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Abstract. Variability in water isotopes has been captured in
numerous archives and used to infer past climate changes.
Here we examine water isotope variability over the course
of the Holocene using the water-isotope enabled, coupled
atmosphere-ocean general circulation model, GISS ModelER. Eight Holocene time slices, ∼1000 years apart are simulated and driven by estimated changes in orbital configuration, greenhouse gases, and ice sheet extent. We find that
simulated water isotope archives match well with those seen
in ice cores, ocean sediment cores, and speleothems. The
climate changes associated with the water isotope changes,
however, are more complex than simple modern spatial slope
interpretations might suggest. In particular, water isotope
variability in Asian speleothems is linked to alterations in
landward water vapor transport, not local precipitation, and
ice sheet changes over North America lead to the masking of
temperature signals in Summit, Greenland. Salinity-seawater
isotope variability is complicated by inter-ocean basin exchanges of water vapor. Water isotopes do reflect variability
in the hydrology, but are better interpreted in terms of regional hydrological cycle changes rather than as indicators
of local climate.

1

Introduction

Water isotopes are important tracers of the hydrologic
cycle.
In the atmosphere, the oxygen isotopic composition of precipitation, δ 18 Oprec (δ in per mil units
≡−Rsample/Rstd−1×1000 – refers to the ratio of the sample concentration to a known standard) is a product of the
initial composition of δ 18 O in the water vapor of an air
parcel and the amount of rain out, evaporation of rainfall,

and mixing of that air parcel along its path. It is correlated to surface air temperature at mid to high latitudes and
thought to correlate to the amount of precipitation at low latitudes over short time periods seen in modern observations
(Araguas-Araguas et al., 2000; Dansgaard, 1964). Long term
records of δ 18 Oprec available in ice cores (Jouzel et al., 2007),
speleothems (Wang et al., 2008), lake records (von Grafenstein et al., 1999), and tree cellulose (Treydte et al., 2007),
provide a way to infer information about climate if appropriate interpretations can be found (Cuffey et al., 1995; Jouzel
et al., 2003; Roden et al., 2000; Wang et al., 2001).
Similarly, the oxygen isotopic composition of seawater,
δ 18 Osw is a tracer of circulation and of surface ocean fluxes.
In the ocean, δ 18 Osw is regionally related to salinity since
fluxes of freshwater (precipitation and evaporation) affect the
concentration of both. Variations in δ 18 Osw are more complicated than salinity since water isotopes undergo additional
fractionation and transport in the atmosphere (Craig and Gordon, 1965).
The δ 18 Osw is preserved in the calcite shells of marine microfossils such as foraminifera as well as the aragonite skeletons of corals. These ratios are complicated by a temperature dependent fractionation of −1‰ per 5◦ C of δ 18 O (Epstein et al., 1953) and species dependent “vital effects”. Past
variability in δ 18 Osw can potentially be reconstructed given
paired measurements of δ 18 O in calcite and an independent
temperature proxy (e.g. Mg/Ca in calcite), giving insight into
the past hydrologic cycle (Schmidt et al., 2004).
Alterations in orbital configuration have long been postured as the primary driver of climate change over the last
10 000 years. Holocene perihelion changes enhanced Northern Hemisphere seasonality, with the maximum changes occurring in the early Holocene. In the tropics, the monsoon
was likely more intense in the early Holocene, with intensity
diminishing through the modern (Maher, 2008).
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The key to interpreting the signals in paleoclimate records
is an estimate of the temporal gradient – the relative covariability of climate and δ 18 O in a set location over time.
Often people have applied modern spatial gradients – the relative co-variability of climate and δ 18 O over a region – but
these need not be the same as temporal gradients. Further,
temporal gradients over different timescales or kind of climate change may also be variable (Schmidt et al., 2007).
In the ocean, variability in δ 18 Osw has been used to infer
past salinity variability given the modern (regional) relationship between δ 18 Osw and salinity (Schmidt et al., 2004; Stott
et al., 2004). These reconstructions assume that the modern
regional (spatial) relationship – which is the regression of
the δ 18 Osw to salinity relationship over a region – was valid
over a range of timescales at a finite point in space; i.e. the
reconstructions of salinity assume that the temporal relationship between the two is equivalent to the spatial relationship.
Since the hydrologic cycle itself – including atmospheric
variations in δ 18 O – is impacted by climate, this assumption has been called into question (Schmidt, 1999). During
times of climate change, it is possible that the relationship of
δ 18 Osw to salinity and δ 18 Oprec to precipitation/temperature
have also changed.
Given these concerns, a thorough examination of the spatial relationships derived from the modern distribution of water isotopes and climate and their connection to the temporal relationships is necessary. For instance, in Greenland,
paired measurements of water isotopes and borehole temperatures establish that the spatial ratio between temperature and
δ 18 Oprec regionally are roughly twice the temporal ratio between the two (Cuffey et al., 1995; Masson-Delmotte et al.,
2006; Werner et al., 2000). Ice records from Antarctica at
present do not seem to have the same complicating factor
(Jouzel et al., 2003; Masson-Delmotte et al., 2008), though
recent work suggests that the relationship may not be linear
(Sime et al., 2008). However, the potential for such divergence in temporal and spatial ratios suggests that further, site
and proxy-specific work is required.
Future climate, given a business as usual scenario, will
likely be significantly warmer than today. However, climate models have been thoroughly tested only on the range
of climate variability over the last 100 years. Therefore,
in order to be evaluated for changes on par to those projected, models need to be tested over the much greater range
of variability inferred from the paleoclimate record. The
early to mid-Holocene Northern hemisphere Holocene climate has traditionally been seen as a good target for these
purposes. Specifically, mid-Holocene (6000 BP) climate
changes are regularly simulated as part of model-data intercomparison projects (e.g. PMIP2: Braconnot et al., 2007;
Masson-Delmotte et al., 2006). These comparisons are useful in highlighting model skills and deficiencies. The key
questions in these comparisons are related to the sensitivity of the tropical and sub-tropical rainfall regimes and the
sensitivity of the meridional overturning circulation to the
Clim. Past, 5, 441–455, 2009

progressive melting of ice sheets, particularly in the Early
Holocene, during the last phases of the deglaciation.
Here we explore the variability of the δ 18 O over
the Holocene (last 10 000 years) using a fully coupled
atmosphere-ocean general circulation model (GCM) that explicitly tracks water isotopes. We quantify the impact of orbital variations, (small) greenhouse gas variations, and ice
sheet variation in order to (1) examine the amount of variability of the proxy records compared to climate, (2) assess
the skill of the model in reproducing the Holocene climate
variability, and (3) suggest improvements to the interpretation of isotopic data from this period.

2

Methods and model description

GISS ModelE-R (Goddard Institute for Space Studies
ModelE-R) is a fully coupled atmosphere/ocean GCM. The
experiments here use the M20 version of ModelE whose horizontal resolution is 4◦ ×5◦ , with a 20 vertical layer atmosphere up to 0.1 hPa height (Schmidt et al., 2006) coupled to
the 13-layer Russell Ocean model at the same horizontal resolution (Hansen et al., 2007). Atmospheric advection uses
the quadratic upstream scheme, with 9 moments advected
in addition to mean quantities, significantly enhancing the
effective tracer resolution (to ∼1.3◦ × ∼1.6◦ ). The ocean
model is non-Boussinesq, mass conserving, and has a full
free surface. Freshwater is treated in a “natural” way; i.e. the
addition of freshwater increases the free surface and reduces
salinity purely through dilution. No equivalent salt fluxes or
flux adjustments are used, allowing for the prognostic calculation of water isotope to salinity relationships. All boundary
conditions and atmospheric composition in the control case
are appropriate to the pre-industrial period (circa 1880).
2 1 16
Water tracers (1 H16
2 O, “normal” water; H H O, δD;
1 H18 O, δ 18 O; where δ in permil (‰) ≡ [(R /R
std smow )-1]
2
X 1000) are included in the atmosphere, land surface, sea
ice, and ocean and are tracked through all stages of the hydrologic cycle (Schmidt et al., 2007). These isotopes are
advected like water through the model, but at each phase
change, an appropriate fractionation is performed (Schmidt
et al., 2005).
Eight “time slice” experiments were performed, giving
roughly 1000 year temporal coverage across the Holocene
(Table 1). In each, greenhouse gas concentrations were adjusted based on ice core reconstructions (Brook et al., 2000;
Indermuhle et al., 1999; Sowers et al., 2003), and seasonal
insolation was changed as a function of changing orbital parameters (Berger and Loutre, 1991). For the 9 kya (kiloyears ago) experiment, a remnant Laurentide ice sheet was
included (Licciardi et al., 1998, Fig. 1), and mean ocean
water salinity and δ 18 O adjusted to account for ice volume (35 psu, +0.33‰ equivalent to ∼35 meters of sea level)
changes (Fairbanks, 1989). Each experiment was run 500
www.clim-past.net/5/441/2009/
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Topography Difference for LIS (meters) at 9 kya

Fig. 1. Topography anomaly at 9 kya showing the remnant Laurentide Ice Sheet. Adapted from Licciardi et al. (1998).
Table 1. Changes in boundary conditions for Holocene simulations include changes to greenhouse gases (Indermuhle et al., 1999) and
perihelion in Julian days (Berger and Loutre, 1991) for all simulations. The 9 kya simulation includes the Laurentide Ice Sheet (Licciardi et
al., 1998), and the correspondent adjustment to mean ocean salinity to 35 psu and δ 18 Osw to +0.33‰ (Fairbanks, 1989).
Time (kya)

CO2 (fraction)

CH4 (fraction)

N2 O (fraction)

Perihelion

Ice

0
1
2
3
4
5
6
9

1
.98
.98
.97
.96
.95
.95
.93

1
.87
.81
.80
.77
.71
.71
.83

1
.94
1
.95
.94
.94
.82
.89

2.7
349.6
332.3
314.9
297.4
279.9
262.4
210.4

No
No
No
No
No
No
No
Yes

years, reaching quasi-equilibrium, and the last 100 years of
the surface of the ice sheet. The salinity of the ice bergs is
the experiments are presented here.
zero and the temperature is set to conserve total enthalpy.
The ice sheet module used here is very simplified. Eustatic sea level remains fixed, with net accumulation over the
3 Results
ice sheets partitioned into northern and southern hemisphere
amounts then returned to the oceans through “calving” of
To facilitate
comparisons,
changes
reported
in pastfrom
Figure
9 kya loshowing
the remnant
Laurentide
Iceare
Sheet.
Adapted
ice in the
upper 1.
200Topography
m of the wateranomaly
column at at
observed
anomalies compared to present (0kya, pre-Industrial) simuet al., 1998.
cations Licciardi
around Greenland
and Antarctica and inferred lolations. Thus, statements about cooler temperatures or less
cations around the Laurentide (9 kya case only). The isorainfall refer to cooler temperatures or less rainfall in the past
topic composition of the water is determined by the average
relative to the 0 kya simulation.
decadal isotopic composition of the convergent water flux on
www.clim-past.net/5/441/2009/
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Fig. 2. Anomaly atmosphere climatology at 3 kya (top), 6 kya (middle), and 9 kya (bottom) for SAT (left), δ 18 Oprec (middle), and precipitation (right). Values reported are greater than 99% significance (student’s t-test) given the decadal variability about the 100-year mean.

are simulated to be 1–2◦ C warmer in summer. Boreal winter
SATs are largely cooler over land, but warmer over the Arctic
Northern Hemisphere extra-tropical insolation was signifiOcean resulting from a persistent reduction in sea ice, with
cantly enhanced in summer, and somewhat reduced in winanomalies approximately twice the magnitude of those in
ter; in the early Holocene (EH≡9 kya simulation) boreal
summer. Boreal summer land-sea SAT contrast is enhanced
summers received up to 60 W/m2 greater insolation, while
in all Holocene simulations compared to the modern, with
boreal winter insolation was somewhat reduced (∼15 W/m2 ).
the greatest contrast in the Early to Mid-Holocene simulaCompared to the pre-industrial, Holocene greenhouse gas
tions. These changes are consistent with climate reconstrucforcing was negative, ∼−0.7 W/m2 in the EH to midtions of North America and Europe showing maximum sumHolocene (MH≡6 kya simulation). Cumulatively, these forcmer warmth attained 7000–9000 years ago, and decreasing
ings caused annual mean warming in the Northern Hemitemperatures into the pre-Industrial (Wanner et al., 2008).
sphere, up to 2–3◦ C, with cooling the Southern Hemisphere
In the early Holocene, the (remnant) Laurentide ice sheet
around
1◦ C2.(annual
average,
Fig. 2) in
the mid-Holocene.
inferred to
be93000
m thick infor
places,
thoughδ18
isostatic
Figure
Anomaly
atmosphere
climatology
at 3 kya In
(top), 6(LIS
kya –(middle),
and
kya (bottom)
SAT (left),
Opr
general,
anomalies
have similar (right).
patterns,
but greater
magnicompensation
makes the surface
height
anomaly
(middle),
and precipitation
Values
reported
are greater
than 99% signiﬁcance
(student’s
t-test)
givenrelative
the to
tudes
in the variability
early Holocene
to themean.
MH compared
modern smaller by ∼2/3, Licciardi et al., 1998) yields lodecadal
aboutcompared
the 100-year
to the Late Holocene (LH≡3 kya simulation).
cal cooling of up to 12◦ C. Additionally, the orographic forcSimulated summer sea ice decreases by ∼5% in the Arcing of the remnant ice sheet itself causes a southward deflectic in the early Holocene; though changes in sea ice may be
tion of the atmospheric jets, yielding further cooling downunderestimated in ModelE-R since the sea ice in this version
stream over Greenland and eastward into the western GIN
of the model is relatively (and possibly erroneously) insen(Greenland/Iceland/Norwegian) Seas (Carlson et al., 2008),
sitive to warming Arctic temperatures (Stroeve et al., 2007).
consistent with simulations from Earth Models of IntermediEarly Holocene boreal summer temperature anomalies reach
ate Complexity (Renssen et al., 2009).
4◦ C in interior regions of Eurasia as well as the Canadian
Arctic (Fig. 3). Greenland Surface Air Temperatures (SATs)
3.1

Large scale climate changes
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Early Holocene (9 kya) Seasonal Anomalies
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Fig. 3. Seasonal atmospheric changes at 9 kya boreal winter (bottom) and boreal summer (top) for SAT (left), δ 18 Oprec (middle), and
precipitation (right).

CM

MY

CY

CMY

K

Surface solar forcing of ∼20 W/m2 (greater than today)
water production in the Labrador Sea was absent until around
7000BP (Hillaire-Marcel et al., 2001). The inferred change
over the remnant Laurentide ice sheet (LIS) induces a sigat that time is postulated to have been due to the deglaciation
nificant ice budget imbalance in the LIS in our simulation,
that was still ongoing through around 6500BP, when eustatic
which leads to a fresher Labrador Sea (Carlson et al., 2008).
sea level reached near-modern levels (Carlson et al., 2007).
LIS glacial melt water is specified to be fresh with δ 18 Oice the
average of δ 18 Oprec over northern hemisphere land ice. LIS
In the Early Holocene, the lack of Labrador Deep Sea Water production yields regionally cooler (1–2◦ C) winter SAT.
melt enters the ocean as “ice bergs” in the upper 200 m of the
There is also a reduction in precipitation over the Labrador
water column, causing alterations to the upper ocean density
Sea convection areas.
structure of the Labrador Sea, suppressing the formation of
deep
water.
This
leads
to
a
reduction
in
the
early
Holocene
surface
temperatures
in the
Figure 3. Seasonal atmospheric changes at 9 kyr boreal winterSea
(top)
and boreal
summer(SST)
(bottom)
forNorthern
SAT (left),Hemisimulated
North Atlantic Deep Water (NADW: defined as
sphere are warmer in the earlier periods. Generally, this patδ18Opr (middle),
and precipitation (right).
the magnitude of the ocean overturning stream-function at
tern is most prominent in the Early Holocene, with decreases
48◦ N, 900 m) of ∼23%.
in insolation and Northern Hemisphere temperature into the
This suppression of deepwater formation in the Northwestern Atlantic may have been an important preconditioning of ocean circulation changes in the early
Holocene. Other simulations have shown that the lack of
Labrador Deep Sea Water allows for a larger climate response to sudden freshwater forcing (LeGrande and Schmidt,
2008). The size and magnitude 8.2 kyr event (largest northern Hemisphere “cool” anomaly in Greenland ice core
records, Thomas et al., 2007) could well have been influenced by the earlier melting of the LIS and related suppression of Labrador Deep Sea Water.

modern. Lower greenhouse gases yield slight SST cooling
in the tropics and Southern Hemisphere. As a result, SST
gradients are altered, and the simulated ITCZ (Inter-tropical
Convergence Zone) shifts northward (Figs. 2 and 3) in the
Holocene, consistent with proxy estimates (Haug et al., 2001;
Pearman et al., 2008).

In all other simulations, simulated NADW is steady
(∼22±1 Sv), consistent with proxy indicators (McManus et
al., 2004). This transition in NADW production as the LIS
disappears is consistent with proxy indications that deep

Latent heat and cloudiness changes associated with the
simulated ITCZ movement yield cooling over West Africa
and eastward into the Middle East. Precipitation changes
over Asia are generally small with both positive and negative

www.clim-past.net/5/441/2009/

This alteration has important consequences for inter-ocean
basin salinity gradients. In particular, water vapor transport
across the Isthmus of Panama, a phenomenon important in
maintaining the modern Atlantic to Pacific 1 psu salinity gradient, reduces by ∼5% in the Mid-Holocene (Fig. 4).

Clim. Past, 5, 441–455, 2009

446

A. N. LeGrande and G. A. Schmidt: Sources of Holocene variability of oxygen isotopes in paleoclimate archives

kya

kya

kya

kya

kya

kya

kya

kya

kya

kya

- ice volume

kya

- ice volume

kya

- ice volume

Fig. 4. Anomaly ocean climatology at 3 kya (top), 6 kya (upper middle), 9 kya (lower middle), and 9 kya less ice volume effects (bottom) for
SSS (left), surface δ 18 Osw (middle), and surface δ 18 Ocalcite (right). Values reported are greater than 99% significance (student’s t-test) given
the decadal variability about the 100-year mean.

anomalies, with the zero anomaly line centered over the Himalayas. Precipitation over the Western Tropical Pacific
warm pool, the Western Atlantic into the Caribbean, and
south-east Asia is reduced, particularly in boreal winter. Boreal summer precipitation increases broadly over West Africa
eastward into India (Fig. 3).

the impacts of the remnant ice. The negative mass balance
of the LIS reduces NADW which yields cooler temperatures
associated with lighter δ 18 Oprec . In addition, the melt water is highly depleted in δ 18 O reinforcing lighter regional
δ 18 Oprec values near the LIS. These competing effects in the
early Holocene yield a front between negative and positive
δ 18 Oprec anomalies (Fig. 3). The simulation of this front will
likely not precisely replicate the actual situation in the early
3.2 Isotopic changes
Holocene; however, it does suggest that such a pattern may
have existed in the past.
Warmer temperatures and reductions in Arctic sea ice across
Figure
4. Anomaly
oceanHemisphere
climatology
3 kya (top),
middle),
9 kya (lower
and 9Greenland
kya less ice
the Arctic
and the Northern
areatgenerally
associ-6 kya (upper
Topographic
changes
furthermiddle),
complicate
18
18
18
18
volume
eﬀects
(bottom)
for6 kya
SSSthrough
(left), surface
δ Osw (middle),
and
surface
(right). Values
reported
ated with
heavier
δ Oprec in
1 kya simulations
δ Oprec
changes
in δthe O
early
Holocene.
The existence
of are
calcite
greater
99% signiﬁcance
(student’s
t-test)
given
variability
aboutjets
theto100-year
mean.(Carlson
relativethan
to modern
(Fig. 2). Isotopic
anomalies
in the
earlythe decadal
the LIS forces
atmospheric
divert southward
Holocene, however, are more complex and complicated by
et al., 2008). In the absence of North American ice sheets,
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Summit Average Temporal Slope
0 kya
3 kya
6 kya
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Average
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-30
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Surface Air Temperature (˚C)

-27.5

-27

Fig. 5. Simulated annually averaged δ 18 Oprec from Summit, Greenland for all eight time slices (1 σ variation in the decadal mean, black
bars, about the century average, blue asterisk) are plotted against surface air temperature (◦ C). A previously suggested relationship between
the two, 0.3‰/◦ C (Cuffey et al., 1995) is plotted in purple, the simulated Early Holocene to modern trend is plotted in light blue.

complexity in the Greenland δ 18 Oprec signal may induce
water vapor from Pacific supplies a significant proportion of
large magnitude biases in Greenland ice core δ 18 Oprec – SAT
boreal summer moisture to Summit (∼30% in this version
records (Charles et al., 1995).
of ModelE-R). In the early Holocene, there is a relatively
greater amount of rainfall with more local sources, such as
Deuterium excess changes are more complicated. The
1 kya through 6 kya time slices have only small or negligithe Labrador and Greenland Seas. These shorter pathways
ble changes over Greenland, and at 9 kya there are small
result in an air mass that retains a greater amount of heavier
changes of both sign. In Antarctica, deuterium excess is
isotope in the water vapor once it reaches Greenland.
about 1‰ less over much of the continent by 9 K, consisHeavier δ 18 Oprec values can thus occur even if temperatures
tent with ice core evidence (Vimeux et al., 2001). As in
were held constant. In the simulated early Holocene,
Summit temperatures
areSimulated
cooler, butannually
no significant
δ 18 Oδ¹⁸O
Figs.Summit,
2 and 3,Greenland
EH sea surface
are largely (anprec
Figure 5.
averaged
from
for alltemperatures
eight time slices
pr
nual mean)
cooler average,
around Greenland,
particularly
in winter,
changes are observed,
largely
as decadal
a result mean,
of theblack
shorter
(1σ variation
in the
bars, about
the century
blue asterisk)
are
due
to
lower
NADW
production.
This
region,
particularly
pathway for water
vapor
from
the
ocean
to
Summit.
Just
plotted
against surface air temperature (˚C). The standard relationship between the two,
north of Summit,
δ 18 Oprec(Cuﬀey
valueset
areal,higher.
9 K simulated
represents Early
the bulk
of the original
source of precipita0.3‰/°C
1995)Fundamentally,
is plotted in purple,atthe
Holocene
to modern
tion for Greenland (due to “blocking” from the remnant Lauhowever, the simulated front between positive and negative
trend is plotted in light blue.
anomalies in temperature differs to that in δ 18 Oprec because
rentide of the Pacific source). Neither cooling, nor general
of the orographic changes in the early Holocene. Where
changes in source region, appears to translate into a consistent change in deuterium excess over Greenland. Previous
this mismatch occurs, standard high latitude temperature
studies have also noted a lack of correlation between source
to δ 18 Oprec relationships break down. Consistent with
these simulations are observational evidence at Summit,
region changes and deuterium excess changes (Kavanaugh
Greenland that shows little to no changes in δ 18 Oprec over
and Cuffey, 2002). However, it should be noted that very litthe course of the Holocene at GISP (Alley et al., 1997),
tle is known about mean changes to ocean water deuterium
and slightly higher δ 18 Oprec values in the early Holocene
(even less than δ 18 Osw ) at various time slices through the
for GRIP and North-GRIP (Masson-Delmotte et al., 2005).
deglacial. Further, deuterium excess is the most sensitive of
At Summit, the model simulates no change in δ 18 Oprec , but
all the modeled water isotopes to parameterization and ki1.5◦ C cooler temperatures in the early Holocene (Fig. 5).
netic effects, and thus the 9kya results should be viewed cauThis simulated cooling is consistent with other proxy
tiously.
evidence from the coast of Greenland that suggests cooler
temperatures in the early Holocene (Kelly et al., 2008). This
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Fig. 6. (Upper) Annually averaged simulated δ 18 Opr changes over China (44 grid points) with 1 σ variability for decadal average about the
model 100-year mean compared to speleothem δ 18 O from Oman (Fleitmann et al., 2007), Dongge, China (Wang et al., 2005), and Heshang,
China (Hu et al., 2008). (Lower) Annually averaged simulated surface δ 18 Osw changes with 1 σ variability for decadal average about the
Figure
(Upper)
Annually
averaged
simulatedto
δ¹⁸Opr
changes
over
China
(44 Values
grid points)
withare
1 σnormalized
variabilityto modern.
model 100-year mean
for6.the
Western
Tropical
Pacific compared
measured
(Stott
et al.,
2004).
reported
for
decadal
average
about
the
model
100-year
mean
compared
to
speleothem
δ¹⁸O
from
Oman
(Fleitmann
et
Ice volume changes have not been taken into account.
al, 2007), Dongge, China (Wang et al, 2005), and Heshang, China (Hu et al, 2008). (Lower) Annually averaged
simulated surface
changes with
1 σITCZ
variability between
for decadal
about
the vapor
model transport
100-year mean
Shifts in precipitation
relatedδ¹⁸Osw
to movement
of the
δ 18average
Oprec and
water
onto China from
18
for
the
Western
Tropical
Paciﬁc
compared
to
measured
(Stott
et
al.,
2004).
Values
reported
normalized
over the tropical oceans yields negative northern and posthe Pacific (Fig. 7). In India, δ are
Oprec
changestoare assoIce
volume changes
have not
been taken
account.
18 O
itive southern δmodern.
anomalies.
Modeled
changes
in intociated
with not only water vapor transport changes onto
prec

δ 18 Oprec of southern Eurasia closely resemble changes inferred from Asian speleothem δ 18 O records at millennial
timescales (Fig. 6). The modeled tropical δ 18 Oprec changes
do not, however, follow precipitation changes directly; notably, from West Africa through Northeast Asia, δ 18 Oprec is
depleted, despite small and oppositely signed precipitation
changes (Fig. 2). Nor are the δ 18 Oprec anomalies simply scalable to the magnitude of the local precipitation changes.
Closer examination of the simulated changes over China
show no correlation between local precipitation and δ 18 Oprec
over these timescales; however, there is a strong correlation
Clim. Past, 5, 441–455, 2009

land, but also precipitation changes (Fig. 7). This relationship suggests that millennial δ 18 Oprec changes inferred from
tropical interior Asian δ 18 O records from speleothems are
recording alterations in water vapor export out of the tropics, and not local changes in precipitation as might be inferred from present day analogs. In coastal regions, observed (GNIP/IAEA) tropical Asian δ 18 O records do correlate with local rainfall changes, but these changes are also
highly correlated with the landward transport of water vapor from the oceans (Rozanski et al., 1993). Intensification
of landward water vapor transport in the past simulations
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compared to modern is likely related to the enhanced boreal
seasonality induced by orbital changes. Calcification temperature may be a confounding factor in some of the cave
records (−1‰ δ 18 O per +5◦ C) where cave temperature is
not constant, though this temperature variability will generally be significantly smaller than that of surface air temperature (Wang et al., 2008).
Associated with this shift in water export to the land are
changes in the hydrological balance in related ocean regions.
In the mid to early Holocene, simulated salinity and δ 18 Osw
are lower in the Atlantic, particularly tropical to southern
sub-tropical by ∼0.5 psu and ∼0.2‰. Indian Ocean salinities
www.clim-past.net/5/441/2009/

and δ 18 Osw decrease as well, by a slightly larger magnitude.
Western tropical Pacific salinities and δ 18 Osw increase by up
to ∼0.6 psu and 0.3‰, respectively. The modern depletion
(.25‰ at the Mid-Holocene) of water isotopes in the Western Tropical Pacific matches well with paleosalinity reconstructions (Fig. 6 and Oppo et al., 2007). Rainfall over this
area is generally enriched; δ 18 Osw and δ 18 Oprec changes over
oceans tend to be correlated.
The salinity (and δ 18 Osw contrast) between the Western
Tropical Atlantic and the eastern Tropical Pacific was less
in the early Holocene owing mainly to decreased water vapor transport across the Isthmus of Panama. This modeled
Clim. Past, 5, 441–455, 2009
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trend is at odds with a recent paleoclimate reconstruction
(i.e. Schmidt et al., 2004). Perhaps this is due to a lack of sufficiently high resolution data for comparisons, or the model
simulations could be incorrect owing to overly coarse topography over Panama, which might compromise the sensitivity of the inter-basin transport. Further work on this issue is
clearly warranted.
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Water vapor transport changes

The tropical hydrologic cycle is closed to first order; i.e. the
vast majority of water evaporated in the tropics, precipitates
over the tropics (Hoffmann, 2003). In all of our simulations, the tropical water vapor recycling is indicated by the
two near surface equator ward cells (Fig. 8b). Water vapor
that does escape from the tropics does so in the mid troposphere (∼800 mb). The isotopic composition of water vapor
exiting the tropics is −15‰ to −20‰ both in these simulations and inferred from observations (Craig and Gordon,
1965; Lee, J., personal communication). The simulated average isotopic composition of this export flux changes very
little over the course of the Holocene. There is a minor complication for stratospheric water vapor, owing to alterations
in atmospheric methane concentration (a source of depleted
δ 18 O).
The simulated fluxes of water vapor, however, change dramatically over the course of the Holocene (Fig. 8c), with
the export out of the tropics over the oceans decreasing over
the Western Pacific by ∼12% in the mid-Holocene. Over
land, enhanced boreal seasonality causes an increase in landsea temperature contrasts, and tropical water vapor transport
onto land was thus greater during the mid-Holocene than today. Within the tropics, there is a northward migration of the
ITCZ of ∼10–15◦ . This enhances water vapor transport onto
West Africa and in Asia; e.g. flux onto China increases by
20%, onto West India increases by 29%; East Indian transport increases by 20% (Fig. 7).
Changes in northward water vapor transport (Fig. 8) imply
changes in northward latent heat flux. Total atmospheric heat
flux is a combination of this field and transport of dry static
energy, and in these simulations, the magnitudes of changes
in the two are similar (though regionally varying). Because
of this fundamental link between atmospheric heat transport
and water vapor flux, changes in tropical δ 18 Oprecip for the
Holocene might also be thought of as an indicator of changes
in tropical atmospheric heat transports, with a greater export
of tropical latent heat associated with a greater export of depleted (−15 to −20‰) tropical water vapor.

Fig. 8. Zonally averaged δ 18 Oprec (‰) versus height (mbar) in the
preindustrial
the preindustrial
anomaly in the mid-Holocene.
Zonallyinaveraveraged δ¹⁸Opr (‰) and
in the
and the anomaly
the mid-Holocene. Zonally
aged northward 18 O (107 kg/s) transport in the preindustrial and the
ard ¹⁸O (10⁷anomaly
kg/s) transport
in the preindustrial and the anomaly in the mid-Holocene.
in the mid-Holocene.
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3.4

Ocean circulation changes

Exchange (surface through mixed layer depth) between the
Labrador Sea and the North Atlantic was diminished by 1/3
in the mid-Holocene simulations. In the early Holocene,
the remaining fluxes out of the Labrador Sea into the North
Atlantic were fresher and depleted by 2‰ on average, and
the mixed layer in the Northwestern Atlantic was much shallower.
Transport of saltier surface waters from the Indian Ocean
(0.33 δ 18 Osw ) into the Atlantic was diminished by 25%,
while transport of tropical Pacific waters into the Indian
Ocean was decreased by 13% in the early Holocene compared to the pre-Industrial. Advection from the Eastern to the
Western Tropical Pacific increased by 5%, with the δ 18 Osw
enriched by 0.1‰.
Overall, the alterations in ocean circulation work to salinify the Pacific Ocean, and freshen the Atlantic (Fig. 4). The
tropical western Pacific is 0.27 psu saltier and 0.1‰ enriched
in δ 18 Osw . The tropical eastern Pacific has smaller changes
of a similar sign, while the Atlantic is 0.16 psu fresher and
0.1‰ depleted in δ 18 Osw .
These changes lead to enhanced intermediate water formation in the North Pacific, which yields a positive feedback
to Northern Hemisphere warming (created by the enhanced
boreal insolation), and a means for regionally warmer temperatures in the North Pacific region to persist through boreal
winter.
In the pre-Industrial (control) simulation, there is a northward flux through the Bering Strait, though the simulated flux
is significantly less (only 10%) than that observed. In all
of the other Holocene simulations, this flux reverses direction; by the early Holocene, this reversed flux has grown to 3
times the magnitude of that in the PI, and serves as a means
to export freshwater out of the North Atlantic Ocean (via the
Arctic). This reversal is likely driven by sea ice changes that
are related to decreases in sea level pressure of ∼2 mb and
to a lesser extent by the surface freshwater balance (P−E+R)
increasing by 8%. Surface and intermediate depth densities
were greater in the Arctic, with the contrast of surface to deep
water densities slightly reduced. A 9 kya sensitivity study
where the Bering Strait was closed resulted in a shutdown of
NADW since the additional freshwater fluxes from the melting of the LIS “pooled” in the North Atlantic. Note that the
Bering Strait likely opened several thousand years prior to
9 kya and so that experiment is not intended to be directly
comparable to observations. This result is however suggestive of a means for the termination of the Younger Dryas, but
follow-up work is required to quantify its likelihood.

www.clim-past.net/5/441/2009/

4

451

Isotope record comparisons

Seawater oxygen isotopes in the modern simulation compares favorably with observations (LeGrande and Schmidt,
2006), though the model tends to excessively smooth zonal
asymmetries. Further, the model δ 18 Oprec does not attain the maximum depletion in Vostok Summit as observed
(Schmidt et al., 2005); this may be related to model difficulties in simulating steep topography and extreme cold temperatures there. Atmospheric water vapor at the emission
level in the atmosphere is similar to that observed from the
TES (tropospheric emission spectrometer) instrument on the
Aura spacecraft, though the seasonal cycle differs in sign
(Jeonghoon Lee, personal communication).
The ModelE Holocene simulations can be quantitatively
compared to relevant δ 18 O records. Broad trends of increased δ 18 Oprec from the early to late Holocene from
Asian speleothem records is well reproduced (Fleitmann et
al., 2003; Hu et al., 2008; Wang et al., 2005). Further,
0.2‰ to 0.3‰ mid-Holocene increases in Western Tropical Pacific δ 18 Osw are also simulated well in the model
(Fig. 6; Stott et al., 2004). All Holocene simulations
have δ 18 Oprec at Summit, Greenland of −34.7‰ to −35‰,
within the observed range over the Holocene, −34.1‰ to
−36‰ (Masson-Delmotte et al., 2005). Simulated early
Holocene oxygen isotopes are similar (with a correlation,
r 2 , of 0.83) to observed in ice cores and marine sediment
cores (Carlson et al., 2008). Simulated tropical Pacific seawater oxygen isotopes are, similar to observed, enriched by
∼0.3‰, as well (Oppo et al., 2007).
Changes in simulated salinity are significantly less than
implied by modern co-variability δ 18 Osw and salinity
(e.g. LeGrande and Schmidt, 2006) in the tropical western
Atlantic, Caribbean, and Western Tropical Pacific. Data inferences of ∼1.5 psu salinity changes through the Holocene
(Stott et al., 2004), derived from δ 18 Osw applying the modern 0.15–0.25‰ per psu, spatial relationship, could be off
by 200–300%; i.e. the salinity changes were likely smaller,
(∼0.5 psu). Simulated western Tropical Pacific changes in
EH salinity, including ice volume effects, are ∼0.3 psu. Similarly, the western tropical Atlantic and Caribbean also show
more modest salinity changes than that implied by applying
the modern spatial slope to the past δ 18 Osw variability. This
feature highlights the importance of distinguishing spatial
from temporal slopes. The primary mechanism controlling
shallow tropical spatial slopes – the first order complete recycling of water vapor within only the tropics – is not necessarily the same as that acting to control millennial scale variability. At this temporal scale, inter-ocean basin exchange of
water is important. This feature will be explored in future research. For the time being, however, more work is required
to understand a means to quantitatively interpret δ 18 Osw signals as paleosalinity.
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It should be noted here, however, that while some isotopic
proxies can be directly compared to model output (i.e. ice
core δ 18 O) some proxy measurements require a more sophisticated forward modeling approach. For instance, calcite
δ 18 O also has a temperature dependent fractionation (Epstein
et al., 1953). This dependence is usually accounted for in
marine records, but not in speleothem records (temperature
variability in caves is thought to be minor compared to the
impact of cave water δ 18 O). Terrestrial records of δ 18 O are
often complicated since re-evaporation or variable residence
times in the ground can alter the δ 18 O from that originally
in the precipitation. More sophisticated treatments of these
processes are under development.

5

Discussion

Many of the existing studies using ModelE-R have focused
on sensitivity of the model to future projected greenhouse
gas changes (e.g. Hansen et al., 2005; Hansen et al., 2007).
These results show that in a warmer (greenhouse driven)
world, atmospheric circulation changes such that northward
latent heat transport increases and sensible heat decreases –
trends that follow from the changes in temperature and water mass in the atmosphere. In our Mid- and Early Holocene
simulations, the global temperature is slightly lower – MH
greenhouse gas decreases, correspond to a −0.34◦ C SAT,
consistent with the GISS ModelE climate sensitivity of
∼2.7◦ C/2×CO2 , which would correspond to a temperature
change of −0.38◦ C SAT, but northern hemisphere temperatures are increased (as a result of orbital changes). The
early Holocene simulation has an additional complication of
cooler eastern North-eastern American and Northwestern Atlantic temperatures (as a result of the remnant Laurentide
Ice Sheet). Water vapor content increases in the northern
hemisphere but decreases in the southern hemisphere (owing to slightly lower insolation at mid-latitudes and reduced
greenhouse gases). The zonal mean changes in heat transport
show a decrease in latent heat transport in the northern midlatitudes. These changes demonstrate a very complicated
picture where enhanced seasonality drives large changes in
land-sea temperature contrast, and this change dominates
changes to water vapor and latent heat transport.
Water isotope fields show distinctive “fingerprints” of climate changes through the Holocene. In the atmosphere, these
changes are very similar to latent heat changes. Latent heat
transport changes dominate the total atmospheric heat transport changes, and illuminate the fundamental link between
water vapor, temperature, and δ 18 O, even in continental tropical settings. The correlation between δ 18 Oprec and precipitation in these locations breaks down since changes in water
vapor transport dominate the final δ 18 Oprec signal. Terrestrial δ 18 O changes in water isotopes represent alterations to
the water vapor flux onto land. Changes in temperature and
δ 18 Oprec at high latitudes are both related to changes in water
Clim. Past, 5, 441–455, 2009

vapor flux (thus often correlated), but the patterns of change
in the two are not always identical. Thus situations arise such
as in the early Holocene where changes in temperature at
Summit, Greenland are not captured in the δ 18 Oprec signal
– water vapor flux changes from the Pacific complicate the
signal.
Large changes in atmospheric water vapor transport have
important consequences for seawater isotopes as well. Alterations in inter-basin exchange, land-sea amounts of precipitation, and tropical export of water vapor all have impacts
on the hydrologic cycle and affect the marine δ 18 O records
in addition to their terrestrial counterparts. Past reconstructions of δ 18 Osw thus can provide insight into atmospheric
processes. The consequence, however, of this atmospheric
connection is that simple links to other freshwater tracers is
complicated. For instance, modern δ 18 Osw to salinity calibrations to determine past salinity given a δ 18 Osw record do
not currently include corrections due to atmospheric circulation changes. This study suggests that modern δ 18 Osw to
salinity relationships yield a qualitative calibration, which
may be improved by expanding the terms (that δ 18 Osw depends on) to include more of the hydrologic cycle. These
large changes in water vapor transport imply large changes in
the salinity and δ 18 Osw end members, suggesting a means for
improved interpretations of δ 18 Osw . The pairing of oxygen
isotope records with other proxy records for salinity may reduce uncertainty in salinity reconstructions as well as provide
more insight into changes of the hydrologic cycle in general
(Rohling, 2007).
We used eight time slices across the Holocene in order
to provide greater confidence in δ 18 O to climate inversions
(8 data points). However, the majority of the features present
in the mid-Holocene case are similar to those seen in the
1 kya through 5 kya cases, with primarily the magnitude of
anomalies changing. The Early Holocene case has the added
complication of changes in ice sheets, and its patterns of climate change differ from those in the 6 kya case. From this
result, it seems that transient, or high temporal resolution
time slice through periods of ice sheet change are necessary,
while transient/high temporal resolution time slice simulations of interstadials will be less useful, unless additional
short term forcing elements (such as solar irradiance) become
sufficiently quantified to affect the simulations in ways not
considered here.

6

Conclusions

Forward modeling of proxy climate tracers is essential in
understanding the variability in the proxy climate archives.
Oxygen isotopes record changes in the hydrologic cycle,
meaning that complexities including temperature, precipitation, initial source composition, pathways to deposition, and
mixing along the route always play a role in determining the
final composition. Our Holocene simulations suggest that
www.clim-past.net/5/441/2009/
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during periods of change in the orography of North America (growth and retreat of the Laurentide Ice Sheet, in particular), forward modeling may be very helpful in determining the temperature signal in the Greenland ice core δ 18 Oprec
records, since changes in precipitation source (in addition to
temperature) play an important role to the variability there
(Charles et al., 1994). In monsoonal regions, such as south
Asia, variability in water vapor transport on land again is important to controlling δ 18 Oprec variability, contrary to some
interpretations of this variability in terms of local precipitation amount (which is a poor approximation in these simulations at least). Models have an important role in elucidating which components of change in the hydrologic cycle are
most responsible for variability at different timescales, and
thus they provide a means for improved interpretations of
proxy climate archives.
Regional to hemispheric wide scale changes in water vapor transport are the component that seem to be the major complicating factor that is rarely addressed in interpretations of individual time series of δ 18 O from proxy records.
This component is the aspect for which interpretations can
be most greatly improved through the forward modeling of
δ 18 O tracers.
The GISS model does capture the major features of Northern Hemisphere warming during the mid-Holocene. In the
Early Holocene, Northern Hemisphere climate is consistent
with the known rates of retreat of the North American ice
sheets, and climate of the time (Carlson et al., 2008). Similarly, the GISS model matches tropical ocean (Oppo et al.,
2007) and land variability, particularly Asian speleothems,
in the mid-Holocene well. This suggests that the model has
appropriately sized responses to orbital changes and to small
greenhouse gas changes. However, increases in Sahel rainfall and sea ice reductions from the mid to early Holocene are
too small (Wohlfahrt et al., 2008). Overall, the GISS model
reasonably simulates climate over the Holocene (compared
to the proxy records), and the variability in these tracers provides a way to assess the skill of the model over the Holocene
and perhaps improve confidence in elements of the projections into the future.
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