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ABSTRACT. Tt is generally recognized at present that ice-core deuterium excess
measurements are potentially useful for reconstructions of vapor source-region tempera-
ture and humidity history, and that such measurements provide a method for correcting
isotopic paleothermometers for effects of source temperature variations. Here we use a
zonally averaged vapor-transport and isotopic-distillation model to show that deuterium
excess of precipitation on the ice sheets is sensitive to a wide variety of source-region
climate changes in addition to those changes of temperature and humidity that affect the
composition of evaporate. Moreover, it is demonstrated that this wide variety of source-
region changes all cause anticorrelated changes in deuterium excess with 6D and 6'*O
over the ice sheets, suggesting that deuteriul4m excess is a generally more useful tool for
correcting isotopic thermometers than is currently recognized.

INTRODUCTION

Ice-core analyses yield remarkably detailed accounts of past
climatic changes (e.g. Petit and others, 1999). The most
widely used and high-resolution ice-core paleotemperature
proxies are the isotopic compositions 'O and 6D of the ice.
It is widely recognized that these 0 values are sensitive not
only to local ice-sheet temperature but also to source-region
temperatures, because 0 primarily measures fractional dis-
tillation of air-mass water content (e.g. Dansgaard, 1964;
Aristarain and others, 1986; Jouzel and others, 1987, 1997,
Boyle, 1997; Cuffey, 2000; Hendricks and others, 2000;
Vimeux and others, 2001). Also of primary importance is 6
of marine source waters, 0y,. A zero-order relationship
describing changes in J values of the precipitate for 1*O and
D in terms of temperature shifts in the source region (ATj)
and at the location of deposition (AT]), and source water
shifts Adyy, is

A61 =% AT‘l — Vs ATL + Ym A6111 ) (1)

where 7, 71 and 7y, are constants with different values for
each of the two isotope species. Of principal interest is the
temperature change at location of deposition, and thus a
method for extracting AT} from Equation (1) is sought.
Marine composition changes can be estimated from oceanic
records, but the source temperature change is more difficult
to reconstruct. The deuterium excess, defined as d = §D—
860, has been proposed to provide this useful correction
(Johnsen and others, 1989; Petit and others, 1991; Vimeux
and others, 2001), because fractionation accompanying eva-
poration is sensitive to temperature and relative humidity.
General circulation model (GCM) calculations suggest that
ocean surface temperature and relative humidity changes
have been strongly correlated, so these effects are here
lumped into one sensitivity bs, so that
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Adi = b., ATL - ﬁi AT‘l + ﬁm A6111 . (2)

Combining Equations (1) and (2) yields the zero-order esti-
mate for temperature changes at the ice-core site:

-1
AT = (71 - B %)

(3)
: |:A61 + % (Adl - ﬁm A6m) — Ym A6111

Thus the quantity 7s/bs emerges as a parameter of primary
importance for ice-core paleoclimate reconstruction. All lit-
erature subsequent to the seminal work by Johnsen and others
(1989) considers d to be useful for paleoclimate correction
specifically because of its dependence on source temperature.
The dependence of d on source-region relative humidity and
possibly wind speed are viewed as confounding factors.

In this paper, it is argued that this view needs to be broad-
ened. In order to improve the use of d; and 75/ bs in paleotem-
perature corrections, we here use an intermediate-complexity
one-dimensional model of water-vapor transport to examine
the factors that control 8O and dD values in Antarctic pre-
cipitation (a modified version of the Hendricks and others
(2000) model, which is a blend of earlier work by Eriksson
(1965) and Fisher (1992)). We demonstrate that d of ice-sheet
precipitation should vary as a function of many different sorts
of climate changes in the oceanic source regions. Further, we
demonstrate that most such changes cause anticorrelated vari-
ations of 0D and d on the ice sheets. This indicates that d can
be used to correct for changes in a number of source-region
conditions (e.g. Cuffey and Vimeux, 2001) and thus has a more
general utility for improving 7 reconstructions than has been
previously recognized.

111


https://doi.org/10.3189/172756402781816960

Kavanaugh and Cuffey: Source-region effects of ice-sheet precipitation
MODEL

The model (after Hendricks and others, 2000) was chosen in
order to avoid some of the limitations of more commonly
used simple Rayleigh models, which omit important physical
mechanisms (evaporative recharge of air-mass water vapor;
transport characteristics) and which do not explicitly incor-
porate climate data (e.g. values for P(#) and F(6)). GCMs
are a superior tool for incorporating physical mechanisms
(e.g. Jouzel and others, 1987), but their complexity makes it
difficult to isolate effects of changing single climate variables.

The essence of this model is an accurate accounting of
the conservation of water vapor for each isotopic species
along the transport path, in which both precipitation and
evaporative recharge along the trajectory are incorporated.
Climatological parameters are zonally averaged (Fisher,
1992) and vapor transport is assumed to result entirely from
advection by prevailing winds. We use the advective-trans-
port case given by Hendricks and others (2000), for which
the equation for the steady-state latitudinal gradient of air-
mass isotopic composition is

98, fte
00 VW

PA, — EA,), (4)

where 0 is the local latitude, R, is the radius of the Earth and
w 1s the vertically integrated atmospheric water content. If w
is expressed as water-column height, the precipitation P and
evaporation E are given in units of ms . The term A, =
Op — 0, 1s the difference in isotopic composition between pre-
cipitate and atmospheric water vapor; A, = 8, — 0, is the
contrast between evaporative and ambient atmospheric
values. The mean annual vapor-transport velocity v is related
to the spatial gradient in atmospheric water content by

v= —38(2—2’)_1(13— E). (5)

We use Equations (4) and (5) both directly from Hendricks
and others (2000). Although modifications to these can be
envisioned, adopting them directly from Hendricks and
others (2000) is beneficial because the model behavior is
already understood and analysis of it has been published.
We do incorporate several important changes in the applica-
tion of Equations (4) and (5), however. The transport path
considered by Hendricks and others (2000) originates in
the southern Pacific Ocean and traverses Antarctica from
the west, crossing the Transantarctic Mountains. Recent
GCM studies by Delaygue (2000) suggest that moisture fol-
lowing this path accounts for only ~20% of the mean
annual precipitation at Vostok, while approximately 50%
of the mean annual precipitation at Vostok comes from the
southeastern Indian Ocean. We will consider both of these
trajectories, and for convenience will refer to the transport
path used by Hendricks and others (2000) as path 1 and that
originating in the Indian Ocean as path 2.

The isotopic composition of evaporation 6, from the
ocean surface is calculated using fractionation factors from
Horita and Wesolowski (1994) and incorporating the param-
eterization of kinetic effects associated with vapor transport
across a boundary layer between the ocean surface and the
free atmosphere by Merlivat and Jouzel (1979). In ice-covered
regions, sublimation is the dominant recharge mechanism,
and this is assumed to occur without additional fractionation.
The evaporate in these regions is thus in isotopic equilibrium
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Fig. 1. Fractionation factors for 0 (a) and 6D (b) plotted
as functions of temperature. Long dashes represent liquid—
vapor fractionation factors of Horita and Wesolowski
(1994); short-dashed lines represent ice—vapor fractionation
Sactors from Majoube (1971a,b). Kinetic effects are calcu-
lated as in Jouzel and Merlivat (1984) using ¢ = 1.00 and
F =0.007 These values are within the range suggested by
Johnsen and others (1989). The liquid—vapor fractionation
Jactor for 0D is tuned to provide the best fit to field data from
Qin and others (1994) as discussed in the text.

with local precipitate, and the effect of evaporation is to
reduce the net accumulation.

The composition of precipitate is strongly temperature-
dependent. In this study, we assume that only liquid is con-
densed at temperatures greater than —5°C and that ice is the
sole precipitate below —40°C. Precipitate composition at inter-
mediate temperature values is assumed to vary linearly. Isotop-
ic fractionation during ice formation is calculated using
equilibrium factors from Majoube (1971a,b) and assuming
kinetic fractionation within the clouds, as in Jouzel and
Merlivat (1984). In nature, the altitude at which precipitate
begins to form varies with the vertical temperature structure
and atmospheric water content. Moreover, depending on the
strength of convection, precipitate formation can occur over a
significant vertical distance (and therefore temperature range).
Rather than attempt to accurately parameterize these effects,
we instead assume for simplicity that precipitation forms over
the ocean at a temperature that is 6°C cooler than the mean
annual ocean surface temperature. Over the ice sheet, precipi-
tation is assumed to form at the altitude corresponding to a
similar cooling above the temperature inversion layer.

Fractionation factors for the liquid—vapor transition at low
temperatures are poorly constrained. For this study, we have
tuned the liquid—vapor deuterium fractionation factor at low
temperatures in order to provide a better fit to field measure-
ments of 0D and d. Tuning against the data seems reasonable
given the stability of excess measurements as discussed by
Fisher (1991), and this tuning is equivalent to the standard prac-
tice of tuning the cloud supersaturation (Jouzel and Merlivat,
1984; Johnsen and others, 1989). Figure 1 shows the fractionation
factors used as a function of temperature (solid grey line), along
with the liquid—vapor fractionation factors of Horita and
Wesolowski (1994; long dashes) and the ice-vaporfractionation
factors of Majoube (1971a, b; short dashes).

We have found through experimentation that results pre-
sented in this paper are not at all sensitive to the specifics of
the tuning. Any tuning that yields a 6D and d that co-vary
according to the measured relationship gives similar results.

Primary weaknesses of the model as a representation of
nature are as follows. Because of the one-dimensional formu-
lation of this model, values for atmospheric parameters repre-
sent vertical averages (as in the case of the transport velocity)
or integrals (such as the atmospheric water content). Vertical
structures in the atmosphere are therefore not considered.
This is likely to have the greatest effect on isotope compos-
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ition near the ocean—ice boundary, where there is significant
vertical stratification within the atmosphere. In addition, this
model considers only advective transport of water vapor.
Eddy diffusion is likely to be an important transport mechan-
ism, especially in the interior regions of Antarctica. It should
be noted, however, that attempts to model ¢ values using
purely diffusive transport produced spatial distributions that
poorly matched field measurements.

Values for the zonal averages of precipitation P(6), evap-
oration E(6), water content w(f) and surface temperature
Ti(0) are those used by Hendricks and others (2000) as
follows. Their estimates of P(6) and E(6) are based primarily
on the U.S. National Centers for Environmental Prediction
(NCEP) re-analysis for years 1979-97 (Kalnay and others,
1996). Along path 1, values of P() and E(6) over Antarctica
were modified to better match estimates by Giovinetto and
others (1992) and Giovinetto and Bentley (1985), respectively.
These values were used to allow direct comparison with model
results from Hendricks and others (2000). Along path 2, net
accumulation rates taken from the Huybrechts (1990) applica-
tion of Fortuin and Oerlemans (1990) are used in place of
separate P and F estimates. Values for w(f) are based on a
simple model assuming 75% relative humidity and a lapse rate
of -6°C km '
pheric height over the Antarctic plateau and the positive lapse

over the mid-latitudes; the decreased atmos-

rate of the surface inversion layer are also considered. Sea sur-
face temperatures are also from NCEP data, while Antarctic
surface temperatures are from Qin and others (1994). The rela-
tive humidity h(6) is assumed to be linearly related to the sur-
face temperature; values produced by this method are similar
to those from Broecker (1997). Surface waters for most model
runs are assigned §'°O and 8D values of 0%o.

Integration of Equation (4) begins at a latitude of 43° S,
just south of the location where evaporation and precipita-
tion rates are equal (i.e. the southern edge of the Equatorial
evaporation-dominated zone). Thus the physical counter-
part for the model’s initial condition is the average atmos-
pheric 6 composition in this geographic region where there
is no local net source of air-mass recharge. On Earth, this
value is determined by conditions in the “desert belt”
between ~20°S and this location. Important controls are
the composition of evaporation and the amount and tem-
perature of convective precipitation. In the present study
we do not try to model this explicitly; this will be investi-
gated in future work (see also Jouzel and Koster, 1996).
Because conditions in the desert belt are not modeled here,
initial atmospheric deuterium excess values at the low-lati-
tude limit are chosen explicitly and adjusted as part of
model calibration. In the following model runs, the initial
deuterium excess values are set to d, = 4%o for path 1 and
d,, = 5%o for path 2. These numbers are consistent with data
(Jouzel and others, 1987).

Integration continues to the location where minimum
values for Ty, w, P— E and 6, are reached. This condition is
met near the center of the Antarctic Plateau near Vostok
(78°28'S, 106°48"E) rather than at the true geographic
South Pole, and thus we adopt the shifted coordinate system
of Hendricks and others (2000) in which Vostok is defined as
the model origin. Except where noted, the atmospheric
6180 at the low-latitude limit is set to that of the evaporate
at that location, as determined by surface temperature and
humidity conditions (Merlivat and Jouzel, 1979).

Modeled 0D values for precipitation along paths 1 and 2
are shown as functions of latitude (Fig. 2a and b) and tem-
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Fig. 2. Model results using values for P, E, Ty and w from
Hendricks and others (2000). Modeled O D values for precipi-
tation along paths 1 and 2 are shown as functions of latitude
(a,b) and surface temperature (¢, d). The deuterium excess
d = 86%0 of the precipitation is plotted against 5D along
paths 1and 2in (e)and (f). Circles represent field measure-
ments by Qin and others (1994).

perature (Fig. 2c¢ and d). Although modeled values along
both trajectories show values below those recorded by Qin
and others (1994), the model reproduces the general trends
of the data. We have chosen not to remove this difference by
tuning of the climate variables because a number of poorly
quantified factors may contribute. Temperature values used
in calculating 6, values are based on estimates of mean
annual temperature. However, the seasonal and weekly tim-
ing of precipitation are likely biased to favor precipitation
when air masses are warmer than average, which means
effective temperatures of condensation should be higher
and fractionations smaller. Similarly, the effective mean
altitude (and therefore temperature) at which precipitation
occurs is poorly known. Finally, calculated 0 values are
slightly dependent on the initial latitude, and changing the
starting point of integration shifts the entire curve slightly
left and right. Figure 2e and f show the deuterium excess dj,
of the precipitation plotted as a function of éD,,. Because the
deuterium excess is a linear combination of O and 6D, any
offsets introduced by the parameterizations of surface and
cloud temperatures or by the choice of initial latitude will be
effectively cancelled, as both 6O and 6D will be affected
similarly. For this reason, the relationship between d and 6D
1s more useful in constraining the isotopic model. Accord-
ingly, we have tuned the deuterium fractionation factor for
the liquid—vapor transition to optimize the match between
model and field values of d and 0D as described above.

Thus, because we have not optimized the d—latitude
relationship, if we wish to examine the model isotopic change
at a specific location such as Vostok, we define this as the
change at the latitude for which the standard model 6D value
is the same as that observed for Vostok. In other words, we
use the net isotopic distillation as the best measure of
location.
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Table 1. Model results for Experiments I Case I: marine
870 increased by 1%o, marine d increased by 8%o. Case 2:
ocean surface cooled as discussed in the text. Case 3: global
relative humidity decreased by 5%

Path 1 Path 2
A6D Ad A6D/Ad  ASD Ad ASDJAd
%0 %0 %0 %0

Case I:

6Dy = —250%0 6.04 -159 379 614 —-161 —3.82

6Dy = —450%o 443 299 148 449 304 147
Case 2:

6Dy = —250%0 931 249 374 847 245 346

6Dy = —450%o 6.83 464 147 620 442 140
Case 3:

6Dy =-250%0 —072 1.68 043 -0.92 177 —0.52

6Do =-450%0  —0.53 1.81  -0.29 —0.68 195 035

NUMERICAL EXPERIMENTS

"To illustrate the effects of source-region climate changes on
precipitation isotopes over the ice sheet, numerical experi-
ments are performed in which adjustments of initial condi-
tions and of climatic variables in the oceanic region of the
model domain are imposed and compared to the standard
case. Of particular interest here are the simultaneous
changes in AdD and Ad resulting from the imposed climate
change; the ratio A6D/Ad is a generalized analogue of the
ratio 7/ bs from Equation (3).

In all but one of the experiments that follow, conditions
over the ice sheet are held constant, and thus these controlled
experiments are not intended to realistically imitate natural
climate changes. It is very unlikely, for example, that in
nature there would be climatic changes over the oceans
around the ice sheet that are not accompanied by any change
over the ice sheet at all. Thus, quantitative results from our
experiments are expected to differ from results of GCMs or
other models that actually calculate the climate change in a
physically realistic fashion as a function of forcings.

Experiments I

We first examine the model response to very simple changes
in temperature, relative humidity and marine isotopic com-
position, the traditionally recognized controls on d of ice-
sheet precipitation (Petit and others, 199]; Vimeux and
others, 2001). Values for ASD, Ad and AéD/Ad for these
initial model runs are shown in Table 1. These changes are
given for two locations, corresponding to the latitudes at
which base-model dD values are 6Dy = —250%0 and 6Dg =
~450%o. The effects of increasing marine 6O by 1%o and
0D by 8%o (and therefore maintaining the deuterium excess
values of the base models) are shown in Figure 3a and b (solid
black line). Changes for both paths are similar. Note that the
excess changes at Ad{_450) = —3.0 for both paths are nearly
identical to the estimate using the Goddard Institute of Space
Studies (GISS) GCM (Vimeux and others, 2001).

We next investigate the effects of reducing the surface
temperature T of the ocean. To avoid discontinuities in the
temperature or the temperature gradient, and to avoid
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Fig. 3. Model results for Experiments I Shown are results for
(1) increasing the marine 50 by 1%o and the marine 5d by
8%o (solid black line), (2) cooling the ocean surface as dis-
cussed in the text (long dashes ), and (3) decreasing the global
relative humadity by 5% . Standard model values as shown in
Figure 2e and f ( solid grey line), and field measurements by
Qin and others (1994) (circles) are shown for comparison.
(a) Path1 (b) Path 2.

changing the temperature over the ice sheet, a cooling
(magnitude 5°C) is imposed at the low-latitude integration
limit, and the magnitude of cooling is reduced linearly to
the Antarctic coastline (latitude 8 = 61.5°S for path 1 and
0 = 66.5°S for path 2), where no cooling occurs. The water
content w is scaled by the surface temperature to preserve
(thus
w(Ty) = w(Typ), where Ty g and T are the surface tempera-

the relationship between w and temperature

ture before and after the temperature shift), but no changes
are made to P(6) or E(6). Note that any scenario that
results in the cooling of coastal waters (including those that
change the continental temperature structure) also requires
adjustment of the extent of sea-ice cover. Such adjustments
are simple to implement numerically but result in second-
ary 0 changes that are difficult to separate from the signal
of primary interest.

The temperature dependence of the fractionation factors
implies they are higher at the lower temperatures than in the
standard case. The effect of this is to increase distillation and
hence decrease 0D at a given latitude. However, this effect is
overcompensated by the reduction in distillation due to the
reduced gradient dw/d# associated with the reduced tem-
perature gradient (the transport velocity v must be higher
to produce the same P—E given the reduced gradient; the
faster transport then means there is less fractional reduction
of air-mass water content due to P). Thus distillation is
reduced and 0D values increased (consistent with the basic
temperature-gradient interpretation of the Rayleigh model)
with similar magnitude for both paths ('Table I; Fig. 3a and b,
long dashes). The excess decreases along both paths, pro-
ducing AéD/Ad values that are comparable to those for the
marine composition change. The magnitude of the decreases
in d (—25 to —4.5 for a temperature decrease of 0—5°C) are
similar to the by values calculated by Rayleigh models and
the GISS GCM (Petit and others, 1991; Vimeux and others,
2001). Below we will revisit the effects of temperature change,
allowing scaling factors for P and E.

A global 5% reduction in relative humidity (Table I; Fig.
3a and b, short dashes) yields AdD and Ad values that are of
opposite sign compared to those in the previous two scenarios
(consistent with Petit and others, 1991). As humidity values
approach 100%, evaporation more closely approximates an
equilibrium process. In contrast, the modeled reduction in
humidity values strengthens the kinetic effects, and results in
increased deuterium excess values.
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Table 2. Model resulls for Experiments II. Case I: Initial
0% increased by 1.0%o. Case 2: Initial excess d doubled.
Case 3: Starting point of integration shifted halfway to ocean
edge. Gase 4: Precipitation scenario A ( see text). Case 5: Pre-
cipitation scenario B (see text). Case 6: Global 50% reduc-
tion in evaporation. Case 7- P(0) = 1.1E(6)

Path 1 Path 2
A6D Ad A6DJ/Ad  ASD Ad ASDJAd
%0 %0 %0 %0

Case I:

6Dy = —250%0 860 319 269 80l 306 262

6Dy = —450%0 631 516 122 586 491 119
Case 2:

6Dy = —250%0 0872  0.872 100 1.01 1.01 1.00

6Dy = —450%0 0.640 0640 1.00 0732 0732 100
Case 3:

6Dy =-250%0  12.9 -279 463 18.1 -366 493

6Dy = —450%0 948 58 163 13.2 -788 168
Case 4:

6Dy =-250%0 117 -352 333 10.7 -348 307

6Dy = —450%o 859 622 138 780 595 131
Case 5:

6Dy =-250%0  14.5 —471 -3.07 13.1 -4.66 —2.82

6Dy =-450%0  10.6 -804 132 960 -769 125
Case 6:

6Dy =-250%0 —10.2 258 397 - - -

6Dy =—450%0 —7.51 496 152 - - -
Case 7:

6Dy =-250% 307 110 -2.78 - - -

6Dy =—450%0 225 —181 -1.25 - - -

Experiments II

Other source-region changes can occur that will also affect
the d of ice-sheet precipitation. This is a consequence of the
fractional nature of distillation; for an air mass that is not
being recharged by evaporation (considered for simplicity),
a differential change in either §; (where j = 0 orD) due to
a differential change in water content is

dw

déj = (a; = {1+ 6;)— (6)

Here o is the appropriate fractionation factor for the given
1sotopic species. This can be derived by substituting Equation
(5) into Equation (4), and setting E = 0 (also see Merlivat
and Jouzel, 1979; Johnsen and others, 1989). Thus, regardless
of its initial value, d will evolve as a function of (ap—
1)(1+6D)~8(azg—1)(1 +8"0). Any factor that affects the
covariationof @’s and &’s along the vapor-transport path will
cause some change of d over the ice sheet. Most clearly, if «
are strictly functions of temperature, then any climatic
changes that alter the temperature at which a given ¢ is
attained will inevitably cause a change in the excess. This
means that also of importance are all of the source-region
variables that play a role in the advective Equation (4),
including the recharge fraction FE(6)/w(#), precipitation
P(6), the source-region geography (i.e. where P = FE, or the
location of zero net divergence), and the 6'°O and 6D values
at the location of zero net divergence. These initial  values
potentially depend on both the magnitude of transport rela-
tive to E— P in the desert belt and the effective altitude of

https://doi.org/10.3189/172756402781816960 Published online by Cambridge University Press

Kavanaugh and Cuffey: Source-region effects of ice-sheet precipitation

25 1L ]
—_ C d
15 Ndigs 1 oo ]

N o ° s J B 2 o
© 5 RN O%(:p%%o(ﬁ: o%o 0.0 I T |
R o TN

-5 | I_ 1 1 L L | |

30 . : . . -500 -400 -300 -200 -100

20 e 3D (%o)

&9 o i
el

R o5 S
0 B 503
°

~

e T 1

-500 -400 -300 -200 -100
3D (%o)

Fig. 4. Model results for Experiments II. (a,b) (1) Initial
0% increased by 1.0%o ( solid black line). (2) Initial excess
d doubled (long dashes). (3) Starting point of integration
shifted halfway to the ocean edge (short dashes). (¢, d) (4)
Precipitation scenario A (solid black line). (5) Precipitation
scenario B (dashed line). (e) (6) Global 50% reduction in
evaporation (solid black line). (7) P(0) = 1.1E(0)
(dashed line). Standard model values as shown in Figure 2e
and f ( solid grey line), and field measurements by Qin and
others (1994) (circles) are shown for comparison. Results
Jor path I are shown in (a), (¢) and (e); results for path 2
are shown in (b) and (d).

condensation (or the strength of convection within this
region). We will therefore investigate a number of modeling
scenarios of changes to either the hydrological conditions
along the transport paths or the initial atmospheric 6 values.

The simplest possible scenario is a change of initial ¢
values without any other source-region or path changes.
Increasing initial 6O by +1.0%0 without any change of
the excess (i.e. by also increasing the initial 6D by 8%o)
causes a measurable change of d over the ice sheet without
any change in the excess of evaporation ("Table 2; Fig 4a and b, solid
black line). If we impose a change in only the initial excess
(i.e. a change in 6D with no corresponding change of ' O),
the signal generated over the ice sheet is significantly
reduced compared to the initial signal (Table 2; Fig. 4a and
b, long dashes). These two calculations indicate that the
excess signal over the ice sheet is generally more sensitive
to the low-latitude 6'*O than to the low-latitude excess.

Another simple source-region change is a geographic
shift of the low-latitude boundary (location of zero net
divergence). If we shift the latitude at which the model inte-
gration begins (but do not modify other model parameters),
changes in both 6D and d result over the ice sheet (Table 2;
Fig. 4a and b, short dashes). Moving the boundary closer to
the ice sheet reduces net distillation, increasing the 6D and
8'%0. Because the d values increase at a given temperature
along the transport path, a corresponding decrease of the
excess inevitably results.

All three of these examples are independent of changes
in climate or evaporate along the transport trajectory. The
following calculations illustrate effects of changing hydro-
logic characteristics in the oceanic part of the trajectory.

First, a temperature change that is zero at the ice-sheet
edge and increases linearly to the low-latitude boundary is
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examined. In the previous discussion of such a shift (Experi-
ments I) values for the evaporation F(f) and precipitation
P(6) wereunchanged, implying that the change in the merid-
ional w gradient was compensated by changes in transport
rate. Generally this is unrealistic, and a reduction of precipi-
tation is expected to accompany a reduction in meridional
temperature gradient. In this subsection, we scale the eva-
poration with the surface temperature change such that
E(Ty) = E(Typ), where Ty and Ty are the surface tempera-
tures before and after the temperature shift, and scale the
precipitation by two different relations. In the first, which
we will refer to as scenario A, the precipitation is scaled as

vo(6) Ow(6)
P) =El) - ———, 7
(0) = Blo) - 522 7)
where v () is the transport velocity field given by Equation
(5). (Inspection of Equation (5) shows that P and v cannot
be redefined simultaneously) In scenario B, the precipita-

tion is scaled by
vo(0) Ow(0) OT:,(0)
R. 00 OT.,’

where T;, and T; o are the cloud temperatures before and

P(0) = E(6) — (8)

after the temperature shift. The additional factor in Equa-
tion (8) is included as an analogue to a reduction of trans-
port velocity accompanying the decreased temperature
gradient, as v & vy (0T, /Ty, ¢). Table 2 and Figure 4c and
d give results for these calculations (precipitation scenario
A: solid black line; precipitation scenario B: dashed line).
For both scenarios, net distillation is decreased (increasing
0D) and the corresponding decrease of excess is again
clearly seen.

Finally, we show calculations for which FE(f) and P(6)
are scaled independently, and without any change in tem-
peratures. These modeling scenarios are calculated for path
1 only, as net accumulation data are used for path 2 (rather
than calculating the accumulation from separate estimates
of P and E). A global 50% reduction in evaporation pro-
duces increased net distillation (lower dD) because of the
reduced importance of recharge by isotopically heavy
waters (Table 2; Iig. 4e, solid black line), and a similar anti-
correlated change in excess (because lower 6 are attained at
a given temperature). To investigate the effects of a climate
with exceptionally vigorous recharge, we scale the precipi-
tation to the evaporation by P(f) = L1E(6). As one would
expect, changes in isotopic composition are opposite to the
previous case, showing increased 6D values and decreased d
(Table 2; Fig. 4e, dashed line). Again, changes in 6D and d
are anticorrelated.

Each of the preceding four climate scenarios results in
correlative changes in both d and 6D at Vostok. Despite the
large range in AéD (—10.2 to +30.7 and —7.51 to +22.5 for
6Dg = —250%0 and —450%o, respectively) and Ad (—11.0 to
+2.58 and —18.1 to +4.96), values for the ratio of these quanti-
ties are surprisingly uniform, ranging between —2.78 and
—397 at 6Dy = —250, and —1.25 and —1.52 for 6Dy = —450%o.
This is a direct result of Equation (6) and the fact that the
fractionation factors are only functions of temperature.

CONCLUDING DISCUSSION

Although we recognize that the modeling experiments pre-
sented in this study are physically unrealistic (because we
modify certain climatologic variables without calculating
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changes to others in a physically based fashion; and because
the isotopic model is simple), we believe that the results pro-
vide an informative, if qualitative, perspective on controls of
polar ice-sheet deuterium excess. Most importantly, these
calculations indicate that the deuterium excess responds to
a wide variety of climatologic factors in addition to the com-
position of oceanic evaporate. This complicates interpret-
ations of d time series in terms of source-region temperature
and relative humidity. However, it is important to keep in
mind that the sorts of source-region changes we have exam-
ined very likely correlate strongly with source-region tem-
perature. Regardless of implications for reconstruction of
source-region climate, a clear result of our calculations is
that a wide variety of source-region changes cause anticorre-
lated changes of 6D and d over the ice sheets, with a ratio
A6D/Ad generally in the range —14 to —3.5. The d may
therefore be more useful than is presently recognized as a
tool for correcting ice-core 6D records for source-region
effects. It 1s very important to ask what this result implies
for interpretation of the Vostok deuterium record (Vimeux
and others, 1999). Answering this question is, however, beyond
the scope of the simple model employed here. Experiments
with rigorous climate models, such as GCMs with isotopic
tracers, will be most useful for this inquiry. Moreover, such
models are absolutely necessary for estimating quantita-
tively reliable values for the covariation factor AéD/Ad,
because it is unrealistic to prescribe source-region climate
changes that have no correlated changes over the ice sheets,
and because the nature of P, E and transport changes
should be calculated rather than prescribed.
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