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ABSTRACT

Annual precipitation, evaporation, and calculated accumulation from reanalysis model outputs have
been investigated for the Greenland Ice Sheet (GrIS), based on the common period of 1989–2001. The
ERA-40 and ERA-interim reanalysis data showed better agreement with observations than do NCEP-1 and
NCEP-2 reanalyses. Further, ERA-interim showed the closest spatial distribution of accumulation to the
observation. Concerning temporal variations, ERA-interim showed the best correlation with precipitation
observations at five synoptic stations, and the best correlation with in situ measurements of accumulation
at nine ice core sites. The mean annual precipitation averaged over the whole GrIS from ERA-interim
(363 mm yr−1) and mean annual accumulation (319 mm yr−1) are very close to the observations. The
validation of accumulation calculated from reanalysis data against ice-core measurements suggests that
further improvements to reanalysis models are needed.
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1. Introduction

A sound understanding of the mass balance of the
Greenland Ice Sheet (GrIS) is crucial to understand
the response of the GrIS to climate change, its po-
tential contribution to global sea level rise (Nicholls
and Cazenave, 2010), and how increasing fresh water
discharge to the ocean will change ocean circulation
and regional sea level (Stammer, 2008). However, the
estimates of the GrIS mass balance contain large un-
certainties (Alley et al., 2007; AMAP, 2009). Previous
results suggest that the interior part of the GrIS (e.g.,
elevation higher than 1500 m) is thickening (Johan-
nessen et al., 2005) due to the increasing precipitation,

and that the near-coastal area is thinning due to the
increasing melt water runoff (Hanna et al., 2008) and
dynamic thinning (Pritchard et al., 2009). Much of
this thinning is occurring primarily in the south along
fast-moving outlet glaciers (Howat et al., 2007). From
1993 to 2009, the mean rate of global sea level rise
amounts to 3.3±0.4 mm yr−1 (Nicholls and Cazenave,
2010), and, during 2000–2008, about 0.46 mm yr−1 of
global sea level rise was contributed by the GrIS mass
loss from surface process and ice dynamics (van den
Broeke et al., 2009).

The mass balance (MB) is defined as the tempo-
ral change of the glacier mass as the difference between
the surface mass balance (SMB) and ice discharge (D).
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The SMB is the sum of accumulation by precipita-
tion (snow and rain) and ablation by evaporation and
runoff. Accumulation, which is the main source of in-
put to the GrIS, has a significant impact on the SMB
(Hanna et al., 2002; Box et al., 2004), particularly in
the high-elevation or dry-snow region (Ohmura et al.,
1999; McConnell et al., 2000). Wild et al. (2003) re-
vealed that in a doubled carbon-dioxide concentration
scenario (2×CO2), the enhanced accumulation even
dominates the SMB of the GrIS, since the ablation in
this scenario does not compensate for the increased
accumulation. In the upper accumulation area of the
GrIS, the vertical stratigraphy of snow and ice makes
it possible to obtain direct estimates of accumulation
from ice cores and snow pits. In the lower zones, how-
ever, accumulation is not possible to observe, as the
mass is partially lost. For these coastal zones, the
accumulation is defined as solid precipitation minus
evaporation. In Greenland, we mostly collect direct
precipitation measurements at the synoptic stations
of the Danish Meteorological Institute (DMI) based on
gauge observations. These data are sparse, limited to
coastal areas, and have their own uncertainties associ-
ated with precipitation catch efficiency (Sevruk, 1986;
Goodison et al., 1997; Yang et al., 2001). Measure-
ments of evaporation from the surface of the ice sheet
are rare. For Greenland, there are only four experi-
ments that lasted more than a month (Ohmura et al.,
1999). As a result, adequate modeling of precipitation
and evaporation is necessary.

Reanalysis products from the European Centre
for Medium-Range Weather Forecasts (ECMWF) and
the National Centers for Environmental Prediction
(NCEP)/National Center for Atmospheric Research
(NCAR) provide precipitation and evaporation es-
timates. Generally, reanalysis data from ECMWF
(namely ERA-40), provides better estimation of pre-
cipitation than the NCEP/NCAR reanalysis (here ab-
breviated as NCEP-1), but it does not cover the re-
cent decade. Furthermore NCEP-1 is known to over-
estimate precipitation over the land areas in northern
high latitude in summer (Serreze and Hurst, 2000).
Later, NCEP-Department of Energy (DOE) Reanal-
ysis (here abbreviated as NCEP-2) addressed some
of the known problems of NCEP-1 (e.g., wintertime
precipitation over land is improved and orography is
smoothed, see details in Kanamitsu et al., 2002). Fur-
thermore, a new reanalysis product from ECMWF
(namely ERA-interim) provided improvements from
ERA-40 in terms of data assimilation and use of ob-
servations (see details in Berrisford et al., 2009). How-
ever, the performance of these two new reanalysis data
sets over Greenland has so far not been well validated.
This situation provides the motivation for this paper

to compare precipitation, evaporation, and accumu-
lation calculated from different reanalysis outputs in
order to: (a) assess the improvements of ERA-interim
and NCEP-2 from ERA-40 and NCEP-1, respectively,
and (b) obtain useful data information for future SMB
estimates of the GrIS.

2. Data

The gridded precipitation and evaporation data
used in this research are reanalysis products de-
rived from ECMWF, NCEP/NCAR and NCEP-DOE.
The original ERA-40 data have T159 (∼125 km)
resolution, and ERA-interim data have T255 (∼80
km) resolution. However, these datasets are avail-
able in a 2.5◦ × 2.5◦ (for ERA-40) and 1.5◦ × 1.5◦

(for ERA-interim) regular latitude-longitude grid,
respectively (Source: http://data.ecmwf.int/data/).
Both NCEP-1 and NCEP-2 data use T62 (∼210
km) resolution (Source: http://www.esrl.noaa.gov).
In situ measurements used to validate the reanal-
ysis data are obtained from the DMI synoptic
stations (Source: http://www.dmi.dk/dmi/index/)
and the Program for Arctic Regional Climate As-
sessment (PARCA) ice cores drilled in 1997/1998
(Source: http://nsidc.org/data/parca/). The loca-
tions of these synoptic stations and ice-core sites
are shown in Fig. 1. All the reanalysis data sets
are based on the overlapping period 1989–2001. In
order to separate the ice sheet margin from the
ice-free land surface in these reanalysis data, mask

Fig. 1. Location of the coastal DMI synoptic stations
and the PARCA ice core sites used in this research. Also
shown the 2000 m and 3000 m elevation contours in me-
ters as reference.
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data from a topographic model of Greenland (Ekholm,
1996) have been used.

3. Comparison and discussion

An assessment of the accuracy and reliability of
these various reanalyses data over Greenland can help
to improve the estimate of accumulation over the GrIS.
Therefore, in this paper, we focus first on the compar-
ison of precipitation and evaporation from ERA-40,
ERA-interim, NCEP-1, and NCEP-2 reanalysis prod-
ucts in terms of spatial distribution before the further
validation of the accumulation calculated from differ-
ent reanalysis outputs.

Figure 2 shows the mean annual total precipita-
tion and evaporation over Greenland from the four
datasets in millimeters of equivalent to water per year
(mm yr−1). This research is focused mostly on the ice
sheet, and the reanalysis data resolution is too coarse
to be used to determine the ice sheet margin. In order
to be consistent with the mask data we used to deter-
mine ice-sheet margin from the digital terrain model
by Ekholm (1996), all the precipitation and evapo-
ration fields were bilinearly interpolated to a gridded
field with a horizontal resolution of 0.02◦ in the latitu-
dinal direction and 0.05◦ in the longitudinal direction.
Section 3.1 will focus on precipitation comparison, and
3.2 on evaporation.

3.1 Precipitation

ERA-40 (Fig. 2a), ERA-interim (Fig. 2b), and
NCEP-2 (Fig. 2d) all capture the large-scale fea-
tures of precipitation spatial distribution summarized
by Ohmura et al. (1999). They all show a strong
longitudinal gradient in southern Greenland, south
of 65◦N on the west and south of 70◦N on the east
slopes. Within this region, the east coast receives no-
tably more precipitation than the west coast, and with
largest amount of precipitation in the southernmost re-
gion of the east coast. In contrast, the smallest amount
of precipitation is on the northeastern slope of the ice
sheet. However, the belt of moderately high precipi-
tation (more than 400 mm yr−1) along the west flank
of the GrIS is only well represented in ERA-40 and
ERA-interim. Overall, NCEP-2 displays better spa-
tial distributions than NCEP-1 (Fig. 2c). The latter
shows the largest discrepancy when compared with the
climatology of Ohmura et al. (1999) and all the other
reanalysis data. The considerable discrepancy is that
NCEP-1 shows an unrealistic maximum precipitation
area in the middle of the GrIS, where Ohmura et al.
(1999) shows a very dry area close to summit of the
GrIS.

Furthermore, we collected in situ precipitation

measurements from DMI synoptic stations and inves-
tigated the mean values at each synoptic station based
on the period of 1989–2001. We calculated the correla-
tion coefficients between the precipitation time series
from reanalysis data and the precipitation observed at
each station. Despite the fact that these stations are
not located on the GrIS (see Fig. 1), they have been
used in all the reanalysis data sets, and it can still be
investigated how well the reanalysis data are reproduc-
ing the precipitation at the coastal stations. Because
the meteorological measurements have been known to
underestimate precipitation along the coast of Green-
land, we applied the correction procedure developed
by Sevruk (1986) and applied in Ohmura et al. (1999)
before performing the correlation analysis.

Table 1 presents: (a) the mean annual precipita-
tion (corrected) at each synoptic station during 1989–
2001; (b) the correlation coefficients between precipi-
tation time series from observations at the five DMI
synoptic stations and that from reanalysis at the clos-
est point to the corresponding synoptic stations; and
(c) ratios expressed as mean annual precipitation from
reanalysis divided by that from observation. It shows
that precipitation from ERA-40, ERA-interim, NCEP-
1, and NCEP-2 are significantly correlated to 4, 5, 2,
and 3 station observations, respectively. ERA-interim
represented the best temporal variation of precipita-
tion in these coastal stations. The averaged ratio of
precipitation estimates at these five coastal stations is
142%, 146%, 207%, and 119% from ERA-40, ERA-
interim, NCEP-1, and NCEP-2, respectively. This
means that these four reanalyses mostly overestimate
the precipitation at most coastal stations. In addition,
we calculated the average precipitation over the whole
GrIS: 365, 363, 376, and 342 mm yr−1 from ERA-
40, ERA-interim, NCEP-1, and NCEP-2, respectively.
This again shows the overestimation of precipitation
in these reanalysis datasets when compared with re-
sult from previous research, 340 mm yr−1 (Ohmura et
al., 1999); however, NCEP-2 showed the closest result.

From the above discussion, we conclude that ERA-
40 and ERA-interim have a better spatial distribution
of the absolute amount of precipitation than NCEP-1
and NCEP-2 (see Figs. 2a–d). Concerning tempo-
ral variations, ERA-interim shows the best correlation
with observations at each station (see Table 1), but it
still overestimates precipitation over the GrIS, particu-
larly along the southeast coastal region. However, this
overestimate could be partly explained by the increase
of precipitation under the current warming trend as
the data used in Ohmura et al. (1999) are earlier than
1996.

Chen et al. (1997) and Bromwich et al. (1998) have
found the same problem for NCEP-1 in previous eval-
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Fig. 2. Mean (1989–2001) annual precipitation over the GrIS from (a) ERA-40, (b) ERA-interim,
(c) NCEP-1, and (d) NCEP-2; Mean (1989–2001) annual evaporation over the GrIS from (e) ERA-
40, (f) ERA-interim, (g) NCEP-1, and (h) NCEP-2. Units: mm yr−1.

uations of precipitation over Greenland. In NCEP-
1, spectral snow is a well-known error, especially in
mountainous regions in high latitudes during winter.
The reanalysis model was intended to diffuse moisture
and temperature on constant pressure surfaces instead
of sigma surfaces. This simplified diffusion equation
resulted in an unnatural spatial distribution (see Figs.
2c and 2g) due to the Gibbs phenomenon (Kanamitsu
et al., 2002). NECP-2 is an updated version of NCEP-
1. It fixed some known errors in NCEP-1; in particu-

lar, it fixed humidity diffusion to remove the spectral
snow problem. Therefore, Fig. 2d showed a more ac-
curate spatial distribution of precipitation than Fig.
2c. However, NCEP-2 has a coarser spatial resolution
(T62) than ERA-40 (T159) and ERA-interim (T255).
Higher resolution model output can better depict cli-
matic features near the GrIS margin area (Ohmura et
al., 1996). Thus, ERA-interim showed the most accu-
rate spatial distribution of precipitation, particularly
along the west flank of the GrIS.
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Table 1. Mean annual precipitation (units: mm of equivalent to water per year, here abbreviated as mm yr−1) from
observations (corrected) at the five DMI synoptic stations; correlation coefficients (r) between precipitation time series
from observations at each synoptic station and those from reanalysis at the closest point to the corresponding synoptic
station; and ratios expressed as mean annual precipitation from reanalysis divided by that from observation. All the
data are based on the overlapping period of 1989–2001. The r value of the 0.05 significance level is ±0.55. Also shown
are codes, locations, and elevations of the five synoptic stations.

Station
Coordinates Altitude Mean (mm) Correlation Coefficient (ratio)

(◦N, ◦W) (m) (corrected) ERA-40 ERA-interim NCEP-1 NCEP-2

4250 64.10, 51.45 80 892.9 0.57 (86%) 0.82 (95%) 0.71 (160%) 0.74 (80%)
4270 61.10, 45.25 27 838.2 0.73 (153%) 0.75 (140%) 0.48 (139%) 0.45 (114%)
4360 65.36, 37.38 50 983.6 0.81 (127%) 0.92 (122%) 0.72 (382%) 0.84 (142%)
4339 70.29, 21.57 65 417.6 0.57 (190%) 0.55 (222%) 0.27 (214%) 0.56 (140%)
4320 76.46, 18.46 11 268.1 0.54 (153%) 0.58 (152%) 0.23 (140%) 0.45 (120%)

3.2 Evaporation

Figures 2e–h shows the mean (1989–2001) annual
evaporation over Greenland from the reanalysis data;
values are given in mm yr−1. Although it is not pos-
sible to compare the computed annual total evapora-
tion with observations, it is suggested by Ohmura et
al. (1999) that the summer evaporation is best sim-
ulated by ECMWF reanalysis for the lower stations,
whereas, in the accumulation area, it is better sim-
ulated by the European Centre Hamburg Version 3
(ECHAM3). Therefore, we use Fig. 2 in Ohmura et
al. (1999), which shows the annual evaporation merged
between the ECMWF reanalysis (below 1500 m) and
the ECHAM3 T106 simulation (above 1500 m) as a ref-
erence, and compared this evaporation map with our
results. It indicates that the spatial distributions of
evaporation over the GrIS from ERA-40 (Fig. 2e) and
ERA-interim (Fig. 2f) are more realistic than those
from NCEP-1(Fig. 2g) and NCEP-2 (Fig. 2h).

The mean annual evaporation over the GrIS is
about 35 mm yr−1 and mostly along the coastal area
from previous research (Ohmura et al., 1999). It is
38 mm yr−1 from ERA-40 and 18 mm yr−1 from
ERA-interim. NCEP-1 shows an extremely high evap-
oration over the whole GrIS (199 mm yr−1), and
presents a large area with evaporation more than 90
mm yr−1. NCEP-2 shows better a spatial distribution
than NCEP-1, but it still overestimates evaporation
for the whole GrIS (81 mm yr−1). Therefore, ERA-40
gives the best estimate of evaporation (38 mm yr−1)
compared with Ohmura’s value of 35 mm yr−1.

Concerning the evaporation over the GrIS, Serreze
and Hurst (2000) showed that the downwelling short-
wave fluxes from the NCEP model are too high, con-
tributing to excessive evaporation. On the other hand,
the downwelling shortwave fluxes from the ECMWF
model are closer to observations than those from the
NCEP model. Therefore, both ERA-40 and ERA-
interim showed closer evaporation estimates compared

with observations than NCEP-1 and NCEP-2.

3.3 Accumulation

Accumulation is crucial for the SMB estimate since
it is the main input of mass over the GrIS. In the
upper accumulation area (i.e., above 2000 m), direct
measurements from PARCA shallow ice cores are fre-
quently used to estimate the spatial distribution of ac-
cumulation over the GrIS. However, it is difficult to
analyze the temporal variations of accumulation for
the whole GrIS, because these ice cores cover different
time periods and are spatially limited. In the lower
zones, there is no direct observation of accumulation.
Because accumulation depends on precipitation and
evaporation, one can calculate the accumulation over
the GrIS from the outputs of a reanalysis model.

In this paper, monthly precipitation and evapora-
tion have been used to calculate annual accumulation.
In high summer in the whole GrIS area, and in tran-
sitional seasons in the area below 2000 m, accumula-
tion is defined as solid precipitation minus evapora-
tion; otherwise, accumulation is defined as total pre-
cipitation minus evaporation. Total precipitation and
evaporation were taken directly from reanalysis prod-
ucts. Calculation has also been done to divide total
precipitation into the solid fraction and liquid fraction
by using an empirical relation between the percentage
of the solid precipitation in the total precipitation and
the corresponding 2-m air temperature [see Fig.1 in
Ohmura et al. (1999)].

Finally, the accumulation map of the GrIS is pre-
sented in Figs. 3a–d. The pattern of the accumulation
distribution is overall identical to the pattern of pre-
cipitation, especially in dry snow zones (Ohmura and
Reeh, 1991). The difference mainly appears in the
low-elevation (i.e., lower than 2000 m) marginal areas.
Accumulation is smaller than precipitation values in
these regions due to the mass loss from evaporation
and liquid precipitation runoff. It is clear that ERA-
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Fig. 3. Mean (1989–2001) annual accumulation over the GrIS calculated from (a) ERA-40, (b)
ERA-interim, (c) NCEP-1, and (d) NCEP-2 outputs; difference between mean annual accumula-
tion calculated from (e) ERA-40, (f) ERA-interim, (g) NCEP-1, and (h) NCEP-2 outputs and
accumulation map from Bales et al. (2009). Units: mm yr−1.

40 (Fig. 3a), ERA-interim (Fig. 3b), and NCEP-2
(Fig. 3d) broadly depict the large-scale features of
accumulation over Greenland summarized by Ohmura
et al. (1999) and Bales et al. (2009). They all show a
maximum accumulation over south-eastern Greenland
and a minimum accumulation in north-eastern Green-
land. However, only the ERA-interim analyses rea-
sonably depict the moderate accumulation (more than
400 mm yr−1) area along the western slope. NCEP-

1 (Fig. 3c) shows a completely different spatial dis-
tribution, with negative accumulation values (purple)
covering a substantially large portion of the accumula-
tion area, because of its unrealistic distribution of pre-
cipitation and excessive estimate of evaporation (see
sections 3.1–3.2).

In addition, we used an updated accumulation es-
timation map published in Bales et al. (2009) as a
reference and compared the spatial distribution map
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with our results. This map is based on glaciological
accumulation observations in the upper accumulation
area, and observed and corrected precipitation at the
coastal weather stations. The accumulation during
1950–2000 is better represented by these data than
are earlier periods. Our results are calculated from
the above four reanalysis outputs. Figures 3e–h shows
the difference between mean annual accumulation cal-
culated from the above four reanalysis outputs and
the reference. ERA-40 (Fig. 3e), ERA-interim (Fig.
3f), and NCEP-2 (Fig. 3h) all show an overestimate
area (positive values) in south-eastern Greenland and
generally underestimate (negative values) in the area
north of 68◦N. ERA-interim shows the closest pat-
tern to the reference, while NCEP-1 (Fig. 3g) shows
the largest difference. Mean annual accumulation is
291, 319, 152, and 246 mm yr−1 from ERA-40, ERA-
interim, NCEP-1, and NCEP-2, respectively. ERA-40
shows the closest result when compared with previous
research: 297 mm yr−1 (Ohmura et al., 1999) and 300
mm yr−1 (Bales et al., 2009). ERA-interim is slightly
higher than ERA-40. NCEP-1 and NCEP-2 simply
did not perform well.

Similar to the precipitation validation in section

3.1, we compared accumulation inferred by PARCA ice
cores drilled in 1997/1998 and the accumulation calcu-
lated from reanalysis outputs at each core site. Annual
accumulation is identified by the winter dust minimum
in these cores, and all the sites used here are located
above 2000 m elevation (see Fig. 1). The mean an-
nual accumulation based on the period of 1989–1996 is
used in this part of validation. Table 2 summarizes the
mean annual accumulation retrieved from 22 core sites,
correlation coefficients between annual accumulation
time series calculated from reanalysis outputs and that
from ice-core retrieval, and ratios expressed as annual
accumulation calculated from reanalysis outputs di-
vided by that from ice-core observation. The results
showed that accumulation calculated from ERA-40,
ERA-interim, NCEP-1, and NCEP-2 is significantly
correlated to ice-core retrieval at 7, 9, 3, and 7 core
sites, respectively. This means that the accumulation
calculated from ERA-interim outputs is better than
that from ERA-40 and NCEP-2 outputs, and NCEP-
1 shows the worst result. The mean ratios of the
calculated accumulation from ERA-40, ERA-interim,
NCEP-1, and NCEP-2 for the 22 core sites are 102%,
96%, 13%, and 81%, respectively. The present com-

Table 2. Mean annual accumulation from ice core retrieval (units: mm yr−1), correlation coefficients (r) between an-
nual accumulation time series calculated from reanalysis outputs and that from ice-core retrieval, and ratios expressed
as annual accumulation calculated from reanalysis outputs divided by that from ice-core observation based on the period
of 1989–1996. The r value of the 0.05 significance level is ±0.71. Also shown are codes, locations, and elevations of the
PARCA ice core sites.

No. Site
Coordinates Altitude Mean (mm) Correlation Coefficient (ratio)

(◦N, ◦W) (m) (observed) ERA-40 ERA-interim NCEP-1 NCEP-2

1 6345 63.8, 45.0 2730 328.8 0.37 (218%) 0.53 (165%) −0.08 (−59%) 0.35 (225%)
2 6642B 66.5, 42.5 2380 640.9 −0.12 (120%) −0.3 (114%) −0.08 (15%) 0.10 (90%)
3 6745 67.5, 45.0 2250 355.6 0.36 (95%) 0.51 (95%) 0.27 (−82%) 0.39 (84%)
4 6839 68.5, 39.5 2790 409.9 0.92 (112%) 0.95 (89%) 0.90 (29%) 0.86 (98%)
5 6841 68.0, 41.0 2640 482.1 0.80 (96%) 0.84 (89%) 0.74 (4%) 0.72 (85%)
6 6938 69.0, 38.0 2920 350.9 0.69 (121%) 0.71 (81%) 0.70 (9%) 0.73 (109%)
7 6939 69.6, 39.0 2955 343.6 0.56 (91%) 0.40 (79%) 0.37 (76%) −0.09 (−55%)
8 6941 69.4, 41.0 2765 381.8 0.63 (90%) 0.71 (86%) 0.38 (−30%) 0.44 (70%)
9 6943 69.2, 43.0 2500 396.2 0.64 (93%) 0.68 (88%) 0.80 (−7%) 0.75 (69%)
10 6945 69.0, 45.0 2150 421.5 0.78 (89%) 0.80 (85%) 0.67 (32%) 0.64 (63%)
11 7145 71.5, 45.0 2615 447.0 0.91 (75%) 0.95 (78%) 0.96 (111%) 0.91 (61%)
12 7147 71.0, 47.2 2134 423.1 0.65 (89%) 0.69 (98%) 0.52 (90%) 0.50 (57%)
13 7245 72.3, 45.0 2770 353.5 0.72 (85%) 0.79 (88%) 0.59 (124%) 0.53 (75%)
14 7247 72.0, 47.5 2277 419.1 0.53 (87%) 0.54 (91%) 0.55 (55%) 0.43 (63%)
15 7345 73.0, 45.0 2815 284.5 0.77 (92%) 0.89 (93%) 0.60 (136%) 0.65 (91%)
16 7347 73.6, 47.2 2600 311.1 0.12 (93%) 0.32 (79%) 0.16 (34%) 0.11 (91%)
17 7551 75.0, 51.0 2200 289.9 0.63 (114%) 0.58 (114%) 0.62 (−13%) 0.73 (113%)
18 7653A 76.0, 53.0 2200 351.0 0.37 (84%) 0.40 (93%) 0.32 (−26%) 0.45 (86%)
19 NASA EASTA 75.0, 30.0 2631 138.1 0.59 (66%) 0.48 (88%) 0.15 (−96%) −0.16 (28%)
20 NDYE3A 66.0, 44.5 2460 438.4 0.72 (110%) 0.77 (97%) 0.68 (−69%) 0.85 (108%)
21 SDOMEA 63.2, 44.8 2850 692.3 0.01 (125%) 0.41 (108%) −0.03 (24%) 0.03 (110%)
22 STUNUA 69.5, 34.5 2650 437.2 −0.25 (107%) −0.32 (103%) 0.37 (−77%) 0.01 (67%)
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parison shows that for the region above 2000 m, accu-
mulation calculated from ERA-40 and ERA-interim is
a better estimate than that from NCEP-1 and NCEP-
2. However, Table 2 also shows that in most of the
core cites, the accumulation calculated from reanaly-
sis data do not correlate significantly with the obser-
vations. This implies that improvements to reanaly-
sis models are needed. On the other hand, because
the reanalysis model grid and surface site are clearly
not spatially equivalent, this may bring inherent mis-
matches when comparing model parameters with ice
cores.

4. Conclusions

Precipitation, evaporation, and calculated accumu-
lation from reanalysis model outputs have been inves-
tigated in this research, based on the common period
of 1989–2001. ERA-40 and ERA-interim have bet-
ter spatial distributions of precipitation than NCEP-
1 and NCEP-2, particularly in their depiction of the
moderate precipitation (more than 400 mm yr−1) re-
gion along the western flank of Greenland. Concerning
temporal variability, ERA-interim shows the best cor-
relation with observations at five synoptic stations, but
it still overestimates precipitation over the GrIS, par-
ticularly along the coastal region. Evaporation from
ERA-40 and ERA-interim has more a reasonable spa-
tial distribution than that from NCEP-1 and NCEP-2.
Accumulation calculated from ERA-interim shows the
closest spatial distribution to the observed accumula-
tion. The validation is also done by comparing the
annual accumulation calculated from reanalysis out-
puts and the direct observation from PARCA ice cores.
The results reveal that accumulation calculated from
ERA-interim outputs is a better estimate than that
from ERA-40, NCEP-1, and NCEP-2, but all of them
contain systematic error.

Overall, the results in this paper give useful infor-
mation about the reliability of the reanalysis data. To
different extents, both ERA-interim and NCEP-2 are
improvements over ERA-40 and NCEP-1, respectively.
ERA-interim shows the best accumulation spatial dis-
tribution and temporal variation. However, the vali-
dation of accumulation calculated from reanalysis data
against ice-core measurements suggested that further
improvements to the reanalysis models are still needed.
In the future, one can use more accurate observations,
which contain a longer time period, to calibrate out-
put from ERA-interim, and to get a more accurate
estimate of the SMB of the GrIS.
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