at lower levels at
Manaus than at the other two sites, even though there is
more precipitation. The higher rate of convective
precipitation, described in the previous section, means
less infiltration to the soil. At Tumbarumba and Munich,
there are saturated soil layers for a part of the year.

Fig. 3. Seasonal variations of daily-averaged soil moisture at each layer (lines), and that of precipitation (bars) at Tumbarumba (a), Manaus (b), and
Munich (c).
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3.2.3. Diurnal isotopic cycles
Fig. 4 shows diurnal variations of transpiration flux
(Fig. 4a, d, and g), δ18O values (Fig. 4b, e, and h), and
δ18O in leaf and stem water (Fig. 4c, f, and i).
Transpiration at Tumbarumba is smallest because of
smaller LAI and smaller vegetation cover rates. Dry root
soil layers and a consequent increase in soil resistance
cause relatively low transpiration at Manaus in June–
August (JJA). Soil dryness is highly sensitive to the soil
properties (soil type). Selective root uptake also might
be considered for the case of dry soil conditions.
Fluctuations in isotopic ratios in transpired fluxes
have a large range, but nocturnal δ-values have little
impact of the total flux because the corresponding water
flux is very small. During the day, the isotopic ratio
rapidly decreases from morning until noon, and
increases in the afternoon. The dynamic leaf component
of this model helps to simulate the reasonable diurnal
shift and also the time lag between the transpiration
maximum and isotopic enrichment peak in leaf water
(Nakatsuka et al., manuscript in preparation).

The well-known daytime enrichment in a leaf is
simulated, but the degree of maximum enrichment is
less than observed (e.g., Gan et al., 2002), partly
because the values shown are seasonal averages. If
meteorological or hydrological causes lead to stoma
closure during the day, little diurnal variation in the
isotopic ratio of a leaf can occur. However, the
maximum isotopic difference between stem and leaf
tip is about 10‰ at all three sites and is still smaller than
observed averages. It is possible that the Merlivat and
Jouzel (1979) simplification of the kinetic fractionation
factors underestimates kinetic enrichment when wind
speeds are moderate, and the impact of kinetic
fractionation will be discussed the last part of this
chapter.
3.2.4. δ-Diagram for reservoirs and fluxes
Fig. 5 shows monthly averaged δD–δ18O relationships of predicted isotopic ratios for representative
reservoirs and fluxes. Reservoirs include water
intercepted by the canopy, the first soil layer, SWE,

Fig. 4. Diurnal variations of transpiration flux (a, d, g), δ18O in transpiration flux (b, e, h), and δ18O in leaf (c, f, i) at Tumbarumba (a–c), Manaus (d–f),
and Munich (g–i). Each of four lines shows different seasons, and lines with dots in the right column figures (c, f, i) show δ18O in stem water.
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The δ-values vary widely in time and by kind and are
particularly depleted in soil evaporated flux but enriched
in soil water and leaf water. Regardless of the large
range in values, however, d-excesses are mostly uniform
at all three sites. However, soil water and leaf water have
a slightly lower slope than other variables, which are on
the meteoric water line (MWL). The first soil layer and
leaf were likely more affected by kinetic fractionation.
3.3. Discussion—sensitivity of the kinetic fractionation
parameters
Three sensitivity tests are additionally implemented;
with new isotopic molecular diffusivity ratios suggested
by Cappa et al. (2003) [Cappa03], with other n and θ
parameters (n = 0.67 and θ = 1.0) of Craig and Gordon
model, assuming large degree of kinetic fractionation as
similar as open water surface [Openwater], and without
any kinetic fractionation [Non-kinetic].
The results are shown in Fig. 6. It is obvious that
treatment of the kinetic fractionation largely influences
δ-relationship between 18O and D. The Openwater test
had the strongest impact resulting a more flat slope than
MWL, and that is a contrast to the Non-kinetic test
resulting a similar slope as MWL. Note that the MJ79
parameterization is almost equivalent to nθ = 0.21 in
case of the smooth condition. The results thus are
physically reasonable. The Cappa03 test did not show
big difference to the original (Fig. 5a), indicating that
parameterization of the kinetic fractionation, such as n
and θ in case of Craig and Gordon model, should be
more carefully incorporated than detailed coefficients at
the current stage.
4. A global offline simulation with Iso-MATSIRO
and ICM
4.1. Design of the coupled simulation

Fig. 5. Seasonally averaged δD–δ18O relationship for modeled
reservoirs (closed symbols) and fluxes (open symbols) at Tumbarumba
(a), Manaus (b), and Munich (c). Size of each symbol shows relative
magnitude of corresponding water reservoirs or fluxes. The gray line
indicates the meteoric water line (δD = 8 × δ18O + 10).

and leaf water. Fluxes are precipitation, evapotranspiration (separated into soil evaporation, transpiration,
and evaporation from canopy), total runoff, and
snowmelt.

A global simulation coupled Iso-MATSIRO with an
atmospheric isotope model. However, unlike an ordinary coupled global simulation, which uses LSM and
AGCM, the present study uses the Rayleigh-type
isotope circulation model (ICM) from Yoshimura et al.
(2003) (hereafter Y03) to compute the atmospheric
circulation of isotopes. The ICM is forced by external
meteorological factors from a reanalysis data set. Those
factors include precipitation, evaporation, precipitable
water vapor, and vertically integrated vapor fluxes. The
ICM using reanalysis fields yields a “realistic” spatial
and temporal distribution of precipitation isotopes and
surface vapor isotopes (Yoshimura et al., 2004a,b); these
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Fig. 6. Results of three sensitivity tests are shown similarly as Fig. 5. Cappa03 (a), Openwater (b), and Non-kinetic (c).

isotopes are required variables for Iso-MATSIRO. This
experiment compares the land effect of precipitation
isotopes to Y03, in which constant evapotranspirative
isotopic ratio were used from all land surfaces.
This experiment has a horizontal resolution of 1° × 1°
and a coupling frequency of 10 min. Isotopes in
evaporative flux over land surfaces are predicted by
Iso-MATSIRO and given to the ICM; isotopes in
precipitation flux and ambient vapor are predicted by
the ICM and given to Iso-MATSIRO. Fig. 7 shows the
coupling structure. Other meteorological variables are
derived from Global Energy and Water Cycle, Asian
Monsoon Experiment (GAME) reanalysis data (Yamazaki et al., 2001) every 6 h. Soil and vegetation types
and other physical parameters are taken from the default
setting of the Global Soil Wetness Project 2 (Dirmeryer
et al., 2002). Over oceans, δ18O in evaporative flux has a
fixed value of −5‰, versus − 9.4‰ in Y03, aiming to
extract the impact of land processes to precipitation
isotopes, even though oceanic isotopes evaporation
would be relatively easier to estimate by using Eq. (3).

The global simulation proceeds from 1 April to 31
October in 1998, after a 60-day spin-up in perpetual
April mode. A longer spin-up allows for isotopically
stable reservoirs with large quantities of water. However, the GAME reanalysis used in Y03, cover only 6
months, which is not long enough for a true spin-up.
Only δ18O is simulated in this experiment.
4.2. Results and validations
Fig. 8a–e show 7-month averages of global δ18O
distributions for principal surface water variables:
precipitation (Fig. 8a), evapotranspiration (Fig. 8b), runoff (Fig. 8c), soil storage in the surface layer (Fig. 8d),
and canopy intercepted water (Fig. 8e). Fig. 8a shows a
large-scale “continental effect” in simulated precipitation stretching northeast over Eurasia, north over North
America, and west over South America. Precipitation
δ18O have a large impact on other reservoirs or fluxes,
because they show similar isotopic distributions. However, the influences of complex land surface processes
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Fig. 7. Schematic representation of Iso-MATSIRO and ICM coupling.

modulate the intensity of the direct impact of
precipitation. For example, canopy water (Fig. 8e)
and surface soil storage (Fig. 8d) are more influenced
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by precipitation than evaporation (Fig. 8b) and runoff
(Fig. 8c). Unlike the isotopic distribution of precipitation, isotopic reality of these water reservoirs or fluxes
are hardly evaluable, because of lack of observation
data, such as the Global Network of Isotopes in
Precipitation (GNIP; IAEA/WMO). A global data set
of river water isotopes recently have been taking place
and it would be useful for more direct evaluation of
such isotopic land surface simulations, particularly
runoff isotopes. However, this paper shall mainly focus
on precipitation isotopes in detail, simply because of
lack of sufficient evidences for others.
Figs. 9 and 10 show the difference between simulated
precipitation with (this study) and without (Y03) the
land surface treatment through a comparison. Fig. 9
shows a global distribution of correlation coefficients of
daily precipitation δ18O. Most continental precipitation

Fig. 8. Global distribution of weighted average δ18O of precipitation (a), evapotranspiration flux (b), runoff (c), soil moisture at the first layer (d), and
canopy intercepted reservoir (e) from April to October 1998.
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Fig. 9. Global distribution of correlation coefficients between daily
precipitation δ18O in the half-year simulation with and without land
surface treatment.

over middle to high latitude, particularly the Eurasia, are
highly influenced by the land surface processes. Some
maritime regions, near middle of the Southern Atlantic,
and The Southeastern Pacific near Chili, are isotopically
affected from land, too. This first global simulation with
isotope-incorporated land surface model shows that
variability in precipitation isotopes over land is highly
influenced not only by atmospheric vapor transport in a
large scale, but also by evaporative isotopes from land
surfaces. It should be also pointed out that smaller
impacts of land surface processes over most tropical
regions, i.e., the monsoon Asia, the middle of Africa,
and the central America.
Fig. 10 compares both results to monthly observations by GNIP. The global average of systematic bias
decreases from − 3‰ to 0.9‰, and the RMSE decreases
from 4.6‰ to 3.3‰. The impact of land surface
processes on precipitation isotopes cannot be neglected,
and the physical treatment in this study is more
reasonable as shown in the better match with observations. Moreover, physical land surface treatments
considering isotope circulations are necessary for runoff
and river water isotope estimates to yield more
reasonable precipitation isotope estimates. Results also
suggest that previous treatments of isotopes in land
surface models, such as “no fractionation and direct
return of precipitation isotopes” (Jouzel et al., 1987;
Hoffmann et al., 1998; Mathieu et al., 2002) or “uniform
isotopic value in evaporation” (Yoshimura et al., 2003),
are too simplistic.
5. Summary and conclusions
This study developed a land surface model, IsoMATSIRO, which considers stable water isotopes. The

model simulates physically reasonable isotopic fluxes
and reservoirs at ground surfaces. The model calculates
kinetic and equilibrium fractionation of HDO and H218O
between ice, liquid, and vapor phases, with separate
considerations for soil surface evaporation, vegetation
transpiration, evaporation from the canopy-intercepted
reservoir, and snow sublimation. The snow submodel
considers isotopic fractionation in melting of snow,
freezing of rain, and re-freezing of melted water.
Diffusive isotopic movement (so-called back diffusion)
in stem and leaf in addition to conveyance by
transpirative flux is considered in the vegetation
submodel without assuming a steady state condition.
The soil submodel has vertical isotopic transfer in five
soil layers, including freezing and melting of soil
moisture.
A one-dimensional (vertical) simulation with modeled meteorological forcings was conducted for three
sites (Tumbarumba, Manaus, and Munich) following
the iPILPS EQY1 framework. Results cannot be
compared to observations, but they show plausible
and reasonable features in the annual isotopic budget,
the seasonal variations of δ18O in soil moisture, the
diurnal variations of leaf water with enrichment to
some extent, and δ-diagram of representative surface
reservoirs and fluxes.

Fig. 10. Simulated monthly precipitation δ18O are compared with
GNIP observations for April to October 1998. Land–atmosphere
coupled simulation results are shown as circles, and control simulation
results in Y03 (without land surface processes) are shown as crosses.
The dotted and dashed lines are regressions of this study and Y03,
respectively.
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A global simulation used Iso-MATSIRO coupled
with an atmospheric ICM. Isotopes in precipitation and
ambient vapor were simulated in the ICM and given to
Iso-MATSIRO, and isotopes in evapotranspiration were
simulated in Iso-MATSIRO and given to the ICM. The
coupled run simulated seven months in 1998 using the
GAME reanalysis. The land surface treatment greatly
influenced daily precipitation isotopes over most of the
continents, because large variability in the daily total
evaporative isotopes were estimated. Results were
compared with GNIP observations. Simulated precipitation δ18O was closer to observations when IsoMATSIRO was used. Results also suggested that
previous treatments of isotopes in land surface models,
such as “no fractionation and direct return of precipitation isotopes” (Jouzel et al., 1987; Hoffmann et al.,
1998; Mathieu et al., 2002) or “uniform isotopic value in
evaporation” (Yoshimura et al., 2003), are too
simplistic.
There still remains residual discrepancy between
simulated precipitation isotopes and the observations
over some places, however. Post condensation processes
should be one of the reasons, as well as resolved
boundary layer dynamics, but it may be difficult to
incorporate these precise processes into the twodimensional atmospheric model, even though it produced reasonable estimates of global precipitation
isotopes by using external meteorological data. Isotope
incorporated atmospheric general circulation models or
regional models are expected to evaluate the impacts of
these processes.
List of symbols
Al
Area of a leaf surface (m2)
Asn
Subgrid snow fraction (–)
C
Canopy-intercepted reservoir (kg)
CEc
Bulk exchange coefficient for transpiration (–)
CF
Bulk exchange coefficient for water flux F
(–)
CFiso
Bulk exchange coefficient for isotopic flux Fiso
(–)
CHc
Bulk exchange coefficient for evaporation
from canopy-intercepted reservoir (–)
CHs
Bulk exchange coefficient for snow sublimation (–)
˜
C
Bulk exchange coefficient for evaporation
Es
from surface soil (–)
D
Liquid diffusivity of an isotope (m2/s)
Dr
Dripping water flux from canopy (kg/m2/s)
Ec
Evaporation from canopy (kg/m2/s)
Es
Evaporation from soil surface (kg/m2/s)
Et
Transpiration from vegetation (kg/m2/s)

froot
F
Fliq_top
Fr
Fiso
fcwet
hsoil
Ic
Isn_Rf
LAI
M
n
Ob
Oi
Oo
Os
*
q(T)
qa
R
Ra
Rc
RFliq
RFr
RIc
RIsn_Rf
RM
Rl
ROb
ROi
ROo
ROs
Rr
Rsn
RSs
Rθw
Sn
Ss
Vs
Vl
zsn
α(T)
αk_MJ
βk
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Fraction of root density (–)
Water flux (kg/m2/s)
Vertical liquid water flux in snow (kg/m2/s)
Refreezing flux of liquid water (kg/m2/s)
Isotopic flux (kg/m2/s)
Wet area fraction of canopy (–)
Relative humidity in the surface soil (–)
Input water flux for the canopy reservoir
(kg/m2/s)
Liquid input flux for the snow reservoir
(kg/m2/2)
Leaf area index (–)
Snow-melting flux (kg/m2/s)
Craig and Gordon model parameter (–)
Baseflow runoff (kg/m2/s)
Infiltration excess runoff (kg/m2/s)
Overflow runoff (kg/m2/s)
Saturation excess runoff (kg/m2/s)
Saturated specific humidity at temperature T
(kg/kg)
Specific humidity at surface (kg/kg)
Isotopic ratio (–)
Isotopic ratio of surface vapor (–)
Isotopic ratio of canopy-intercepted reservoir C
(–)
Isotopic ratio of liquid water flux in snow Fliq
(–)
Isotopic ratio of refreezing flux of liquid water
(–)
Isotopic ratio of water input flux Ic (–)
Isotopic ratio of liquid input flux for snow (–)
Isotopic ratio of snow-melting flux M (–)
Isotopic ratio of leaf water (–)
Isotopic ratio of base flow (–)
Isotopic ratio of infiltration flow runoff (–)
Isotopic ratio of overflow runoff (–)
Isotopic ratio of saturation excess flow runoff
(–)
Isotopic ratio of whole root zone (–)
Isotopic ratio of snow (–)
Isotopic ratio of sublimation flux (–)
Isotopic ratio of soil water (–)
Snow water equivalent (SWE) (kg)
Sublimation flux (kg/m2/s)
Wind speed at surface (m/s)
Leaf water volume (kg)
Vertical axis for the snow layers (m)
Equilibrium fractionation factor at temperature
T (–)
Kinetic fractionation factor parameterized by
MJ79 (–)
A factor for the kinetic fractionation (–)
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γ
ρ
τ
θ
θw

K. Yoshimura et al. / Global and Planetary Change 51 (2006) 90–107

Ratio between the isotopic molecular diffusivity (–)
Density of water (kg/m3)
Crookedness of a leaf (–)
Craig and Gordon model parameter (–)
Soil moisture content (m3/m3)
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