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Evaluation of recent precipitation studies
for Greenland Ice Sheet
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Abstract. The retrieval of an accurate spatial and temporal record of contemporary Greenland
precipitation is a uniquely challenging task because of the extreme variability in both atmospheric
processes and the resulting precipitation distribution over relatively small spatial scales. A
comparison of precipitation data sets composed of monthly mean values from recent studies shows
a convergence on the general features of the long-term spatial patterns but substantial disagreement
on the temporal variability both regionally and for all of Greenland. There is general agreement on

a long-term Greenland average of about 35 cm yr™' and on long-term values for regional scales,
although differences for outlying data sets exceed 50% of the observed glaciological estimate for
particular regions. A fundamental problem is the inadequate topographic representation of
Greenland in the numerical analyses. Nearly all of the data sets are overly dry for high-elevation
areas, as seen from comparisons with glaciological observations from Summit. The east-central
region of Greenland is found to be particularly susceptible to the temporal discontinuities in data
sets which employ operational analyses. In contrast, there is strong agreement among all
methods on the temporal variability for the west-central region over a 15-year period. From the
comparison it is concluded that none of the data sets is able to capture all of the regional-scale
features. In general, however, the deficiencies of each data set are readily identifiable from
comparison and evaluation in the context of circulation features. Agreement among the methods
on particular regions and timescales gives increased confidence in drawing conclusions related to
aspects of Greenland’s precipitation climatology. In particular, an enhanced precipitation retrieval
method is found to be less susceptible to data artifacts than other methods using operational

analyses.

In the north, anomalously high precipitation is associated with cyclonic development

near the Fram Strait. For west-central Greenland the close agreement among methods is related to

the dominant contribution of the mean circulation.

1. Introduction

Greenland precipitation is an important climate variable
with significant relevance to a variety of research interests.
For reference, Figure 1 shows the location of Greenland and
significant geographic features.  Approximately 80% of
Greenland’s total area is covered by glaciers which have a
maximum thickness of almost 3 km. Analyzed ice cores from
Summit (72°N, 38°W) indicate that abrupt climate changes
have occurred during and near the end of the last ice age [e.g.,
Alley et al., 1993]. Recent investigations have suggested that
rapid, large-scale climate change results from a bimodal nature
in the North Atlantic thermohaline circulation that is affected
by surface salinity [Broecker, 1997]. The surface salinity is a
by-product of the regional hydrologic cycle, including local
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precipitation and nearby glacier runoff and discharge. Before a
complete knowledge of this system and its sensitivities is
achieved however, it will be necessary to understand the
present-day precipitation regime and its controls and to
document the recent variability.  An understanding of the
physical mechanisms responsible for modern precipitation
trends is also necessary if the recently observed variability is
to be related to the long-term predictions of recent modeling
studies [Ohmura et al., 1996; Thompson and Pollard, 1997].

Observational methods have practical limitations for
providing uniform spatial and temporal data. Gauge
observations have been shown to be effective in qualitatively
describing the average local annual cycle [Calanca and
Ohmura, 1994; Berthelsen et al., 1993], however they are
limited to coastal regions. There are also serious problems
associated with the gauge collection of solid precipitation
which prevent a quantitative assessment [Woo et al., 1983].
As a result, precipitation data sets which rely on gauge
measurements, such as the Global Precipitation Climatology
Centre (GPCC) climatology [Rudolph et al., 1994] (Figure 2),
have difficulty in capturing the large-scale features present in
glaciological syntheses.

In contrast to gauge data, accumulation measurements based
on glaciological methods are generally considered reliable
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Figure 1. Geographic features surrounding Greenland. The
topography for Greenland only is contoured using the
Matrikelstyrelsen and Ekholm elevation map [National Snow
and Ice Data Center, 1997] reducedto 0.5° x 0.5° resolution
and contoured every 500m. Circles indicate the location of
Greenland rawinsonde stations [Robasky and Bromwich,
1994]. A solid square indicates the location of Summit.
Dashed lines indicate boundaries for north (N) west-central (W-
C), central (C), east-central (E-C), and south (S) regions
examined.

[e.g., Schwerdtfeger, 1984]. At present, however, the
glaciological observations represent a wide range of temporal
sampling, and only long-term syntheses are available.
Additionally, gauge measurements of solid precipitation are
used for the nonglacial coastal margins to supplement the
glaciological depiction [Ohmura and Reeh, 1991]. Figure 3
shows the Csath6-PARCA (Program for Arctic Regional
Climate Assessment) accumulation map [Csathd et al., 1997],
a recent reexamination of the available data. The compilation
is an objective analysis of the accumulation observations
available to Ohmura and Reeh [1991] with the inclusion of a
few recent measurements. Additional enhancements to this
depiction are expected with the improved spatial coverage of
glaciological observations supplied by the PARCA study.
These limitations have given rise to the use of several
different atmospheric methods for examining precipitation
variability —over Greenland. Atmospherically  derived
precipitation  estimates typically rely on atmospheric
numerical analyses in order to retrieve values. The high
spatial and temporal resolution furnished by these methods
provides a valuable climatological record that cannot
presently be obtained from other sources. Atmospheric data
also provide an additional benchmark for satellite-based
estimates of accumulation [e.g., Zwally and Giovinetto, 1995,
Shuman et al., 1995]. In this paper we examine the various
atmospheric methods presently available for precipitation
retrieval over this Arctic ice sheet in comparison to
glaciological data and to each other.  Similarities and
discrepancies among the various methods are documented, and
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conclusions are drawn regarding the quality and usefulness of
each method, as well as the implications of the noted
discrepancies.

2. Methods

For the interior Greenland Ice Sheet, precipitation is related
to accumulation using

@=(70-(E_)-(73—) )

where angled brackets represent an areal average, and the
overbar represents a time average, B is accumulation, P is
precipitation, E is the net of sublimation minus deposition of
hoarfrost, and D is the divergence of snow drift. The equation
is valid for the interior. At lower elevations the dominant
impact on B is the net divergence of meltwater runoff. The
drift snow term has been evaluated by Loewe [1970], who
determined that D amounts to 1% or less of the mean annual
accumulation for the whole of the Greenland Ice Sheet. The
first two terms on the right-hand side are referred to as net
precipitation (precipitation minus net sublimation).  The
dominant term in (1) is precipitation, and to a first order, the
spatial distributions of B, P, and P-E have been thought to be
comparable [e.g., Chen et al., 1997].

Moisture Budget

Values of P-E for Greenland as a whole have been computed
using the available rawinsonde network via the atmospheric

2.1. Atmospheric

moisture budget [Robasky and Bromwich, 1994].  The
atmospheric moisture budget may be written as
P-E-= -ﬂ—v-ﬁ“qv dp

a Hew @

Figure 2. Average annual spatial distribution of the GPCC
precipitation climatology [Rudolph et al., 1994] for 1986-
1995. The contour interval is 10 cm yr™' water equivalent.
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Figure 3. Csath6-PARCA accumulation distribution for Greenland [Csathd et al., 1997]. Observational data
points are indicated as small stars. Large stars indicate coastal gauge stations. Recently available data points
are indicated as solid diamonds. The contour interval is 5cmyr™ water equivalent for values less than
30cm yr" and 10cmyr? for values greater than 30 cm yr™.
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where W is precipitable water, P, is surface pressure, q is
specific humidity, and V is the horizontal wind vector. The
variable P, is the highest available measured pressure level of
the atmosphere. An additional Reynolds decomposition of the
second right-hand-side term into monthly mean and eddy
components may be performed after temporal averaging of (2)
using the covariance of g and V:

qV=qV+q'V', 3)

where the transient term is defined as

'-zﬂ(q, - E)(V,- - ;)

q'VI=

@

The computation shown in (2) has been performed by Robasky
and Bromwich [1994] for the period 1973-1988 using the
Greenland rawinsonde network (Figure 1). Prior to 1981 it was
found that the rawinsonde time series was affected by missing
observations that preferentially occurred during high moisture
transport  events. After that year, values reasonably
approximate estimates of the average accumulation of the
Greenland Ice Sheet, indicating that the Greenland rawinsonde
network captures the large-scale atmospheric moisture
transport events.

Equation (2) may also be applied to numerical analyses to
produce a field of P-E. The moisture budget from analyses has
previously been examined from a global perspective [Oki et
al., 1993; Trenberth and Guillemot, 1995, Dodd and James,
1996]. Trenberth and Guillemot [1995] evaluated the European
Centre for Medium-Range Weather Forecasts (ECMWF) and the
National Centers for Environmental Prediction (NCEP)
operational analyses for the period 1985-1993.  Substantial
differences between the two analyses as well as artificial trends
were found but particularly in the tropics, where the effects of
limited diurnal resolution and the model cumulus
parameterization can be significant. For Greenland the
atmospheric moisture budget has been evaluated using ECMWF
operational analyses by Hurrell [1995] and by Calanca and
Ohmura [1994] for the period 1989-1991. In Calanca and
Ohmura [1994] the data were smoothed using a 500 km
isotopic filter to mitigate the spurious effects that are present
in the 2.5° x 2.5° grid point data which result from the aliasing
of small-scale features [Trenberth, 1992, p. 80]. This is a
limiting factor on the spatial resolution for this method.
Hurrell [1995] truncated results in spectral format to T31
horizontal resolution. In general, Calanca and Ohmura found
the long-term spatial patterns to be captured. For this study,
moisture budget computations using the ECMWF operational
analyses have been extended to cover for the period 1985-
1995 using similar computational methods to Calanca and
Ohmura [1994].

22. Forecast Fields of the

Both the ECMWEF and the NCEP have produced “reanalysis”
data sets, in which the numerical weather prediction model and
data assimilation system have been fixed over an extended
period in time. This removes spurious trends in the data
resulting from changes to the data scheme. Sources of
temporal variability in reanalysis data are then limited to
either real atmospheric variability or changes in the
observational networks. @ The ECMWF reanalysis (ERA)

Reanalyses
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[Gibson et al., 1996] is a 15-year data assimilation product for
the period 1979-1993. The ERA assimilation system employs
an optimum interpolation of available meteorological
observations, combined with a “first guess” field produced
using a forecast model with T106 horizontal spectral
resolution and 31 vertical hybrid levels. The NCEP/NCAR
(National Center for Atmospheric Research) reanalysis
[Kalnay et al., 1996] is produced at T62 horizontal spectral
resolution and 28 vertical sigmalevels. = The NCEP/NCAR
reanalysis data set presently covers the period 1958-1996. In
addition to numerical analyses, short-term analysis-initialized
forecasts have been produced as part of operational and
reanalysis data sets. This provides supplementary fields,
including P and E, which are not directly observed or analyzed.
These fields, however, are more dependent on the physics of
the numerical weather prediction model utilized. The ERA
supplementary fields are sampled during the 12- to 24-hr
period of each forecast, while the NCEP/NCAR reanalysis are
available for the 0- to 6-hour forecast. These data have been
obtained from NCAR at 2.5° x 2.5° horizontal resolution.

The ECMWEF operationally forecast P and E fields have been
evaluated by Genthon and Braun [1995] for the period 1985-
1991. On the basis of comparisons with glaciological data,
Genthon and Braun [1995] conclude that the forecast fields do
“a fairly good job” at reproducing the accumulation values.
Forecast fields of the ECMWF reanalysis (ERA) and the
NCEP/NCAR reanalysis have been previously evaluated on a
global basis [Stendel and Arpe, 1997]. Greenland is not
specifically discussed; however, comparisons of the average
annual cycle with Russian north polar drift camp stations show
reasonable agreement with the ERA and other gauge-based
climatologies, while the  NCEP/NCAR reanalysis
overestimates values during June and July.

Over Greenland the NCEP/NCAR reanalysis precipitation
field has been evaluated by Chen er al. [1997]. In high
latitudes the field contains a spurious pattern resulting from
the analysis model’s parameterization of horizontal diffusion
on constant pressure surfaces. This problem is manifested as a
series of bull's-eyes oriented along meridians, which are
amplified in the presence of steep topography. A particularly
unfortunate result is the presence of a bull's-eye maximum
located over the desertlike interior near Summit. The
NCEP/NCAR precipitation field has also been examined by
Serreze and Maslanik [1997] over the Arctic. A reasonable
spatial distribution was obtained by filtering the data to a
lower resolution. Recently, a corrected precipitation
climatology has been produced by NCEP, which is also
considered below. A corrected evaporation/sublimation  field
is not available, however. The forecast evaporation/sub-
limation field contains a similar pattern as the result of this
deficiency’s realization in the model cloudiness field and in
other moisture variables; in light of these problems we defer
consideration of forecast evaporation/sublimation fields.

A first-order evaluation of the evaporation/sublimation
component may be obtained by examining the ERA forecast E
field, shown in Figure 4. For the annual average, E is very
small and appears to be of some significance only for the
southern region and the far north where values begin to
approach the same order of magnitude as P. For the interior
regions, annually averaged E is slightly negative (deposition).
The values of E shown for the margins are significantly
smaller than have been reported in a GCM study [Thompson
and Pollard, 1997], although near-surface air temperatures for
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Figure 4. Average annual spatial distribution of forecast E
from the ERA data set for 1979-1993.  The contour interval is
10 cm yr''.

their simulation were found to be too warm. During the
Greenland Ice Margin Experiment (GIMEX) [van den Broeke et
al., 1994; Meesters, 1994] the surface energy balance was
observed in southwestern Greenland during the summer of
1991. The primary motivation was the radiation balance
however, and published latent heat flux values either apply to
individual days (e.g., July 12, 1991) or contain large
uncertainties |Duynkerke et al., 1994]. Values from previous
observational studies by W. Ambach have been referenced for
camps near 70°N, 48°W for June and July 1959 and 1967
|Duynkerke and van den Broeke, 1994|, and these have been
compared with the ERA data. The computed rates of E from the
two observation years are 17xdcmyr’  for June and
13x2cmyr"  for July. For the period 1979-1993 the
corresponding ERA values for this location are 14x1 cm yrt
and 251 cm yr' for June and July, respectively.
Additionally, these values occur in the presence of a large
spatial gradient; given this and the potentially large
interannual variability, the ERA values seem to be reasonable.
In general, the depiction of E shown in Figure 4 appears to be
realistic in comparison to the limited amount of validation
data currently available.

23. Enhanced Retrieval

A new source of Greenland precipitation data using
numerical analyses, which has been recently explored, is
known as “enhanced precipitation retrieval.” This makes use
of a digitized Greenland topography to retrieve precipitation at
a higher spatial resolution than is available through other
methods. Two applications of this approach are examined
here. The first application is an initial study of the topic
conducted by Bromwich et al. [1993]. The method used,
referred to as the Keen model [Keen, 1984], employed a
parameterization of 500 hPa synoptic activity with a simple
orographic scheme given as

Precipitation
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P =4, q700|VFI|+ Ay Gr0 Vsso VH (5)
where A, and A, are empirical coefficients, g is the 700 hPa
specific humidity, Vg, is the computed 850 hPa horizontal
geostrophic wind, and H is the surface topography. The
vorticity flux index (VFI) is determined from the filtering of
the 500 hPa geopotential height field. The first term on the
right-hand side, an expression of positive vorticity advection,
is referred to as the dynamic component and provides the
vertical velocity in an equivalent-barotropic ~atmosphere.
The coefficient for the dynamic precipitation component A,
was determined using an accumulation ume series for Summit
[(Bolzan and Strobel, 1994]. Thus the model is “tuned” for this
location. The second term is referred to as the orographic
component; the orographic component coefficient A, was
also determined using accumulation data. Using operational
analyses of the National Meteorological Center (NMC, now
NCEP), precipitation was computed for the period 1964-1988.
In comparison to long-term glaciological estimates, the Keen
mode! was found to reproduce major spatial characteristics of
the observed accumulation.

A second application of enhanced precipitation retrieval is
the Chen-Bromwich precipitation data set [Chen et al., 1997].
The Chen-Bromwich method utilizes ECMWEF operational
analyses to produce a precipitation depiction with 50 km
resolution. The method is illustrated in Figure 5. The
principal inputs to the model are the ECMWF analyses and the

Enhanced Dynamic Precipitation
Retrieval Method [Chen et al., 1997]
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Figure 5. Schematic diagram of the Chen-Bromwich
enhanced precipitation retrieval model [Chen et al., 1997].
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Greenland topography.  Using a generalized form of the
w equation in o coordinates, a vertical motion field at high
spatial resolution is obtained. From the three-dimensional
wind field and analyzed variables the large-scale condensation
and evaporation for atmospheric layers are then computed,
resulting in precipitated rain or snow if the lowest atmospheric
level is saturated.

3. Spatial Distribution

The spatial distribution of the long-term accumulation field
synthesized from glaciological data has previously been
described by Ohmura and Reeh {1991] and Csathd et al. [1997].
The distribution shown in Figure 3 generally indicates larger
values along the southeast coastline with a significant
elevation-related gradient to very small values in the interior.
A region of some interest is along the western glacier margins
near the 2400 m elevation contour. Previous syntheses have
shown an orographically-related precipitation maximum
extending from near Jacobshavn (approximately 70°N, 47°W)
northwest to near Thule (77°N, 69°W). A major source of
information for this feature has been measurements from the
1912 to 1913 Swiss Greenland Expedition [Ohmura and Reeh,
1991]; however, the region has been heretofore undersampled.
The recent addition of cores from PARCA to the accumulation
distribution has diminished this feature (Figure 3), although
there remains a significant east-to-west gradient across the
center of the ice sheet. Only relatively larger values in close
proximity to the location of the original measurements
remain, rather than the continuous large-scale feature found in
previous distributions. Nevertheless, values along the western
half of Greenland north of 70°N are significantly larger than
along the east coast.

Figure 6 shows the multiyear spatial distributions of each of
the atmospheric methods. Essentially, all of the methods
show two large-scale precipitation features for Greenland:
desertlike conditions for the northern ice sheet dome and very
large values of 100 to 200cmyr" along the southeast
coastal regions. The average spatial distribution of P-E
derived from the atmospheric moisture budget using ECMWF
operational analyses (Figure 6a) is very similar to the Csathé-
PARCA depiction.  Along the southeast coast, ECMWF
moisture budget values are as large as 102 c¢cm yr'. This
appears to be slightly low in comparison to the accumulation
synthesis. However, there are difficulties with the
accumulation data along the extreme coastal margins because
of limited observations and complex topography. North of
70°N the spatial distribution is again very reasonable in a
broad sense. At the highest elevations, however, the region
covered by the 10 cm yr™' contour is substantially larger than
is supported by glaciological studies (Figure 3); average values
for the interior are too low. The remaining five panels show
precipitation, which has been estimated to be 8% greater than
the depicted accumulation for the whole of Greenland [Ohmura
and Reeh, 1991; Bromwich et al., 1993]. The ERA forecast
precipitation shows values ranging from 182 cm yr™' along the
southeast coast to about 4cm yr' in the interior. While the
maximum values are not unreasonable in both location and
magnitude, the minimum for the interior plateau is again too
small. For example, the long-term average accumulation for
Summit, which has been extensively sampled, is 22cm  yr'
[Bolzan and Strobel, 1994], while ERA values averaged over
15 years are less than 50% of this value. A similar shortfall in
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ERA precipitation over polar glaciers has also previously been
found for Antarctica [Stendel and Arpe, 1997]. Not
surprisingly, there is a greater amount of detail in the averaged
forecast precipitation than in the lower-resolution moisture
budget data. This is particularly true along the western coast.

Figure 6d shows the average distribution of the corrected
NCEP/NCAR reanalysis forecast precipitation. The original
spatial distribution which has been discussed previously [Chen
et al., 1997] is shown in Figure 6¢c. A larger contour interval
of 25 cm yr' is used for Figures 6c and 6d only to
accommodate the large values. Erroneous higher-latitude
maxima in the original NCEP/NCAR reanalysis precipitation
data, which buttress Greenland near Thule and on the
northeastern and northern coastlines, have been removed in
Figure 6d. The correction identifies the bull's-eyes as spurious
moisture sources and removes them in comparison to a
diffusion-corrected moisture amount, subject to a temperature
threshold. It is apparent from examination of the corrected
field, however, that the problem is with the distribution, rather
than the amount of atmospheric moisture. The corrected
precipitation field, although an improvement in the spatial
distribution, is overly dry in comparison to the original field
and the ERA north of 70°N. This leads to a contrast between
northern and southern Greenland that is greater than for other
methods.  Additionally, over central Greenland the temp-
erature threshold of the correction does not allow for the
complete removal of the spurious maximum that extends over
the relatively colder regions of the high plateau. In general,
neither of the two spatial depictions available from the
NCEP/NCAR reanalysis appear to be promising.

Figure 6e shows the spatial pattern of the Keen model
[Bromwich et al., 1993]. The model uses NCEP operational
analyses available on a polar stereographic grid that is
diagonal to the view shown. The offshore values which
increase to the south are in areas with minimal topographic
forcing and are erroneous. Over the interior plateau the values
shown are quantitatively superior to other methods. This is
partially misleading, however, because the model was fitted to
agree with glaciological data at Summit (i.e., coefficient A, of
equation 5 [Bromwich et al., 1993]). Significant differences
exist with other climatologies along the southern coastal
regions. A maximum value in the Keen data of 137 cmyr™' is
found near the Denmark Strait. Along the west coast a
continuous string of maxima occurring in close proximity to
the coastline is not supported by the glaciological depiction.
Finally, Figure 6f shows the average spatial pattern of the
Chen-Bromwich precipitation data. Both the Keen model and
the Chen-Bromwich precipitation data have a significantly
higher spatial resolution however; this is particularly apparent
in the Chen-Bromwich distribution. Figure 6f is significantly
busier than the other distributions. A resulting difference is
the strong spatial gradient along the southeast coast, where
the contour lines have merged together. Several maxima of up
to 160 cm yr' are apparent along the southeast coastline.
This falls to less than 30 cm yr™ only a short distance inland.
Over the interior the spatial distribution is very similar to that
of the ERA, which features two areas of less than 10 cm yr™.
Again, the values for the interior are small in comparison to
the glaciological data. To an extent, the Chen-Bromwich
precipitation data give the appearance of being a higher-
resolution version of the ERA precipitation data. A feature
well captured by the Chen-Bromwich model is the
precipitation maximum near Thule.
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Figure 6. Average spatial distributions for various methods: (a) P-E derived from the atmospheric moisture
budget using ECMWF operational analyses for 1985-1995; (b) forecast precipitation from the ERA for 1979-
1993; (c) forecast precipitation from the NCEP/NCAR reanalysis for 1958-1996; (d) a corrected forecast
precipitation climatology from the NCEP/NCAR reanalysis for 1958-1996; (¢) precipitation using the Keen
model, 1964-88; and (f) precipitation from the Chen-Bromwich model for 1985-1995. The contour interval is
10 cm yr™' for Figures 6a, 6b, 6e, and 6f, and 25 cm yr™' for Figures 6¢ and 6d.
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Figure

7. Comparison of topographies of (a) U.S. Navy elevation data set and (b) Matrikelstyrelsen and

Ekholm elevation data [National Snow and Ice Data Center, 1997]. The contour interval is 500 m.

Several of the deficiencies in the spatial distributions are
probably related to the topographic data employed in
assimilation and modeling. Both the ECMWF and the NCEP
use spectral versions of a global U.S. Navy 10 arc min digital
elevation data set. Chen et al. [1997] also elected to use this
data set for their study, while Bromwich et al. [1993] used a 20
km ice sheet terrain data set produced by Radok et al. [1982].
Genthon and Braun [1995] have identified substantial errors of
up to 1 km in the U.S. Navy data set over the Antarctic ice
sheet. A comparison of Navy topographic data with the

Matrikelstyrelsen and Ekholm digital elevation field for
Greenland, shown in Figure 7, also reveals significant
discrepancies. The Matrikelstyrelsen and Ekholm field is a
realistic digital elevation data set synthesized from a variety of
observations including satellite radar altimetry [Ekholm,
1996]. The Navy depiction of the plateau region is found to
erroneously extend too far to the south. Such an error would
have the effect of increasing orographic precipitation closer to
the southeast coastline while reducing the total amount of
moisture transported inland. This generally describes the

Table 1. Comparison of Annual Precipitation Estimates for Greenland, in Centimeters Water

Equivalent per Year

Quantity Method Data Frequency Time Span  Value, cm yr'

Accumulation glaciological Bender [1984] - long term  39.0
synthesis

Accumulation glaciological Ohmura and Reeh [1991] - long term  31.0
synthesis

Accumulation glaciological Reeh [1994], Warrick et al. - long term 320
synthesis [1995]

Accumulation glaciological Csathd et al. [1997] - long term  30.2
synthesis

P-E atmospheric rawinsonde [Robasky and  twice daily 1980-1989 32.1x+23
moisture Bromwich, 1994]
budget

P-E atmospheric ECMWF operational twice daily 1985-1995 30.5+0.8
moisture analyses [after Calanca
budget and Ohmura, 1994]

P series ERA averaged over each 1979-1993 33.5x0.7
of forecasts 12-24 hour

forecast

P series NCEP/NCAR reanalysis averaged over each 1958-1996 39.1=0.7
of forecasts 0-6 hour forecast

P series corrected NCEP/NCAR averaged over each 1958-1996 27.6=0.7
of forecasts reanalyses 0-6 hour forecast

P Keen model NCEP operational analyses daily 1964-1988 38.4x1.0
[Bromwich et
al., 1993]

P Chen-Bromwich ECMWF operational twice daily 1985-1995 37.6x1.2
model [Chen analyses
etal., 1997]

Uncertainty in atmospheric methods is shown as the standard error for annual values in each time series.
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characteristic deficiency of the methods shown in Figure 6.
Closer inspection of the Navy data set has also revealed some
unusual and, apparently, unwarranted detail in the vicinity of
Summit. This appears to be partly responsible for the pattern
of two minimum regions found in the ERA and Chen-Bromwich
fields. Finally, significant discrepancies are found north of
80°N, where the Navy data set is up to 300 m too low.

Table 1 compares the various methods averaged for
Greenland. The Greenland area is defined using the land-ocean
masks of the various data sets. It should again be emphasized
that the glaciological estimates shown represent the synthesis
of various data corresponding to a variety of time periods; a
glaciological  synthesis for the whole island that is
contemporaneous with atmospheric data is not presently
available. Overall, there is a general agreement among the
methods of approximately 35 cm yr'. However, it is not
possible to draw conclusions regarding the magnitude of E and
blowing snow divergence terms from the given sources of data,
because the relative errors in the estimates of P and P-E are
likely to be larger than the difference of the two. Forecast
precipitation from reanalysis data, for example, contains the
effects of moisture spin-up within the model, so the forecast
P-Eis generally not in agreement with the derived moisture
budget from analyses [Mo and Higgins, 1996; Trenberth and
Guillemot, 1996]. Moisture spin-up occurs as the model
responds to imbalances in the initial fields [e.g., Trenberth,
1997]. The underestimation over the interior platean by
atmospheric methods is not sufficient to dominate the overall
Greenland average. The mean value from atmospheric methods
(34.1cmyr) is approximately 10% larger than that of
recent accumulation studies. This is at least in the correct
sense for compensation of the lesser terms of equation (1). All
of the atmospheric methods are constrained to varying degrees
by the accuracy of rawinsonde measurements of atmospheric
moisture. This comparison supports the conclusion that well-
known difficulties in measuring humidity at low air

temperatures [e.g., Elliott and Gaffen, 1991] are mitigated in
the computation of moisture convergence [Robasky and
Bromwich, 1994].

4. Temporal Variability

The major weather system producing precipitation over
Greenland is the frontal cyclone [Chen et al., 1997]. As a
result of the transient nature of cyclonic activity, an irregular
annual cycle develops for the whole of Greenland. Figure 8
shows the average annual cycle of four methods examined
during the overlapping years 1985-1993. On average, March
has the minimum amount of precipitation, and a maximum is
found during autumn months. There is a great deal of
variability from year to year; however, in general, the
minimum precipitation month occurs between December and
April. This must be put into context of the annual cycling of
the significant storm tracks, however. Because of the varying
cycles and the centers of action, there is a significant spatial
variability to the annual cycle. For example, the southern
region is strongly influenced by the North Atlantic storm track
which becomes active during winter months, producing a
maximum in southern coastal gauge data in December
[Berthelsen et al., 1993]. In contrast, the Arctic coastal
regions experience an annual precipitation cycle that is
essentially in opposite phase to the south. To better
understand the various Greenland precipitation regimes and the
performance of the various methods, time series have been
developed from the various data for five regions shown in
Figure 1. These regions are defined by Chen et al. [1997],
based on the subjective examination of synoptic precipitation
over 2 years. QGlaciological study also supports a similar
partitioning [Fisher et al., 1996]. It is clear from the
deficiencies shown in Figure 6 that the NCEP/NCAR forecast P
will encounter significant difficulties at higher spatial
resolution, and therefore only the corrected NCEP P fields are

* —+—Mstr Budget P-E, ECMWF Oper Anys
55 1 --&--Forecast P, ERA

—-o— Forecast P, NCEP/NCAR
50 - —e&—Chen-Bromwich P, ECMWF Oper Anys
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Figure 8. Monthly mean precipitation values for Greenland from four data sets, averaged for 1985-1993,

expressed as the rate of cm yr.
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Table 2. Comparison of Regional Precipitation Estimates,
in Centimeters per Year Water Equivalent for Years 1985-1993

North West- Central East- South
Central Central

Accumulation, 199 292 211 18.2 40
Csath6-PARCA synthesis

P-E, ECMWF oper. anys. 102 310 15.6 13.7 59.0
moisture budget

P, ERA forecasts 111 332 13.6 177 690

P, corrected NCEP/NCAR 77 245 11.7 133 578
forecasts

P, Keen model 21.1 256 18.0 29.0 579
(available through 1988)

P, Chen-Bromwich 236 325 104 27.1 76.0

examined regionally. Below, each of the five areas are

considered in more detail, and Table 2 summarizes this
comparison.
4.1. Northern Greenland

The Arctic coastline region lies north of the 80° paraliel
with monthly averaged surface temperatures experiencing an
average range of between -35°C for December to March and
-3°C in July, as computed from ECMWF analyses. Because of
the topography, many cyclonic systems occurring to the south
are effectively blocked by the ice sheet dome from affecting
the northern region. Annual precipitation  values are
extremely small. Cyclonic patterns for this region have been
reviewed by Bradley and Eischeid [1985] and Chen et al.
[1997]. See Serreze and Barry [1988] for a basin-wide review
of Arctic cyclonic activity. There is no high-frequency storm
track which affects northern Greenland. In summer, however,
transient cyclones have previously been found to move from
the Beaufort Sea across the Canadian archipelago, or move
northeast after development in the Baffin Bay region. Bradley
and Eischeid [1985] also indicate that the most predominant
synoptic condition for enhanced precipitation in the Canadian
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high Arctic is the presence of slow-moving high pressure
centered south or southwest of Ellesmere Island, resulting in
deposition through moisture advection and orographic lifting.
These synoptic conditions are highly episodic in nature but
preferentially produce larger precipitation amounts during
summer months. Larger summertime precipitation may also be
related to the presence of reducedsea ice concentration in the
Canada basin, which is described by Serreze et al. [1989].

A comparison of the various climatologies generally shows
considerable disagreement in annual values averaged over the
period 1985-1993. In general, the enhanced precipitation
retrieval methods show values which are more than twice that
of either forecast reanalysis products or the atmospheric
moisture budget method. As shown in Table 2, the ERA
forecast P averages llcm yr', while the Chen-Bromwich
precipitation model averages 24 cm yr'. These higher values
for the northern region produced by the enhanced precipitation
retrieval methods are supported by the long-term glaciological
synthesis, which averages about 20 cm yr'. Again, the
corrected NCEP forecast P values are considerably smaller than
all other methods for the northern region, averaging 7.7 cm
yr'. For all methods the standard error of annual values is less
than 1.4 cm yr'. There is first-order agreement on an annual
cycle however, which is composed of larger values in summer.
To more closely examine differences in the annual cycle, a
seasonality index is developed as the ratio of precipitation for
June, July, and August divided by the December, January, and
February precipitation. The index again shows differences
between enhanced precipitation retrieval methods and the
other methods. Seasonality is slightly less for the enhanced
methods, with an average index value of 2.2 for the Chen-
Bromwich precipitation retrieval method and 3.0 for ERA
forecast P. The data from the ECMWF atmospheric moisture
budget method have a seasonality index of 2.9. This index
value for P-E is very close to the previous estimates for P, and
thus it is unclear as to whether the seasonal variability in Eis
significant. The corrected NCEP precipitation field has a
seasonality index of 5.1, which perhaps results from the

temperature dependency criterion used in the correction
scheme.

Figure 9.

Comparison of sea level pressure and vertically integrated moisture transport vectors from

ECMWEF operational analyses averaged for (a) average conditions for summer (JJA) months and (b) northern
Greenland enhanced precipitation months. The enhanced precipitation months are June 1988, July 1987, July
1991, April 1990, September 1991, June 1992, September 1990, August 1991, July 1985, and June 1987.

Sea level pressure is contoured every 1 hPa.
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There is some disagreement between the various methods
for the year-to-year variability in the northern region. For
example, the ECMWF moisture budget shows a substantial
upward trend of about 1.1 cm yr' for the years 1985-1993,
while the other methods show little or no trend. Three data
sets, the ERA, corrected NCEP, and the Chen-Bromwich data,
all show similar variability in annual values, with significant
correlations between the Chen-Bromwich and corrected NCEP
annual values (7°=0.35) and the ERA and corrected NCEP values
(r*=0.65). Discrepancies are due to the winter months, when
the values are so low as to become significantly affected by
artificial factors such as changes to the data assimilation
scheme.

Each time series generally reflects the episodic nature of the
precipitation events, with about a dozen months having
significantly larger values than the rest of the time series.
These higher precipitation months generally occurred in
summer. For the time period 1985-1993, the 10 highest
precipitation months from the moisture budget, reanalysis
data, and Chen-Bromwich data set were selected from each time
series. There was considerable agreement among the methods
as to which 10 months were the largest as well as the order, and
an overall composite list of 10 months was produced. Figure 9
indicates the circulation conditions present during these
months in comparison to average summer conditions. The
typical summer pressure distribution indicates a minimum
centered very close to the pole. This climatological low is
essentially barotropic, and the averaged atmospheric moisture
transport follows a zonal pattern around the Arctic Basin. In
this configuration the amount of moisture transported to
Greenland from the direction of the Canadian archipelago is
minimal. During enhanced precipitation months, the low
occupies a location northeast of Greenland near Svalbard, and

Figure 10. Monthly RMS of the synoptically filtered sea
level pressure field, averaged for 10 months of enhanced
northern Greenland precipitation, minus corresponding values
averaged for all summer months (JJA) for 1985-1993. The
contour interval is 0.1 hPa. Shaded areas correspond to the
95% confidence interval determined by Student’s -statistic.
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the moisture flux appears to respond to an onshore flow and
arrives on the ice sheet from a more northerly source. This
confirms the analysis of Chen et al. [1997] who examined the
circulation characteristics over a 2-year period. The synoptic
characteristics producing these events cannot easily be
determined from the mean fields. Again there is no high-
frequency storm track which directly affects northern
Greenland; however, the patterns which produce precipitation
can be resolved by comparing the synoptic variability for
high precipitation months with average summer conditions.
First, a bandpass filter is used to filter sea level pressure data
for synoptic timescales [Duchon, 1979]. Computing the root-
mean-square of the filtered data then produces a spatial
depiction of the synoptic variability for each month. In
Figure 10, average synoptic variability depictions for summer
months are subtracted from the depictions for high
precipitation months. The difference plot indicates increased
synoptic activity along the northeast coast in addition to
systems moving in from the west. An examination of the
individual analyses for a few of the months indicates systems
moving north along the eastern coast of Greenland or
cyclogenesis occurring along the northeastern coast. There is
some evidence to indicate that some systems developing in
Baffin Bay are actually able to cross over the ice sheet and
redevelop in the Fram Strait, a behavior that has been
previously noted for winter months [Keegan, 1958]. Two
extreme cases were also found for June 1988 where cyclones
passing through the Fram Strait began a retrograde motion,
traveling west along the northern coast of Greenland.

42, West-Central Greenland

Chen et al. [1997] have previously reviewed synoptic
conditions leading to precipitation along the western coast of
Greenland. The west-central region is susceptible to synoptic
activity moving northeast out of central Canada, developing
in Baffin Bay, or progressing north into Baffin Bay from the
North Atlantic.

For the precipitation climatologies the west-central region
is notable for its agreement among all methods for a variety of
timescales. For the years 1985-1993 the average value for all
methods is approximately 29 cm yr™', which is in agreement
with the fong-term glaciological synthesis, as shown in Table
2. Two methods that significantly differ from this value are
the Keen model, with an average value for 1985-1988 of
26 cm yr', and the NCEP precipitation average of 25 cm yr
The lower value for the Keen model is consistent with
previously examined deficiencies in the spatial pattern along
the west coast in comparison to glaciological data noted by
Bromwich et al. [1993]. Serreze and Barry [1988] concluded
that the NCEP octagonal analyses used by the Keen model were
of insufficient horizontal resolution to capture Baffin Bay
systems. Figure 11 shows the averaged annual cycle. The
annual cycle is highly variable; however, there is considerable
agreement on a mean cycle composed of higher values in late
summer or early autumn and lower values in late winter or early
spring.  This is qualitatively in agreement with gauge
measurements from coastal stations [Berthelsen et al., 1993].

Interannual variability also shows close agreement among
the various methods. Figure 12 shows several time series of
the annual values for 1980-1995. All methods agree on a
downward trend after the largest values were obtained in 1986.
From Figure 12 the agreement between the time series in
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Figure 11. Average annual cycle of various precipitation methods for the region defined as west-central in

Figure 1 for 1985-1993, in cm yr™.

Figure 12 has been assessed by computing 7* for each pairing
of the methods. The average r*for all of these pairings is
0.52; excluding pairings with the Keen model, the average
comparison is very close (average r’=0.72) with little
variation.

The exceptional agreement among the various methods
suggests precipitation for west-central Greenland is subject to
controls which are reproducible by all of the methods. Calanca
and Ohmura [1994, Figure 3] have shown this region to be
dominated by the mean component of the atmospheric

moisture transport, with a regional minimum in transient
moisture flux convergence. The deficiencies of the NCEP
octagonal grid data in representing Baffin Bay cyclone
activity limit the performance of the Keen model; however,
most of the precipitation in this region is due to mean
transport and orographic lifting, which appear to be adequately
resolved by all of the methods. The comparison of mean
versus eddy moisture convergence is discussed in more detail
for the east-central region. This agreement between methods
strengthens confidence in previous findings of a precipitation

56
—— Mstr Budget P-E, ECMWF Oper Anys
2T --&--Forecast P, ERA
48 | —4=—Forecast P, Corrected NCEP
— - Keen P
4 + ==o— Chen-Bromwich P

cm/yr

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995

Figure 12. Time series of annual values for various precipitation methods for the region defined as west-
central in Figure 1, in cm yr™.
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Figure 13. Time series of normalized annual values for various precipitation methods and accumulation

synthesized by Bolzan and Strobel [1994] for Summit.

relation with the North Atlantic Oscillation (NAO) in this
region [Hurrell, 1995; Appenzeller et al., 1998].

43. Central Greenland

Estimates for central Greenland precipitation may be
compared with the reliable time series compiled by Bolzan and
Strobel [1994]. Their time series is a synthesis of nine ice
cores surrounding Summit and provides a depiction of
interannual variability that is valid for “grid box” length
scales. Aside from the Keen model, which was tuned to the
Bolzan and Strobel data, the average long-term value for
Summit from atmospheric methods is 9 cm yr'. This ranges
from the ERA 1979-1993 average of 12 cm yr™ to the corrected
NCEP data value of 7cm yr' for 1958-1996.  Again, the
Bolzan and Strobel value is 22 cm yr'. As previously
mentioned, this deficiency is at least partially dueto errors in
the topographies used. A similar comparison for the whole of
the central region is shown in Table 2. There is agreement
among nearly all of the data sets on an annual cycle for the
central region, with larger values occurring during summer
months. The exception is the derived atmospheric moisture
budget P-E, which shows a semiannual oscillation with a
minimum in July. This occurs both because of the effects of
evaporation/sublimation as well as the lower resolution
afforded by the moisture budget method, which erroneously
introduces some of the annual cycle characteristics from
southern Greenland.

Figure 13 shows a comparison of the temporal variability
of methods which have significant overlap with the Bolzan
and Strobel data for 1975-1986. The data have been
nondimensionalized to remove the bias in the long-term
values. In general, it is apparent that there is some
convergence in each of the time series around 1981. This
corresponds to the time when a significant reduction occurred
in the number of missing observations for the Angmagssalik
rawinsonde station (66°N, 38°W) [Robasky and Bromwich,

1994]. This, combined with the suggestion that topographic
deficiencies in the southeast reduce plateau precipitation,
implies that Summit precipitation contains a significant
component originating from the southeast. Observational
studies differ on whether Summit precipitation originates in
the southeast [Ohmura and Reeh, 1991] or southwest [Bolzan
and Strobel, 1994], however, and the present deficient data

sets cannot be used to fully resolve this question. These
difficulties have significant relevance to trajectory studies
using the numerical analyses [e.g., Kahl et al., 1997]. The

concept that both moisture sources are significant is a view
which may explain the difficulties in resolving Icelandic low
variability from Summit glaciological data. A comprehensive
review of these issues associated with Summit moisture sources
is given by Barlow et al. [1997].

Recently, an update to the Summit record has been produced
using additional glaciological data over a larger area [Kuhns et
al., 1997]. A comparison of this time series with the original
Bolzan and Strobel data shows similar variability (+*=0.67),
although the amplitude is significantly smaller. The standard
deviation of the normalized time series for the new
accumulation data [Kuhns et al., 1997, Figure 9] is about half
of that for Bolzan and Strobel. It is apparent from Figure 13
that point values from the precipitation data sets show similar
amplitude to that of Bolzan and Strobel and that a
corresponding comparison with the Kuhns et al. data would
require spatial averaging over an area similar to that used in
their study. The larger area incurs the precipitation spatial
gradient errors associated with the topography. This problem
illustrates the importance of using accurate topographic data in
the vicinity of Summit.

44. East-Central Greenland

The northeastern coast of Greenland is a significant region
of transient forcing and cyclogenesis, as seen by the analysis
of circulation conditions affecting the northern region.
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Figure 14. Average ratio of mean moisture convergence
from ECMWF operational analyses divided by eddy
convergence, averaged for 1985-1995. The contour interval is
variable to show detail.

Calanca and Ohmura [1994] contrast eastern and western
Greenland using the decomposition of the ECMWEF analyses
moisture budget. Calanca and Ohmura [1994] found that
precipitation in the west-central region contained a larger
component resulting from the mean circulation, while the
eastern region experiences a net divergence of the mean
moisture transport for the year. To evaluate the relative
importance of the two components, the ratio of the average
monthly mean divided by eddy moisture convergence from the
ECMWF analyses is shown in Figure 14 for the 11-year period
1985-1995. For the west-central region over this time period
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the mean circulation component of the atmospheric moisture
convergence becomes as large as 3 times the transient
component over the Baffin Bay, a surprising value, given the
number of cyclones found to propagate through the region.
Calanca and Ohmura [1994] indicate that western Greenland
precipitation is primarily the result of the orographic
influence of the Greenland Ice Sheet. In contrast, the
precipitation of the east-central region is seen as the difference
of large positive eddy convergence and large negative mean
convergence. This results in the very small values over the
central plateau and the northeast coast. This balance changes
slightly in nature after 1990, however. Figure 15 shows a time
series of the moisture budget P-E for the east-central region in
comparison to the forecast P of the ERA. It is seen that the
nature of the P-E curve changes from containing substantial
negative values prior to 1991 to entirely positive values
afterward. The last negative value occurs in November 1990.
The average prior to 1991 is 9 cm yr™' compared to 27 cm yr™*
thereafter. The ERA do not show any similar trend in forecast
P. The ERA forecast E was also evaluated for this region and
was found to be slightly increasing over the same period at an
insignificant rate, in disagreement with the operational
analyses time series. The other precipitation methods also fail
to show this change. As the total convergence for this region
results from the relatively small difference between two large
components, it is suggested that this has the effect of
amplifying changes to the data assimilation system, which are
manifested in the mean transport component. Several changes
to the ECMWF data assimilation system occurred during 1991,
including a doubling of the spatial resolution [Trenberth,
1992]; it is not immediately clear which specific adjustment is
the cause.

Because of this unusual balance, Calanca and Ohmura [1994]
find a highly variable annual cycle for the region.
Surprisingly, most of the methods agree on minima in May
and October when averaged over for the period 1985-1993;
there is no obvious month for maximum precipitation.
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Figure 15. Comparison of P-E computed from ECMWF operational analyses and ERA forecast P for the

region defined as east-central in Figure 1, in cm yr.
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Qualitatively, this is in agreement with averaged gauge data
from Danmarkshavn (77°N, 19°W) [Berthelsen et al., 1993].
The east-central region as well as the southern region,
discussed below, demonstrate the first-order weakness of the
Keen model. The formulation of the Keen model shown in
equation (3) is strongly dependent on the annual cycle of the
low-level specific humidity field, which typically produces an
annual cycle with a July maximum. Here the Keen model
shows a definite maximum precipitation rate of about
55cmyr'  occurring in July, while Keen values for
September through May average about half this rate. Thus the
Keen model has significant difficulty with regions where the
precipitation and specific humidity annual cycles differ
markedly. There is a similar distribution of long-term values
for the east-central region among the various methods,
ranging from 13 cm yr™' for the corrected NCEP data to 29 cm
yr for the Keen model. As shown in Table 2, the long-term

glaciological value is near the center of these estimates at
18cm yr.
45. Southern Greenland

Southern Greenland is influenced by mean circulation
associated with the Icelandic low, as well as the cyclonic
activity associated with the North Atlantic storm track. The
influence of the storm track is reviewed by Chen et al. [1997].
A principal precipitation mechanism is lee cyclogenesis
occurring along the southeastern coast. Because of its close
proximity to the storm track core and the relatively warm sea
surface temperatures of the adjacent North Atlantic, there isa
small component of convective precipitation in southern
Greenland which is not found for the rest of the island. This is
shown in Figure 16 from the ERA forecast fields. The
convective amount applies to the southeastern most region
and amounts to about 10 cm yr™'. This is small in comparison
to the total amount and slightly diminishes the value of
methods which do not explicitly address the convective
precipitation,  such as the Chen-Bromwich method.

Figure 16.

Average annual convective precipitation from
ERA forecasts for 1979-1993. The contour interval is 5 cm yr
1
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Additionally, the average annual cycle for southern Greenland
is opposite in phase to that of the 700 hPa specific humidity,
creating significant problems for the Keen model. Finally, E
is also significant for the southern region, as previously found
in Figure 4.

The annual precipitation cycle is characterized by a
minimum in July with maximum values in the winter months
[Berthelsen et al., 1993]. With the exception of the Keen
model, there is reasonable agreement among the various
methods for the annual cycle averaged for 1985-1993. The
average seasonality index among methods in agreement is 0.7,
with the Keen model showing larger summer values and a 1.7
seasonality index. The ECMWF moisture budget P-E has an
index value which is slightly closer to unity, with a 0.8 value.
This is somewhat surprising given the larger values of E
occurring in summer. For the years 1985-1993 the various
methods produce a range of mean annual values which is
approximately 25% of the average for all methods (64 cm yr~
Y. The glaciological value is low for the south due to the
significant liquid precipitation component and measurement
difficulties for this region (Table 2). There are substantial
differences in the interannual variability. In particular, the
Chen-Bromwich data show substantial downward trend of about
1.7 em yr™! for the region, while other methods show a small
upward trend over the same time period. The downward trend in
the Chen-Bromwich data is biased by very large values for
1985-86. The Chen-Bromwich model incorporates ECMWF
operational analyses, however there is no similar trend in the
P-E moisture budget derived from the ECMWF operational
analyses. This contrast with the Chen-Bromwich data for this
region requires further consideration.

5. Status of Greenland Precipitation Retrieval

The previous sections describe the regional discrepancies
associated with the precipitation data. The individual
characteristics of each of the regions and their close proximity
illustrate the tremendous challenge in obtaining an accurate
spatial and temporal depiction of Greenland precipitation. In
general, the following comments are given regarding each of
the analysis data sets.

The derived moisture budget from ECMWF operational
analyses is a valuable data set. The total moisture flux, and the
Reynolds decomposition of the moisture transports, yields
important information regarding the physical mechanisms
responsible for precipitation on the Greenland Ice Sheet. As
with other methods, the analyses’ use of an inaccurate
topographic data set results in some deficiencies in
comparison to glaciological data. In particular, the interior
plateau is too dry. For these data, the plateau shortfall may
also be dueto inadequate vertical resolution. Changes to the
data assimilation scheme create some ambiguity for assessing
trends and interannual variability, however. The east-central
region in particular is susceptible to these changes because of
its unique balance of mean versus eddy transport.  The
derivation of the moisture transports shown here and by
Calanca and Ohmura [1994] is computationally practical but
produces a very low resolution depiction, which tends to blur
the localized precipitation characteristics. ~ Higher spatial
resolution is possible, for example, if the spectral format of
the ECMWF data is used at full resolution, but it is unclear if
this would necessarily resolve the important features.



26,022

Forecast fields derived from reanalysis data eliminate
spurious trends associated with changes to the operational
analysis data sets. For the NCEP/NCAR data, there are
significant spatial problems associated with the numerical
weather prediction model used. The corrected NCEP P is an
improvement but creates fields that are overly dry north of
70°N. Despite the spatial representation problems, there is
excellent agreement with ERA for the whole of Greenland for
seasonal and interannual variability. On regional scales, the
corrected NCEP data differ for the northern region on the
seasonality of the annual cycle. Additionally, the ERA data are
too dry for the interior plateau. As an aside, it should be noted
that ECMWF has recently addressed deficiencies in the model
topography used in both daily operations and the upcoming
ERA-40 project (R. Gibson, personal communication, 1998).

From this study it is found that the enhanced precipitation
methods appear to be the most useful for obtaining high-
resolution spatial depictions of the ice sheet surface. At
present, the use of operational analyses and a deficient
topographic data set for the Chen-Bromwich model partially
compromise the resulting data set. Nevertheless this method
is found to be less susceptible to data artifacts than the
atmospheric moisture budget and the Keen model. Revision of
this data set incorporating the errors identified will provide a
realistic, high-resolution climatological record of Greenland
precipitation. Apart from the frequently used long-term spatial
depictions obtained from glaciological data, this study
demonstrates that a suite of additional minimum criteria are
available for the validation of precipitation fields. This
includes the regional annual cycles, which may be
qualitatively inferred from the long-term coastal gauge
averages, as shown by the Berthelsen et al. [1993] Greenland
Atlas. Additionally, there are the time series at Summit and the
relative roles of mean and transient contributions. It remains
to be seen whether corrections to model topographies will
improve central Greenland values for all methods. If not, then

altemative explanations including the role of upslope
snowdrift, as suggested by Bergeron [1965], must be
considered.

We finally review previous long-term results extending
prior to 1979, as discussed by Bromwich et al. [1993]. Using
the Keen model, it was found that Greenland precipitation
showed a downward trend from 1964 to 1976, with a slight
upward trend thereafter. The overall precipitation trend
presented by the Keen model is consistent with the declining
annual surface temperature observed for southern Greenland
over a similar time period [Chapman and Walsh, 1993]. At
present, the only other data set available to cover this period
is the NCEP/NCAR reanalysis. Figure 17 shows a comparison
of annual values for these data as well as other methods for
more recent years. For the period 1977 to 1988 there is a
small upward increase in both the Keen model and the
NCEP/NCAR P of 0.6 and 0.2 cm yr™', respectively. It can be
seen, however, that there are some differences in the two
curves prior to 1981. These differences are primarily due to
variability in the low precipitation months of early spring.
Figures 17b and 17c show the time series of minimum and
maximum precipitation months, respectively. There are clear
differences for the March time series in 1975 and 1976. It
should be noted that the 1976 and 1977 NCEP/NCAR data were
recently reprocessed to correct for assimilation errors. This
time series uses the reprocessed fields. For August there is
reasonable agreement beginning in 1973 between the two
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Figure 17. Time series of (a) annual, (b) March, and (c) July
precipitation estimates for Greenland, in cm yr™.

methods. The agreement indicates that a cancellation of
regional errors occurs when the entire island is considered.
The onset of the agreement between the two time series in
1973 corresponds to the time of the inclusion of significant

level height data in the NCAR archive [Robasky and
Bromwich, 1994]. The additional data provided by rawinsonde
significant levels are important for the accurate initialization

of the numerical weather prediction model and for moisture
budget computations; the Keen model is independent of these
data, however. From this comparison it is concluded that the
Bromwich et al. [1993] time series appears to be reasonable
from 1973 onward and that significant difficulties would be
incurred by other methods in establishing the time series prior
to this date.

Notation

ECMWF European Centre for Medium-Range Weather
Forecasts.

ERA ECMWF reanalysis project.

GIMEX Greenland Ice Margin Experiment.

GPCC  Global Precipitation Climatology Centre.

NAO North Atlantic Oscillation.

NCAR National Center for Atmospheric Research.

NCEP National Centers for Environmental Prediction
(formerly NMC).

NMC  National Meteorological Center (now NCEP).

PARCA Program for Arctic Regional Climate Assessment.
VH vorticity flux index.
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