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The report of work for the period from January 1 to July 31, 2000 and extension

from August 1, 2000 to July 31, 2001

( 1) In order to understand variations of accumulation over Greenland, it is necessary to investigate

precipitation and its variations. Observations of precipitation over Greenland are limited and

generally inaccurate, but the analyzed wind, geopotential height and moisture fields are available

for recent years. The objective of this study is to enhance the dynamic method for retrieving high

resolution precipitation over Greenland from the analyzed fields. The dynamic method enhanced

in this study is referred to as the improved dynamic method. There are three differences between

the original dynamic method used by Chen et al. (1997) and Bromwich et al. (1999) and the improved

dynamic method. 1), The topographic effects on precipitation and atmospheric motion are greatly

influenced by the computational accuracy of the horizontal pressure gradient force over mountainous

regions, especially near steep slopes of mountains and ice sheets. Chert and Bromwich (1999)

showed that the horizontal pressure gradient force in sigma-coordinates can be computed more

accurately by separating this horizontal vector into its irrotational and rotational parts, which are

expressed by the equivalent geopotential and geo-streamfunction, respectively. The equivalent

geopotential and geo-streamfunction are implemented in a fully consistent manner in the improved

dynamic method. 2), Several of the deficiencies in the precipitation spatial distributions were in-

vestigated by Bromwich et al. (1998) based on evaluation of recent Greenland precipitation studies.

One of the deficiencies is related to the topographic data employed in assimilation and modeling.

The Matrikelstyrelsen and Ekholm (Ekholm, 1996) field is a realistic digital elevation data set

synthesized from a variety of observations including satellite radar altimetry. The U.S. Navy 10 arc

minute global data set was used by European Centre for Medium-Range Weather Forecasts

(ECMWF) Reanalysis for 1979-1993 (ERA- 15), the National Centers for Environmental Prediction

(NCEP)/National Center for Atmospheric Research (NCAR) Reanalysis, Chen et al. (1997) and

Bromwich et al. (1999), but it is significantly different from the modem data set of Ekholm (1996),

particularly in southern Greenland. The corrected Greenland topography based on the modem data

set of Ekholm (1996) is used in calculations with the improved dynamic method. 3), The large scale

condensation scheme is revised to be suitable for use over Greenland. The improved dynamic

method is discussed in detail in the paper entitled "Modeled precipitation variability over the

Greenland ice sheet" by Bromwich et al. (2001), which is in press with the Journal of Geophysical

Research.
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(2) In order to check how the computed precipitation is affected by the improved dynamic

method, the distribution of the mean annual precipitation for 1985-99 has been derived. Two aspects

of the precipitation distribution are refined by the improved dynamic method. The 10 cm yr -_ contour

near Summit Greenland is much closer to that of the measured accumulation than that derived by

the original method. A relatively large precipitation area centered near the point (70" N, 49" W) is

resolved, but is absent from the original method.

McConnell et al. (2000a) showed that the modeled precipitation from the original method with

the topography based on the U.S. Navy 10 arc minute global data set must use scalers to have a

high degree of correspondence in the interannual variations between the measured accumulation

and retrieved precipitation. However, the retrieved precipitation from the improved method in-

creases at all of the ice core sites, and a good correspondence in the interannual variations between

the measured accumulation and retrieved precipitation is obtained without the use of any scalar.

The spatial average of multi-year mean error (_) is 11.5 cm yr -j for the modeled precipitation from

the improved method, while that for precipitation (P) predicted by ERA-15 is 14.5 cmyr -_. The

total mean error (_;v) over all ice cores is 3.0 cmyr -_ for the improved method, while gm for the P

from ERA-15 is 4.0 cm yr -_. These two errors show that the precipitation modeled by the improved

method is better than the P from ERA-15. Thus, the distribution of precipitation over the 11 sites

retrieved by the improved dynamic method is considerably refined.

(3) The surface elevation change of the Greenland ice sheet is of considerable importance to change

of global sea level. The elevation of the ice sheet surface rises and falls over a relatively short period

simply because of snow accumulation, firn densification and snow melting rates. Recent advances

in airborne laser altimetry and global positioning system (GPS) technology have made possible the

large-scale assessment of elevation change characteristics of the entire ice sheet through repeated

surveys separated in time. Such repeated surveys in 1993 and 1998 (Krabill et al. 1999) showed

that the southeast margin of the Greenland ice sheet has been thinning. The snow accumulation is

a net result of precipitation, evaporation/sublimation and drifting snow. In order to understand what

is responsible for the changes of the surface elevation and snow accumulation over Greenland, it

is necessary to investigate the corresponding change of precipitation.

Aircraft laser-altimeter surveys over northern Greenland in 1994 and 1999 have also been studied

by Krabill et al. (2000), and Fig. 1 shows the changes in the surface elevation of Greenland between

1993 and 1999 derived from radar and laser altimetry and estimated coastal melting. It is found



that,above2000meterselevation,theentireicesheetis inbalanceonaveragebuthassomeregions

of local thickeningor thinning.Below2000msurfaceelevation,thinningpredominatesalong70%

of thecoast,with ratesabout1meterperyearcloseto thecoast.At elevationsbelow1700m, radar

altimeterdatabecomeunreliable(Thomasetal. 1999).Krabill etal. (2000)calculatedahypothetical

thinningrateatthecoaston thebasisof thecoastalpositivedegreeday (PDD) anomalies,usinga

meltingfactorof 9 mm perPDD. From this approach,only melt is considerednearcoastin the

thinningrate.

Above 2000m surfaceelevation,mostof northernice sheetliesabovetheregionof summer

melting. BecauseMcConnellet al. (2000b)found that altimetry-derivedestimatesof ice-sheet

thickeningandthinningfrom 1978-1988oversouthernGreenlandabove2000 m areconsistent

with elevationchangescausedby temporalvariabilityin snowaccumulation,theeffectsof melting

on thesurfaceelevationchangeof southernGreenlandabove2000m shouldalsobesmall. Thus,

meltingisverysmalloverbothnorthernandsouthernGreenlandabove2000m. In orderto compare

thetemporalvariability of precipitationwith that of surfaceelevationover the entireGreenland

above2000m, thespatialdistributionof theslopeof the linearregressionline of the annualpre-

cipitationfrom theimproveddynamicmethodfor 1993-1999hasbeencomputed,andit coversthe

sameperiodasthatof Fig. 1.A color-codedfigure of theslopeof the linearregressionline of the

annualprecipitationfrom 1993-1999is shownin Fig. 2. In northernGreenland(northof 70° N)

above 2000 m, there are three thickening areas shown in Fig. 1 and they are centered at about

(74 ° N, 48 ° W), (76 ° N, 28 ° W) and (78 ° N, 52 ° W), respectively. Except for coastal regions, there is

only one thinning area centered at about (76 ° N, 44 ° W) shown in Fig. 1. These three thickening and

one thinning regions respectively correspond to three positive and one negative areas of precipitation

change centered at about the same locations in Fig. 2. It should be pointed out that the unit used in

Fig. 2 is cm/year in water equivalent, and a multiplying factor of about 3.3 is necessary to transform

the water equivalent values to the thickness of snow (R. Thomas, personal communication, 2001).

In southern Greenland above 2000 m, there is a major thinning area over its western part and

south of 66"N, and there are also three thickening areas located at about (68°N,38 " W),

(67°N,47 " W) and (63°N,47 " W) shown in both Figs. 1 and 2, respectively. From the above, it is

seen that altimetry-derived estimates of ice-sheet thickening and thinning from 1993-1999 over the

entire Greenland above 2000 m are approximately consistent with precipitation change retrieved

by the improved dynamic method.

It is obvious that a positive precipitation increase region centered at about (70 ° N, 28 ° W) shown
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in Fig. 2 is not matched to thickening in Fig. 1. This may be due to deficiencies in the precipitation

retrieval or other causes, for example, the melt is important near the coast.

Krabill et al. (2000) excluded measured surface elevation change in coastal areas; instead, an

interpolation was used between the calculated PDD thinning rates due to melting and nearest ob-

served elevation changes to yield thinning rates over the ice-covered coastal regions. Change of

surface elevation over the ice sheet is due to not only the effects of melting but also those of firn

densification and snow accumulation, in which precipitation predominates. It is not appropriate that

only melting is considered in estimating the change of surface elevation of the ice sheet even in the

coastal areas. At least, the sum of precipitation and melting must be used. On the other hand, thinning

rates exceeding 1 m/year over the coastal areas are probably too large to be caused by these factors.

We note that there are many precipitation decrease areas along the coast shown in Fig. 2, especially

in southern Greenland, and they likely contribute to the surface elevation thinning in the coastal

regions. Thus, both of the precipitation and melting need to be accurately derived in a future study

and the thickening and thinning of surface elevation over coastal regions will be estimated from

their combined impact.

(4) There are at least two remaining deficiencies in the retrieved annual mean precipitation. One

is that the relatively large accumulation with the contour value of 50 cm yr -_ in the region centered

near the point (70 ° N, 47 ° W) shown in the accumulation map is not well simulated by the improved

dynamic method. The second is that the annual mean errors Ej of the precipitation modeled by the

improved dynamic method are pretty large at some sites. The above two deficiencies might be

produced by a more fundamental shortcoming that some mesoscale features of the Greenland

precipitation are not well simulated.

The accumulation map over Greenland has many mesoscale features, which are produced by

the mesoscale characteristics of Greenland topography in this region. The data sets (TOGA Archive

from NCAR or ERA data) of the analyzed wind, geopotential height and moisture fields used in

this study are large scale with 2.5 ° × 2.5 ° resolution. These data sets must reflect the coarse resolution

of the topography adopted at the forecast center (here ECMWF) from which the analyses originate.

The large scale data sets have an important impact on the precipitation results. The problem of how

to use the large-scale 2.5 ° × 2.5 ° resolution analyzed data and mesoscale high resolution topography

to obtain a mesoscale high resolution precipitation distribution over Greenland needs further in-

vestigation.
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