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ABSTRACT. The proxy for temperature (d signal) in ice cores is stored in the snow/ice
during precipitation events and hence reflects the temperature at which precipitation is
formed (here approximated by the inversion temperature 7;) weighted with the accumu-
lation. Results from a 14 year integration (1980-93) with a regional atmospheric model
(RACMO, AX = 55km) show that the annual mean accumulation-weighted inversion
temperature (7; ) and the annual mean 7; are not covariant in time at four out of the five
deep-drilling sites considered, mainly due to year-to-year variations in the seasonality of
precipitation. As a consequence, the surface temperature (75 core) derived from RACMO
output, using a method analogous to the retrieval of the surface temperature from ice-core
0 signals, deviates from the directly modelled surface temperature T on interannual time-
scales. Results from a 5 year sensitivity integration, forced with a 2 K temperature increase,
show an 18% overestimation of the increase in T cor. relative to the increase in 7§ due to a
change in the relationship between the inversion strength and the surface temperature in a
different climate regime. Similar errors may occur in deriving the temperature difference
between Last Glacial Maximum and present-day climate from J signals in ice cores.

1. INTRODUCTION
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others, 1996). Isotope or tracer concentrations in the ice
allow a reconstruction of atmospheric conditions at the time mery
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of snow deposition. A difficulty in interpreting signals from
wet deposition is that concentrations depend strongly on the
temporal characteristics of precipitation. At many locations,
precipitation is not evenly distributed throughout the year.
Data from Automatic Weather Stations (AWS) in Dronning
Maud Land (DML) (Fig. 1) show that about four large
events per year cause most of the annual net accumulation
even at a site with an elevation of 3000 m a.s.l. (Reijmer and
Van den Broeke, 2001). This intermittent nature is also found
in an integration with a regional atmospheric model. For 0
example, Figure 2 shows the modelled precipitation and
surface temperature for August 1988 at Dome C, Dome I
and DMLO5. Precipitation occurs when temperatures are
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Fig. 1. Regions and stations mentioned in the text. Faraday

relatively high. As a result, the isotope or tracer signal that
is carried by precipitation does not represent annual mean
atmospheric conditions.

Relationships have been derived between certain climatic
variables and the ratios of the heavy and the light isotope of
the oxygen atom ("*0/'°0) and of the hydrogen atom (D/H)
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station is now Vernadsky station.

in ice. The deviation of "*O/"°O or D/H relative to a standard
1sotope ratio (Standard Mean Ocean Water) is referred to as
6'%0 and 6D or generally as 6. The 6O signal in the ice is
determined by the temperature difference between the cloud,
where condensation took place prior to the precipitation
event, and the ocean water in the source region, where the
evaporation took place. Because sea-surface temperatures
are more stable than air temperatures at high latitudes, the
0 value in snow has often been assumed to reflect primarily
the surface temperature (75) at the place and time of depos-
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Fig. 2 Temperature (dashed line) and precipitation (solid
line) at (a) Dome G, (b) Dome Fand (¢c) DMLO) calcu-
lated with RACMO for August 1988.

ition. Indeed, Dansgaard and others (1973) and Lorius and
Merlivat (1977) found a linear spatial relationship between 0
and T;. Spatial §/T; relationships have been used to infer
temporal variations in T from the 6 values measured in a
vertical column of snow or ice. However, spatial J /T rela-
tionships can differ significantly from temporal J/T; rela-
tionships (Jouzel and others, 1997). There are several
processes that might cause this deviation: a change in the
difference between the temperature at which the precipita-
tion is formed and the surface temperature, a change in the
temporal variation of precipitation (Steig and others, 1994),
a change in the origin of precipitation (Charles and others,
1994), a change in sea-surface temperatures (Boyle, 1997), or
changes in microphysical atmospheric processes (Fisher,
1991). In this paper, we focus on the first two processes.

The ¢ signal in the ice core is not directly related to the
surface temperature but rather to the temperature at which
the precipitation is formed. This temperature can be esti-
mated by the inversion temperature (Robin, 1977). Strong
inversions are common in Antarctica (Phillpot and Zillman,
1970; Connolley, 1996) but are weakened when clouds move
over a site (Robin, 1983). When the relationship between the
inversion strength and the surface temperature changes in a
different climate, the interpretation of the ¢ signal in the core
in terms of the surface temperature is affected. For Green-
land, Cuffey and Clow (1997) suggest that 25% of the surface
cooling inferred between Ice Age and present-day atmos-
pheric conditions could be attributed to Ice Age strengthen-
ing of the inversion.

Changes in the distribution of precipitation throughout the
year may influence the ¢ record in an ice core (Robin, 1983;
Steig and others, 1994; Krinner and others 1997; Schlosser,
1999; Werner and others, 2000). When most precipitation
occurs during summer, the isotope signal represents summer
atmospheric conditions and reflects a temperature higher
than the annual mean temperature. When precipitation
occurs primarily during winter, the ¢ signal reflects tempera-
tures which are lower than the annual mean temperature.
Therefore, the 0 signal is physically related to the tempera-
ture weighted with the net accumulation. Cuffey and others
(1995) and Johnsen and others (1995) found that for Green-
land, the temperature difference between the Last Glacial
Maximum and the present-day climate, derived from the J
signal using the classical approach, was half the temperature
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difference derived using an isotope independent method
(borehole paleothermometry). A change in the seasonality
of precipitation is the most plausible explanation for the dis-
agreement between borehole thermometry and the classical
approach using the 0 signal from Greenland (Krinner and
others, 1997, Werner and others, 2000).

In summary, changes in intra-annual variations of pre-
cipitation, and changes in the relationship between tem-
perature-inversion strength and surface temperature, are
processes which generate a discrepancy between spatial
and temporal d/T; relationships. The goal of this work is to
obtain more insight into these processes and to understand
their effect on signals measured in Antarctic ice cores. Since
measurements are sparse, we use output from a regional
atmospheric model (RACMO) to obtain this information.
The advantage of this model over Global Climate Models
(GCMs) is that it is driven from the lateral boundaries and
from the sea surface by fields which are essentially based on
measurements. Hence, large-scale synoptic systems, which
are important for the formation of precipitation, are repre-
sented by the model in close agreement with observations.
In addition, the model uses a grid spacing of 55 km, which
is better than the resolution commonly used in “state-of-the-
art” GCMs used for longer integrations of about a decade.
Most of the moisture transport (83%) is by atmospheric flow
that is resolved by the model grid, whereas in most models
with a coarser resolution moisture transport by horizontal
diffusion plays a dominant role. In addition, the near-surface
climatology (especially temperature) of RACMO is in better
agreement with measurements than the 15 year re-analyses
from the European Centre for Medium-range Weather Fore-
casts (ECMWT), which suffer from a decoupling between the
lowest atmospheric model layer and the overlying atmos-
phere (Van Lipzig and others, 1999).

An integration spanning the 14 year period 1980-93 is
used to study the effect of temporal variations of precipitation
and temperature-inversion strength on the signals that are
expected to be found in ice cores. We successively study how
seasonality, daily variations, and the diurnal cycle of accu-
mulation, affect the 14 year time series of the net accumu-
lation-weighted inversion temperature at five deep drilling
sites in Antarctica. In addition, the effect of these processes
on 7 year mean 0 values is studied. A sensitivity integration
of 5 years, forced with a temperature increase of 2°C at the
lateral boundaries and at the sea surface, together with a
retreat of the sea ice, is used to study the effect of changes in
the relationship between inversion strength and surface tem-
perature on temperature derived {rom the J signal in ice
formed during a different climatic regime.

2. DESCRIPTION OF THE INTEGRATIONS
2.1. Control integration

A14 year integration is performed for 1980-93 with RACMO,
using a grid spacing of 55 km. The grid covers the Antarctic
ice sheet and a large part of the Southern Ocean with
122 x 130 gridpoints. The model uses the parameterizations of
the physical processes from the European Centre/HAMburg
(ECHAM) 4 model (Roeckner and others, 1996) and the for-
mulation of the dynamical processes from the high-resolution
limited-area model (HIRLAM; Gustafsson, 1993). The model
formulation is described in detail by Christensen and Van
Meijgaard (1992) and by Christensen and others (1996). Modi-
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g, 3. Net accumulation rate during 1987 at Neumayer meas-
ured with a stake array (Schlosser, 1999) (solid line) and
calculated with RACMO (dashed line) (see also Schlosser
and others, 2002). The times when the measurements were
made are indicaled with a dot near the upper axis. Model out-
put is interpolated to the time interval of the measurements.

fications for the Antarctic region are described by Van Lipzig
(1999) and Van Lipzig and others (1999).

The model is driven from the lateral boundaries by
15 year re-analyses from ECMWF (ERA-15), which are
based on observations. The fields are updated every 6 hours.
Measurements are also used to prescribe sea-surface tem-
perature and sea-ice extent (taken identical to the values
used in ERA-15). The model output is in good agreement
with measurements from several Antarctic stations (Van
Lipzig and others, 1999, 2002a).

A comparison by Schlosser and others (2002), using data
from Neumayer, an Antarctic coastal station, shows that the
episodic nature of the precipitation is realistically repre-
sented by RACMO (Fig. 3). Neumayer (8.4° W, 70.7° S) is on
the Ekstrom Ice Shelf, about 7 km from the ice edge (Fig. 1).
The net accumulation at Neumayer was measured approxi-
mately once a week at 25 stakes covering an area of
25 x 25m” RACMO output for the land-ice gridbox closest
to Neumayer was interpolated to the same time interval as
the measurements. In RACMO, the surface mass balance or
net accumulation is defined as precipitation minus sublim-
ation. In the model, net accumulation during an event is
somewhat smaller than the stake measurements indicate. It
cannot be concluded whether differences between the
RACMO output and Neumayer data are due to transport
by wind-blown snow, which is locally important but not
taken into account in RACMO, or whether they are due to
too little precipitation during a model event. Clearly, wind-
blown snow plays a role at Neumayer since net accumulation
can be significantly negative during short time intervals. The
effect of wind-blown snow on the scale of a model gridbox is
unknown, but is assumed to be of lesser importance than on
the scale of the stake array (25 x 25 m?). Generally, large pre-
cipitation events are present in both the model output and the
measured time series. A comparison of model output with
data from an AWS near Svea (11°13" W,74°35" S), 300 km from
the coast, shows that the episodic nature of precipitation, also
found at this site, is realistically represented by the model.

2.2. Sensitivity integration
A sensitivity integration is performed for the 5 year period

1980-84. In this integration:

(1) the lateral boundaries are warmed by 2°C, keeping the
relative humidity fixed;

(2) the sea surface is warmed by 2°C; and

(3) aretreat of seaiceis prescribed that is consistent with the
2°C warming (Van Lipzig and others, 2002b).
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Fig. 4. Temperature profile at Dome C for 1 August 1988,
1200 UTC. The inversion temperature is indicated with T;
and the surface temperature with Ty. The dotted line shows
the extrapolated free-atmospheric temperature profile. In the
atmospheric boundary layer, the temperature deviates substan-
tally from the extrapolated free-atmospheric temperature. The
squares refer to model levels.

The dynamics of the flow at the lateral model boundaries are
identical to the control integration and changes in large-scale
dynamics in response to temperature forcing are not taken
into account. On the other hand, using this approach, the
model is driven by large-scale flow dynamics inferred from
observations and the occurrence of synoptic systems is con-
strained to what is observed in the present-day climate.

3. RESULTS
3.1. Variations in annual mean temperature

The 0 signal in an ice core is related to the temperature at
which the precipitation is formed. We estimate this tempera-
ture by the inversion temperature 73 (Robin, 1977), defined
as a local maximum in the stably stratified atmospheric-
boundary-layer temperature profile. For example, Figure 4
shows the calculated temperature profile for 1 August 1988,
12.00 UTC at Dome C. In this case, the inversion occurs at
540 m height and 7; is 27°C higher than the surface tem-
perature (7).

Having found that RACMO can represent the episodic
nature of precipitation at Neumayer and Svea realistically,
we believe that the model is suitable for studying the effect of
the temporally irregular distribution of net accumulation
(B) on signals measured in ice cores. Proxies for meteoro-
logical variables are stored in the ice during precipitation
events. Therefore, the annual mean ¢ signal in the ice core
1s not directly related to 7j, but rather to the annual mean
inversion temperature weighted with the net accumulation:

> i—1n 1 Bj 1)
E]‘:l,N BJ ’

where T} ; is the inversion temperature at time j, B} is the
accumulation over 6 hours at time j, and N is the number of
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Fig. 5. Tume series of annual mean inversion temperature (solid
line) and annual mean inversion temperature weighted with
the net accumulation (T; v ) (dotted line) at (a) Dome C,
(b) Dome E (¢) DML05, (d) Byrd and (e) Vostok.

6 hour time intervals per year (model output is available
every 6 hours). Only positive accumulation events are taken
into account and when B; is negative during a 6 hour period,
this period is ignored. We have calculated 7j , for five deep-
drilling sites: Dome G (123°E, 75.1°S), Dome F (40°E,
77.3°S), DMLO05 (0°E, 75.0°S), Byrd (120°W, 80.0°S) and
Vostok (107° E, 78.5°S) (Fig. 5). Ti v turns out higher than T;
indicating that the correlation between temperature and pre-
cipitation 1is positive: precipitation events occur when rela-
tively warm air from the sea is advected towards the ice
sheet (e.g. Bromwich, 1988; Noone, 1999). Ignoring unstable
conditions alters Tj by 0.1 K, which is considered negligible.

The year-to-year variability of Tj y is two to three times
larger than that of T;. This 1s due to year-to-year variations
in modelled seasonality of accumulation. For example, at
Dome F, 40% of the net accumulation in the model year
1982 occurred during the summer months December and
January. In the model year 1983, the seasonality shifted so
the accumulation maximum occurred during the winter
month June (14% of the annual accumulation occurring in
this month). Due to the shift in seasonality of precipitation,
from 1982 to 1983 Tj y decreased by 5.3°C, whereas T; only
decreased slightly by 0.2°C.

There 1s no significant correlation at the 95% confi-
dence level between annual mean 7  and 7j, except for
Byrd station. The correlation coefficients for annual mean
values are —0.26, 0.40, 0.31, 0.69, and 0.21 for Dome C, Dome
F, DMLO5, Byrd and Vostok, respectively. This implies that
year-to-year variations in the J signal in an ice core are poor
indicators of year-to-year variations in the inversion tem-
perature, except for Byrd. Byrd has the highest accumu-
lation, 108 mm w.e. afl, whereas Dome C, Dome F and
Vostok receive <30mmw.e.a . At Byrd, the number of
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Fig. 6. 14 year mean surface temperature ("I ) vs 14 year mean
wnversion temperature weighted with the net accumulation
(T3, w ) for 15 gridboxes on a line from Dome C northwards.
The solid line in the graph shows the transfer function
( Equation (2) ) calculated with the least-squares method.

precipitation events exceed those for the stations in East
Antarctica, so changes in the seasonality of precipitation
have less effect on the signals measured in ice cores.

We investigate whether changes in seasonality of precipi-
tation or changes in variations on a daily time-scale are
responsible for the low correlation between the annual mean
Ti w and Ti. When inserting monthly mean values for the
inversion temperature and accumulation into Equation (1),
the weighted inversion temperature is found to be 4° to
8°C lower than Tjy calculated on the basis of 6 hourly
means. The reason for this difference is that precipitation
and temperature are correlated on short time-scales. When
monthly mean values are used, the positive correlation
between temperature and precipitation on a daily time-scale
is no longer taken into account. For all drilling sites consid-
ered, the difference between annual mean values of Tj y,
calculated on the basis of monthly means, and annual mean
values of Tj v, calculated on the basis of 6 hourly means, turns
out to be approximately constant in time. From this it is con-
cluded that year-to-year variations in seasonality of precipi-
tation are responsible for both the larger variability of T v,
compared to T}, and the low correlation between Tj , and T;.
Year-to-year variations in the intermittent nature of daily
precipitation on a daily time-scale have an insignificant
effect. Further investigations show that the effect of changes
in the daily cycle of precipitation is also small.

In ice-core studies, the J signal measured along a core as
a function of depth is used to derive the surface-temperature
history at the drilling site. In order to make this conversion, a
relationship between the d signal and T is needed (a transfer
function). The transfer function is derived for a reference
period (present-day climate) by taking snow samples at
several sites. The spatial relationship between 0 and T,
derived from the snow samples, 1s assumed to be identical to
the temporal relationship between ¢ and Ti. We use model
output, after Krinner and others (1997), to mimic this proced-
ure. The d signal in an ice core is simulated and the surface
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temperature (15 core) is derived from the 0 signal, on basis of
RACMO output, using a T v /Ty transfer function. The pro-
cedure for the Dome C drilling site is described below.

First, the 14 year mean 7 y, is calculated for 1980-93.
Model output at 15 gridboxes, from Dome C northwards, is
used to derive the spatial relationship between Tj , and Tj
(Fig. 6) using a least-squares method. This spatial relation-
ship is assumed to be identical to the temporal relationship
and can therefore be used to calculate Ty ¢ore from T y:

Ticore = —227.7+ 1.847T; . (2)

The coefficient in this equation is >1, since the inversion
strength (T3 — Tj) increases from the coast inland (Fig. 7; see
also Phillpot and Zillman, 1970; Connolley, 1996). The differ-
ence between Tj y and Ty is therefore largest in the interior.
Second, for each year T .o is calculated by inserting
the annual mean value for T} , into Equation (2). Figure 8
shows the time series of both Ty and T core; there is no sig-
nificant correlation between them. Furthermore, the vari-
ability of T§ core 1s 2.3 times the variability of T;. The reason
for this is the larger interannual variability of 7Ti , com-
pared to Ty, and the fact that the coefficient 9Ty core/ 0T}
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Fig. 8. Annual mean T (solid line) and Ty core ( dotted line)
Sor Dome C. T core 15 derived from model output with Equa-
tion (2) using Krinner and others® (1997) method, analogous to
the retrieval of Ty from the 6 signal observed in ice cores.

is >1. Note that the spatial slope 0T;/9T; y in the Dome C
temperature regime is larger than the slope for the entire
temperature range considered in Figure 6. If we restrict the
evaluation of Equation (2) to the five coldest gridpoints, the
coefficient is found to be 18% larger. This results in a 18%
greater variability in the T§ core time series, although the
correlation between T core and Ty is unaffected.

Results for all five drilling sites are summarized inTable 1,
showing that the transfer functions are different for each site.
At Dome C, DMLO5 and Vostok, the 9T, core/ 9T} v coeflicient
is 1.7 to 1.8, whereas it is only 1.3 at Dome F and Byrd. This
means that applying a transfer function derived for one region
to a site elsewhere can result in errors in the interannual vari-
ations of the derived temperature up to about 40%. For all five
sites considered, the variability of T, core 1s two to three times
that of T;. However, it is unlikely that the year-to-year vari-
ation in the temperature signal derived from ice-core é meas-
urements 1s overestimation, since wind mixing and isotope
diffusion smooth the ice-core record. More relevant for ice-
core studies is that the correlation between modelled T and
T, core 1 significant at the 95% confidence level for only one of
the five sites considered (Table 1), implying that, at most drill
sites considered, the ice-core ¢ signal is a poor indicator for
interannual variations in surface temperature.

3.2. Variations in 7 year mean temperature

We now examine whether the temporal variability of pre-

Table 1. Characteristics relevant for interpreting ice-core signals for the five drilling sites

Site T core/ 0T, v Tspatial (Ts; T, w) 0(Ty,core) /0(Ts)  Tremporal (Ts; T, core) Twarm — Teold SENS—CTL
AT, AT core AT, AT core
1 ®) (3) ) () ) (@) (G
Dome C 1.8 100" 23 -0.25 11 -15 3.8 49
Dome F 13 095" 20 021 11 -01 41 35
DMIL05 17 091" 27 045 10 06 36 3.2
Byrd 13 100" 21 062" 16 25 36 4.1
Vostok 18 100 23 0.02 1.2 09 39 26

Notes: (1) Slope of the linear spatial relationship between 7§ core and Tj . For the calculation, 15 gridboxes were selected northwards from Dome C, Dome F
and Vostok; from 23° E, 74.6° S, towards 0° E, 74.8° S, for DMLO05; and from 119° W, 79.7° S, towards 106° W, 75.5° S, for Byrd. The directions were chosen
with respect to the local orography. Gridboxes where zj is >1.2 mm were excluded. (2) Spatial correlation between 14 year mean 7§ and 7j , for selected
gridboxes along the same lines as (1). (3) Ratio between the standard deviations of annual mean T ¢ore and annual mean 7. (4) Temporal correlation
between annual mean values of modelled Ty and 7§ core. (5) Difference in T§ between the warmest and coldest 7 years. (6) Difference in T§ core between
warmest and coldest 7 years from Equation (3). (7) Difference in T§ between the SENS and CTL integrations. (8) Difference in T ¢ore between the SENS
and CTL integrations from Equation (4). “correlation significant at the 95% confidence level.
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Fig. 9. 7year mean Ty vs 7 year mean inversion temperature
weighted with the precipitation (T ) for all grounded-ice
points for the Twarm years. The solid line shows the transfer func-
tion ( Equation (3) ) calculated using the least-squares method.
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cipitation affects the proxy or tracer in an ice core when aver-
aged over longer periods than lyear. We consider all
grounded-ice gridboxes. We use precipitation instead of net
accumulation, since the modelled sublimation is unrealistic-
ally high in some mountainous areas due to an overestima-
tion of the roughness length (Van Lipzig, 2002a). Note that
the five stations considered above are in regions where sub-
limation is not overestimated. Since the integration covers
14 years, we divide the time series into 7 years with the high-
est surface temperature averaged over the entire ice sheet
(1980-81,1984,1988,1990-92) and 7 years with the lowest sur-
face temperature (1982-83, 198587, 1989, 1993). The differ-
ence in surface temperature, (AT;), averaged over the
grounded ice between warm years Ty, and cold years Teolq
was 0.9°C. The angle brackets indicate averaging in space.

We consider T, as the reference years. To calculate the
surface temperature during 7.4, analogous to interpreting
0 signals from ice cores, we follow the same procedure as
described in the previous paragraph. The 7 year mean of
T v is calculated for the reference years Tyarm. For simpli-
city, one transfer function is derived for the entire grounded
ice sheet (Fig. 9), using a least-squares method:

Ts,core = —160.19 + 1.59 Ti_rw . (3)

Asin Equation (2), the 0Ty, core/ 91}, v coeflicient is > 1, since
the inversion strength increases from the coast inland (see
Fig. 7). To assess other effects that play a role, the relationship
between the surface temperature weighted with the precipi-
tation, (T ), and Ty is calculated. The T core/ 0T  coefli-
cient is slightly >1 (1.1) because the precipitation maximum
in the interior occurs during summer, whereas the season
with maximum precipitation varies along the coast. There-
fore, T — T is larger in the interior (at low temperatures)
than near the coast. It is unclear whether the modelled sum-
mer precipitation maximum in the interior is realistic due to
lack of reliable climatological precipitation measurements
in this region, where accumulation is low.

To indicate the regional differences in transfer function,
Figure 10 shows the derived surface temperature (75 core)
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Fig. 10. Difference between the 7 year mean Ty core derived
with Equation (3) and the 7 year mean T for the Tyam years.

calculated from Equation (3) minus T for the reference years
Twarm- 1N regions where the transfer function deviates from
Equation (3), T§ core — T is large. In the interior, T§ core > Ts.
This is consistent with the deviation of 7; y from the linear
regression line for the lower temperature range (interior)
(Fig. 9). Other areas where T§ core > T are Oates Coast and
the area east of the Ross Ice Shelf. Areas where T§ ¢ore < T
are the interior of West Antarctica and the region east of the
Amery Ice Shelf.

The value for Tj v is calculated for the years 7.q. The
surface temperature during Teoq, simulating the tempera-
ture found from the 0 signal in an ice core, is derived by
inserting T v (7cold) In Equation (3). The difference between
T core and T for the years 7¢g)q is similar to the difference
for the years Ty,m, indicating that the regional differences
in transfer function during 7.qq are similar to the regional
differences during Tywarm. These are mainly caused by
regional differences in the relationship between T and T;.

The difference between Tyam and Teold, (AT, core)
derived with Equation (3), averaged over the grounded ice is
0.9°C, which is identical to the value found for (AT;). How-
ever, the spatial pattern of AT .o is very different from AT
(Fig. 11), its spatial variability being much larger than that of
AT;. At 30% of the gridboxes AT} cope 1s negative, whereas
AT; is negative at only 3% of the gridboxes. In addition, at
10% of the gridboxes ATy, core is > 3°C. This temperature dif-
ference never occurs for Ty The large spatial variability of
AT core 1s caused by differences in flow dynamics between
Twarm and Teold, affecting the 7 year mean seasonality of pre-
cipitation and consequently 7j .

Most of the stations considered are in a region where
ATy core < ATy, but for Byrd ATy core > ATy (Table 1).
Using the regional coefficients in the transfer function given
in the first column of Table 1, instead of the coefficient in
Equation (3), can result in a 20% change of AT ¢ore. The
correspondence between AT oo and ATy improves for
Byrd but deteriorates for Dome C. The mean absolute differ-
ence between ATy core and AT for the five stations does not
change using the regional coefficients. The mean absolute
difference 1/M Y " |AT; core — ATy, where M is the num-
ber of grounded-land-ice gridboxes, is 1.2°C, which is larger
than the mean temperature difference between Ty, and
Teold- This indicates that, in ice-core studies, an averaging
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120°W
3,021

Fig. 11. Difference between Tyarm and Teold tn (@) Ty core
derived using Equation (5) and (b) T.

period of 7 years is too short to relate the local ice core &
signal to surface temperature.

3.3. Changes in the relationship between inversion
strength and surface temperature

A 5 year sensitivity integration is performed in which a tem-
perature forcing of 2°C is prescribed at the lateral bound-
aries of the model domain and at the sea surface, together
with a retreat of the sea ice. We have used the results of this
integration to study the effect of changes in the T;/Tj rela-
tionship on the temperature derived from the J signal in
the ice. The T}/T; relationship changes when the relation-
ship between inversion strength and surface temperature
changes in a different climatic regime. The inversion
strength is smaller in the sensitivity integration (SENS)
than in the control integration (CTL). In addition, the sur-
face temperature averaged over the grounded ice is 34°C
warmer in SENS than in CGTL. The response of Tj is larger
than the applied temperature forcing of 2°C. This is caused
by the water-vapour feedback, as the amount of water
vapour and specific liquid water increases in SENS, result-
ing in an increase in downward longwave radiation (Van
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Fig. 12. Difference between SENS and CTL i (a) T core
derived using Equation (4) and (b) Ty.

Lipzig and others, 2002b). The amplification of the 2°C
temperature forcing and the decrease in inversion strength
are largest in the interior of the ice sheet, where the surface
elevation is largest.

Although the forcings in the integration are very simple,
the study is useful for identifying the mechanisms that can
cause a difference between surface temperature and derived
surface temperature using the 0 vs T} relationship (transfer
function). Changes in the seasonality of precipitation
between the two integrations are expected to be small, since
changes in the circulation at the lateral-model boundaries are
not taken into account.

The weighted temperature and the transfer function are
derived for CTL:

Ts,core = —154.15 + 1.56 Ti7w . (4)

This equation differs slightly from Equation (3), since a differ-
ent time period (1980-85) is considered. Inserting T; y from
SENS into Equation (4) yields the derived temperature
T core(SENS). Figure 12 shows AT} core = T, core (SENS)—
T core(CTL) and ATy = Ty(SENS) — T;(CTL). Again, the
spatial variability of AT core is much larger than the vari-
ability of ATy, due tolocal changes in the 5 year mean season-
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ality of precipitation. Probably, the changes in seasonality
averaged over the integration period decrease with the length
of the integration, so the spatial variability of ATy core might
be smaller for longer integration periods.

The increase in T§ core averaged over the grounded ice is
4°C; (AT; core) 1s 18% larger than (AT;). We separate the
effect of changes in the T; /T relation from changes in season-
ality of precipitation by multiplying the difference in
inversion temperature between SENS and CTL (27°C) by
T core/OT; w (1.56). We find a value of 4.2°C, which corres-
ponds closely to the value found when both changes in sea-
sonality and inversion strength are included. This indicates
that changes in the T;/Tj relationship are primarily respon-
sible for the difference between (AT core) and (ATy).

There are two opposing effects that cause the difference
between (AT core) and (ATy). First, the meridional gradi-
ent in inversion strength results in a 9T cope/ 0T} coefli-
cient >1, amplifying the difference between SENS and
CTL in Ti y. Second, the inversion strength in SENS is
smaller than in CTL. Therefore, the increase in 7; is smaller
than the increase in Tj. The first effect dominates.

Were the temporal relation between Ty and 7j , identi-
cal to the spatial relation, then the transfer function for the
SENS integration would be identical to Equation (4). Since
this is not the case, the transfer function for the SENS inte-
gration (T core = —143.55 +-1.52T; ) differs from the CTL
integration. The difference in 9T cope/ T3, v between CTL
and SENS is significant at the 99% confidence level. The
SENS value for 0T core / 0T}, v is smaller than the CTL value
since the increase in inversion strength, going from the coast
into the interior, is smaller in SENS than in CTL: in CTL
0T,/ T; is 1.49 whereas in SENS it is 1.43. In both integra-
tions, 96% of the variance in Tj is explained by a linear
relation between 15 and 7.

We conclude that the increase in simulated surface tem-
perature, being derived with a method analogous to that used
in ice-core studies, is overestimated by 18% when compared
to the direct-model surface temperature. This error is of the
same order of magnitude as the errors found by Delaygue and
others (2000) for a change in seasonality of precipitation (an
underestimation of 15%) and a change in the temperature of
the source, where evaporation took place (an overestimation
of 10-30%). These errors are all less than the 100% under-
estimation of the temperature difference between the Last
Glacial Maximum and present-day climate when the spatial
0/T slope was compared with borehole paleothermometry for
Greenland (Cuffey and others, 1995; Johnsen and others, 1995).

4. DISCUSSION

From a 14 year integration, we found no significant correl-
ation between the modelled surface temperature and the
modelled inversion temperature, weighted with the surface
mass balance (7 varying from —0.26 to 0.40), for Dome C,
Dome F, DMLO05 and Vostok. Only for Byrd station was
the correlation coefficient significant, at the 95% confi-
dence level (r =0.69).

For both the Antarctic and the Greenland ice sheets,
measured annual mean surface temperature (75) variations
were compared with d signals from ice cores. The results are
ambiguous. The Greenland Summit J signals are more
closely related to the accumulation-weighted temperature at
Jakobshavn, Greenland, than to the annual mean tempera-
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ture (Steig and others, 1994). However, a good correlation
was found between 9 signals and the unweighted surface
temperature derived from satellite measurements (Shuman
and others, 2001) and between 6, averaged over six cores,
and the local temperature over the past century (r = 047
White and others, 1997).

In the Antarctic Peninsula, a reasonable correlation was
found between the annual mean ¢ signals and measured T
(Aristarain and others, 1986; Peel and others, 1988). On the
other hand, at Neumayer, T} is not directly correlated with o
(Schlosser, 1999). Isaksson and Karlén (1994) report little
year-to-year correlation between the temperature record at
Halley station and the ¢ record from cores drilled on the ice
shelf and in the escarpment area below 2000ma.s.l. in
western Dronning Maud Land, but find a better correlation
for higher-altitude cores where accumulation is low. At South
Pole station, measured summer temperatures are signifi-
cantly correlated to d maxima (r =0.75) but winter tempera-
tures are not significantly correlated to the  minima (r =
0.06). The annual mean values correlate significantly at the
97% confidence level (r =0.47; Jouzel and others, 1983).

Model output is used to study the relation between T ¢ore
and T for the sites discussed above. Only at Faraday (now
Vernadsky) is the correlation significant at the 99% confi-
dence level (r = 0.81). At South Pole station, the correlation
coefficient for annual mean values is 0.52, which is significant
at the 90% confidence level. At the other sites considered
(Neumayer and the sites near Halley), the correlation is not
significant at the 95% level (r varying from —0.01 to 0.31).

In summary, at several sites the correlations between
annual mean ¢ signals and measured T are insignificant,
but at other sites the signals are significantly correlated. This
correlation is not directly related to the total annual accumu-
lation. The large spread in observed correlations between ¢
signals from ice cores and measured surface temperatures is
qualitatively represented by the model. A quantitative agree-
ment is not expected since the length of the time series differs
and snowdrifting is not taken into account in the model.
Generally, longer time series of temperature and surface mass
balance at the drill sites, with high temporal resolution
(hourly), are needed to evaluate the RACMO in greater
detail. Such observations are only available for short periods
and are virtually absent for periods of a decade or more.

A lyear study has been discussed by McMorrow and
others (2001). They measured temperature and the surface
mass balance at a drill site at high temporal resolution
(several times per day). They compared the unweighted sur-
face temperature, and the surface temperature weighted
with the surface mass balance, to the isotope ratio measured
in ice/firn deposited when the AWS was operational. They
concluded that 6O values measured during precipitation
events correlate closely to temperatures measured during
those events. Furthermore, they found that the 960 /0T,
slope, derived on an event-by-event basis, was half of the
slope obtained when the ice core was treated as a continuous
record. However, longer time series are necessary to con-
clude whether such results are significant.

In addition to studying the modelled annual mean
values for T§ core and T§, we have analysed two sets of model
output; Twarm VS Teold, and SENS vs CTL. Seven years with
high surface temperatures (Tyam) are compared with
7 years with low temperatures (7oq). There is no externally
imposed forcing and the temperature difference between
the two groups of years is caused by differences in the tem-
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perature over sea and sea ice (the sea ice is 0.2°C warmer
during Tyarm than during 7.0q) and by differences in large-
scale atmospheric circulation. During Tyam the atmos-
pheric meridional heat exchange is more efficient than
during Teolq. This comparison is suitable for studying the sig-
nals that can be expected in ice formed during different
atmospheric flow regimes on decadal time-scales.

The other comparison is essentially different. In SENS an
external temperature forcing is prescribed and this integra-
tion is compared with CTL. The SENS and CTL integrations
are relevant to study signals that can be expected in ice
formed during different externally forced climate regimes.
The dynamics of flow at the lateral boundaries are unchanged,
but in the interior of the model domain the flow adjusts to the
modified forcing.

For both model outputs, Tywarm [ Teold and SENS/CTL, the
value for T ¢ore has been calculated, representing the model
analogue of the surface temperature derived from the d signal
in anice core. A more general form of Equation (2) is given by

-1
To el ,9) = C + (aT) Towlt),  (5)
s / t=REF

where z and y are the zonal and meridional coordinates
along the surface of the ice sheet, ¢ is the time and C'is a
constant derived from the linear regression between Tj
and T;. The variable between brackets is the spatial T; v /75
slope for the reference climate (REF), where Tj  is given in
Equation (1). To study variations of T§ o In time, the par-
tial derivative of Equation (5) to the surface temperature is
taken, keeping x and y fixed:

(WS,COI'e> o (6'111, w) ! (6'111, w) (6)
aj—é T,y aj; t=REF aj; T,y '

There are only two time groups of years for each set of model

output, namely Ty, and Teoq or SENS and CTL. We write
the temporal X /T slope of an arbitrary variable X as:

0X AX
(M) ol )

where AX and AT are the differences in X and T} between
Twarm and Teolg or between SENS and C'TL.

When seasonal variations in precipitation are ignored,
OT; /0Ty can be approximated by 073/ 9T, yielding:

AT (1) (1)
(AT <8TS> r—rpr (AT3) )

In the SENS/CTL comparison, the spatial 7;/T slope is
0.64, whereas the temporal slope averaged over the ice sheet
1s 0.8. In other words, the decrease in inversion strength as a

function of surface temperature is larger in space than in
time. This difference between spatial and temporal slope 1s
the primary cause for the overestimation of (AT cope) com-
pared to (ATy). This effect, combined with the smaller effect
of the seasonality of precipitation, results in an 18% over-
estimation of (AT core) compared to (ATy).

Although the prescribed temperature forcing at the lat-
eral boundary of the model domain is constant with height,
we believe that the increase in meridional gradient in inver-
sion strength is realistic. The inversion is mainly the result of
the net radiative heat loss (Phillpot and Zillman, 1970) and
therefore unlikely to be sensitive to conditions near the
surface at 50-60°S. In addition, Van Lipzig and others
(2002b) explain the mechanism for the amplification of the
temperature forcing near the ice-sheet surface. The humid-

https://doi.org/10.3189/172756502781831106 Published online by Cambridge University Press

ity and liquid water in the atmosphere increases, resulting in
an increase in the downward longwave radiation. There-
fore, the increase in near-surface temperature is larger than
the increase higher in the atmosphere, resulting in a weak-
ening of the inversion strength.

Interestingly, the temporal T; /Ty slope in the Tyarm/Teold
comparison is identical to that in the SENS/CTL compari-
son. This indicates that the weakening of the inversion
strength in a warmer climate is independent of whether the
forcing is internally (atmospheric flow) or externally (tem-
perature forcing) generated. Like in the SENS/CTL compari-
son, the spatial 7; /7 slope is smaller than the temporal slope,
resulting in an overestimation of (AT core). However, in the
Twarm/Teold cOmparison, changes in the seasonality of precipi-
tation induced by a different atmospheric flow regime play an
important role. During 7.4, the winter accumulation aver-
aged over the grounded ice is 3% lower and the summer
accumulation is 3% higher than during Tyarm, resulting in
an underestimation of <ATS7core>. Averaged over the
grounded ice, these two effects compensate for each other,
with the result that (AT core) /(ATy) is &= 1. Locally, AT core
deviates largely from AT due to changes in seasonality of
precipitation between Ty and 7eolq. For example at Dome
C, the modelled surface temperature decreases with 1.1°C
during Teold, whereas the simulated-model surface tempera-
ture derived from the J signal in an ice core (AT core) is
found to increase by 1.5°C during Teojq.

5. CONCLUSIONS

Results from an integration with a regional atmospheric
model, driven from the lateral boundaries by ERA-15 and
from the sea surface by observed sea-surface temperatures
and sea-ice extent, are used to study the effect of temporal
variability of precipitation and changes in the relation
between temperature-inversion strength and surface tem-
perature on the proxy for temperature (6) in an ice core.
The 0 signal in an ice core has often been assumed to be
related to the surface temperature (75), but it is physically
better related to 7} : the temperature at which precipita-
tion 1s formed (i.e. approximated by the inversion tempera-
ture T7) weighted with the net accumulation at the surface
(precipitation minus sublimation). Only for Byrd is there a
significant correlation at the 95% confidence level between
annual mean values for Tiy and 7§, whereas for Dome C,
Dome F, DMLO05, and Vostok the correlation is not signifi-
cant. For all sites considered, the year-to-year variability of
Ti w is two to three times the variability of 7}, due to year-to-
year variations in the seasonality of precipitation.

In analogy to ice-core studies, where a spatial 6 /T rela-
tionship is used to derive time variations in 7 from ice-core
0 signals, we derive the spatial Ti y, /Ty relationship (transfer
function) from 14 year mean model output. Annual mean
values for Tj i, are inserted in the transfer function to obtain
time series of surface temperature (7§ core), as if found from
the 6 signal in an ice core (method by Krinner and others
(1997)). For four out of the five sites considered there is no
significant correlation at the 95% confidence level between
T core and T§. The temporal variability of T} ¢ore is found to
be two to three times the variability of Tg. We therefore con-
clude that, at most deep-drilling sites considered, annual
mean 0 values derived from ice cores are poor indicators of
year-to-year variations in the surface temperature, since the
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annual mean 7j, cannot be related to T without detailed
knowledge of the seasonality of precipitation.

The effect of variations in precipitation on the 7year
mean T ¢ore, 15 studied by dividing the 14 year integration
period into warm and cold years (Tyarm and Teold)- The spatial
Ti v/ Ts relationship (transfer function) is derived for Tyarm.
The values for Ty, core (Twarm) and T core(Teold) are calculated
by inserting 7Ti ,, for both groups of years separately into the
transfer function. It is found that the spatial pattern of
ATs,core = s,core(Twarm) - Ts, core(Tcold) and ATs :Ts(Twarm)
— Ty(7eola) are significantly different: the spatial variability
of AT} core 1s larger than the spatial variability of AT;. The
mean absolute difference between ATy core and AT, for all
grounded-land-ice gridboxes, is 1.2°C, which is larger than
the mean temperature difference over the grounded ice
between the two groups of years (0.9°C). These results indi-
cate that ice-core 0 signals averaged over periods of 7 years
or less are poorly related to surface-temperature variations.
Longer integrations are necessary to study the relationship
between T§ core and Ty on time-scales beyond 7 years.

The effect of changes in the relationship between tempera-
ture-inversion strength and surface temperature in a different
climatic regime is studied with results from a sensitivity inte-
gration (SENS) in which a temperature forcing of 2°C is pre-
scribed. It is found that (AT core) = (T core(SENS)
— T core(CTL)) is 18% larger than (AT) = (T,(SENS)
—T,(CTL)). There are two opposing effects that cause a dis-
crepancy between (AT cope) and (ATy). First of all, the inver-
sion strength decreases in space as a function of the surface
temperature resulting in a spatial Tj/Ts slope <1 (0.64).
Therefore the coefficient in the transfer function
0T core/ 0T}y is >1. Second, the inversion is weaker in SENS
than in CTL, resulting in a temporal T;/T slope <1. In our
integration, the former effect dominates.

Although the temperature forcing in the integration is
very simple, the mechanisms behind the discrepancy
between (AT core) and (AT;) might also play a role in
deriving temperatures for a different climatic regime from
the ¢ signals in ice cores. Not taking into account Ice Age
strengthening of the inversion during the Last Glacial Max-
imum has been identified as a possible cause for an underesti-
mation of the surface-temperature difference between Last
Glacial Maximum and present-day climate derived from the
0 signal. In our integrations, the spatial T} /T slope (0.64) is
smaller than the temporal slope (0.80) and the spatial T} v /T
slope (0.64) is smaller than the temporal slope (0.76). This dif-
ference in spatial and temporal slope would result in an 18%
overestimation of the surface-temperature difference between
Last Glacial Maximum and present-day climate derived
from the ¢ signal from Antarctic regions.
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