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ABSTRACT: An empirical downscaling relationship is constructed which consistently estimates
annual ice accumulation from large-scale meteorological data. The method by which the relationship
was developed and the application of the method to one ice core are described. The statistical technique is based on a stepwise multiple linear regression using yearly accumulation as the predictand
and the principle components (PCs) of seasonally averaged large-scale atmospheric fields as predictors. In order to separate the accumulation variations related to circulation and thermodynamics, the
first step involves the stream-function field as the predictor. In the second step, temperature PCs are
related to the residuals between real ice accumulation and accumulation described by stream-function PCs. One model is fitted for a North Greenland ice core. The atmospheric data are monthly
NCEP Reanalysis data from 1948 to 1992. A statistical relationship is found which reproduces about
71.5% of local ice accumulation variability. The relationship involves 3 physically plausible streamfunction patterns, representing a seasonal mean (May to August) over Greenland, the North Atlantic
and North Europe, which describes 64% of variance. In the second step, an additional contribution of
the temperature field to the explained variance of 7.5% is achieved. The temperature PCs represent
the annual mean 700 hPa pattern covering the area from east Canada to east Greenland.
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1. INTRODUCTION
In recent years many ice cores have been drilled and
removed from the Greenland and Antarctic ice sheets.
Climatic variables such as annual mean near-surface
temperature and precipitation rates have been derived
from these ice cores (Dahl-Jensen et al. 1993, Johnsen
et al. 1995, Barlow et al. 1997, Jouzel et al. 1997).
One of the most important questions concerning icecore-derived data is to what extent they reflect atmospheric data. What climatic features do ice core data
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represent? Much effort has been made to solve this
problem. In particular, the question of whether there is
a relationship between ice core data and the NAO
(North Atlantic Oscillation) index has been investigated. White et al. (1996) used isotope data from the
GISP2 core near the Summit of Greenland to investigate the representativeness of individual ice cores.
They found that, at least for the last 100 yr, the ice core
data follow regional climatic forcing: An NAO signal
could be found. Appenzeller et al. (1998a,b) also
related ice accumulation to the NAO index. They
found strong correlations for west Greenland cores.
However, they found that in the central and northern
parts of Greenland the correlations between precipita-
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tion and the NAO index are not significant. Other
atmospheric features have also been related to Greenland ice cores. White et al. (1997) found that for a
stacked isotope record from Summit, as well as the
winter NAO, solar irradiance, average Greenland
coastal temperature, sea surface temperature at
30–20° N and the annual temperature seesaw between
Jakobshaven/west Greenland and Oslo are related to
the isotope record. Rogers et al. (1998) found that isotope ice core records from Summit are associated with
sea-level pressure (SLP) and 500 hPa height changes
around Greenland, the North Atlantic and parts of
Europe.
Only climate features of the past can be derived from
real ice core data. Until now, it has not been possible to
estimate future ice core data. If there is a relationship
between atmospheric fields and ice core data, then
‘artificial ice core’ data could be estimated from general circulation model (GCM) output; these estimates
would be subject to changes in the model parameters
in the GCM runs.
In this paper we focus on the most important task in
deriving artificial ice core data: i.e., to find a relationship between observed ice core data and those atmospheric features which are credibly simulated by
GCMs. This condition cannot yet be fulfilled for local
grid points. The minimum horizontal scale for which
GCMs supply reliable results are a few grid points,
representing a distance of about 2000 to 3000 km (von
Storch et al. 1993). Furthermore, some model output
parameters, for example, precipitation rates, are generally considered to be not credible. This is because
precipitation is dependent on sub-grid-scale processes
which are approximately parameterized. In particular,
topography has an important influence on local and
regional precipitation, which leads to unrealistic precipitation simulations if the GCMs have poor grid resolutions (von Storch et al. 1993, Leung & Ghan 1998,
Widmann & Bretherton 2000). Because of the topographic features of Greenland, with elevations above
3000 m, it is not reasonable to use this obvious predictor for our purpose. Moreover, validation of GCM precipitation against observations cannot be thoroughly
examined because there are too few observations for
Greenland (Stendel & Arpe 1997). Thus the relationship used for the estimation of local ice core data must
be based on more reliable GCM data, such as largescale velocity or temperature fields.
Here we show that it is possible to derive relationships which fulfill the criteria described above. For this
purpose we use NCEP (National Centers for Environmental Prediction) Reanalysis data as predictors; these
data are dynamically consistent estimates of the
3-dimensional atmospheric state. As the local predictand, the annual ice accumulation of one North Green-

land ice core (B21 in central Northern Greenland) is
chosen.
The statistical approach is based on the downscaling
method described by von Storch et al. (1993). They
related local precipitation at different sites on the Iberian Peninsula to large-scale SLP patterns. Here, the
method is modified because only one local predictand
is used. Since we want to take into account the influence of both temperature and circulation on ice accumulation, more than one atmospheric field is used as a
predictor.
In the next section a brief summary of what is known
about precipitation in North Greenland is given. Then
the data for the development of the downscaling model
and the downscaling method are described. Finally,
the regression model for the North Greenland ice core
accumulation time series is described and discussed.

2. SEASONAL DISTRIBUTION OF ICE
ACCUMULATION AND PRECIPITATION
IN NORTH GREENLAND
The ice core data used here represent annual accumulation rates. It can be assumed that ice accumulation in North Greenland is almost equivalent to precipitation, since sublimation can be neglected (Fischer
1997). Here, we provide a short description of precipitation in North Greenland, its seasonal distribution and
the associated atmospheric features. Thus we can
broadly assess whether annual or seasonal mean
atmospheric fields can be used to estimate local ice
accumulation.
Knowledge of the mean annual precipitation rates in
the interior parts of Greenland is mainly based on ice
core accumulation data, because continual measurements of precipitation have only been performed for
some coastal regions during the last few decades.
Ohmura & Reeh (1991) produced an accumulation map
for Greenland. They pointed out that an area with
extremely low precipitation occurs on the northwestern slope of the ice sheet near the site of core B21 and
suggested that topography plays an important role in
the spatial distribution of accumulation in Greenland.
Investigating the streamlines at 850 hPa for January
and July, they concluded that winter precipitation
rates on the downward slope of the North Greenland
ice sheet are low because the air coming from the
south descends. In July, however, the northern part of
Central Greenland is influenced by a low over the
polar region and receives precipitation from the onshore flow at the west coast, which leads to a summer
peak in precipitation. Chen et al. (1997) proposed an
improved calculation of the vertical velocity in regions
with high mountains. They developed a generalized ω
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Fig. 1. Monthly mean NCEP reanalysis precipitation around
core B21 (1948–1992)

equation without quasigeostrophic approximation in σ
coordinates which was used to reconstruct precipitation in Greenland for 1987 and 1988. For these years,
they found that in the northern coastal region, where
core B21 is located, precipitation mainly occurs in
June/July. The associated atmospheric situation is
characterized by lows over Baffin Bay and between
North Greenland and Spitzbergen.
Serreze et al. (1993) investigated Arctic cyclonic and
anticyclonic activity in summer and winter for the
period between 1952 and 1989. They did not find noteworthy cyclones in winter which could influence the
site of B21. In summer, a weak cyclonic area was found
near the northwest coast of Greenland. Some of these
cyclones move to the east. Thus they were able to
account for ice accumulation in northeast Greenland.
However, these cyclones are not very strong and do
not occur very often, which corresponds with the small
accumulation rates found for northeast Greenland
(Ohmura & Reeh 1991).
The seasonal distribution of North Greenland precipitation can also be investigated using NCEP Reanalysis precipitation data. Since the assimilation of
observations into the NCEP model does not include
precipitation rates, the NCEP precipitation data are
short-range model forecasts (Kalnay et al. 1996). Thus
they are subject to some errors. Stendel et al. (1997)
investigated NCEP precipitation. They found unrealistic noise for the polar regions, which they related to the
poor approximation of horizontal moisture diffusion in
the boundary layer. For a few observation stations in
the Arctic, they found an overestimation of precipitation in summer. Widmann & Bretherton (2000) investigated NCEP precipitation in Oregon and Washington
and found that for individual grid cells, systematic
biases in NCEP precipitation exist, which are related to

the poor resolution of topography. However, for spatial
scales of about 3 grid cells, NCEP precipitation agrees
well with the observations. Taking into account these
uncertainties, we derived the monthly distribution of
NCEP precipitation around the site of B21 averaged
over 6 grid cells (Fig. 1). A pronounced maximum
appears during the summer months June, July and
August; during the rest of the year precipitation is negligible. This could be related to the overestimation of
NCEP precipitation in summer found by Stendel et al.
(1997), but also seems to confirm the results found by
Chen et al. (1997) and Serreze et al. (1993), i.e., that the
main precipitation in this region occurs in summer.
The findings described above indicate that the
regression model for the annual ice accumulation at
the site of B21 should mainly consider the summer
months.

3. DATA FOR THE DEVELOPMENT OF THE
REGRESSION MODEL
3.1. Ice core accumulation
The Alfred Wegener Institute for Polar and Marine
Research (AWI) in Bremerhaven (Germany) performed
a Greenland traverse between 1993 and 1995. They
obtained and evaluated many ice and firn cores from
the Central and North-Central Greenland ice sheet
(Fischer 1997, Schwager 2000). In this paper, we only
refer to the accumulation of the northernmost ice core,
B21, located at 80° N, 41°W (Fig. 2) at an elevation of
2145 m above MSL. The core has been dated back to
1500. The mean accumulation rate during the overlap-
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Fig. 2. Correlation between annual B21 ice accumulation and
NCEP precipitation (1948–1992) (significant values are
darkly shaded)
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ping period with the NCEP data (1948–1992) was
100 mm yr−1. We chose this ice core for our work
because it is considered that ice accumulation in northeast Greenland is mainly influenced by the mean
atmospheric state, in contrast to central or coastal
Greenland, where the ice cores are more influenced by
single cyclonic events which are less likely to be
described by the mean state, leading to more noise in
the ice accumulation data (Fischer 1997).
As described above, it is possible to link some ice
core time series to the NAO index. For core B21, however, the correlation between the annual NAO index
(Jones et al. 1997) and annual accumulation is 0.11 for
the period 1825–1993, which is not statistically significant (Schwager 2000). This agrees with the results
obtained by Appenzeller et al. (1998a), who found that
for the site B21, the correlation between monthly precipitation and an NAO index derived from ECMWF
Reanalysis data is not significant.
The dating of the ice core is mainly based on the seasonal variation of the SO42 – signal, which is caused by
shifting of the polar front and results in a maximum of
SO42 – concentration in spring (Heidam 1984, Fischer et
al. 1998a,b). The detection of these maxima is used to
identify the accumulation of individual years (Fischer
1997). For the period considered here (1948–1992), a
maximum dating error of less than 3 yr is assumed
(Fischer et al. 1998a,b). Additional uncertainties arise
because the shifting of the polar front cannot be related to an exact date and changes from year to year.
Therefore the period between 2 SO42 – maxima may not
exactly represent 1 yr. However, in order to relate ice
accumulation to atmospheric data, the date of the
spring signal is set at May 1.
As well as the dating uncertainties, some errors arise
from the ice core itself. They result, for example, from
snow transport by wind or from horizontal distortion of
the ice in lower layers. In order to reduce these uncertainties in annual ice accumulation rates, a weighted
5 yr running mean (with weights 1-2-3-2-1) was applied to the accumulation time series (see also Appenzeller 1998a,b). This is an appropriate method to
reduce the errors, because accumulation rate errors
partly cancel each other out when mean values are calculated, as accumulation cannot be lost.

3.2. Atmospheric data
The atmospheric data for fitting the regression
model are monthly NCEP Reanalysis data from
1948–1992 (Kalney et al. 1996). The latitude/longitude
grid for precipitation is about 1.9/1.9; for temperature
and the horizontal velocity fields, it is 2.5/2.5. As
described above, well-simulated large-scale atmos-

pheric fields are used as predictors for local ice accumulation. To decide which of the large-scale fields
should be tested as predictors, it has to be kept in mind
that the statistical model will eventually be applied to
climate-change scenarios representing, for instance,
the global warming phenomenon. The proportion of
accumulation which can be described by circulation is
derived using the 500 hPa stream-function. We calculated this field from the horizontal velocity fields
(Washington & Parkinson 1986). In order to perform an
exact calculation of the stream-function fields on a
sphere, the wind components were interpolated onto a
Gaussian T21 grid with mean grid distances of about
5.625/5.625. In this way the grid is coarsened, which
reduces small-scale noise, but does not influence the
quality of the statistical relationships. For the application of the regression model, it is also advantageous
that we do not need to interpolate the GCM data to a
finer grid, since most GCMs have grids coarser than
2.5/2.5. To investigate how temperature change effects
local ice accumulation, temperatures at 500 and
700 hPa are tested as predictors. The 700 hPa temperature is used because it roughly represents the highest
elevation of the Greenland ice sheet (3200 m), and it is
often assumed that the near-surface temperature is
related to ice core accumulation (Dahl-Jensen et al.
1993).
In order to treat the atmospheric data in the same
way as the ice accumulation time series, the fields
were temporally smoothed with a weighted 5 yr
running mean after seasonal or annual gridded means
were calculated.

3.3. B21 ice accumulation and NCEP precipitation
As mentioned above, B21 ice accumulation is
assumed to be nearly identical to local precipitation.
Furthermore, we mentioned that ice accumulation
rates may be subject to error and that the local precipitation values of the NCEP Reanalysis may not be sufficiently reliable. However, if the temporal behavior of
the precipitation and ice accumulation time series correspond well, it can be assumed that the ice accumulation time series are sufficiently reliable for our purpose.
To examine this, a correlation map between B21 ice
accumulation and NCEP precipitation is given in
Fig. 2. The most striking feature of this map is that positive correlations are only obtained for northern
Greenland, while for the south of the island the values
are negative. This indicates an anti-correlation for precipitation over northern and southern Greenland,
which may be related to ice sheet topography (Ohmura
& Reeh 1991). Ice accumulation at B21 is strongly
related to precipitation on the northwest coast of
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Greenland, where the highest positive correlations
(about 0.7) are found. This confirms the results of
Serreze et al. (1993), who suggested that cyclonic
activity on the northwest coast of Greenland affects the
northern interior. The correlation at the core site itself
is only about 0.4. It is assumed that the reason for this
behavior is the NCEP model orography or other local
effects which are not of interest here. However, the
most important result is that high correlation values of
about 0.7 are found near B21. This supports the
hypothesis that the ice accumulation data generally
reflect precipitation variations and may therefore be
downscaled from large-scale atmospheric states.

4. DEVELOPMENT OF THE REGRESSION MODEL
4.1. Statistical concept
The regression model should not only fulfill the criterion of high described variance of ice accumulation
variability. It should also distinguish the accumulation
variations related to circulation and thermodynamics.
For this reason, a stream-function, representing circulation, and a temperature field, representing the thermodynamic impact on ice accumulation, are used as
predictors. In the first step we only consider the
stream-function. A regression model with the largescale stream-function field as predictor and ice accumulation as predictand is developed. In the second
step, the residual of ice accumulation and accumulation estimated with the preliminary stream-function
regression model is related to large-scale temperature.
By performing this step-wise procedure, temperature,
which is related to circulation, is not considered in the
second step. In this way it is considered that the
dynamic and thermodynamic influences on ice accumulation can be identified.
There are several ways to relate large-scale fields to
local parameters. One possibility is to calculate correlation and regression coefficients between the predictand (here, local ice core accumulation) and all local
predictors (here, large-scale stream-function) and then
to plot correlation and regression maps. The advantage of this method is that it is easy to perform. It also
provides a first estimate of the areas and seasons for
which the atmospheric parameter is related to the local
parameter. Unfortunately, the correlations are often
small. Also, a cross-validation check indicates that the
local regression coefficients are unreliably estimated.
The reason for the failure of this approach is that it only
partly uses the information of the predictor field, because it does not consider spatial dependencies.
A technique which does involve spatial dependencies is EOF (empirical orthogonal function) analysis
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(von Storch & Zwiers 1999). Here, the anomalies G’(x,t)
of a large-scale field G(x,t) are expanded into a finite
series as follows:
G’( x ,t ) =

m

∑ gi ( x ) ai (t ) + εg

(1)

i =l

gi (x) are fixed patterns (called EOFs) and ai (t) are time
coefficients, which are referred to as EOF coefficients
or principle components (PCs). The residual εg is considered to be noise and is neglected here. This method
reduces the time dependencies to only a few time
series which are related to fixed patterns containing
information on the spatial distribution of the field. If
fields can be found whose PCs have high correlations
with the predictor field, it is likely that a regression
model using the PCs as predictors will pass the validation tests. This approach is applied here.
EOFs and their PCs depend on the area boundaries
and the average period of the field. In order to find a
seasonal mean field whose PCs have the highest correlations with the annual ice accumulation series, we
varied the boundaries of the field and the number of
months whose mean is used for the EOF expansion.
This way we also found the area and season of the predictor which is represented by local ice accumulation.
In order to build the regression model, when only
the PCs of one predictor are considered, the regression
coefficients can be obtained by the following simple
formula:
n
∑ ai (t ) A’c (t )
(2)
ki = t = l n
∑ [ai (t )]2
t =l

since the PCs of one field are linearly independent and
uncorrelated. Here, ki is the regression coefficient of
the ith PC, and A’c(t), t = 1, …, n, are the anomalies of
the local ice accumulation time series. The estimated
accumulation anomalies A’esti(t) are obtained from:
A'esti (t ) = k l al (t ) + km am (t )

(3)

When a second atmospheric field is considered, the
procedure described above is repeated. However, now
we search for high correlations between the predictor
PCs and the residual AR’c (t) = A’c (t) – A’esti (t), which is
derived from the real ice accumulation and the accumulation estimated by the predictor PCs of the first
step. Therefore, in Eq. (2), the predictand A’c (t) is
replaced by AR’c (t). Regarding the second predictor,
Eq. (3) is extended to:
A’e (t ) = kla l(t ) + … + km am (t ) + rm +lb l(t ) + … + rm +m bm(t )
(4)
A’e (t) is the estimated accumulation after the second
step, bj (t) the PCs and r m +j the regression coefficients
of the second predictor field. For our purpose, we only
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fore cross-validation, which has been developed for
short time series (von Storch & Zwiers 1999). In this
method, a few time steps are removed from the entire
time series. The data for the remaining time steps are
used to develop a regression model (calculation of
gridded average fields, gridded anomalies, EOFs, PCs
and regression coefficients). Then, this model is
applied to one of the removed and therefore independent time steps. Performing this procedure stepwise,
all time steps can be used for validation. Since it has to
be guaranteed that both the fitting and the validation
data are independent, 9 time steps are removed from
the time series. This is because the running mean
procedure is performed over 5 time steps for the
predictand and the predictor series. The 5th of the
9 time steps is the validation time step.

Multiple Linear Regression
5. REGRESSION MODEL FOR B21
no

Cross-Validation
explained variance maximized ?
yes

New Predictor ?

yes

no

Regression Model
Fig. 3. Schematic of the general procedure for the development of the regression model

select a few PCs for the regression model, which have
high correlations with A’c (t) and AR’c (t), respectively.
In Fig. 3, the construction of the statistical model
which yields the highest described variance of local
accumulation is summarized. The general procedure
for estimating ice accumulation consistent with GCM
output is shown in Fig. 4.

By performing the procedure described above, we
found the season and area boundaries of the 500 hPa
stream-function, for which a maximum of variance of
B21 accumulation is described. The field is averaged
from May to August and ranges from the northeastern
coast of Canada to northeast Europe and from 85° N in
the north to southern England in the south (Figs. 5 to
7). Obviously the relationship between B21 ice accumulation and the atmospheric pattern over Asia, the
Pacific and America is not important. The EOF PCs
which are correlated with the B21 ice accumulation
time series are the 1st, the 3rd and the 4th. The 1st
EOF, whose PC has a correlation coefficient of r = 0.65,
explains 73% of the variability of the stream-function
field. The pattern is characterized by strong anticyclonic flow centered over the Skagerrak, accompanied by southern/southwestern winds over the North

4.2. Validation
If all of the time series data were to be used for model
development, a reconstruction of the ice core data
using atmospheric data would be obtained, the skill of
which would be overly optimistic. To determine the
true skill of the model, it has to be applied to independent data. One possibility is to split the series into 2
parts: one part for the development of the statistical
model, the other for validation. However, this is only
practical when the split time series are long enough to
yield a reliable statistical model. Our time series,
which consist of only 45 data points, are too short for
this kind of validation. The method used here is there-

Time series

EOF-pattern

Regression coefficients

Regression model

GCM-data
(limited area, seasonal mean
grid-point anomalies)

Estimated local
ice accumulation
Fig. 4. Schematic for ice accumulation estimation using GCM
output
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Fig. 5. First EOF pattern of the NCEP 500 hPa stream-function
(averaged from May to August) (1948–1992)

Fig. 6. Third EOF pattern of the NCEP 500 hPa streamfunction (averaged from May to August) (1948–1992)

Fig. 7. Fourth EOF pattern of the NCEP 500 hPa streamfunction (averaged from May to August) (1948–1992)

Atlantic (Fig. 5). Near the core site, mean westerly
winds are found. At the southeastern coast there is
weak cyclonic flow. The 3rd EOF represents 6% of the
stream-function variability. The correlation between
B21 ice accumulation and the 3rd PC is 0.4. Over north
Europe, the pattern has anticyclonic flow, while south
of Greenland cyclonic flow is indicated (Fig. 6). Near
the site of B21, weakly mean northeasterly flow is
found. The correlation coefficient between the 4th PC
(explained variance of stream-function: 4.5%) and ice
accumulation is 0.29. The main feature of this pattern
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is cyclonic flow centered between Scotland and Norway, which leads to southerly winds in north Europe
(Fig. 7). It also affects the northeast coast of Greenland
with weak northern flow. No strong winds are found
over Greenland.
About two-thirds of the variance of local ice accumulation can be explained by the summer-mean streamfunction field. Thus the additional contributions from
other predictors must be much smaller. For other seasonal mean stream-function fields (for example, the
winter mean), no additional contributions to the explained variance of B21 ice accumulation are found.
The question arises of whether there is a contribution
related to the temperature field. To investigate this, the
residual of B21 ice accumulation and accumulation
estimated from the stream-function model is used as
the predictand (as described above). Both the 500 and
700 hPa levels of temperature are investigated as predictors. The highest correlation is found for the 700 hPa
level. The 3rd PC of the annual mean field (which
explains about 14% of the variability of the temperature field), spanning an area from the northeast coast
of Canada to east Greenland (Fig. 8), has a correlation
coefficient of 0.46. The temperature pattern shows
small negative anomalies for at least the northeastern
part of Greenland, indicating that positive ice accumulation residuals are related to negative annual temperature anomalies. The 4th EOF, whose PC has a correlation coefficient with the residuals of 0.39, shows
small positive temperature anomalies over nearly the
entire Greenland area (Fig. 9). The correlations found
for the temperature PCs are relatively small compared
to those of the stream-function PCs. But one should
keep in mind that, besides the physically related contributions to the explained variance, the residuals
include the errors and noise of the accumulation time
series.
Validation experiments were made with regression
models developed performing (1) only the first step
(only 3 stream-function PCs) and (2) the first and second steps (3 stream-function PCs and the additional 2
temperature PCs). As expected, the explained variances are somewhat smaller for the validated time
series than for the reconstructed ones. The streamfunction model yields an explained variance of 64%
and the model including stream-function and temperature effects 71.5%, indicating that the additional contribution obtained from the annual temperature field is
about 7.5% of explained variance. In Figs. 10 & 11 the
validated time series are shown. The general behavior
of the observed ice accumulation variability is well
reproduced by both models. For the full model
(stream-function and 700 hPa temperature PCs), better
results are obtained for some details, such as the
period with negative anomalies from 1955 until 1965
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Fig. 8. Third EOF pattern of the annual mean NCEP temperature field (700 hPa)

Fig. 9. Fourth EOF pattern of the annual mean NCEP temperature field (700 hPa)

and the improvement of the estimations for 1970–1972.
The observed phase is mostly well reproduced. However, the minimum in 1976-77 is shifted to 1978. The
main differences between the estimated and the observed time series are found in the amplitudes, which
are mostly smaller for the estimated values, as to be
expected from any regression model.
The regression model described above indicates a
small influence of temperature on ice accumulation at
B21. This result is due to the method used to develop
the regression model: that part of temperature which is
linked to the stream-function is eliminated when the
first predictor is the stream-function. If the temperature PCs are directly correlated with the ice accumulation time series, then a field is found which explains
about 52% of local ice accumulation variance of B21
after validation. The first PC of the annual mean
700 hPa temperature field (which explains about 73%
of the temperature field variability), covering only
Greenland, has a correlation coefficient of 0.74. The

Fig. 10. Annual accumulation anomalies at B21. Solid line: full
model (cross-validated) (see text), dashed line: observed
ice core

Fig. 11. Annual accumulation anomalies at B21. Solid line:
stream-function model (cross-validated) (see text), dashed
line: observed ice core

EOF pattern shows small negative anomalies for the
whole area, with a minimum in central Greenland,
indicating that positive annual ice accumulation anomalies at B21 are related to negative annual temperature
anomalies over Greenland (Fig. 12). In contrast to the
stream-function field discussed above, the 700 hPa
temperature field has only 1 PC noticeably correlated
with B21 accumulation. Thus only about half of the ice
accumulation variability can be explained by temperature, whereas the summer-mean stream-function field
explains about two-thirds of the variance. In comparison to the validated stream-function derived ice accumulation (Fig. 11), the validated temperature derived
ice accumulation (Fig. 13) does not reproduce the general behavior of the observed ice accumulation. Only
the minimum in 1957 and the maximum in 1971-72 are
better reproduced than by the stream-function model.
As mentioned earlier, the correlation between the
NAO index and B21 accumulation from 1825 to 1993 is
negligible. To confirm this result for the regression
model, we correlated the NAO index with the PCs
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6. DISCUSSION AND CONCLUSIONS
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Fig. 12. First EOF pattern of the annual mean NCEP temperature field (700 hPa)

Fig. 13. Annual accumulation anomalies at B21. Solid line:
temperature model (cross-validated) (see text), dashed line:
observed ice core

representing the regression model. The correlation between the PCs of the 500 hPa stream-function field
(mean field from May to August) and the annual NAO
index yields only for the 2nd PC a weakly significant
correlation of 0.25. Since we did not smooth the data,
this is only just statistically significant (at the 95%
level). However, this PC is not used in the regression
model. The coefficients for the other PCs are not significant. For the temperature PCs used in the regression model, we found that the 3rd and the 4th PCs are
almost uncorrelated with the NAO index. Only the 1st
and the 2nd PCs, which are not used in the regression
model, have significant correlation coefficients of 0.48
and 0.31 respectively. Thus the regression model for
B21 only incorporates PCs which are uncorrelated with
the NAO index.

We have shown that it is possible to construct a
plausible statistical relationship between large-scale
atmospheric data and local ice accumulation. Keeping in mind that there are several error sources and
uncertainties which affect the ice core data, the explained variance of 71.5% (using cross-validation) is
very high.
The time series of annual accumulation rates of B21
essentially represents the summer circulation over the
Greenland, North Atlantic and north European region.
Nearly two-thirds of the total variance of local ice accumulation is described by EOF patterns of this streamfunction field, which represents about 80% of streamfunction variability. Thus we can confirm the results
from Ohmura & Reeh (1991), Chen et al. (1997) and
Serreze et al. (1993) that mainly the summer months
contribute to the annual precipitation totals in north
Greenland. The EOF patterns have structures which
can plausibly be related to precipitation anomalies.
The first, which accounts for the greatest amount of
variability of ice accumulation shows weakly cyclonic
circulation in the polar region, which leads to westerly
winds near the site of B21. This may be related to the
weak cyclonic activity in summer found by Serreze et
al. (1993), which is assumed to account for precipitation in this area. The 3rd and the 4th stream-function
patterns relate northerly winds to the site of B21 when
accumulation is high. All 3 patterns correspond with
the results obtained from the correlation map between
NCEP precipitation and B21 ice accumulation (Fig. 2).
The highest positive correlation coefficients were
found north and northwest of the core site. It also confirms the results obtained by Ohmura & Reeh (1991)
and by Chen et al. (1997), who found that precipitation
in north Greenland is caused by lows over the polar
region (Ohmura & Reeh 1991) or near the northwest or
northeast coast of Greenland (Chen et al. 1997) during
summer months. In addition to the dominant streamfunction proportion, temperature yields only a small
contribution to ice accumulation variability for B21.
The 3rd and the 4th PCs of annual mean temperature
(700 hPa), representing the area of east Canada to east
Greenland, make a contribution to the explained variance of 7.5%.
Besides the regression model based on the summer-mean stream-function field, we found a statistically significant correlation between B21 accumulation time series and the 1st PC of 700 hPa
temperature derived from the annual mean field over
Greenland. The temperature pattern describes about
half of the local ice accumulation variability. It relates
positive ice accumulation anomalies to negative temperature anomalies over the entire Greenland area.

150

Clim Res 20: 141–151, 2002

This contradicts a commonly used relationship, that
ice accumulation is positively correlated with nearsurface local annual mean temperature. However,
one should keep in mind that the 700 hPa temperature roughly represents the 3000 m height, but not
the near-surface level for the site of B21 (2145 m). On
the other hand, the commonly used relationship
between precipitation and near-surface annual temperature depends on the assumption that there is
only a weak seasonality of precipitation, which is
obviously not fulfilled for the site of B21. Thus the
negative correlation between annual 700 hPa temperature and B21 accumulation should not be extrapolated to other Greenland sites, especially sites in
the southern or coastal regions, since here the seasonality of precipitation is different (Putnins 1970,
Ohmura & Reeh 1991).
We have shown that the PCs of the regression model
have sufficiently high correlation coefficients to describe 71.5% of B21 accumulation variability. However, the correlations between the PCs of the regression model and NCEP precipitation around B21 are
negligible. This confirms the above-mentioned argument that more reliably simulated fields such as largescale velocity or temperature fields should be used as
predictors.
Since we have found a regression model which describes 71.5% of local ice accumulation variability, it
would be reasonable to apply this regression model
to GCM data. Thus ‘artificial ice accumulation’ could
be derived for climate-change simulations performed,
for example, with a doubled CO2 concentration. On
the other hand, ice accumulation estimated from
paleoclimate simulations provides the possibility of
validating these estimates against long-time-scale ice
cores. This would also permit validation of the GCMs
with regard to the reproduction of past climate states.
We believe that the method presented here of developing an empirical relationship between large-scale
atmospheric data and local ice accumulation is applicable to other cores as well, which offers the possibility for broad investigations of GCM-derived ice
accumulation. However, in spite of the encouraging
results obtained for the ice core examined here, it
should be noted that the empirically derived relationship is based on a short period of only 45 yr. Processes which did not occur during the fitting period
or fundamental changes of circulation are not described by the statistical model. Thus these effects
cannot be explored using GCM data. Especially
when the regression model is applied to GCM data
which describe future or past climate states, it should
be kept in mind that both the regression model and
the GCM are developed under present-day climate
conditions.
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