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Abstract. The stable water isotope%ﬁo and HDO are in-  oceanic water masses, comparable but not identical to salin-
corporated as passive tracers into the oceanic general ciity (Craig and Gordon, 1965).
culation model MPI-OM, and a control simulation under In modern ocean research, measurements of water iso-
present-day climate conditions is analyzed in detail. Bothtopes have been used to obtain information on the origin
8180 and sD distributions at the ocean surface and deepand mixing pattern of water masses (edstlund and Hut,
ocean are generally consistent with available observations 0984; Fihlich et al., 1987; Gat et al., 1996; Khatiwala et al.,
the large scale. The modellé®d-5180 relations in surface  1999). Oxygen isotopic ratios are also considered as an im-
waters slightly deviates from the slope of the global meteoricportant proxy in many climate archives (e.g. marine and la-
water line in most basins, and a much steeper slope is decustrine sediment cores, ice cores, etc.), which among others,
tected in Arctic Oceans. The simulated deuterium excess oére used for reconstructing paleo-temperature (e.g. Broecker,
ocean surface waters shows small variations betwee® 80 1986), paleo-salinity (Duplessy et al., 1991; Sarnthein et al.,
and 55 N, and a strong decrease north of 56 The model  1992), and past sea level variations (Sowers and Bender,
is also able to capture the quasi-linear relationship betweeri995; Broecker and Henderson, 1998).
8180 and salinitys, as well assD and S, as seen in obser- For quantitative analyses, the isotopic composition of a
vational data. Both in the model results and observations, thevater sample is commonly described in a permil-based delta
surfaces-S relations show a steeper slope in extra-tropical notation 180, sD). The interrelationship between hydro-
regions than in tropical regions, which indicates relatively gen and oxygen isotope ratios is defined as deuterium ex-
more addition of isotopically depleted water at high latitudes. cessd-excess {-excess= §D-8*$180, Dansgaard, 1964). It
is an indication of kinetic (non-equilibrium) fractionation ef-
fects occurring during evaporation of water from oceanic ar-
eas (Dansgaard, 1964). Theexcess records from polar ice
cores have been used to reconstruct ocean surface tempera-
ture at the evaporative source region (e.g. Ciais et al., 1994;
Vimeux et al., 2001; Masson-Delmotte et al., 2005; Stenni

. . t al., 2010). As thel-excess value is determined by the
hgve been conS|d§red as a usefgl tool i ocean a.n(iir—sea interaction processes, the ocean surface conditions
climate research since the pioneering work by EpSt.emstroneg affecti-excess values in vapor and rainfall (Uemura
and Mayeda (1953), Dansgaard (1953) as well as I:r'ed'tal., 2008). Consequently, tHeexcess variations in surface

man (1953)' I was _recognlzed that the observed ratios 0ﬁcean water should go in parallel withexcess variations in
water isotopes in different water samples are affected bX/apor and rainfall as well

temperature-dependent isotope fractionation occurring at any Since several years, general circulation models (GCMs),

phase transition within the Earth's hydrological cycle. In ad.— which include explicit stable water isotopes diagnostics, are

dition, different freshwater fluxes into the ocean (e.g. PrECIPI- o stablished tools to investigate the relationship between wa-

tation, orriver discharge) have d_|st|nct|ve Isotopic signatures, isotopes and various climate variables. The water isotopes
which enables the use of water isotopes as tracers of different

1 Introduction

The stable water isotopes;#0 and HDO (D= deuterium)
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have been incorporated in both atmospheric GCMs (first re- The atmospheric forcing is derived from output of an
alizations by e.g. Joussaume et al., 1984; Jouzel et al., 198 &tmospheric general circulation model (AGCM) present-
Hoffmann et al., 1998) and oceanic GCMs (Schmidt, 1998;day control simulation in a T31 spectral resolution (about
Paul et al., 1999; Wadley et al., 2002), as well as in coupled3.75 x 3.75), with 19 vertical levels (ECHAM5-wiso;
atmosphere-ocean models (Schmidt et al., 2007; Tindall eWerner et al., 2011). Mean daily values of heat, freshwa-
al., 2010). These previous modeling studies stressed the imer and momentum fluxes at the air—sea interface are ob-
portance of understanding the spatial and temporal isotopitained from a 10 yr simulation period. All forcing fields from
variations for a quantitative interpretation of their relation- the ECHAM5-wiso simulation are bilinearly interpolated to
ship to climate changes. For oceanic GCMs, in particular,the MPI-OM grid. The MPI-OM present-day climate control
the studies showed also the potentiab8tO to characterize  simulation has been run for 3000 yr into a quasi-steady state.
different water masses. For the analyses we used the mean state of the last 100 sim-
Here, we report first results with a new isotope-enhancedulation years, only.
version of the ocean general circulation model MPI-OM
(Marsland et al., 2003). Our study focuses on a simulation of2.2 Modelling of isotope tracers I-%SO and HDO
the present-day global oceanic distributiod 10 andsD as
well as the deuterium excess. The model results are analyzethe stable water isotopeéﬁo and HDO are incorporated
for different oceanic basins to understand the processes thais conservative passive tracers into MPI-OM. They are fully
lead to the simulated isotopic distribution of both oxygen- advected and mixed by the OGCM. The isotopic variations
18 and deuterium at the ocean surface. A comparison of theccurring in MPI-OM primarily depend on the temperature-
simulation results with available observations examines thedependent isotope fractionation during evaporation, on the
model performance in capturing the main characteristics ofisotopic composition of freshwater fluxes entering the ocean,
the present-day oceanic water isotopic distribution as well amand on oceanic advection and mixing of different water
the relationship of salinity versus80 andsD in different masses.
ocean basins. For an OGCM isotope simulation, the required isotopic
composition of evaporationF) and precipitation ) fluxes
can either be taken from observational data or obtained from
suitable atmospheric model output. Several previous studies
applied a regression formula (Gat and Gonfiantini, 1981) to
calculate the isotopic composition of precipitation (Schmidt,

We employ the Max-Planck-Institute Global Ocean/Sea-lcel998; Wadley etal., 2002). This global regression is based on
Model MPI-OM (Marsland et al., 2003), which solves the observed local temperatures and precipitation amounts over
primitive equations on an Arakr;lwa C-é]rid (Arakawa and continents and some island stations. The high latitudes are
Lamb, 1977) while the vertical discretization is on z-level. Underrepresented by this empirical approach, and the tropical
The model has a free surface and includes subgrid-scale p&mount effect is not well captured (Rozanski et al., 1993).
rameterizations for the bottom boundary layer flow across N this study, the daily isotopic content af and E
steep topography, horizontal and vertical viscosity, verticalfluxes over ocean surface stem from the same ECHAMS-
and isopycnal diffusivity, and convection. As a sea ice com-WiSO simulation as used for obtaining the default fresh-

ponent, a viscous-plastic rheology sea ice model (HibIer,Water' heat and momentum fluxing forcing. This approach

1979) is embedded. This sea ice model includes thermody"-"VOidS the systematic uncertainties mentioned above and en-
namic sea ice growth and melt, as well as the thermohalin§Urés maximum consistency between the prescribed clima-
coupling to the ocean model by brine rejection. tological forcing and the related isotopic fluxes. ECHAM5-

The model is implemented on a bipolar orthogonal spher-Wis0 is a derivative of the ECHAMS AGCM (Roeckner et

ical coordinate system, with the poles located over Antarc-2l-» 2003) enhanced by explicit water isotope diagnostics

tica and Greenland, respectively. The second location avoid§/Verner etal., 2011). The prescribgfO of sea surface wa-
a grid singularity in the Arctic Ocean while the horizontal " in ECHAMS-wiso is interpolated from the NASA grid-

resolution is high in the deep water formation regions of theded data set (LeGrande and Schmidt, 2006), andCheal-
Arctic and the northern North Atlantic Oceans. ues are Obta'”%d by assuming an oceahéxcess value of
- - .

For this study, the MPI-OM grid configuration GR30 with 0 %e (6D =8+47"0, Supplement Fig. S1). On a global scale,
a formal horizontal resolution of°3< 1.8°, 40 unequal ver- the ECHAMS5-wiso simulation results are in good agreement
tical layers, and a time step length of 8640 seconds is choWith available observations of the isotopic composition of
sen. Initial conditions for marine temperature and salinity Precipitation from the Global Network of Isotopes in Precip-
are interpolated from climatological fields given by Steele It@tion (GNIP), both on an annual as well as a seasonal time

etal. (2001). Sea surface salinity is restored with a time scal§cale (Werner etal,, 2011). _ _
of 39 days. For the phase transition of water occurring during the for-

mation and melting of sea ice, no changg¥f0 andsD are

2 Methods

2.1 Ocean model
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assumed in our MPI-OM setup, as the isotopic fractionation .. @ - U
between liquid water and ice is small compared to other frac-  © ' ‘
tionation processes (Craig and Gordon, 1965; O’'Neil, 1968z -«
Souchez et al., 2000). ol _: :
The isotopic composition of river runoff is another bound- | E 2
ary condition, which influences the marine isotopic values, *
particularly in coastal regions. In this study, the amount
o e e et are Ui 1. 0T ol sonsmean H0O bt composion o
. . . . sea surface wate8D) from a MPI-OM present-day climate control
ter fluxes simulated _by ECHAM5-W|s_o following the_t(_)po_- simulation.(b) The same aga), but for H%so (5180).
graphic slope. The discharge of continental net precipitation
(P—E) towards the ocean depends on the slope of the un-
derlying topography, and the calculated total river runoff is 3 Results
based on the assumption that the global water cycle is bal-
anced, i.e. all net precipitation over land surfaces is trans3.1  Simulated present-day distribution of water
ported to the ocean. In our procedure, lakes are not present  isotopes (|-£80 and HDO)
and the hydrological cycle is closed. This may introduce
small distortions in magnitude and location of the simulatedFor a first assessment of our simulation results, we evaluate
river runoff compare to observations. the global zonal-mean isotopic compositionséf ands180
For the initial distribution of @80 and HDO in the ocean, in ocean surface waters (Fig. 1). Due to the lager mass dif-
a homogenous setup has been chosen with all values set ference of the two stable isotopes relative to the mass of the
present-day80 andsD values of 0% with reference to element, zonal deuterium exhibits much larger absolute vari-
the Vienna Standard Mean Ocean Water (Baertschi, 1976ations (15 %o to +5 %0) in the isotopic composition of sur-
Dewit et al., 1980). No surface restoring of water isotopes isface waters as compared&t?O (—3 %o to +1 %o). However,

dD (peri
™0 (permil)

-50 50 -50 50

0 0
Latitude Latitude

applied. as the same boundary fluxes (precipitation, evaporation, and
_ 18 river runoff) determine both %?O and HDO in ocean surface
2.3 Observational database 08-°O and 6D waters, strikingly similar features of the zonal mean isotopic

i composition can be seen in most regions. BB#0O andsD
The Global Seawater Oxygen-18 Database (Schmidt et alygcrease from mid-to-high latitudes as a result of the lati-

1999) contains a collection of over 26 000 observations sincq,gina| temperature decrease and the rainout effect, similar

about 1950, which offers a unique opportunity to comparey, the trends observed in meteoric water samples (e.g. Craig
the observed and modeled ocea#itO values. For the com- 54 Gordon, 1965; Criss, 1999). There is a slight increase of
parison with our model results, all data entries of the t0pyhe water isotopes concentration from equatorial regions to
198m-layer are taken as representative ocean surface walgfe s htropics, which can be related to a relative excess in
6770 values. All measurements between 100m and botton, 46 ration over subtropical oceans. The most enriched ar-
are used for model-data comparison at subsurface and deep,q are |ocated around<39, where the zonal meafd and

oceans. 8180 values reach almost +5 %o and +1 %o, respectively. The

Although 8D180bservations of ocean waters are not as,qt depleted regions are found north of 65 with 5D val-
widespread as~°O, there are some measurements available,qq |ess than-20 %o ands80 values less thar 1.5 %.. The

to validate our simulations. For this study, we consider globaligopic values in the Northern Hemisphere exhibit a much
8D measurements from the GEOSECS expediti@&lind gy onger heterogeneity as compared to the Southern Hemi-
et al., 1987), which are complemented with observauonssphere_

from thg Northwest ch;ific (Horibe and Ogura, 1968), from " £o; further analyses, the simulated glob&%0 andsD

the tropical West Pacific (Ahar(?n and Chappell, 1986), theigtrinytions at the sea surface as well as the observations
Indian Ocean (Duplessy, 1970; Delaygue et al., 2001), there shown in Fig. 2 and 3, respectively. The Atlantic Ocean
Arctic Ocean (Friedman et al., 1961), the Baltic Sea (Ehhaltyotween 30S and 40N has much enriched isotopic val-
1969; Fohlich et al., 1988), the Mediterranean (Gat et al., | ;o especially in the Northern Hemisphes&80 > 1 %o

1996), the Gulf of Mexico (Yobbi, 1992), and the Weddell g _ 5 %o), as compared to the Pacific Ocean. The North At-

Sea (Weiss et al., 1979). In the same way as applied fofantic current transports these enriched water to the Nordic

18
§7°0, the D measurements above 10m and below 100Mge,q Extremely depleted values are seen in marginal seas at
have been chosen. The chosen surface data have been avplrgh latitudes such as the Baltic Seaf%o to —10 %o for

aged over the upper 10m. 8180, and—50 %o to —80 %o for §D) and estuaries of Arc-
tic rivers (—6 %o to —14 %o for §180, and—67 %o to —118 %o
for §D). The most enriched values &0 andsD are found
in the eastern Mediterranean Sea (approx. 2.8 %0 and 15 %o,

www.geosci-model-dev.net/5/809/2012/ Geosci. Model Dev., 5, 818-2012
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7 08 04 0 0.4 0.8 1.3 1.7 3 -56 6.4 3.2 0 32 6.4 104 136 24
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Fig. 2. (a) The annual meadl80 distribution in ocean surface Fig. 3. (2) The annual meadD distribution in ocean surface waters
waters as simulated by MPI-OMb) The sea surfacé80 mea- as simulated by MPI-OMb) AvailablesD measurements from sea
surements included in the Global Seawater Oxygen-18 Databassurface water samples (see text for details).

(Schmidt et al., 1999).

20

respectively), where evaporation is the dominating influence
on the isotopic composition of seawater.

The spatial structures 6£80 andsD simulated by MPI-
OM are similar to the available observations (Figs. 2b andg
3b). Both model results and observational data show stronglh <
depleted areas’t®0 < —5 %o, 8D < —20 %o) in coastal re- _ ]
gions with continental river discharge. For a more quanti- " w0 w0 2 s a0 s o
tative model-data comparison, we average all observations grserten pem?d Srmeneten et
within a specific grid cell and compare the mean value withFig. 4. Comparison of observed water isotopic values (averaged
corresponding MPI-OM result (Fig. 4). Analyses of the cor- onto the MPIOM model grid) versus modelled surface isotopic val-
respondence between simulated and observed fields indicatees. The 1:1 line is colored in red.

a good agreement between these two fields. The correlation

coefficients R) are 0.75 and 0.96 fat'80 andsD (signifi-

canton a 95 % interval), and the normalized root mean squardepleted values in the Southern Ocean. TH®O distribu-
errors (NRMSE) are 8.3 % and 9.4 %, respectively. tion is consistent with the formation and transport of At-

Meridional sections 0§80 andsD in Atlantic subsurface  lantic water masses. The North Atlantic Deep Water layer is
and deep waters are shown in Fig. 5. The distributions aresotopically enriched compared to the layers associated with
distinctly different from the surface and more homogeneousAntarctic Intermediate Water and Antarctic Bottom Water.
We find enriched values in North Atlantic and relatively The meridionaBD distribution along Atlantic basin exhibits

M (permil)

-20
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Fig. 6. Comparison of observed water isotopic values (averaged
onto the MPIOM model grid) versus modelled isotopic values be-
tween 100m and bottom. The 1:1 line is colored in red.
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Fig. 7. Relationship between deuterium and oxygen-18 of surface
! (permi) waters in different ocean basins obtained by our model. The red line
in each panel represents the linear approximat@a- 8+5180.

Fig. 5. MPIOM simulation results{a) The annual zonal mea180

of the Atlantic basin(b) The annual zonal meaDb of the Atlantic

basin. Pacific Ocean: 7.16; Antarctic Ocean: 8.47). Largest devia-
tions are found for the Arctic Ocean (10.00). Two separated
tails in the sD-5180 relations in both Atlantic and Pacific

similar features a8180, but larger variation. Its distribution !
should be very similar t6180 after an appropriate scaling. Ocean can be detected. Compared to other basing[he

18 . . . . .
Performing the same averaging method of observationaf  © rela_mon shows larger variations in the Arctic Ocean.
values within different model grid cells as for the surface 1 N€ tropical oceans show flatter slopes (6.6.9) than the
water data, we find that the model results below 100 m als@EXtra-tropical oceans (North Atlantic: 7.69; South Atlantic:

agree well with the observations. The Rs are 0.76 and 0.83-39; Nor_th Pa<1:ti3fic: 7'5_3; South P_acific: 8.39). Thest_a dif-
for 5180 andsD, and the NRMSEs are 4.6 % and 13.2 %, ferences isD-6-°0 relations result in the separated tails at

respectively (Fig. 6). extra-tropical oceans.
Based on the simulated water isotopic compositions, the

3.2 Simulated present-daysD-§180 relationship and modeled ocean surfacgexcess values are calculated. For
d-excess variations ocean regions, thé-excess in the surface waters may be af-
fected by evaporation, precipitation, as well as mixing of dif-
Based on precipitation measurements, a linear relation beferent water masses. We compile existent observational data
tweensD and 8180 in precipitation was first reported by where bothsD and§80 measurements exist at the same lo-
Dansgaard (1964), withD = 8*5'80. This relation can be cation and calculate for these location thexcess of ocean
explained by a simple Raleigh-type model of isotopic frac- surface waters (Fig. 8). The modeléD-5180 relationship
tionation occurring during evaporation and condensationagrees with the observations, but a clear negative offset is de-
processes. As illustrated in Fig. 7, a similar linear relation-tected for the simulated-excess values. Both observations
ship betweersD and §'80 at sea surface is found in most and simulation show similar ranges @fexcess variations
basins. The simulated deuterium and oxygen-18 compositionith an increase i-excess for water masses with stronger
in both basins are indeed highly correlated~(0.98), and  §180-depletion.
the slopes of the linear fit betweé® ands*80 slightly de- The simulated global zonal meadrexcess values of
viate from the factor 8 at most basins (Atlantic Ocean: 7.76;sea surface waters vary betweet2 %o and —13 %o, with

www.geosci-model-dev.net/5/809/2012/ Geosci. Model Dev., 5, 818-2012
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Fig. 8. (a) Observed (red) and modelled (black) relationship be-
tween deuterium and oxygen-18 in sea surface wgterbserved
(red) and modelled (black) deuterium excess in sea surface waters.
The regressions are calculated from measurements.

2 .

~

d-excess (permil)
&
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Fig. 9. The global zonal mead-excess of sea surface water from
MPI-OM simulation.

rather small variations<{4 £ 1 %o) between 89S and 58N
(Fig. 9). These negative values are in general agreement
with the enriched (positive) deuterium excess values of atmo-
spheric water vapor simulated (and observed) in the marine
boundary layer. A sharp decrease is detected at arouind,55
where thed-excess drops from approximately3.5 %o to
_13%0.' . . I -20 18 -16 14 12 10 8 6 -4 -2 O

In Fig. 10, we illustrate the spatial variations of the (permil)
excess values. There are few marginal seas (Baltic Sea, Bay
of Bengal, James Bay) which exhibit a positideexcess, Fig. 10. (a) Annual meand-excess distribution at sea surface as
most likely strongly influenced by river runoff. The variances Simulated by MPI-OM(b) The same aga), but for the region north
of d-excess in major basins are small, but there are signifi°f 93 N-
cant differences between the different ocean basins. The Pa-
cific and Indian Oceans are relatively enriched/iexcess
as compared to the Atlantic Ocean, and the most depleted re8.3  Simulated present-day relations between §f0,
gions are located in the Arctic Oceans. The water transported ~ HDO and salinity
by the Labrador Current and the East Greenland Current con-
tains much lowerd-excess values than water of the Gulf Because similar physical processes (precipitation, evapora-
Stream and the North Atlantic Drift. For the Arctic Ocean, tion, and river runoff) affect the salinity and the isotopic
the inflow from the North Atlantic and Pacific preservesfits  composition of ocean waters, a positive relationship between
excess value from its original region. The Pacific water flow salinity (S) and water isotopes can be expected, particularly
through the Bering Strait has highérexcess, and the North for ocean surface waters.
Atlantic current brings relatively lowed-excess values. In As illustrated in Fig. 11, the model is able to rep-
the Southern Hemisphere, the Antarctic Circumpolar Currentresent the general features of the obseréé®O-S re-
traps the depleted water in the Southern Ocean. lation. The modelleds'®0-S slope at tropical oceans is

Geosci. Model Dev., 5, 809848 2012 www.geosci-model-dev.net/5/809/2012/
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Fig. 11. Relationship betweed!80 and salinitys for simulated  Fig. 12. Relationship betweesD and salinitys for simulated and

and observed surface watefa) Tropical regions(b) extra-tropical  observed surface watei&) Tropical regions(b) extra-tropical re-
regions. In all panels, model results are plotted in black and obsergions. In all panels, model results are plotted in black and obser-
vational data are plotted in red. The regressions are calculated fromational data are plotted in red. The regressions are calculated from
simulation results, the corresponding observational regressions aréimulation results. Please note that the same grid cells as used in the
given in text. For the model-data comparison, only those model grids180-s analyses (Fig. 11) have been selected to determinéDhe

cells that contain observations are chosen. If several observed dat@irelations in tropical and extra-tropical oceans (see text for further
values exist in a corresponding grid cell, the mean of all data valuesxplanation).

is used for the analyses.

well with observations. The correlation between model re-
sults and observations is higher 8D (R =0.96) than for
8180 (R =0.75). However, this is probably biased due to the
; 8
value (-5.85%) is in accordance with the observations SMaller number 0§D observg\thns compared §°0. If the
(—5.55%0). For the extra-tropical oceans, the model ismodel—data comparison fét80 is restricted to the same lo-
able to represent the main features of the observationsCations used in théD analyses, a similar high correlation co-
too. Both slope (model~0.50%PSU?, observations: efficient (R = 0.97) is calculated. The largest differences are
0.43 % PSUL) and end member (modeki? 62 %.. obser- found in some marginal seas, where river runoff has a strong
vations: 14.98 %0) are in fair agreement with the observa-eﬁeCt' such as In the Baltic Sea, the Kara Sea a_md Laptev
tions. The modeled80-S slopes agree also with the gen- Sea. The deviations between data and model are likely due to
eral latitudinal trends, with a steeper meridional gradient inh€ unresolved scales and processes at those marginal areas,

high latitudes than in tropical surface waters. The correlation®S @ result of the coarse resolution in our model simulation.
Because we excluded the small fractionation during sea ice

betweens180 and salinity in tropical waters is weaker than

in the extra-tropical regions, both in the observations and théorm_anon, theY will be sllghtly_ over-depleted n |s_ot0pes a_t
simulation results. sea ice formation area. But this effect is rather minor (Craig

For 8D, there is a limited number of measurements, and2nd Gordon, 1965; O'Neil, 1968; Souchez et al., 2000). Ver-
even less investigation on thiD-S relation (Baltic Sea: tically, the number of observations from deeper water layers
~1.96 % PSUL. Frohlich et al.. 1988 Mediterranean Sea: 'S Insufficient to draw a precise global picture of the vertical
~1.72 %o PSUl’ Gat et al 1996) Thié sparse data set is nOtdis‘,tribution of water isotopes. However, the simulated verti-

. , o . 18 i
enough for a robust data-model comparison. Therefore, wé&@! vaIuEs oBD ands ﬁ agrebe aé:%o Wle" with thel ob;ser\f/_ra-
have selected the same grid cells used is#§©-S analyses tlr?ns..T l_ere_are_a sma hnum elr va U?S CO”:jp 9tehy 0 I
to determine théD-S relations in tropical and extra-tropical € 1:1 line in Fig. 6. These values are |ocated at the costa
oceans (Fig. 12). In agreement with the similarity of the line of the Weddell Sea. The depletion in our simulation is

basin-scale variations of deuterium and oxygen-18, we find®roPably mainly due to the runoff calculation, which consid-
coincident relations 0§80 andsD with salinity. ForsD, a ers all the snowfall as river runoff into the ocean according
slope of~1.06 %, PSU'! is found in tropical regions, and a t© the mass balance. The main discrepancie$io as seen

much steeper slope 6f4.09 % PSU' is simulated in extra- in the model-data comparison are found mainly in the Gulf

tropical regions. At both tropical and extra-tropical oceans,©f St- Lawrence. This mismatch may be due to our coarse

8D exhibits larger absolute variation comparest§O with model resqlutiqn, Wh,iCh is unable to resolve'the physjca!
the same range of salinity, and shows relatively weaker corProcesses in this region. The modeled water isotope distri-
relation to salinity bution at Atlantic meridional section is consistent with the

different water masses. Our model results compare reason-
ably well with previous results from other isotope included
4 Discussion OGCM model studies, either by ocean only (Schmidt, 1998;
Paul et al., 1999; Wadley et al., 2002) or coupled versions
We implemented the passive isotopic traceﬁgﬂﬂand HDO  (Schmidt et al., 2007).
into the ocean model MPI-OM. In most regions, the sim-  Since precipitation and evaporation are the main water
ulated water isotope composition of surface waters agreefluxes affecting the isotopic composition of ocean surface

~0.18 % PSU1, which agrees well with the observed gra-
dient of ~0.17 %0 PSU. This consistency is also main-
tained in the end member, where the simulat#dO
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water, a similar linear relation betweé® ands'®0 asthe 5 Conclusions

global meteoric water line (Craig, 1961) is expected. Our

simulation represents this similar relation in most oceandn this study, the water isotope tracers®® and HDO have
and consistent with the observed slope-8@.4 (Friedman, been successfully implemented into the ocean GCM MPI-
1953) in the ocean as well. In addition, the unigi@-  OM to explicitly simulate the present-day oxygen and hydro-
8180 relation in the Mediterranean Sea found by Gat etg€n isotopic composition of seawater. In addition, a second-
al. (1996) is not reproduced by our model. In agreementorder isotope parameter, the deuterium excess of sea sur-

with recent observations (Cox et al., 2011), the simulatedface water, has also been analyzed on a basin scale. Our
Mediterranean relation follows the genesBl-5180 relation. ~ model captures the observed basin-scale features and merid-

The reasonabl&D-s180 relation enables a realisticexcess ional gradients of surface ocean water. The model simulates
surface field, which is necessary to modegxcess. How- @ more enriched Atlantic in comparison to the Pacific Ocean,
ever, there are only a few studies on #hexcess in ocean the Mediterranean Sea as the most enriched oceanic basin,

waters, which makes it rather difficult to evaluate the mod-and the Arctic estuaries as the isotopically most depleted re-
elledd-excess variations in sea surface waters. Based on th@ions. Regional deficiencies showing up in certain marginal
approach that the atmosphed%)(cess Signature is domi- Seaare related to relatively coarse horizontal resolution of the
nated by non-equilibrium isotope fractionation during evap- model setup. Our model also successfully simulates the ob-

oration processes from marine surface waters (Dansgaard &grved vertical distribution and water-isotopic composition
al., 1964; Gat et al., 1994), the remaining ocean surface waof Atlantic water masses. Moreover, the simulateeixcess-

ter should have a negative-excess value. In our simula- 8180 relations agree with the observations, with an increase

tion results, we find such negativeexcess values in most Of thed-excess for water masses stronger depletexi@.

ocean regions_ Water masses with posiﬁ\,{excess values A reverse relationship is detected at hlgh latitudes, where

are found in regions that are controlled by the river runoff, the sD-6180 relations show a steeper slopes). The simu-

preserving a positivé-excess signal found in precipitation. Iated8180-salinity relationships of tropical and extra-tropical

Compared to the available observations, our model simuoceans are also in good agreement with observations, with a

lates in general too negativeexcess values. This mismatch flatters'®0-S slope at low latitudes and steeper slope at high

might be related to our chosen model setup: The used isotop@titudes. The modelleD-salinity relationship shows simi-

forcing fluxes of precipitation and evaporation stem from anlar features as’®o.

ECHAMS5-wiso simulation, where a constahiexcess value The first evaluation of the newly developed stable water

of 0%o was assumed for all ocean surfaces (Werner et al.isotope module within the MPI-OM ocean model has been

2011). This inconsistency can be only solved in a fully cou- focused on present-day climate conditions. As a logical next

pled ocean-atmosphere system and should result in slightigtep, the model will be applied to different paleoclimate con-

higherd-excess values of ocean surface waters. ditionsin a fU”y Coupled setup to improve our understanding
For the relation betweett80 and salinityS in marine sur-  of past marine isotopic changes and its use for paleo-climate

face waters, different gradients have been obtained in varteconstructions.

ious model studies. These studies suggest an extra-tropical

region of 0.5-0.6 % S' and a tropical slope of 0.2%:$

(Schmidt, 1998; Schmidt et al., 2007; Delaygue et al., 200

Wadley et al., 2002). Our results are in agreement with thes

findings. Both deuterium and oxygen-18 exhibit a linear re-

lationship with salinity, and botb80-S andsD-S gradients

vary when different ocean basins are chosen for the calcula-

tion. Thus, f_or_ amore _precise ir_lterpretationa_etfhan_ges N Egited by: H. Goosse

terms of salinity variations, basin-scale relationships should

be applied. However, the surface salinity is not a free variable

in our model setup due to the surface salinity restoring, whichReferences

is necessary to maintain the general MPIOM ocean state in

agreement with the observations. Our relation betweéd Aharon, P. and Chappell, J.: Oxygen isotqpes, sea—leyel chang?s and

and S is therefore not purely determined by the model, but temperature history of a coral-reef enwronme_ntal in New Guinea

also by the salinity data used for restoring. These inconsis- over the last 1Dyears, Palaeogeogr. Palaeoclimatol. Palaeoecol,

tencies in thes-S relation will be overcome in future work 0 35/~379(0i:10.1016/0031-0182(86)90101-X986.
. Arakawa, A. and Lamb, V. R.: Computational design of the ba-
using a fully coupled ocean-atmosphere set up.

sic dynamical processes of the UCLA general circulation model,
Methods. Comput. Phys., 17, 173-265, 1977.

Baertschi, P.: Absolute 180 of standard mean ocean water,
Earth. Planet. Sci. Lett.,, 31, 341-344l0i:10.1016/0012-
821X(76)90115-11976.

o.Supplementary material related to this article is
‘available online at: http://www.geosci-model-dev.net/5/
09/2012/gmd-5-809-2012-supplement.pdf

Geosci. Model Dev., 5, 809848 2012 www.geosci-model-dev.net/5/809/2012/


http://www.geosci-model-dev.net/5/809/2012/gmd-5-809-2012-supplement.pdf
http://www.geosci-model-dev.net/5/809/2012/gmd-5-809-2012-supplement.pdf
http://dx.doi.org/10.1016/0031-0182(86)90101-X
http://dx.doi.org/10.1016/0012-821X(76)90115-1
http://dx.doi.org/10.1016/0012-821X(76)90115-1

X. Xu et al.: Water isotope variations in the global ocean model MPI-OM 817

Broecker, W. S.: Oxygen isotope constrains on surface ocean 77-83,d0i:10.1016/0168-9622(88)900331287.
temperatures, Quaternary Res., 26, 121-#18#410.1016/0033-  Gat, J. R. and Gonfiantini, R. (Eds): Stable isotope hydrology:
5894(86)90087-61986. Deuterium and Oxygen-18 in the water cycle, Int. At. Energy
Broecker, W. S. and Henderson, G. M.: The sequence of events Agency, Vienna, 1981.
surrounding Termination Il and their implications for the cause Gat, J. R., Bowser, C. J., and Kendall, C.: The contribution of evap-
of glacial-interglacial CQ@ changes, Paleoceanography, 13, 353—  oration from the Great Lakes to the continental atmosphere: esti-
364,d0i:10.1029/98PA00921998. mate based on stable isotope data, Geophys. Res. Lett., 21, 557—
Ciais, P., Jouzel, J., Petit, J. R., Lipenkov, V., and White, J. W. C..  560,d0i:10.1029/94GL00069994.

Holocene temperature variations inferred from six Antarctic ice Gat, J. R., Shemesh, A., Tziperman, E., Hecht, A., Georgopoulos,
cores, Ann. Glaciol., 20, 427-436, 1994. D., and Basturk, O.: The stable isotope composition of waters
Cox, K. A., Rohling, E. J., Schmidt, G. A., Schiebel, R., Bacon, S., of the eastern Mediterranean Sea, J. Geophys. Res., 101, 6441—

Winter, D. A., Bolshaw, M., and Spero, H. J.: New constraints  6451,doi:10.1029/95JC02829996.
on the Eastern Mediterraneah80:6D relationship, Ocean Sci. Hibler, W. D.: A dynamic thermodynamic sea ice model,

Discuss., 8, 39-53]0i:10.5194/0sd-8-39-2012011. J. Phys. Oceanogr, 9, 815-846d0i:10.1175/1520-
Craig, H.: Isotopic variations in meteoric waters, Science, 133, 0485(1979)0020815:ADTSIM>2.0.C0O:21979.
1702-1703do0i:10.1126/science.133.3465.170261. Hoffmann, G., Werner, M., and Heimann, M.: Water isotope module

Craig, H. and Gordon, L. I.: Deuterium and oxygen-18 variations  of the ECHAM atmospheric general circulation model: A study
in the ocean and the marine atmosphere, in: Stable Isotopes in on timescales from days to several years, J. Geophys. Res., 103,
Oceanographic Studies and Paleotemperatures, edited by: Ton- 16871-16896¢0i:10.1029/98JD00423998.

giogi, E., Spoleto, Italy, 9—130, 1965. Horibe, Y. and Ogura, N.: Deuterium content as a parameter of
Criss, R. E. (Ed.): Principles of stable isotope distribution, Oxford water mass in the ocean, J. Geophys. Res., 73, 1239-1249,
University Press, New York, 1999. doi:10.1029/JB073i004p01239968.

Dewit, J. C., VanderStraaten, C. M., and Mook, W. G.: Determi- Joussaume, J., Sadourny, R., and Jouzel, J.: A general circulation
nation of the absolute hydrogen isotopic ratio of V-SMOW and  model of water isotope cycles in the atmosphere, Nature, 311,

SLAP, Geostandards Newslett., 4, 33—-36, 1980. 24-29,d0i:10.1038/311024a0984.

Dansgaard, W.: The abundance oft®in atmospheric wa- Jouzel, J., Russell, G. L., Souzzo, R. J., Koster, R. D., White, J. W.
ter and water vapor, Tellus, 5, 461-46%i:10.1111/j.2153- C., and Broecker, W. S.: Simulations of HDO ané% atmo-
3490.1953.th01076,4953. spheric cycles using the NASA GISS general circulation model:

Dansgaard, W.: Stable isotopes in precipitation, Tellus, 16, 436— The seasonal cycle for present-day conditions, J. Geophys. Res.,
468, 1964. 92, 14739-14760J0i:10.1029/JD092iD12p14739987.

Delaygue, G., Jouzel, J., and Dutay, J. C.: Oxygen 18-salinity re-Khatiwala, S. P., Fairbanks, R. G., and Houghton, R. W.: Freshwater
lationship simulated by an oceanic general circulation model, sources to the coastal ocean off northeastern North America: Ev-
Earth Planet. Sci. Lett., 178, 113-128pi:10.1016/S0012- idence from H80/ H1%0, J. Geophys. Res., 104, 1824118255,
821X(00)00073-X2000. doi:10.1029/1999JC900155999.

Delaygue, G., Bard, E., Rollion. C., Jouzel, J., Stievenard, M., Du-LeGrande, A. N. and Schmidt, G. A.: Global gridded data set of the
plessy, J. C., and Ganssen, G.: Oxygen isotope/salinity relation- oxygen isotopic composition in seawater, Geophys. Res. Lett.,
ship in the northern Indian Ocean, J. Geophys. Res., 106, 4565— 33, L12604d0i:10.1029/2006GL026012006.

4574,d0i:10.1029/1999JC000062001. Marsland, S.J., Haak, H., Jungclaus, J. H., Latif, M., and Roeske,
Duplessy, J. C.: Note preliminaire sur les variations de la composi- F.: The Max Planck Institute global ocean/sea-ice model with
tion isotopique des eaux superficelles de B@n Indien: La rela- orthogonal curvilinear coordinates, Ocean Modell, 5, 91-127,

tion 180-salini€, C. R. Acad. Sci. Paris, 271, 10751078, 1970.  doi:10.1016/S1463-5003(02)00015-2003.

Duplessy, J. C., Labeyrie, L. D., Juillet-Leclerc, A., Maitre, F., Masson-Delmotte, V., Jouzel, J., Landais, A., Stievenard, M.,
Duprat, J., and Sarnthein, M.: Surface salinity reconstruction Johnsen, S. J., White, J. W. C., Werner, M., Sveinbjornsdottir, A.,
of the North Atlantic Ocean during the last glacial maximum,  and Fuhrer, K.: GRIP deuterium excess reveals rapid and orbital-
Oceanol. Acta, 14, 311-324, 1991. scale changes in Greenland moisture origin, Science, 309, 118—

Ehhalt, D. H.: On the deuterium-salinity relationship in 121,doi:10.1126/science.1108575005.
the Baltic Sea, Tellus, 21, 429-43%0i:10.1111/j.2153- O'Neil, R.: Hydrogen and oxygen isotopie fractionation be-
3490.1969.tb00456,4.969. tween ice and water, J. Phys. Chem., 72, 3683-3684,

Epstein, S. and Mayeda, T.: Variationtn HO content of water doi:10.1021/j100856a060.968.
from natural sources, Geochim. Cosmochim. Acta, 4, 213—-2240stlund, H. G. and Hut, G.: Arctic Ocean water mass bal-
doi:10.1016/0016-7037(53)900511053. ance from isotope data, J. Geophys. Res., 89, 6373-6381,

Friedman, I.: Deuterium content of nature waters and other doi:10.1029/JC089iC04p0637B984.
substances, Geochim. Cosmochim. Acta, 4, 89-103,0stlund, H. G., Craig, H., Broecker, W. S., and Spender, D.:
doi:10.1016/0016-7037(53)900661053. GEOSECS Atlantic, Pacific and Indian Ocean expeditions:

Friedman, I., Schoen, B., and Harris, J.: The deuterium con- Shorebased Data and graphics, vol. 7, Tech rep, National Science
tent in Arctic sea ice, J. Geophys. Res., 66, 1861-1864, Foundation, Washington, DC, 1987.
doi:10.1029/32066i006p01861961. Paul, A., Mulitza, S., Btzold, J., and Wolff, T.: Simulation of oxy-

Frohlich, K., Grabczak, J., and Rozanski, K.: Deuterium and gen isotopes in a global ocean model, in: Use of Proxies in Pa-
oxygen-18 in the Baltic Sea, Chem. Geol. Isot. Geosci. Sect., 72, leoceanography: Examples From the South Atlantic, edited by:

www.geosci-model-dev.net/5/809/2012/ Geosci. Model Dev., 5, 818-2012


http://dx.doi.org/10.1016/0033-5894(86)90087-6
http://dx.doi.org/10.1016/0033-5894(86)90087-6
http://dx.doi.org/10.1029/98PA00920
http://dx.doi.org/10.5194/osd-8-39-2011
http://dx.doi.org/10.1126/science.133.3465.1702
http://dx.doi.org/10.1111/j.2153-3490.1953.tb01076.x
http://dx.doi.org/10.1111/j.2153-3490.1953.tb01076.x
http://dx.doi.org/10.1016/S0012-821X(00)00073-X
http://dx.doi.org/10.1016/S0012-821X(00)00073-X
http://dx.doi.org/10.1029/1999JC000061
http://dx.doi.org/10.1111/j.2153-3490.1969.tb00456.x
http://dx.doi.org/10.1111/j.2153-3490.1969.tb00456.x
http://dx.doi.org/10.1016/0016-7037(53)90051-9
http://dx.doi.org/10.1016/0016-7037(53)90066-0
http://dx.doi.org/10.1029/JZ066i006p01861
http://dx.doi.org/10.1016/0168-9622(88)90038-3
http://dx.doi.org/10.1029/94GL00069
http://dx.doi.org/10.1029/95JC02829
http://dx.doi.org/10.1175/1520-0485(1979)009<0815:ADTSIM>2.0.CO:2
http://dx.doi.org/10.1175/1520-0485(1979)009<0815:ADTSIM>2.0.CO:2
http://dx.doi.org/10.1029/98JD00423
http://dx.doi.org/10.1029/JB073i004p01239
http://dx.doi.org/10.1038/311024a0
http://dx.doi.org/10.1029/JD092iD12p14739
http://dx.doi.org/10.1029/1999JC900155
http://dx.doi.org/10.1029/2006GL026011
http://dx.doi.org/10.1016/S1463-5003(02)00015-X
http://dx.doi.org/10.1126/science.1108575
http://dx.doi.org/10.1021/j100856a060
http://dx.doi.org/10.1029/JC089iC04p06373

818 X. Xu et al.: Water isotope variations in the global ocean model MPI-OM

Fischer, G. and Wefer, G., Springer, New York, 655-686, 1999. Stenni, B., Masson-Delmotte, V., Selmo, E., Oerter, H., Meyer, H.,
Roeckner, E., Buml, G., Bonaventura, L., Brokopf, R., Esch, Rothlisberger, R., Jouzel, J., Cattani, O., Falourd, S., Fischer, H.,

M., Giorgetta, M., Hagemann, S., Kornblueh, L., Schlese, Hoffmann, G., Lacumin, P., Johsen, S. J., Minster, B., Udisti, R.:

U., Schulzweida, U., Kirchner, |., Manzini, E., Rhodin, A., The deuterium excess records of EPICA Dome C and Dronning

and Tompkins, A.: The atmospheric general circulation model Maud Land ice cores (East Antarctica), Quaternary Sci. Rev., 29,

ECHAMS5, Part I: Model description, Max Planck Institute for 146-159d0i:10.1016/j.quascirev.2009.10.0@®10.

Meteorology Rep 349, 2003. Tindall, J., Flecker, R., Valdes, P., Schmidt, D. N., Markwick, P., and
Rozanski, K., Aragéis- Aragis, L., and Gonfiantini, R.: Isotopic Harris, J.: Modelling the oxygen isotope distribution of ancient

patterns in modern global preciepation, in: Climate Change in seawater using a coupled ocean-atmosphere GCM: Implication

Continental Isotopic Records, edited by: Swart, P. K., McKen-  for reconstructing early Eocene climate, Earth Planet. Sci. Lett.,

zie, J. A., Lohmann, K. C., and Savin, S., American Geophysical 292, 265-273¢0i:10.1016/j.epsl.2009.12.042010.

Union, Monograph, 78, 1-36, 1993. Uemura, R., Matsui, Y., Yoshimura, K., Motoyama, H., and
Sarnthein, M., Jansen, E., Arnold, M., Duplessy, J. C., Erlenkeuser, Yoshida, N.: Evidence of deuterium excess in water vapor as

H., Flatory, A., Veum, T., Vogelsang, E., and Weinelt, M. S.:  an indicator of ocean surface conditions, J. Geophys. Res., 113,

5180 time-slice reconstruction of meltwater anomalies at termi- D19114,d0i:10.1029/2008JD010202008.

nation 1 in the North Atlantic between 50 and®°80 in: The Vimeux, F., Masson, V., Jouzel, J., Petit, J. R., Steig, E. J., Stieve-

last deglaciation: Absolute and radio-carbon chronologies, edited nard, M., Vaikmae, R., and White, J. W. C.: Holocene hydrologi-

by: Bred, E. and Broecker, W. S., Springer, New York, 182-200, cal cycle changes in the southern hemisphere documented in East

1992. Antarctic deuterium excess records, Clim. Dynam., 17, 503-513,
Schmidt, G. A.: Oxygen-18 variations in a global ocean model, doi:10.1007/PL0000792&001.

Geophys. Res. Lett., 25, 1201-12@#4i:10.1029/98GL50866  Wadley, M. R., Bigg, G. R., Rohling, E. J., and Payne,

1998. A. J.: On modeling present-day and last glacial maximum
Schmidt, G. A., LeGrande, A. N., and Hoffmann, G.: Water iso-  oceanics180 distributions, Global Planet. Change, 32, 89-109,

tope expressions of intrinsic and forced variability in a cou-  doi:10.1016/S0921-8181(01)000842002.

pled ocean-atmosphere model, J. Geophys. Res., 112, D1010%Veiss, R. F.Ostlund, H. G., and Craig, H.: Geochemical stud-

doi:10.1029/2006JD007782007. ies of the Weddell Sea, Deep Sea Res. Part A, 26, 1093-1120,
Schmidt, G. A,, Bigg, G. R., and Rohling, E. J.: Global Seawa- do0i:10.1016/0198-0149(79)900591979.

ter Oxygen-18 Database, available fattp://data.giss.nasa.gov/ Werner, M., Langebroek, P. M., Carlsen, T., Herold, M., and

ol8dataflast access: 2011), NASA Goddard Inst of Space Sci., Lohmann, G.: Stable water isotopes in the ECHAM5 gen-

New York, 1999. eral circulation model: Toward high-resolution isotope mod-
Souchez, R., Jouzel, J., Lorrain, R., Sleewaegen, Syétard, eling on global scale, J. Geophys. Res., 116, D15109,

M., and Verbeke, V.: A kinetic isotope effect during ice for- doi:10.1029/2011JD015682011.

mation by water freezing, Geophys. Res. Lett., 27, 1923-1926,Yobbi, D. K.: Effects of tidal stage and ground-water levels on the

doi:10.1029/2000GL006102000. discharge and water quality of springs in coastal Citrus and Her-
Sowers, T. and Bender, M.: Climate records cover- nando countries, Tech Rep Water Resources Investigations Re-

ing the last deglaciation, Science, 269, 210-214, port92-4096, US Geol Surv, Florida, 1992.

doi:10.1126/science.269.5221.21@95.
Steele, M., Morley, R., and Emold, W.. PHC: A Global

Ocean Hydrography with a  High-Quality  Arctic

Ocean, J. Climate, 14, 2079-2087d0i:10.1175/1520-

0442(2001)0142079:PAGOHW-2.0.C0O:2 2001.

Geosci. Model Dev., 5, 809848 2012 www.geosci-model-dev.net/5/809/2012/


http://dx.doi.org/10.1029/98GL50866
http://dx.doi.org/10.1029/2006JD007781
http://data.giss.nasa.gov/o18data/
http://data.giss.nasa.gov/o18data/
http://dx.doi.org/10.1029/2000GL006103
http://dx.doi.org/10.1126/science.269.5221.210
http://dx.doi.org/10.1175/1520-0442(2001)014<2079:PAGOHW>2.0.CO:2
http://dx.doi.org/10.1175/1520-0442(2001)014<2079:PAGOHW>2.0.CO:2
http://dx.doi.org/10.1016/j.quascirev.2009.10.009
http://dx.doi.org/10.1016/j.epsl.2009.12.049
http://dx.doi.org/10.1029/2008JD010209
http://dx.doi.org/10.1007/PL00007928
http://dx.doi.org/10.1016/S0921-8181(01)00084-4
http://dx.doi.org/10.1016/0198-0149(79)90059-1
http://dx.doi.org/10.1029/2011JD015681

