Abstract

The proxy for temperature (§-signal) inice cores is stored in the snow/ice during precip-
itation events, henee it reflocts the temperature at which precipitation is formed (here ap-
proximated by the inversion temperature T} weighted with the accumulation. Results from
a ld-year integration (1980-1993) with a regional atmospheric model (RACMO, AX = 55km)
show that the annual mean accumulation weighted inversion temperature (17, ) and the an-
nual mean T are not covariant in time at four out of five deep drilling sites considerad,
mainly due to vear-to-vear variations in the seasonality of precipitation. As a consequence,
the surface temperature (T} core) derived from RACMO-output, using a method analogous to
the retrieval of the surface temperature from ice core 8-signals, deviates from the directly
modelled suface temperature T, on interannual time scales. Results from a S-year sensi-
tivity integration, foroed with a 2 K temperature increase, show an 18% overestimation of
the increase in 1 gore relative to the increase in f; due to a change in the relation 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 elimate fom 8-signals in ice cores.



1 Introduction

The Antarctic ice sheet contains a wealth of information on past climatic conditions (e.g.
Dansgaard, 1964; Peel ef al, 1996). Isotope or tracer concentrations in the ice allow a
reconstruction of atmospheric conditions at the time of snow deposition. A difficulty in
interpretation of signals from wet deposition i3 that concentrations strongly depend 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} (Figure 1) show that about four large events per year cause most of
the annual net accumulation even at a site with an elevation of 3 km (Reijmer amd Van
den Broeke, 2001). This intermittent nature is also found in an integration with a regional
atmospheric model (RACMO). As an example, Figure 2 shows the modelled precipitation
and surface temperature for August 1988 at Dome-C, Dome-F and DMLO5. Precipitation
oecurs when temperatures are 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 derved between certain climatic variables and the ratio of the
heavy and the light isotope of the oxygen atom (070 and of the hydrogen atom (D H)
in ice. The deviation of 'S0 /"0 or D/H relative to a standard isotope ratio (Standard
Mean Ocean Water) is referred to as 8'"%0 and 4D or generally as 4§ The §"™0-signal in
the ice is determined by the temperature difference between the cloud, where condensation
took place prior to the precipitation event, and the oeean water in the source region, where
the evaporation took place. Becagse the sea surface temperatures are more stable than

the air temperature at high latitudes, the Svalue in snow has often been assumed to reflect



primarily the surface temperature (17} at the place and time of deposition. Dansgaard ef al.,
(1973), and Lorius and Merlivat (1977) hawe indeed found a linear spatial relation between
& and T,. Spatial §/T, relationships have been used to infer temporal vardations in T, from
the &values messured in a vertical colunm of snow or ice. However, spatial 8 /T, relations
can differ significantly from temporal /T, relations (Jouzel ef al., 1997). There are several
processes that might canse this deviation: a change in the difference between the temperature
at which the precipitation is formed and the surface temperature, a change in the temporal
variation of precipitation (Steig et al., 1994), a change in the origin of precipitation (Charles
el al., 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 d-signal in the ice core is not directly related to the surface temperature but rather
Lo the temperature at which the precipitation is formed. This temperature can be estimated
by the inversion temperature (Robin, 1977). Strong inversions are a common feature in
Antarctica (Phillpot and Zillman, 1970; Connolley, 1996), but they are weakened when
clouds move over a site (Robin, 1983). When the relation between the inversion strength
and the surface temperature changes in a different climate, the interpretation of the §-signal
in the core in terns of the surface temperature is affected: for Greenland, Cuffey and Clow
(1997} sugeested that 25% of the surface cooling inferred between ice age and present-day
atmospheric conditions could be attrbuted to ice age strengthening of the inversion.
Changes in the distribution of precipitation throughout the year possibly influence the
f-record in an ice core (Robin, 1983; Stelg ef al, 1994; Werner ef al., 2000, Krinner ef
al. 1997; Schlosser, 1999). When the majority of precipitation occurs during summer, the

isotope signal will be representative of summer atmospheric conditions and reflects a tem-



perature higher than the annoal mean temperature. When precipitation oocurs primarily
during winter, the §-signal reflects temperatures which are lower than the annual mean tem-
perature. Therefore, the d-signal is physically related to the temperature weighted with the
net accumulation. Cuffey ef al. (1995) and Johnsen ef al. (1995) found that for Greenland,
the temperature difference between the last glacial maximum and the present-day climate
derived from the d-signal using the classical approach is hall of the temperature difference
derived using an isotope independent method (borehole paleothermometry). A change in the
seasonality of precipitation is the most plausible explanation for the disagreement between
borehole thermometry and the classical approach using the §-signal from Greenland (Werner
et al., 2000; Krinner ef al., 1997).

In summary, changes in intra-annual variations of precipitation and changes in the rela-
tion between the temperature inversion strength and the surface temperature are processes
which will penerate a discrepancy between spatial and temporal §/T; relations. The goal of
this work is to obtain more insight into these processes and to understand their effect on
signals messured in Antarctic ive cores. Since measurements are sparse, we use output from
a regional atmospheric model (RACMO) to obtain this information. The advantapge of this
mexdel over 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 represented by the model in close
agreement with obgervations. In addition, the model uses a prid spacing of 55 km, which is
better than the resolution commonly used in ‘state of the art’ global climate models used
for longer integrations of about a decade. Most of the moisture transport (83%) is by the

atmospheric Aow 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
measurenents than the 15-yvear re-analyses fom the European Centre for Medium-Range
Weather Forecasts (ECMWF |, which suffer fom adecoupling between the lowest atmospheric
model layer from the overlying atmosphere (Van Lipzig el al., 1999).

An integration spanning the 14-vear period 1980-1993 is used to study the effect of
temporal variations of precipitation and temperature inversion strength on the signals that
are expected to be found inice cores. We successively study how seasonality, daily variations,
and the diurnal eyele of accumulation affect the 14-year time series of the net accumulation-
weighted inwversion temperature at five deep drilling sites in Antarctica. In addition, the
effect of these processes on 7-year mean &values is studied. A sensitivity integration of 5
vears, 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
relation between inversion strength and surface temperature on the temperature derived

from the &signal in ice formed during a different climatic regime.



2 Description of the integrations

2.1 Control integration

An integration of 14 years is performed for the period 1980-1993 with the regional atmo-
spheric model RACMO, using a grid spacing of 55 km. The grid covers the Antaretic ice sheet
and a large part of the Southern Ocean with 122 x 130 grid points. The model uses the
parameterisations of the physical processes from the ECHAM-4 model ( Roeckner ef al., 1996)
and the formulation of the dynamical processes from the HIRLAM model (Gustason, 1993).
The model formmlation is deseribed in detail by Christensen and Van Meijgaard (1992) and
by Christensen el al. (1996). Modifications for the Antarctic region are deseribed by Van
Lipeig (1999} and Van Lipzig f al. (1999).

The model i3 driven from the lateral boundaries by 15-year re-analyses from ECMWE
(ERA-15), which are based on observations. The fields are updated every six hours. Mea-
surements are also used to presceribe the sea surface temperature amd the sea-ioe extent (sea
surface temperature amd sea-ice extent were taken identical to the values used in ERA-15).
The model output is in good agreement with measurements from several Antarctic stations
(Van Lipzig ef al., 1999; Van Lipzig ef al., 2002a).

A comparison by Schlosser ef al. (2002) using data from the coastal station Neumayer
shows that the episodic nature of the precipitation is realistically represented by RACMO
(Figure 3). Neumayer (B.4°W, W.75) is located on the Ekstrémisen Lee Shell at about
7 km from the ice edge (Figure 1). The net accumulation at Neumayer was measured
approximately once every weel with a stale array of 25 stakes covering an area of 25 % 25 m*,

RACMO output for the land-ice grid box located 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 the precipitation minus the sublimation. In the model, the net
accumulation during an event i somewhat smaller than the stake measurements indicate.
It can not be concluded whether differences between RACMO output and Neumayer data are
due to transport by wind-blown snow which is locally important but not taken inte acoount
in RACMO, or whether this is due to o little precipitation during a model event. Clearly,
wind-hlown snow plays a role at Neumayer sinee the net accumulation can be significantly
negative during short time intervals. The effect of wind-blown snow on the seale of a model
grid box is unknown, but is sssumed to be of lesser importance than on the scale of the
stake array (25 %25 I!]E]. Generally, large precipitation events are present both in the model
output and in the measured time series. A comparison of model output with data from
an Automatic Weather Station near Svea, located 300 km from the coast, shows that the
episodic nature of precipitation, which is also found at this site, is realistically represented

by the model

2.2  Sensitivity integration

For the S-year period 1980-1984, a sensitivity integration is performed. In this integration,
i} the lateral boundaries are warmed by 2°C, keeping the relative bumidity fxed, ii) the sea
surface is warmed by 2°C, and iii) a retreat of the sea-ice is prescribed that is consistent with
the 2°C warming (Van Lipzig el al., 2002b). The dynamics of the fow at the lateral model
boundaries is identical to the control integration amd changes in the large-scale dynamics in
response o the temperature forcing are not taken into account. On the other hand, using

this approach, the model is driven by large-scale Qow dynamics inferred from observations,
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and the oecurrence of synoptic systems is constrained vo what is observed in the present-day

climate,



3 Results

3.1 Variations in annmual mean temperature

The d-signal in an ice core is related to the temperature at which the precipitation is formed.
We estimate this temperature by the inversion temperature T (Robin, 1977), defined as a
local macimmm in the stably stratified atmospheric boundary layer temperature profile. As
an example, Figure 4 shows the calculated temperature profile for 1 August 1988, 12 UTC
at Dome-C. In this case, the inversion occurs at 540 m height and T) is 27°C higher than the
surface temperature (1}).

Having found that RACMO is capable of realistically representing the episodic nature of
previpitation at Neumayer and Svea, we beliewe 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 meteorological variables are stored in the ice during precipitation events.
Therefore, the annual mean §-signal in the ice core is not directly related to T3, but rather

Lo Lhe annoal mean inversion emperature weighted with the net accumulation:

Ty = EJ ]n'v.I’an 'HJ_ (1]
' Fian by

where 15 4 is the inversion temperature at time 7, 5y is the accumulation over 6 hours at time
7. and N is the number of 6-hour time intervals per vear. (Model output is available every six
hours.) Only positive accumulation events are taken into account and when H; is negative
during a 6-hour period, this period is ignored. We have caleulated T ,, for five deep drilling
sites: Dome-C (123°E, 75.1°8), Dome-F (40°E, 77.3°S), DMLO5 (0°E, 75.0°5), Byrd (120°W,

80.0°S) and Vostok (107°E, 78.5°8) (Figure 5). Tiw turns out higher than 7} indicating that



the correlation between temperature and procipitation I8 positive: procipi tation events ooeur
when relatively warm air from the sea is advected towards the ice sheet (eg. Noone, 1999;
Bromwich, 1988). It has been checked that ignoring unstable conditions alters T, by 0.1 K,
which is considersd negligible.

The vear-to-year variability of Tj,, i5 2 to 3 times larger than the year-to-vear variability
of T;. This is due o year-to-year variations in modelled seasonality of accumulation. For
example, at Dome-F, 4% of the net accumulation in the model year 1982 oecurred during
the summer months January and December. In the model vear 1983, the seasonality shifved:
the maximum of accumulation oocurred during the winter month June {14% of the annual
accumulation occurred during this month). Due to the shift in seasonality of precipitation,
Tiw decreased by 5.3°C from 1982 to 1983, whereas 1) only slightly decreased by 0.2°C.

There i3 no significant correlation on the 95% confidence level between annual mean L
and T;, with the exception of Byrd. The correlation coefficients for annual mean values are -
0.26, 0.40, 0.31, 0.69, and 0.21 for Dome-C, Dome-F, DMLO05, Byrd and Vostok, respectively.
This implies that year-to-yvear variations in the &signal in an ice core are poor indicators of
vear-to-yvear variations in the inversion temperature, except for Bynd. Byrd is the site with
the highest accumulation (108 mm w.e. a™', where Dome-C, Dome-F amd Vistok receive
less than 30 mm w.e. a”'). At Byrd, the number of precipitation events is larger than for
the stations in East Antarctica, resulting in a smaller effect of changes in semsonality of
procipitation on the signals that are measured in e cores.

We investigate whether changes in seasonality of precipitation or changes in variations on
a daily time scale are responsible for the low correlation between the annual mean T;,, and

T;. When inserting monthly mean values for the inversion temperature and accumulation in

11



Equation (1}, the weighted inversion temperature is found to be 4°C to 8C lower than T;,
calculated on the basis of 6-hourly means. The reason for this difference is that precipitation
and temperature are correlated on short time seales: when monthly mean values are used,
Lhe positive correlation between temperature and precipitation on a daily time scale is no
longer taken into account. For all drilling sites considered, the difference between annual
mean values of 1y, caleulated on the basis of monthly means, amd annual mean values of
Tiw, caleulaved on the basis of 6-hourly means, turns out to be approximately constant in
time, From this it is concluded that year-to-year varations in seasonality of precipitation
are responsible for both the larger variability of T, compared to T, and the low correlation
between 15 and 1. Year-to-year variations in intermittent nature of precipitation on a
daily time scale havwe an insignificant effect. Further investigations show that the effect of
changes in the daily cyele of precipitation are also small.

In ice core studies, the dsignal that is 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, arelation (transfer function) between the d-signal and T is needed. This transfer
function is derived for a reference period (present-day climate), by taking snow samples at
geveral sites. The spatial relation between & and 75, derived fom the snow samples, is
asmsumed to be identical to the temporal relation between & and 5. Afver Krinner ef al
(1997}, we use model output to mimic this procedure: on basis of RACMO-output, the &
signal in an ice core is simulated and the surface temperature (1) pore) is derived from the
d-signal using a 1} /T, transfer function. As an example, we describe the procedure for the
drilling site Dome-C.

First, the 14-year mean 1, is caleulated for the pericd 1980-1993. Maodel output at
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15 grid boxes going from Dome-C towards the north is used to derive the spatial relation
between i w and Ty (Figure 6) using a least squares method. This spatial relation is assumed
to be identical to the temporal relation and can therefore be used to caleulate T, pe From
Ly g
T, eom = 2277+ 1.84 T}, (2)
The coefficient in this equation is larger than one, since the inversion strength (17 = T})
increases poing from the coast into the interdor (Figure 7; see also Phillpot and Zillman, 1970;
Connolley 1996). The difference between T; , and T is therefore largest in the interior.

Second, for each year 15 core 18 caleulated by ingerting the annual mean value for Liwin
Equation (2}, Figure 8 shows the time series of both T, and T} gye. There is no significant
correlation between Ty and 15 core. In addition, the varability of Tseore is 2.3 times the
variability of T;. The reason for this is: 1) the larger interannual vardability of 1y compared
to Ty, and ii} the fact that the coefficient 87, pope /07, is larger than one. Note that the
apatial slope ﬂ’f',;'ﬂ]f',lu. in the temperature regime representative for Dome-C is larger than
the slope for the entive temperature range considered in Figure6. 1 we restrict the evaluation
of Equation (2) to the five coldest grid points, the coefficient is found 18% larger. This resulls
in a 18% larger variability in the T} e time series, but the correlation between T pope and
T, ia unaffected.

Results for all fiwe drilling sites are summarised in Table 1, showing that the trans-
fer functions are different for each site. At Dome-O, DMLOS and Vostok, the coefficient
15 pore /01w 18 1.V to LB, whereas this coefficient is only 1.3 at Dome-F and Bynd. This
means that applying a transfer function derived for a specific reglon Lo a site in another

region can result in errors in the interannual variations of the derived temperature up to
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about 4%, For all five drilling sites considered, the variability of T, eore 18 2 to 3 times the
variability of T;. The overestimation of the year-to-vear variations in the temperature signal
is not likely to be found in ice core § measurements, sinee wind mixing and Botope diffusion
smoothen the ioe core record. More relevant for ice core studies is that only for one of the
five sites considered, the correlation between modelled T, and T, oo is significant at the
95% confidence level (Table 1}, implying that, at most drilling sited considered, the d-signal

in an ice core is a poor indicator for the interannual variations in surface temperature.

3.2 Variations in T-year mean temperature

We now examine whether the tempaoral variability of precipitation affects the proxy or tracer
in the ice core when averapged over longer periods than one year. We consider all grounded
ice grid boxes. Instead of net accumulation, we use precipitation, sinee in same areas the
modelled sublimation is unrealistically high due to an overestimation of the roughness length
(Van Lipeig, 2002a). Note that the Gwe stations considered in the previous paragraph are not
located in regions where sublimation is overestimated. Sinee the integration covers a period
of 14 years, we divide the time series in seven yvears with the highest surface temperature
averaged over the entire ice sheet (1980, 1981, 1984, 1988, 1990, 1991, 1992) and seven
vears with the lowest surface temperature (1982, 1983, 1985, 1986, 1987, 1989, 1993). The
difference (AT} in surface temperature averaged over the grounded ice between the warm
VEArS Tyarm Al the cold years 4 was 0.9°C. Note that the brackets indicate averaging in
SPACE.

We consider twarm #8 the reference vears. To calculate the surface temperature during

Tepld: 10 Analogue to the interpretation of §-signals from ice cores, we follow the same pro-
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codure as deseribed in the previous paragraph. The T-yvear mean 7)o 18 caleulaved for the
reference years Twarm. For simplicity, one transfer function is derived for the entire grounded

ice sheet (Figure 9), using a lesst squares method:
Ty pom = —160.19 4 1.59 T}, (3)

Like in Equation (2). the coefficient &7, pope /07T, is larger than one, since the inversion
strength increases when going from the comt into the intedor (see Figure 7). To study
whether there are other effects that play a role, the relation between the surface temperature
weipghted with the precipitation I:T;'u.:l and T, is caleulated. The coefficient ﬂ-f':,l::wfﬂ-f':,w
is slightly larger than one (1.1} due to the fact that in the interior the maximum in the
procipitation oocurs during summer, whereas the season with masimum precipitation varies
along the coast. Therefore, T, , — T, is larger in the interior (at low temperatures) than near
the coast. It is unelear whether the modelled summer procipi tation masinmm in the nterior
is realistic due to ladk of reliable climatological precipitation measurements in this region,
where the accumulation is low,

To give an indication of the regional differences in transfer function, Figure 10 shows the
derived surface temperature (T':,lx:nm] caleulated from Equation (3) minus T, for the reference
VEAIS Tyarm. In regions where the transfer function deviates from Equation (3), T, g - T
is large. In the interior, 75 core 18 larger than 75, This is consistent with the deviation of Ti.
from the linear regression line for the lower temperature range (interior) (Figure 9). Other
aress where T core 18 larger than T are Oates coast and the area esst of the Ross Lee Shelf.

Areas where T, e is smaller than T are the interior of West Antarctica and the region east

of the Amery loe Shelf.
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The value for 17 w is calculated for the years 1eg. The suface temperature durdng T4,
simulating the temperature found from the &signal in an ice core, is derived by inserting
T wlTegia) in Equation (3). The difference between T, pore and T, for the vears 1,14 is similar
to the difference for the years Tygpy, indicating that the regional differences in transfer
function during 7,4 are similar to the regional differences during Tyarm. These regional
differences are mainly caused by regional differences in the relation between T and T,

The difference (AT, pore) between Tyapm and 74,y derived with Equation (3) averaged
over the grounded ice is 0.9°C, which is identical to the value found for (AT}, However, the
spatial pattern of AT, s i8 very different from AT, (Figure 11). The spatial variability of
AT pore 18 much larger than the spatial variability of AT, At 30% of the grid boxes, AT, core
is negative, whereas AT, is negative at only 3% of the grid boxes. In addition, at 10% of the
grid boxes AT, core i3 larger than 3°C. This temperature difference never occurs for T,. The
large spatial variability of AT, .o is caused by differences in dynamics of the How between
Twarm and T4, alfecting the T-year mean seasonality of precipitation and consequently Lo

Most of the stations considered are located in a region where AT core 18 smaller than
AT, but for Byrd AT, eore i8 larger than AT, (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 +200% change of AT, pore. The correspondence between AT, e
and AT, improves for Byrd but deteriorates for Dome-C. The mean absolute difference
between ATy core and ATy for the fve stations considered does not change using the regional
coefficients. The mean absolute difference ]_'u’ Yo |."_"|.T,I.:tm ATy, where M is the number of
grounded land ice grid boxes, is 1.2°C, which is larger than the mean temperature difference

betwoen Tyarm aml To0q. This indicates that, in ice core studies, an averaging period of
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seven years is too short to relate the ice core &signal to surface temperature.

3.3 Changes in the relation between inversion strength and sur-
face temperature

A S-year sensitivity integration is performed in which a temperature forcing of 2°C is pre-
seribed at the lateral boundaries 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/T, relation on the temperature derived from the d-signal in the ice. The
T/ T, relation changes when the relation between inversion strength and surface temperature
changes in a different elimatic regime. The inversion strength is smaller in the sensitivity
integration SENS than in the control integration CTL. In addition, the surface temperature
averaged over the grounded ice is 3.4°C warmer in SENS than in CTL. The msponse of T,
is larger than the applied temperature forcing of 2°C. This is caused by the water vapour
feedlback: the amount of water vapour and specific liguid water increases in the sensitiv-
ity integration, resulting in an increase in downward longwave radiation [ Van Lipeig ef al.,
2002h). The amplification of the 2°C wemperature foreing 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 § versus T relationship (transfer function). Changes in the seasonality
of precipitation between the two integrations are expected to be small, sinee changes in the

circulation at the lateral model boundares are not taken into account.
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The weighted temperature and the transfer function are derived for CTL:
Typom = —154.15+ 156 T (4

This equation slightly differs from Equation (3), since a different time period (1980-1985)
is considered.  Inserting 15, from SENS in Equation (4} vields the derived temperature
T, porel SENS). Figure 12 shows AT, sre =T core(SENS) = T, pore(CTL) and AT, =T, (SENS)
T CTL). Again, the spatial variability of AT pore 18 much larger than the variability of AT,
due to local changes in the 5-year mean seasonality of precipitation. Probably, the changes in
seasonality averaged over the integration period decrease with the length of the integration,
80 the spatial variability of AT, core might be amaller for longer integration periods.

The increase in Ty gore averaged over the grounded iee is 4°C; (AT} core) 18 18% larger than
(AT ) We separate the effect of changes in the Tj /T relation from changes in seasonality
of precipitation by pultiplying the difference in inversion temperature between SENS and
CTL (2.7°C) by 87 gore /87T, (1.56). We find a value of 4.2°C, which corresponds closely
to the value found when both changes in seasonality and inversion strenpgth are ineluded.
This indicates that changes in the T /T, relation are primarily responsible for the difference
by bwnee 1 {."_"J',Ium} and (AT}

There are two opposing effects that cause the difference between (AT, yye} and (AT}
First, the merdional gradient in inversion strength results in a coeficient 375 core /0T w0 larper
than one, amplifying the difference between SENS and CTL in Tiw. Second, the inversion
strength in SENS is smaller than in CTL. Therefore, the increase in ) is smaller than the
increase in T, The first effect dominates.

Were the temporal relation between 1, and 15, identical to the spatial relation, then the
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transfer function for the SENS-integration would be identical to Equation (4). Since this is
not the case, the transfer function for the SENS-integration (T gore = —143.55 + 1521,
differs from the CTL-integration. The difference in J1 oo/ 81, between CTL and SENS is
significant on the 99% confidence level, The SENS-value for ﬂ’f}ﬂ:twjﬂ'ﬂlﬂ is smaller than
the CTL-value since the increase in inversion strength going from the coast into the interior
is amaller in SENS than in CTL: in CTL, 87,/07; is 1.49, whereas in SENS this value is 1.43.
In both integrations 96% of the variance in T; is explained by a linear relation between T
and Tj.

We conclude that the increase in simulated surface temperature, being derived with a
method analogous to those used in iee core studies, is found to be overestimated by 18%
when compared o the direct model suface temperature. This error 18 of the same order
of magnitude as the errors found by Delaygue ef ol (2000) for a change in seasonality of
precipitation (resulting in an underestimation of 15% ) and a change in the temperature of
the source, where evaporation took place (resulting in an overestimation of 10% o 30%).
Theae errora are all amaller than che 100% underestimation of the temperature difference
between last glacial maximum and present-day elimate when comparing the method wsing
the spatial §/T; slope with borehole palecthermometry for Greenland (Cuffey ef al., 1995;

Johnsen et al, 1995).
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4 Discussion

From a 14-year integration, we found no significant correlation between the modelled surface
temperature and the modelled inversion temperature weighted with the surface mess balance
(r varies from -0.26 to 0.40) for the stations Dome-C, Dome-F, DMLOS and Vostok. Only for
the station Byrd the correlation coefficient is significant at the 95% confidence level (#=0.69).

For both the Antarctic and the Greenland ice sheet, measursd annoal mean surface
temperature (15} variations have been compared with -gignals from ice cores. The resulis are
ambiguous. The Greenland Summit §-signals are more closely related to the accumulation-
weighted temperature at Jakobshavn than to the mean annual temperature (Steig ef al,
1994). However, good correlation has been found between &-signals and the unweighted
surface temperature derived fom satellite measurements (Shuman el al, 2001} and between
&, averaged over six cores, amnd the local temperature over the past century (White ef al.,
1997} (r = 0.47).

In the Antarctic Peninsula area a ressonable correlation has been found between the
annual mean d-gsignals and measured T (Aristarain ef al., 1986; Peel ef al., 1988). On the
other hand, at Neumayer, T; is not directly correlated with § (Schlosser, 1999). lsaksson
and Karlén (1994) report little vear-to-year correlation between the temperature record at
the Antarctic station Halley and the § record fom cores drilled oo the ice shell and in
the escarpment area below 2 km height in Western Dronning Maud Land, but they find
a better corvelation for higher altitude cores, where accunmlation is low. At South Pole
station, measured summer temperatures are significantly correlated to &maxima (r = 0.75)

but winter temperatures are not significantly correlated to the S-minima (v = 0.06). The
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annual mean values significantly correlate on the 97% confidence level (v = 0.47) (Jouzel &
al., 1983].

Model output is used to study the relation between 1 pore and 1, for the sites discussed
above, Only at the station Faraday in the Antarctic Peninsula, the correlation is significant
at the 99% confidence level (+ = 0.81). At South Polar 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 (v varies from -0.01 to 0.31).

In summary, at several sites the correlation between annual mean §-signals and measured
T, is insignificant, but at other sites the signals are significantly correlated. This correlation
is not directly related to the total annual amount of accumulation. The larpge spread in
observed correlations between S-signals from ioe cores and messured surface temperatunes
is qualitatively represented by the model. A quantitative agreement is not expected sinee
the length of the time series differs and snowdrifl is not taken into account in the model.
Generally longer time series of temperature and surface mass balance at the drilling sives
at high temporal resolution (hourly) are necessary to evaluate the RACMO in better detail.
This kind of observations is available for short periods only and virtually absent for longer
periods of at least a decade.

An example of astudy on a l-year period is discussed by MeMorrow ef al. (2001). They
measured temperature amnd the surface mass balance at the drilling site at high temporal
resolution (several times per day) and compare the unweighted suface temperature and the
surface temperature weighted with the surface mass balance to the isotope ratio measured in

ice/Gen that is deposited during the period when the AWS was operational. They conclude
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that 8™ 0-values measured during precipitation events correlate closely to the measured
temperatures during that event. In addition, they find that the 8§0/87T -slope, derived
on an event-by-event basis is hall of the slope treating the ice core as a continuous recond.
However, longer time series are necessary to conclude whether such results are significant.

In addition to studying the modelled annual mean values for 15 eore and 15, we have
analysed two sets of model output, namely Tygpy WISus 74,4, and SENS wrsus CTL. Seven
vears with high surface temperatures (Tyarm | are compared with seven years with low tem-
peratures [Tl There is no externally imposed forcing and the temperature difference
between the two groups of vears is caused by differences in the temperature over sea/sea-ice
(the sea-ice is 0.2 ° warmer during fyary than during 754) and by differences in large-scale
atmospheric circulation. During twarm the atmospheric merdional heat exchange is more
efficient than during 7). This comparison is suitable for studying the signals that can be
expected in ice formed during different atmospheric Bow regimes on decadal time scales.

The other comparison is essentially different. In the sensitivity integration SENS, an
external temperature forcing is prescribed. This integration is compared with the control
integration CTL. The integrations SENS amd CTL are relevant to study signals that can be
expected in ice formed during different externally foreed climate regimes. The dynamics of
the How at the lateral boundaries is unchanged, but in the interior of the model domain, the
Aow adjusts to the modified forcing,

For both sets of model output (Twarm/ Tegq and SENS/CTL) the value for T, gupe has

been caleulated, representing the model analogue of the surface temperature derived from
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the d-signal in an ice core. A more peneral form of Equation (2) is given by

iy

1
T, eore(t, 2, y) =C+ |: T, )1 REFT"“'“: Iy, ()

where x 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 17, and T,. The
variable between brackets is the spatial T}, /T, slope for the reference climate (REF), where
T, is given in Equation (1), To study variations of T} e in time, the partial dervative of

Equation (5) to the surface temperature is taken keeping o and y Geed:

1, ore ATy -1 i
I: II ):,y=|: II) [ijzy' (E]

gl a1, /1=REF A\ gr,

There are only two time groups of vears for each set of model output, namely Tyarym and

Tepld OF SENS and CTL. We write the temporal X /T, slope of an arbitrary variable X as:

ﬂx:] _AX
/=y AT

(7)
where AX and AT, are the differences in X and T, between tygrm and 7,4 or SENS and
CTL.

When seasonal variations in precipitation are ignoved, 87, /87, can be approximated

by &1/ a1, yielding

(8)

(AT core) _ 8Ty 1 (AT
(AT [ﬂ’f',jl REF | AT}

In the SENS/CTL comparison, the spatial T3/T; slope is 0.64, whereas the temporal slope
avwraged over the ice sheet 18 008, In other words, the decrease in inversion strength as
a lunection of surface temperature is larger in space than in time. This difference between

spatial and temporal slope is the primary cause for the overestimation of (AT, ) compared

22



te (AT} This effect, combined with the smaller effect of the seasonality of precipitation
results in an 18% overestimation of (AT, yye} compared to (AT},

Although the prescribed temperature forcing at the lateral boundary of the model domain
is constant with height, we believe that the increase in meridional pgradient in inversion
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°5. In addition, Van Lipzig ef al. (2002b) explain the mechanism for the amplification
of the temperature forcing near the ice sheet surface. The humidity and liguid water in
the atmosphere increases resulting in an increase in the downward long wave radiation.
Therefore, the increase in near surlace temperature is larger than the increase higher in the
atmosphere, resulting in a weakening of the inversion strength.

Interestingly, the temporal T/T, slope in the Tyarm/Tog comparison is identical to the
SENS/CTL comparison. This indicates that the weakening of the inversion strength in a
warmer climate is independent of whether the foreing is internally (atmospheric Oow) o
externally (temperature forcing) generated. Like in the SENS /CTL comparison, the spatial
Ti/Ts slope is smaller than the temporal slope, resulting in an overestimation of (AT sore).
However, in the Twarm/Tegld comparison, chanpes in the seasonality of precipitation indueed
by a different atmospheric fow regime play an important role. During toga, the winter
accumulation averaged over the grounded ice is 3% lower and the summer accumulation
is 3% higher than during Tyarm. resulting in an underestimation of (AT, gee}. Averaged
over the grounded ice, these two effects compensate for each other, with the result that
(AT, e/ (AT} I8 approximately one. Locally, AT, g deviates largely from AT, due to

changes in seasonality of precipitation between Tygem and 79 Por example at Domse-C,
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the modelled surface temperature decreases with 1.1°C during teqd, whereas the simulated
moddel surface temperature derved from the dsignal in an ice core (AT eqe) s found to

increase by 1.5°C during 7,4
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5 Conclusions

Besults 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 tostudy the effect of temporal variability of precipitation and changes
in the relation between emperature inversion strength and surface temperature on the proxy
for temperature (8) in an ice core. The d-signal in an ice core has often been assumed to be
related to the surface temperature (5], but it is physically better related to 7i .y the tem-
perature at which precipitation is formed (i.e. approximated by the inversion temperature
T;) weighted with the net accumulation (precipitation minus sublimation) at the surface.
Only for Byrd there is a significant correlation at the 95% confidence level between T[ ,, and
T, whereas for Dome-C, Dome-F, DML03S, and Vostok the correlation is not significant. For
all sites considered, the year-to-year variability of T;, is 2 to 3 times the variability of 1],
due to year-to-yvear variations in the seasonality of precipitation.

In analogy to ioe core studies, where a spatial 8/T; relation is used to derive time varia-
tions in T from iee core dsignals, we derive the spatial T, /T, relation (transfer function)
from 14-year mean model output. Annual mean values for Ty are inserted in the transfer
function to obtain time series of surface temperature (T, g ). 88 if found from the § signal
in an iee core (method by Kreinner ef ol (1997)). For four out of the five sites considersd
there is no significant correlation at the 95% confidence level between T, oo and T;. The
temporal variability of 15 core 18 found to be 2 to 3 times the variability of T,. We therefore
conclude that, at most deep drilling sites considersd, annual mean S-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 Ty cannot be related to Ty, without detailed knowledge on the seasonality of
preci pi tation,

The effect of variations in precipitation on the 7-vear mean T e, is studied by dividing
the M-year integration period into warm and cold years (rpamm and 75,g). The spatial
T /T, relation (transfer function) is derived for Tyapm. The values for T, sore(Twarm) and
Tl.ilt!'m':"'uﬂd] are caleulated by inserting 15, for both groups of years separately in the transfer
function. It is found that the spatial pattern of AT, pore = T corel Twarm ) = T pome( Tena) and
AT, = Tyl rwarm | — Lol Toga) are significantly different: the spatial variability of AT pore 18
larger than the spatial variability of AT, The mean absolute difference between AT, e
and AT, for all grounded land ice grid boxes, 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 indicate that ice core dsignals averaged over periods of seven years or shorter are
poorly related to surface temperature variations. Longer integrations are necessary to study
the relation between 1, pore and 1 on time seales beyond seven years.

The effect of chanpes in the relation between temperature inversion strength and sur-
[ace temperature in a different climatic regime i3 studied with results fom a sensitivity
integration (SENS) in which a temperature forcing of 2°C is prescribed. It is found that
(AT, core} ={T, cure (SENS) — T, ore(CTL)} is 18% larger than (AT,) =(T,(SENS) — T,(CTL)).
There are two opposing effects that cause a discrepancy between (AT, ) and (AT}, First
of all, the inversion strength decresses in space as a function of the surface temperature
reaulting in a spatial T /7] slope smaller than one (0.64). Therefore the coefficient in the
transfer function d1; ey /0T , is larger than one. Second, the inversion is wealer in SENS

than in CTL, resulting in a temporal T3/T; slope smaller than one. In our integration, the
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former effect dominates.

Although the temperature forcing in the integration is very simple, the mechanisns
behind the discrepancy between (AT, pore) and (AT} might also play a role in deriving
temperatures for a different elimatic regime fom the &signals in ice cores. Not taking into
account ice age strengthening of the nversion during the last glacial maxinum has been
identified as a possible cause for an underestimation of the surface temperature difference
between last glacial maximum and present-day climate derived from the & signal. In our
integrations, the spatial T /T, slope (0.64) is smaller than the temporal slope (0.80) and
the spatial T;, /T, slope (0.64) is smaller than the temporal slope (0.76). This difference in
spatial and temporal slope would result in an 18% everestimation of the surface temperature

difference between last glacial maximum and present-day climate derived from the § signal

from Antarctic regions.
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ILLUSTRATIONS AND TABLES

Figure 1: Regions and stalions mentioned in the Lexl

Figure 2. Tempernlure (dashal line) and precipitation (solid line) al (a) Dome-C, (b)

Dome-F, and (¢} DMLOS, alewlated with RACMO for August 1985.

Figure 3: Nel acunulation rule during the year 1987 al Neumayer slalion mensured with
a stake array (Schlosser, 1999) (solid line) and milculated with RACMO (dashed line) (see
also Schlosser el al. (2002)). The times al which the measurements were made are indicaled
wilh a dol near the upper ans  Model oulpul is inlerpolated o the lime interval of the

rmersuremnenis

Figure 4: The temperature profile al Dome C for 1 August 1988, 12 UTC. The inversion
ternpernlure is indicated with T; and the surfoce Lenperature with T,. The dotted line shows
the ectrapolated free almospheric temperature profile. In the atmospheric boundary layer, the
ternperulure deviales substantially from the extrapolated free almospheric temperature. The

squares refer Lo model levels.

Figure 5: Time series of annual mean inversion temperafure [solid line) and annual mean
inversion lemperalure webphled with the nel aceumnulalion !":f',lu.j [dotled line ) al fa) Dome-C,

(b} Dome-F, {c) DMLOS, (d} Byrd, and (€] Vostok.
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Figure 6: Fourleen-yenr mean surfoce lemperalure (1, ) versus the 14-year menn inversion
temperalure weighlod wilh the nel accumulalion !":f',lu.j for 15 grid loxes on a line going
Sfrom Dome-C towards the north. The solid line in the graph shows the transfer function

{Equation (2)) caleulated with the least squares melhod.

Figure T: Fourleen-year men lemperature inversion strenglh (T, - T, ). derived from model

aulpul.

Figure 8: Annual mean T, {solid line} and T, pore (dotted line) for Dome-C. T, oo is derived
Srom model oulpul with Bqualion (2) wang a method (Krinner el al., 1997) analogous o the

retrieval of T, from the §-signal observed in ice cores.

Figure 9: Seven-year mean T, versus T-year mean nversion lemperalure weighlal with the
precipilalion !":f',lu.j for all grounded ice points for the yeurs Tyarm. The solid line shows the

transfer funclion (Eguation {3)) calculated using the least squares method.

Figure 10: Difference befween the T-year mean T, pore, derived with Equation (3). and the

T-year mean T, for the years Tyamm-

Figure 11: Difference between Tyarm and 7oqq i (a) T e, derived using Eguation (3],

and ) T,.

Figure 12: Difference belween SENS and CTL in (a) 1 core, derived using Equation (4], and

(b) T,
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Table 1: Characleristics thal are relevant for the inlerpretation of ice core signals are given
for five drilling sites. The menning of the columns is 1) 81, oo /0T 0 the slope of the linear
relation between T, pore and Ty, To mleulate 8T, pue /O] . 15 grid bores are selected going
Sfrom the drilling site towards the north for Dome-C, Dome-F and Vostok. For DMLQ5, grid
bozes along a line going from the point 27 E; 74.6° 5 lowands (PE; -7{ .85 are selected. For
Byrd, grid bores along a line going from the point 11§ W; -79.7 8 towards 106" W; 75.5°5
are selected. These direclions are chosen in relalion with the local orography. Grid boges
where the roughness length zo is lamger than 1.2 mm are eccluded; ) 7ipaiai(Ts, Tiw): the
spatial correlalion belween 14-year menn 1, and 1, Jor the selected grid bores along the
same line as deseribed above; iii) JIZT',I.:.E“”UIZT,]: the ralio belween the standard devialions
aof annual mean T gqe and annual mean Ty i) vampora (T, Topore) : temporal correlation
between annual mean values of modelled T, and 15 core; v) AT;: difference in T, between
the warmest seven years and coldest seven years; vi) AT, pore: difference in 15 pore. derived
using Equation (3), between the warmest seven years and coldest seven years; vil) AT,:
difference in T, between the SENS and CTL-infegration; viii) AT, ype: difference in T, pore.

derived wsing Equalion (§), between the SENS and CTL-inlegration.
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