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Summary 

Meteorological and glaciological analyses are integrated to 
examine the precipitation trends during the last three decades 
over the ice sheets covering Antarctica and Greenland. For 
Antarctica, the best data source is provided by glaciologically- 
measured trends of snow accumulation, and for limited sectors 
of East Antarctica consistency with precipitation amounts 
calculated from the atmospheric water balance equation is 
obtained. For Greenland, precipitation rates parameterized 
from atmospheric analyses yield the only comprehensive 
depiction. The precipitation rate over Antarctica appears to 
have increased by about 5% over a time period spanning the 
accumulation means for the 1955-65 to 1965-75 periods, 
while over Greenland it has decreased by about 15% since 
1963 with a secondary increase over the southern part of the 
ice sheet starting in 1977. At the end of the 10-year overlapping 
period, the global sea-level impact of the precipitation 
changes over Antarctica dominates that for Greenland and 
yields a net ice-sheet precipitation contribution of roughly 
- 0 . 2 m m y r  -~. These changes are likely due to marked 
variations in the cyclonic forcing affecting the ice sheets, but 
are only weakly reflected in the temperature regime, con- 
sistent with the episodic nature of cyclonic precipitation. 

These conclusions are not founded on high quality data 
bases. The importance of such changes for understanding 
global sea-level variations argues for a modest research effort 
to collect simultaneous meteorological and glaciological 
observations in order to describe and understand the current 
precipitation variations over both ice sheets. Some sugges- 
tions are offered for steps that could be taken. 

1. Introduction 

Precipitation changes over the ice sheets of 
Antarctica and Greenland are important consider- 

ations for variations of global sea level. These ice 
sheets hold large amounts of fresh water extracted 
from the global ocean, and are in approximate 
balance between mass input and mass wastage. 
Their annual precipitation rates, equivalent to 
~ 7.2 mm yr-  1 of sea level decrease (5.8 for Antarc- 
tica, 1.4 for Greenland), are large in relation to the 
estimated 2 mm yr-1 of present global sea level 
rise (Douglas, 1991). For Antarctica, a precipita- 
tion increase results in a net removal of water from 
the ocean because the response time of the ice 
sheet is very long compared to the time over which 
the atmospheric changes take place (Whillans, 
1981). For Greenland, the impact of a precipitation 
increase is less clear because the mass wastage of 
the ice sheet is equally shared by ice berg calving 
and by melting (Warrick and Oerlemans, 1990). 
The response time of the latter approaches that of 
the atmospheric changes and thus the actual 
situation in Greenland also depends upon the 
accompanying summer ablation conditions. It 
should be emphasized that the actual contribu- 
tion of each ice sheet to global sea level change 
also depends on its exact mass balance state, so 
that, for example, if Antarctica was losing mass to 
the ocean a precipitation increase could make this 
net loss decrease or even become a net gain if the 
precipitation increase was large enough. 

Direct precipitation measurements over polar 
ice sheets are problematic because of the difficulty 
of discriminating between snow that is actually 
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falling at observation time and that which fell 
previously but has been picked up from the 
surface and is being transported by the wind (e.g., 
Bromwich, 1988). An additional complication in 
the much less windy high interior of Antarctica is 
that precipitation amounts are so small that 
routine gauge measurements are ineffective, with, 
for example, only a trace being recorded during 
92~ of the months over a ten-year period at South 
Pole (Bryazgin, 1986). Even beyond the ice-sheet 
margins precipitation measurements are question- 
able because of the profound impact of wind 
upon gauge collections of falling snow (the pre- 
dominant precipitation type for both Greenlandic 
and Antarctic coastal stations). For example, in 
the Canadian Arctic precipitation measurements 
collected at weather stations amount to only 
one-third to three-quarters the amount inferred 
from accumulation values from adjacent ice fields 
(Woo et al., 1983). One strategy has been to devise 
corrections to gauge measurements to allow for 
the most important effects, such as those due to 
wind (Groisman et al., 1991). Such corrections are 
not often applied to precipitation records because 
of the effort required. Due to such lack of attention 
the reliability of any precipitation trends obtained 
from the long but uncorrected precipitation records 
from the coastal regions of Greenland (from some 
stations dating back to the late 1800's) should be 
treated with skepticism. 

Another meteorological approach is to use 
indirect methods to  calculate the precipitation 
rate. One technique is the atmospheric moisture 
balance where the precipitation is found as the 
residual from the budgeting of the fluxes of water 
vapor into and out of an atmospheric volume. 
This is suitable over seasonal and longer time 
scales for regions of at least 1 million square kilo- 
meters that are monitored by a good synoptic 
network of radiosonde stations (e.g., Rasmusson, 
1977; Bromwich, 1988). Another approach is to 
sum precipitation amounts calculated from esti- 
mates of synoptic-scale vertical motion (Bromwich 
et al., 1993). These approaches have met with 
success, and both are considered here. 

Another totally different approach to inferring 
precipitation amounts and their variations over 
the polar ice sheets is to measure the amount of 
snow accumulated over one, or more typically 
several, years. This net build-up of snow at the 
surface is the end result of almost exclusively solid 

precipitation (due to falls of snow and/or ice 
crystals) minus the net runoff of meltwater, the net 
flux of water vapor to the surface due to frost 
formation and condensation minus sublimation 
and evaporation, and the deposition minus the 
erosion of snow by drifting. These measurements 
are taken most easily in the dry snow zone where 
no melting takes place (Paterson, 1981, p. 7) using 
a variety of methods (Lorius, 1983), such as 
monitoring the height of the snow surface relative 
to stakes and searching for known radioactive 
horizons in the firn. Over the high interior of both 
ice sheets accumulation equals precipitation with 
little error. Generally, the relative contributions 
to accumulation other than precipitation become 
more important with approach to the coast. Com- 
paratively little effort has been directed toward 
measuring the year-to-year accumulation changes. 
Of course, such methods require considerable 
effort to obtain representative spatial coverage, a 
limitation that tends not to be present in the 
indirect meteorological methods described above. 
On the other hand, the glaciological methods are 
much better understood than the polar meteoro- 
logical ones, particularly with respect to the in- 
herent errors. These atmospheric and ground- 
based methods provide complementary ways to 
describe and understand precipitation variations 
over the polar ice sheets. 

This paper provides an overview of what is 
known about "recent" precipitation changes over 
the ice sheets covering Greenland and Antarctica. 
Here, recent is defined as extending from the mid 
1950's or early 1960's to today. This period has 
been chosen because at least some complementary 
meteorological and glaciological data sets cover 
this time period. Accumulation measurements are 
much more extensive for Antarctica than Green- 
land whereas the meteorological observational 
network is better for the latter area than the 
former. Discussion is presented separately for 
Antarctica and Greenland with the former em- 
phasizing the glaciological data and the latter the 
meteorological observations. 

2. Antarctica 

2.1 Background 

Study of the atmospheric transport of moisture 
provides the necessary context to understand the 
precipitation characteristics over the continent as 
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Fig. 1. Annual moisture transport for 1972 (in 
kgm -1 s -1) in relation to the mean atmospheric 
circulation. The solid squares identify rawinsonde 
stations, and the attached arrows show the direction 
of annual transport. The transport magnitude in kilo- 
grams per meter per second is entered next to each 
arrow. The broad solid arrows give the direction of 
the meridional component of annual transport at the 
adjacent station; the eddy contribution is listed on 
the left side and the steady part on the right side of 
each arrow. The contours are annual geopotential 
heights in dekameters of the 850-hPa surface from 
Taljaard etal. (1969). (Figure adapted from 
Bromwich, 1988.) 

well as their variations. However, the sparse 
rawinsonde data  base limits this approach to East 
Antarctica. Furthermore,  the limited attention 
paid to this topic means that it can not yet be used 
to describe the trends that do exist. Glaciological 
observations of accumulat ion rate variations, 
although not spatially comprehensive, do describe 
some large precipitation increases over the last 
three decades. 

Diagnosis of coastal rawinsonde observations 
for 1972 (Bromwich, 1988) showed that the total 
poleward flux of water vapor across the periphery 
of East Antarctica is dominated by the eddy terms 
arising from the cross correlation between the 
meridional wind component  and the specific 
humidity; northerly winds tend to transport warm, 
moist air poleward, and southerly winds tend to 
carry cold, dry air equatorward.  Figure 1, from 
the same analysis, shows that there is a recurring 
spatial organization to the meridional eddy mois- 
ture fluxes. All these fluxes are poleward, but they 
increase from west to east in conjunction with the 
change from net mass outflow to net mass inflow 
associated with the quasi-stationary vortices in 
the low-pressure trough surrounding the continent. 
The longitudinally-averaged coastal dominance 
of the eddy flux term means that precipitation 
variations in this area will only be weakly related 
to the mean temperature conditions, as the most 
important  precipitation events (and thus most of 
the eddy transports) occur during relatively limited 
periods. 

As shown by Fig. 1, the meridional eddy trans- 

port  becomes a small part  of the total meridional 
transport  in the high interior of East Antarctica 
at Vostok where the eddy component  of the 
moisture transport  is -0 .05  k g m -  1 s-  1 and the 
steady component  is 1.20 kg m -  1 s - ~ (Bromwich, 
1979). Over the high plateau the majority of pre- 
cipitation occurs by the semi-continuous fall of ice 
crystals from apparently clear skies (Schwerdtfeger, 
1984). In this situation it is reasonable to presume 
that the amount  of precipitation is limited by the 
average amount  of water vapor which is concen- 
trated near the top of the surface temperature 
inversion. Robin (1977) proposed that the pre- 
cipitation amounts  are related to the average tem- 
perature at this level and thus implicitly to the 
saturated specific humidity over ice. In support of 
this hypothesis he presented a convincing log- 
linear plot of annual precipitation amounts  versus 
annual free atmospheric temperatures for a range 
of sites in Antarctica. This spatial relationship 
reflects the strong topographic forcing affecting 
both temperature and precipitation, but does not 
necessarily reflect recent temporal variations at a 
fixed site, as has frequently been assumed. Further- 
more, Vostok is not representative of the western 
part  of the Antarctic plateau where the influence 
of the steady transport  associated with the "cir- 
cumpolar" vortex is much less. Clear sky precip- 
itation observations by Kuhn (1970) at Plateau 
Station (79.2 ~ S, 40.5 ~ E), which were summarized 
by Bromwich (1988), indicate that eddy moisture 
fluxes strongly modulate the ice crystal production 
rate. This implies that the temporal relation be- 
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tween prec ip i ta t ion  and  free a tmospher i c  tem- 
pera tu re  over  the western Antarc t ic  p la teau m a y  
no t  be well defined. 

2.2 Glaciological Observations 

Based u p o n  radioac t ive  b o m b  hor izons  in po la r  
firn, P o u r c h e t  et al. (1983) r e p o r t e d  av e rag e  
accumula t ion  rate  increases of  a b o u t  3 0 ~  for the 
1965-75 decade  c o m p a r e d  with the decade  tha t  
preceded it. The  areas  involved covered  par ts  of  
East  and  West  Antarc t ica ,  including the Ross Ice 
Shelf. This  result  did no t  a t t rac t  m u c h  at tent ion.  
Recent ly  this topic  was b r o u g h t  to the foref ront  
by M o r g a n  et al. (1991) who  no ted  tha t  the 
accumula t ion  rate  over  Law D o m e  (near  110 ~ E) 
and  adjacent  coastal  par ts  of  Eas t  Antarc t ica  
declined dur ing the 1950's, re turned to the previous 
level by  1960, and  then increased by 20~o by 1985. 
The  mos t  recent  values are also a b o u t  2 0 ~  above  
the me a n  for the past  200 years. Based on  o the r  
evidence including that  of  P o u r c h e t  et al. (1983), 
M o r g a n  et al. (1991) a rgued  that  the prec ip i ta t ion  
had  increased over  large par ts  of  Antarc t ica  with 

an implied impac t  on  global  sea level a m o u n t i n g  
to - 1.0 to - 1.2 m m  y r -  1. 

In an article on  the impac t  of  Antarc t ica  on  
global  sea level, Jacobs  (1992) assembled a m o r e  
extensive survey of  observa t ions  of  " recent"  
accumula t ion  rate variat ions over  Antarct ica  than  
referred to above.  Th e  mos t  re levant  aspect  was 
that  bo th  increases and  decreases were found.  
However ,  these t rends covered  a var ie ty  of  t ime 
per iods  and  were presented  quali tat ively.  The  
original  sources q u o t ed  by Jacobs  have been 
consul ted (see Table  1) and the percentage changes 
of  decada l -average  accumula t ion  be tween 1955-  
65 and  1965-75 have been calculated.  Th e  results 
are presented  in Fig. 2. W h ere  possible the per- 
centage change  over  the longer  per iod  of  1950-60 
to 1970-80  was also der ived and  is entered  on  the 
figure in paren theses  next  to the decadal  change.  
F o r  the shor te r  t ime per iod  b o th  increases and  
decreases of  1 5 ~  or  less are c o m m o n ,  bu t  there  
are four  sites where  increases of  2 8 ~  or  m o r e  are 
found.  Th e  result  of  spatial ly in tegra t ing  these 
changes with the meteorological  analyses described 
below to get a percen tage  change  for the ent ire  

Table 1. Accumulation Data Sources Used to Construct the Trend Analysis in Fig. 2, Mostly Following Jacobs (1992) 

Site Approx. location Reference Comments 

James Ross Is. 64 ~ S, 58~ Peel (1992) 
Dolleman Is. 71 ~ S, 61 ~ W Same as above 
Gomez 74 ~ S, 71 ~ W Same as above 
Siple 76 ~ S, 84 ~ W Mosley-Thompson (1992) 
Ice Stream B 83 ~ S, 120 ~ W Whillans and 

Catchment Area Bindschadler (1988) 
Ross Ice Shelf 80 ~ S, 180 ~ Pourchet et al. (1983) 

South Pole 90 ~ S Same as above 
South Pole 90 ~ S Jouzel et al. (1983) 
Vostok 79 ~ S, 107 ~ E Pourchet et al. (1983) 
Dome C 75 ~ S, 123 ~ E Same as above 
Marginal slopes, 67 ~ S, 139 ~ E Same as above 

East Antarctica 
Site GD 15 69 ~ S, 131 ~ E Morgan et al. (1991) 

Site GD 03 69 ~ S, 116 ~ E Same as above 
Law Dome 67 ~ S, 113 ~ E Same as above 
Sites W200 and S18 70 ~ S, 45 ~ E Satow and Watanabe (1990) 

Neumayer 71 ~ S, 8~ Graf et al. (1990) 

Filchner Ice Shelf: 78 ~ S, 40 ~ W 
Druzhnaya Is. 

Ronne Ice Shelf 79 ~ S, 55 ~ W 

Same as above 

Graf et al. (1988) 

5-yr binomially-weighted series 
Same as above 
Same as above 
10-yr. average values 
Original data: 1955-65 vs. 

1965-85 
10 yr. averages based on 
radioactive bomb horizons 

Same as above 
Smoothed time series 
Same as Ross Ice Shelf 
Same as above 
Same as above 

Smoothed by gaussian filter with 
3-yr bandwidth 

Same as above 
Same as above 
Annual values; two-station 

average used 
Quantitative trend determination 

not possible 
Inferred from 1952-85 mean rate 

Annual values 
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9) 

Fig. 2. Percentage changes in accumulation (large numerals) from the 1955-65 yearly mean to the 1965-75 yearly mean 
and from the 1950-60 yearly mean to the 1970-80 yearly mean (in parentheses, where available) for locations given in 
Table 1. The South Pole estimates based on Jouzel et al. (1983) and Pourchet et al. (1983) are indicated by J and P 
superscripts, respectively. D stands for the recent accumulation decrease at Neumayer. The * for the Ice Stream B catchment area 
estimate is based on the change between the 1955-65 and 1965-85 yearly mean, and is not statistically significant over the 
sampling sites in the catchment area. The background map consists of Antarctic surface elevations (thin lines, every 1000 m) 
and surface mass balance rates (thick lines, in units of l 0  2 kg m- 2 yr- 1, adapted from Giovinetto and Bentley (1985)) 

continent is presented in Section 2.4. If a uniform 
linear trend in time was present at each site then 
the percentage changes for the longer period 
should be twice as large as those for the shorter 
period. For  the nine sites where changes over the 
longer period could be determined only three 
showed twice the increase or decrease of the 
shorter period. Thus, it appears that the Antarctic 
rate of snowfall increase is smaller for the 1950- 
60 to 1970-80 period than for 1955-65 to 1965-75. 

2.3 Meteorological Analyses 

Connolley and King (1993) used radiosonde ob- 
servations transmitted over the Global  Tele- 
communications System to calculate the water 
vapor  transports along the coast of Antarctica for 
1980-82 and 1988-90. Their six-year average 
patterns approximately agreed with those obtained 
by Bromwich (1988). Of  particular relevance here 
is that their t ransport  values can be used to derive 

the net precipitation (precipitation minus sub- 
limation/evaporation, or P -  E) from the atmos- 
pheric water balance equation for the same region 
as studied by Bromwich (1988, 1990) for 1972. 
Thus, the calculated net precipitation change 
from 1972 to ,~ 1985 provides a comparison with 
the accumulation trends outlined above. 

The atmospheric water balance equation for 
annual time scales can be written (Peixoto and 
Oort,  1983; Bromwich, 1988) 

where A is the area over which the net precipita- 
tion is to be determined, V is the wind vector, q is 
the specific humidity, and g is the acceleration due 
to gravity; the angle brackets denote a spatial 
average, and the overbar a time average. The 
water vapor flux is integrated from the surface 
(P = Ps) to the top of the atmosphere (p = 0). The 
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0 ~ 

Fig. 3. 0 ~ to l l0~ sector of 
Antarctica for which the moisture 
budget results in Table 2 apply. 
Solid circles and square indicate 
radiosonde stations used. The solid 
square represents Roi Baudouin 
station, which ceased operations 
in the 1960's, but for which 
synthetic values for 1972 and 1985 
were generated using earlier data 
(Bromwich, 1979). The north, 
south, east, and west boundaries of 
the largest moisture budget area 
are indicated with the notation 
used in the text and Table 2 

unit  vector n is the ou tward  normal  to the peri- 
phery. Equa t ion  1 states tha t  the net convergence 
of a tmospher ic  mois ture  into the volume over- 
lying area A must  equal  the net flux of mois ture  
to the surface (i.e., the net precipitation). By carry- 
ing the integrat ion to the top of the a tmosphere  
the mois ture  flux th rough  the top of the volume 
must  be zero; the change of mois ture  storage 
within the a tmospher ic  volume is negligible on 
these time scales. 

The line integral is carried ou t  a round  the 
periphery of area A along parallels of la t i tude 
(nor thern and southern  boundaries)  and  along 
meridians (western and  eastern boundaries).  The 
decomposi t ion  of (1) a long these four boundar ies  
takes the form 

1 

where 

Q4,=f f s (~ )dp;  Q ~ = f f s ( ~ ) d p  (3) 

with v and u being the meridional  and  zonal  

componen t s  of V, respectively, and 0N, ~?S, rE,  
and  ~W refer to the integral taken along the north,  
south,  east, and  west boundaries ,  respectively. 

Figure 3 shows the radiosonde locat ions used 
by Bromwich (1988, 1990). For  the sector 0 ~ to 
110 ~ E only the nor thern  b o u n d a r y  is well moni-  
tored by radiosonde stations, spaced at an average 

Table 2. Net Moisture Transport Convergence (mrn yr -1) 
Across the Boundaries Defined by Bromwich (1988). 1972 
values are after Bromwich (1990). ~ 1985 values are derived 
from Connolley and King (1993) as described in the text. Sum 
represents ( P - E ) .  Accumulation values (given by 
Bromwich, 1990) are derived from the analysis of Giovinetto 
and Bentley (1985) and are based on average accumulation 
values for a few to several years between 1940 and 1980 
(Giovinetto et al., 1992) 

Area Year ~?N OS ~3E ~3W Sum 

0~176 1972 158 3 - 6  -50  105 
68.4~176 ~1985 168 5 - 6  -59 108 
Accumulation 108 

0~176 1972 240 - 8  -1  -100 131 
69.3~176 ~1985 160 - 8  -1  -118 33 
Accumulation 109 
55~176 1972 102 9 - 4  - 2  105 
67.2~176 ~1985 171 14 - 4  - 2  179 
Accumulation 108 
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of 660 km apart. There are no radiosonde stations 
on the eastern and western boundaries, and only 
one on the southern boundary. The longitudinal 
boundaries were selected to enclose the well 
sampled coastal section of East Antarctica and 
the southern boundary was located at the average 
latitudinal position of the crest of the terrain. As 
outlined previously (Bromwich, 1988), the trans- 
ports across the eastern, western and southern 
boundaries were estimated by combining avail- 
able radiosonde data with the climatological data 
given by Taljaard et al. (1969) and Jenne et al. 
(1971). Over the ice sheet above ~ 2500 m elevation 
the transports are mostly small because the lower 
tropospheric layer where most of the moisture 
resides is no longer present. Table 2 summarizes 
the net moisture transports into the section lying 
between 0 ~ and 110 ~ E, and for two subsections of 
this area. For 0 ~ to 110 ~ E, the transport across 
the northern boundary dominates the budget, but 
a very important secondary contribution is the 
net outflow across the western boundary. The 
latter arises because the parallel approximating 
the coastline is located to the north of the coast 
at the Greenwich meridian (see Fig. 3); this com- 
ponent is almost entirely due to the large coastal 
westward transport which is monitored by SANAE 
station (2.4 ~ observations. This component  
becomes even more important  for 0 ~ to 55 ~ E, but 
does not influence the subsection from 55~ to 
110 ~ E. The small convergence contribution from 
the southern boundary arises because of the 
equatorward transport at Vostok. 

To derive the corresponding moisture transport 
convergence values for the Connolley and King 
(1993) analysis, the 1972 c~N value was multiplied 
by the ratio of the longitudinal average of the 
coastal meridional transports obtained by Con- 
nolley and King (1993) for ~ 1985 to those obtained 
by Bromwich (1988, 1990) for 1972. Synthetic 
values for coastal Roi Baudouin site (24.3 ~ E, not 
operational since the 1960's), following the pro- 
cedures given by Bromwich (1979), were derived 
for the Connolley and King (1993) period and 
incorporated into the longitudinal average for 
,-~ 1985. The ~-, 1985 ~?W value was derived by 
multiplying the 1972 c?W value by the ratio of the 
zonal moisture transports found for SANAE. The 
--,1985 ~?S value was derived from the 1972 
~?S value by the ratio of the meridional transports 
at Vostok. 

Table 2 shows that the P - E  value derived 
from the ~ 1985 moisture budget for 0 ~ to 1i0 ~ E 
does not differ significantly from that obtained by 
Bromwich (1988, 1990) for 1972 nor from the 
derived accumulation value which represents a 
composite over many years. This result is probably 
consistent with the accumulation trend analysis in 
Fig. 2 as decreases are found in the western part 
of the domain and increases in the eastern part. 
Confirmation for this hypothesis is found by 
looking at the convergence calculations for the 
two subsections; the western area reveals a very 
marked net precipitation decrease since 1972 and 
the eastern one a sharp increase. These roughly 
75~ changes approximately cancel for 0 ~ to 
110 ~ E, and are primarily caused by changes in the 
meridional transports across ~?N. The calculated 
net precipitation changes are qualitatively con- 
sistent with the accumulation trends. However, 
they appear to be much too large, although it is 
difficult to be sure because the time periods 
compared are not the same and the spatial coverage 
differs. This finding calls for a much more careful 
treatment of the convergence calculations than 
presented here, particularly with respect to the 
impact of missing soundings which preferentially 
occur during storms (Bromwich, 1979) and of a 
mass budget constraint (Alestalo, 1983). Neither 
factor was considered by Connolley and King 
(1993), and the latter was not evaluated by Brom- 
wich (1988, 1990). 

It is uncertain how the moisture transport 
convergence results are influenced by the poten- 
tially large errors in radiosonde moisture content 
measurements at low temperatures (Elliot and 
Gaffen, 1991). Connolley and King (1993) estimate 
their fluxes to have an uncertainty of 20~o, with 
the dominant  contribution coming from moisture 
measurement uncertainties. However, they also 
note some locations where the moisture amounts 
are likely to be systematically underestimated, as 
well as others where the amounts are likely 
overestimated. This suggests some error cancella- 
tion. Furthermore, the largest poleward fluxes 
occur at the coast in conjunction with storms, 
whose comparatively warm conditions minimize 
the moisture measurement uncertainties. 

Additional confirmation from the meteoro- 
logical record was sought by examining the tem- 
poral trend in synoptic variability around the 
Antarctic coast because, at least for East Antarctica, 
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Fig. 4. Daily mean variability on synoptic time scales (2-6 
days, contoured every 0.4 hPa) of sea level pressure from the 
Australian Bureau of Meteorology analyses for 1972-89. The 
solid stars, triangles, and circles indicate the grid points used 
to diagnose the variability trends shown in Fig. 5 

the poleward eddy flux is the dominant component 
leading to ice sheet precipitation (Bromwich, 
1988). The twice-daily numerical analyses pro- 
duced by the Australian Bureau of Meteorology 
are available from April 1972 to December 1989. 
As a result they cover only the later part of the 
interval spanned by Fig. 2, and essentially test 
the accumulation tendency for recent increases. 
The synoptic variability is represented by the 
standard deviation of the 2 to 6 day band pass 
filtered sea-level pressure field (Duchon, 1979) and 
was averaged by year. Figure 4 presents the 18-yr 
average pattern. The maximum values lie along 
50-60~ where the cyclones travel quickly and 
are close to their maximum intensity. The synoptic 
variability decreases toward the coast of Antarctica 
near where the circumpolar trough is located; this 
is a region of slow-moving and dissipating synoptic- 
scale cyclones (Streten and Troup, 1973). Three 
coastal sectors based upon the above accumula- 
tion analysis (see Fig. 2) have been chosen to 
examine the trends in synoptic variability: 100 ~ E 
to 180 ~ (the solid circles in Fig. 4), the Antarctic 
Peninsula region (the stars in Fig. 4), and from 
40~ through the Greenwich meridian to 60~ 
(the triangles in Fig. 4). The first and third sectors 
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Fig. 5. 1972-89 time series of synoptic variability (in hPa) of 
sea level pressure for the three areas of Fig. 4, with best-fit 
linear trends: 100~ ~ (circles)= solid, Peninsula area 
(stars) = large dash, 40 ~ W-60 ~ E (triangles) = small dash 

are areas of increased accumulation while in the 
second area the accumulation has decreased. The 
sectors have been chosen so that both the ice- 
sheet accumulation trends and the coastal mete- 
orological conditions are reasonably well defined; 
consequently, the meteorologically data sparse 
West Antarctic sector is omitted. 

In all three sectors the synoptic variability shows 
a statistically significant (better than 91%) upward 
trend (Fig. 5), consistent with the idea advanced 
by Morgan et al. (1991) that the accumulation 
over Antarctica has recently increased. On the 
regional scale, the synoptic variability and accu- 
mulation trend analyses both point to increased 
accumulation for 100 ~ E to 180 ~ and the Antarctic 
Peninsula area. The former result agrees with 
Morgan et al. (1991) who reported an increase in 
cyclonic activity near l l0~ that accompanied 
their measured accumulation increase. However, 
for the area between 40~ and 60~ the two 
approaches apparently disagree. It is possible that 
if accumulation data were available from this 
sector for the period 1972-89 that an overall 
increase would be found; this is definitely not the 
case for the site at 40 ~ W, but some support for this 
situation is found at the sites at 55 ~ W and 45 ~ E. 
From the above evaluation of the atmospheric 
moisture budget, it was found for 0 ~ to 55 ~ E that 
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the precipitation rate has sharply decreased be- 
tween 1972 and about 1985. Clearly, there is an 
urgent need to have glaciological and meteoro- 
logical observations cover the same time period. 

As a step towards checking the reliability of 
the time series of synoptic variability derived from 
the Australian analyses, the same quantity for the 
three areas of Fig. 4 was computed from the 
European Center for Medium-Range Weather 
Forecasts (ECMWF) sea level pressure fields. 
These data were only available for 1980-89. The 
shortness of this time period makes definitive 
comparisons difficult. No major differences be- 
tween the time series from the two analyses were 
found, and some correspondence in interannual 
variations was in evidence. Most of the linear 
trends in synoptic variability from both analyses 
were not statistically different from zero. For the 
Australian analyses, this was in spite of the clear 
trends towards increasing variability over the 
longer 1972-89 period (Fig, 5). It is interesting to 
note that 1979 was the year of enhanced data 
coverage associated with the Global Weather 
Experiment (Hollingsworth, 1989), and that im- 
provements in numerical analyses followed this 
event. Thus the trends in the Australian analyses 
may to some extent be an artefact. Trenberth and 
Olson (1988) have discussed spurious changes in 
numerical analyses over the Southern Hemisphere 
produced by ECMWF and NMC, with major 
discrepancies between the two analyses over and 
near Antarctica. These operational products are 
continually being upgraded and this can result in 
artificial shifts that are of major importance for 
climatic analyses. More work is needed concern- 
ing possible changes of this type in the Australian 
analyses. However, the areas chosen for the syn- 
optic variability analyses cover well observed 
Antarctic coastal regions that had stable station 
coverage for 1972 to 1989, thus station changes 
likely had no artificial influence on the variability 
trends. 

2.4 Implications 

Given the continent-wide temporal accumulation 
changes (Fig. 2) and the results of the moisture 
budget analysis for part of East Antarctica (Table 
2), an accumulation change for the entire Antarctic 
continent can be found. The ice sheet was divided 
into subsections with borders approximately equi- 
distant between the adjacent points of Fig. 2. The 

moisture budget area shown in Fig. 3 was kept 
intact as its own subsection. Only the 1955-65 to 
1965-75 accumulation changes were used, as 
these were more numerous than the 1950-60 to 
1970-80 changes. Each accumulation change was 
multiplied by the total average accumulation for 
the subsection (in k g m  -2 yr-1, from the mean 
accumulation map of Giovinetto and Bentley, 
1985) to yield a change in mass for that subsection. 
The 0 ~  moisture budget change for 1972-~85 
was assumed to apply to the 1955-65 to 1965-75 
period as well. A 5~o accumulation decrease was 
used for Neumayer, and a 0 ~  change at South 
Pole. Accumulation changes over the floating ice 
shelves (which approximately cancel) were not 
included, nor were accumulation changes over the 
tip of the Antarctic Peninsula, where average 
accumulation data were not available. The accu- 
mulation changes for all the subsections were 
integrated to yield a ~ 5~o increase in accumula- 
tion over Antarctica as a whole. This number varies 
by + 2.5~o if the above assumptions are altered 
realistically. Given the large number of assump- 
tions, and the differing time periods involved, this 
number is used for scaling purposes only, and to 
set the large accumulation increases at individual 
points into a continental context. Based upon an 
average temperature increase from 1957-82 of 
0.74 ~ for all of Antarctica (Raper et al., 1984), a 
relation of ~ 18~ ~ 1 is found between Antarctic 
precipitation and temperature variations. This 
estimate is larger than other estimates of the asso- 
ciation between changes of precipitation and tem- 
perature, consistent with the findings of Morgan 
et al. (1991). 

To summarize, both glaciological and meteoro- 
logical observations generally support the idea 
that the precipitation rate over Antarctica has 
increased in recent decades. The likely cause is 
systematic increases in the cyclonic forcing around 
the coast of the continent, and is only weakly 
reflected in mean air temperatures (Morgan et al., 
1991). The data coverage in space and time with 
both approaches leaves a great deal to be desired, 
and a null result can not be ruled out. The 
proposed International Trans-Antarctic Scientific 
Expedition (ITASE, 1992) project to collect accu- 
mulation rate observations over Antarctica from 
oversnow traverses is a very timely effort and 
coupled with modern atmospheric numerical 
analyses may supply the data sets necessary to 
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describe and understand continental precipita- 
tion changes. 

3. Greenland 

3.1 Back#round 

The Greenland Ice Sheet is locatedon the northern 
fringes of the Atlantic Ocean and is flanked to the 
west by North America and to the east by western 
Europe. Surprisingly, the atmospheric behavior 
over the ice sheet, especially as regards precipita- 
tion, remains poorly understood (e.g., Scorer, 
1988). In part, this has to do with the availability 
of observational data which are abundant from 
the populated ice-free coastal margins, but are 
sparse from the ice sheet proper. Recent deploy- 
ments of satellite-transmitting automatic weather 
stations (AWS) are alleviating some of this defi- 
ciency (Weidner and Stearns, 1991). Glaciological 
snow accumulation measurements have been made 
in many locations but cover widely differing time 
periods. Extensive efforts are being made to retrieve 
deep ice cores from the Summit region of the ice 
sheet, an area not well understood meteorologi- 
cally; the goal is to describe and understand 
climate change on the glacial-interglacial time 
scale (e.g., Johnsen et al., 1992). 

As a focal point for this overview of snowfall 
variations over Greenland over the past several 
decades, we consider the results of a model used 
to simulate precipitation over the Greenland Ice 
Sheet (Bromwich et al., 1993). The model is essen- 
tially based upon daily radiosonde data from the 
Greenland region. The coverage of such data here 
is adequate for the present purposes given the 
smaller area of the Greenland Ice Sheet as opposed 
to Antarctica. Throughout the time period to 
which the model was applied at least seven radio- 
sonde stations were operational surrounding the 
ice sheet. The results from this model provide 
important information concerning recent precipi- 
tation trends over this ice sheet, and attempts to 
verify these results will serve to summarize precipi- 
tation trend information from other, more con- 
ventional, sources. 

moisture content. The vertical atmospheric motion 
is divided into that arising from the dynamics of 
synoptic-scale atmospheric circulation systems 
and that due to uplift of air over the terrain of 
Greenland. The first or "dynamic" component is 
based upon the flux of relative geostrophic vorti- 
city (or "Vorticity Flux Index"; Keen, 1984) at 
the 500-hPa level (calculated from daily 500-hPa 
geopotential height fields for 1963-88 analyzed by 
the National Meteorological Center, or NMC) 
and makes use of the equivalent-barotropic assump- 
tion. The second or "orographic" component is 
based simply upon the component of the 850-hPa 
geostrophic wind parallel to the terrain gradient 
vector at each point (Alpert and Shafir, 1991). It 
is only significant over the steep coastal ice sheet 
slopes. The final form of the model is 

Precipitation = Aoql VFII + A1qVsso'VH (4) 

where q is the climatological specific humidity at 
700 hPa, VFIis the vorticity flux index, I185 o is the 
geostrophic wind at the 850-hPa level (also based 
on geopotential heights from NMC), H is the 
terrain height, and Ao and A 1 are empirical co- 
efficients. These coefficients are used to fix the 
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3.2 Precipitation Model: Description 
and Results 

The diagnostic model mentioned above param- 
eterizes precipitation as essentially the product 
of vertical motion and a measure of atmospheric 

80W flOW 

Fig. 6. Modeled mean annual precipitation for Greenland, 
contoured every 10 cm w.e. Also indicated are the locations 
of Summit (circle), Crete (square), Dye 3 (triangle), and 
Agassiz (star) 
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model output to actual precipitation values, and 
are derived primarily through linear regression of 
modeled precipitation against corresponding 
observed accumulation values found from glacio- 
logical investigation near Summit (see Fig. 6), 
where an array of shallow ice cores were drilled 
and the resulting accumulation measurements 
areally averaged into one value for each of the 
years 1964-86 (Bolzan and Strobel, 1993). Both 
components are multiplied by a monthly climato- 
logical specific humidity value at each grid point 
to incorporate the annual cycle of the water vapor 
content of the lower troposphere. 

The most striking result of the application of 
this model to the period 1963-88 is a trend in time 
towards less total precipitation over the ice sheet 
which amounts to roughly 15~ (Fig. 7). No trend 
towards increasing observed mean specific humi- 
dities was found which would counteract the 
modeled trend. This trend is not uniformly mani- 
fested over the ice sheet, but varies from point to 
point. Figure 8 shows the linear trend in modeled 
precipitation for 1963-88 for each grid point in 
and near Greenland, expressed in both cm w.e. 
and percent of mean annual modeled precipitation. 
Statistically significant decreases are seen over 
most of the northern 2/3 of the ice sheet. The 
largest trends relative to mean annual precipitation 
are observed in the northern interior. There is 
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Fig. 7. Time series of the yearly volume of simulated 
precipitation over the Greenland Ice Sheet, expressed in km 3 
w.e. deviation from the 1963-88 mean (733). The best-fit 
linear trend, significant at the 95~o level, is als6 superimposed 

some evidence for positive trends in precipitation 
in the far northern and eastern portions of Green- 
land. From Fig. 7 it can also be seen that the 
modeled precipitation displays a large degree of 
interannual variability, the precipitation often 
changing by 30~ from one year to the next. This 
variability shows a 3-5 year periodicity. 

Vigorous efforts have been taken to establish 
the validity of these modeled trends in precipitation. 
Data used for these comparisons include ice-core 
derived accumulation values and coastal gauge 
precipitation measurements. All of these data 
possess limitations which make comparisons with 
the modeled precipitation difficult. The modeled 
precipitation amounts are essentially based upon 
500-hPa heights which were obtained from NMC 
on a roughly 400-km grid, and comparisons to 
precipitation or accumulation observations at a 
single point likely stretch the capability of the 
model to the limit. 

3.3 Model Verification: Meteorological Data 

Changes in the large-scale atmospheric flow corre- 
sponding to this modeled trend towards smaller 
precipitation rates were sought through examining 
changes in the synoptic-scale (2-6 days) variability 
of the 500-hPa height field (through use of the 
same band-pass filtering scheme mentioned above). 
Regions of high synoptic-scale variability roughly 
correspond to "storm tracks". It was found that 
for years of higher Greenland precipitation the 
axis of maximum variability near Greenland (in 
the vicinity of the "Icelandic Low") was more 
intense and closer to Greenland than during 
periods of lower precipitation over Greenland, as 
would be expected. 

Corroboration of the trends over the Greenland 
Ice Sheet through the use of coastal gauge records 
was much more problematic. These measurements 
were obtained for Greenland coastal stations, as 
well as for some Icelandic stations, from Monthly 
Climatic Data for the World. No attempt was made 
to directly compare modeled and observed pre- 
cipitation magnitudes, as gauge measurements of 
snowfall notoriously under-represent actual values 
(Groisman et al., 1991; Woo et al., 1983). The 
coastal reporting stations in Greenland are also 
located in or adjacent to complex mountainous 
topography, and the small scale variations which 
result from these station locations are not known. 
As evidence of these problems, Barry and Kiladis 
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(1982) found annual precipitation amounts to be 
poorly correlated between the various coastal 
stations, even between those located less than 
10km apart. However it was hoped that these 
gauge measurements might adequately portray 
interannual trends in precipitation, assuming the 
type and exposure of the gauge remained the same 
throughout  the period. To further complicate the 
use of these data, no precipitation measurements 
for the Greenland stations were available from 
Monthly Climatic Data for the World for the years 
1971-75. Time series from these precipitation 
observations and from the nearest model grid 
points were compared. Both agreement and dis- 
agreement were found. It is not at all clear whether 
the model should be applied to coastal 'sites as 
low-level blocking should strongly affect precipi- 
tation generation in these areas (Bromwich, 1988; 
Overland, 1984; Hsu, 1988, pp. 163-165), and this 
mechanism is not included in the model. Given all 
these caveats, no firm conclusions can yet be 
drawn from these comparisons, and no coherent 
picture of precipitation trends over the Greenland 
Ice Sheet from gauge precipitation measurements 
was gained. 

3.4 Model Verification: Glaciological Data 

As an overall check of the model results against 
glaciological accumulation records, the mean 
annual precipitation over the entire ice sheet as 
simulated by the model was computed, converted 
into accumulation, and compared against various 
estimates of mean annual accumulation over the 
ice sheet based on glaciological data. The model's 
value was seen to be within the range of values 
obtained by other investigators. The model's mean 
annual spatial distribution of precipitation over 
Greenland was also plotted (Fig. 6) and compared 
to a spatial distribution of mean annual accumu- 
lation from Bender (1984). This comparison re- 
vealed that the model captures the essential features 
of the accumulation distribution: the general trend 
of high values in the south to low values in the north, 
zones of high precipitation along the southern 
coastal margins, and a large area of very low 
precipitation dominating the northern interior of 
the island. The major shortcoming of the simulated 
precipitation distribution is the lack of a band of 
higher accumulation values along the northern 
west slopes of the ice sheet. The model seriously 
underestimates the precipitation in this region, 

and it is believed that this is due to a shortcoming 
in the NMC analyses: namely that they under- 
represent the intensity of the storm track along 
the western coast of Greenland, a shortcoming 
also observed by Serreze and Barry (1988). 

Glaciological data with which to ascertain 
recent precipitation changes in Greenland are 
surprisingly sparse. Only ice cores from Summit, 
Dye 3, and Crete (see Fig. 6) provided accumula- 
tion data coverage to overlap with 1963-88. There 
are many data concerning interglacial, long-term 
climatic variations, but far fewer high temporal 
resolution accumulation records from the recent 
past. 

Recent accumulation values from an array of 
shallow ice cores near Summit (Bolzan and Strobel, 
1993), spatially averaged into one value, provided 
the data necessary to tie the output  from the 
precipitation model to actual precipitation amounts 
(through linear regression between model output 
and these accumulation data). No trend in time 
over the 23 years from 1964-86 towards higher or 
lower accumulation values was found in the 
spatially averaged Summit data (although a trend 
towards lower precipitation rates was simulated 
for 1963-88 for this location, see Fig. 8), a result 
that matches the modeled precipitation trend for 
1964-86 here. (A matching trend in time between 
the two time series was not forced by the linear 
regression.) 

The trends from two other Greenland ice-core 
records were also examined for consistency with 
model results. Accumulation records from Crete 
(Clausen et al., 1988) and Dye 3 (Reeh et al., 1977) 
were available for portions of the 1963-88 period. 
Both records showed mean annual accumulation 
rates to be decreasing over periods of time over- 
lapping the 1963-88 period; for both sites, these 
decreases were part of a longer term annual 
accumulation decrease which started in the late 
1930's. Modeled annual precipitation rates for the 
corresponding time periods were also seen to be 
decreasing. 

Through correspondence with David Fisher of 
the Geological Survey of Canada we obtained a 
preliminary analysis of recent accumulation rates 
taken from the Agassiz site on Ellesmere Island in 
the northeast Canadian Arctic Islands. These data 
show increasing accumulation rates over the 1963- 
88 period (amounting to about a 35~o increase). 
The trend in modeled precipitation rates for this 
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Fig. 8. 1963-88 linear trends expressed in cm w.e. yr-  i (top) 
and yearly percentage of modeled annual mean precipitation 
(bottom, in parentheses) for grid points i n  and near 
Greenland. Trends significant at the 95~o level are indicated 
by *, and at the 99~o level by ** 

location is very slightly positive (though not 
statistically significant), and some consistency 
between the model and ice-core accumulation 
values is observed. 

Work carried out by Zwally (1989) found, using 
satellite radar altimetry, that the southern half of 
the ice sheet (south of 72 r N) is thickening at about 
200 mm yr-  1. This was attributed to precipitation 
increases over the decade to century time scale. 
This finding is being debated (e.g., Douglas et al., 
1990). The satellite measurements were taken over 
1978-86, a time period which exhibits a secondary 
upturn in modeled precipitation (see Fig. 7), pri- 
marily over southern Greenland. However, the 
elevation changes south of 72~ which would 
result from the modeled precipitation trend for 
1978-86 would only amount  to ~ 10~o of Zwally's 
increase. Thus the altimetry-based results may be 
reflecting to some extent recent precipitation 
changes. 

3.5 Implications 

This trend has important  implications for global 
sea level, which appears to be rising ~at the rate of 

~ 2 mm yr-  1 (Douglas 1991). Sensitivity studies 
have indicated that falls of ,~ 0.1 mm yr-  1 in 
global sea level would result from a 5~o increase 
in precipitation over Greenland (Warrick and 
Oerlemans, 1990; ignoring effects of corresponding 
changes in temperature and/or cloud cover). Thus, 
considered in isolation, the modeled trend implies 
a possible contribution to global sea level rise of 
~0.3 m m y r - 1  by 1988 due to precipitation over 
Greenland if this ice sheet was in balance in 1963. 

It is starting to be appreciated that Greenland 
is an area of large spatial and temporal variations 
in climate. Chapman and Walsh (1993) examined 
the linear trends in annual surface air temperature 
poleward of 40 ~ N for 1961-90. Pronounced cool- 
ing (around 1 ~ was found in central and southern 
Greenland and over the ocean areas to the west 
and east. Along the northeast coast of Greenland 
warming of a similar magnitude was found. The 
Summit area of the Greenland Ice Sheet, where 
the deep ice cores mentioned above are being 
drilled, was close to the transition zone. The 
cooling over Greenland during the last 30 years 
contrasts with the remainder of the Northern 
Hemisphere north of 60 ~ N. Correspondence be- 
tween these temperature changes and the spatial 
pattern of modeled precipitation trends (Fig. 8) is 
observed: an area of increases to the north of a 
large area of decreases. The modeled precipitation 
changes can not, however, be simply explained by 
the temperature changes as these precipitation 
changes (--~25~ per ~ are much larger than 
those indicated by the usually cited relationships 
of precipitation to temperature. Rather, precipita- 
tion and temperature changes are both related to 
the complex dynamics of the cyclones affecting 
this region. 

4. Discussion 

It has been shown that within the last three 
decades the precipitation rate appears to have 
been increasing over Antarctica, and decreasing 
over Greenland with a secondary upturn since 
1977. Both trends (+5% over Antarctica over a 
ten year period; - 15% over Greenland over a 26 
year period) are caused by changes in the cyclonic 
forcing, and are only weakly reflected in the 
variables often thought to correlate with annual 
precipitation amounts. The sea-level change 
equivalent of precipitation over Antarctica is 
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5.8 mm yr-  1 (Budd and Simmonds, 1991) and for 
Greenland is 1.4 mm yr-  1. Thus the above results 
suggest that the accumulation changes over the 
two ice sheets have offsetting effects on global sea 
level change, with the changes over Antarctica (5~ 
times 6 mm yr-  1) overwhelming those over Green- 
land ( -  6~ times 1.5 mm yr-  1) and resulting in a 
net 0.2 mm yr-  1 being taken from the global ocean 
by the end of the ten-year period. This is of course 
considering only precipitation and ignoring all 
other ice-sheet mass balance effects. However, 
these conclusions are not founded on quality data 
bases. The importance of such changes for global 
sea level strongly argues for vigorous efforts to 
resolve the many outstanding questions. In par- 
ticular, complementary analyses of meteorological 
and glaciological observations would not only 
describe the precipitation changes that are taking 
place but also why these are occurring. 

For Antarctica, several new efforts could be 
contemplated. First, the large gap of radiosonde 
stations along the coast of West Antarctica, with 
few prospects for improvement, argues for vigorous 
efforts to exploit satellite data over the ocean to 
calculate the poleward flux of water vapor across 
the entire continental periphery, and thus use the 
atmospheric water budget to monitor large scale 
precipitation changes over Antarctica. A very 
promising sensor is the SSM/I (Special Sensor 
Microwave/Imager) instrument on the DMSP 
(Defense Meteorological Satellite Program) polar 
orbiting meteorological satellites, whose retriev- 
able quantities over water surfaces include inte- 
grated water vapor amounts, integrated cloud 
water amounts, and surface wind vectors (Alishouse 
et al., 1990; Wentz, 1992). Second, the model 
approach described above to calculate precipita- 
tion amounts over Greenland can not presently 
be used for Antarctica because the sparse data 
base renders the 500-hPa analyses unreliable 
(Godin, 1977; Trenberth and Olson, 1988). How- 
ever, the method presented by Phillpot (1991) to 
calculate the 500-hPa geopotential heights over 
Antarctica from AWS observations at sites above 
2000-m elevation has shown impressive reliability 
(e.g., Carrasco and Bromwich, 1993). Should a 
dense enough AWS network be deployed and be 
used routinely to help construct the 500-hPa 
analyses over the continent, the Bromwich et al. 
(1993) approach could be used to infer precipitation 
variations over Antarctica, provided a parameteri- 

zation for clear-sky precipitation was included. 
Third, planned efforts to systematically collect 
accumulation observations over Antarctica, like 
ITASE, deserve full support and encouragement. 

For Greenland, the meteorological analyses are 
progressing and a full atmospheric moisture budget 
study is underway to complement the Bromwich 
et al. (1993) approach. The paucity of records of 
accumulation rate variations could in theory be 
redressed with a modest research effort. The ice 
sheet is readily accessible by aircraft flying out of 
the numerous near-coastal airfields (Brozena et al., 
1993). The limited size of the ice sheet means that 
a systematic aircraft-based shallow ice coring 
survey could be completed in a few summer field 
seasons to describe the recent precipitation changes 
over Greenland and thus provide the definitive 
data base to test the results from the meteoro- 
logical analyses. 
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