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ABSTRACT. Daily precipitation fields and a nnual means from the European Centre 
for M edium-range Weather Forecasts re-analysis exercise a re used to examine the distri­
bution and variabi lity of precipitation across the Antarctic Peninsula. The ann ual mean 
precipi tation field from the model agrees well with the available ice-core da ta and sug­
gests that the max imum accumulation for the area is on the western side of the barrier 
at about the 200 m level where the annual total is close to 1.3 m w. e. The Peninsula is shown 
to be a very effective barri er to the zonal movement of precipitat ing weather sys tems, 
which results in quite different a tmospheric flow regimes being responsible for significant 
precipitation events on ei ther side of the divid e. Frontal depressions a re th e primary 
source oflarge daily snowfall totals on both sides of the Peninsula. On the southern coast 
of the Bellingshausen Sea, major snowfall events are often linked to strong northerly flow 
when the atmospheric circulation is blocked. Predominantly northerly fl ow is a lso res­
ponsible for significant snowfall on the Ronne Ice Shelf, which often occurs in association 
with lee cyclogenesis events to the east of the Peninsula. 

INTRODUCTION 

Determining the precipitation di stribution across the Ant­
arctic continent presents a major challenge because of the 
diflicu lties in measuring snowfall in such a windy emriron­
ment where snow gauges and sta ke arrays can give unreli­
able results (Turner and others, 1995). Workers concerned 
with determining the mass balance of the Anta rctic have 
therefore mostl y made use of da ta from snow pits a nd ice 
cores to construct maps showing the surface mass-balance 
rates [or most of the Antarctic continent (e.g. Giovinetto 
and Bentl ey, 1985; hereafter GB). However, the in situ meas­
uremen ts are relatively widely spaced, leading to doubts 
about the accuracy of the accumulation estimates in some 
parts of the continent. The Antarctic Peninsul a (see Fig. I 
for a m ap of the region and places referred to in the text ) 
a lso has such a large horizonta l variabi lity of accumu lation 
that it has been omitted from the GB map and subsequent 
work by Bromwich (1988). However, the Peninsula is an area 
of great scientific interest as it has undergone a warming of 
severa l degrees si nce the 1940s (King, 1994), which is 
beli eved to be responsible for th e disintegration of a number 
ofnoating ice shelves (Vaughan a nd Doake, 1996). We there­
fore need to gain greater understanding of the atmospheric 

circul at ion of this region, the atmospheric systems and cir­
cul ation patterns that are responsible for most of the preci­
pitat ion, and how the changing temperature regime is 
a ffecting precipitation amounts a nd distribution. It is a lso 
very important to ensure that precipitation processes are 
represented correctly in atmospheric numerical models if 
we are to be able to trust their predictions when run as 
climate models. 

and variability of the Peninsula region using the output of 
the re-analysis exercise carried out by the European Centre 
for Medium-range Weather Forecasts (ECMWF). Using the 
precipitation fi elds from numerical weather prediction 
(1 WP) models has the advantages that data are available 
at relatively high horizontal resolution (about 100 km in this 
case) and daily precipitation fields are avai lable, although 
there are problems. In particular, the models have to use a 
smoothed form of the orography in order to keep the model 

In thi s paper we examine the precipitation di st ribution 
Fig. 1. lUap cif the Antarctic Peninsula region, showing jJlaces 
riferred to in the text. 
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stable, and over the Antarctic there are few observations 
with which to prepare the analyses, a lthough there are many 
satellite sounding profiles over the Southern O cean. In the 
following sections the precipitat ion field s generated by the 
model a re compared to the available in situ data (bearing in 
mind that the in situ accumulation dataset is far from com­
plete and will not show small-scale variability), the interann­
ua l variabi lity of precipitation is considered and the factors 
behind maj or precipitation events in different parts of the 
Peninsula a re examined. 

THE MODEL DATA 

The ECMvVF has carri ed out a re-analysis of all its meteor­
ological data for the period 1979- 93, using a recent version 
of its global NWP model. This exercise produced one of the 
most consistent series of atmospheric analyses, which is of 

great value for climate variability and change studies. The 
version of the ECMWF global, spectral model used in the 
re-analysis project had 31 levels in the vertical a nd a trunca­
tion ofTlO6, giving an approximate hori zonta l resolution of 
100 km. Since the assimilation scheme cannot analyze pre­

cipitation data, we have elected to use the precipitation 

amounts from the first 24 hours of the forecasts carried out 
each day over the 15 year period. From these daily acc umu­
lation amounts we have generated monthl y, seasona l and 
annual tota ls and means. 

Fig. 2. The orography used in the ECMWFre-analysis exer­
cise. Heights are given in metres with a contour interval qf 
lOOm. 

As discussed above, the model orography is smoother 
than reality (Fig. 2), with a maximum height of 1301 m. This 
is relatively low, as the Peninsula has a max imum elevation 
of more than 1500 m a.s.l. (hereafte r all heights are referred 
to sea level) for much of its length, and a number of peaks 
above 2000 m. However, representing such a high but na r­
row barrier in a model is very difficult when the grid box size 
is 100 km, and the ECMWFrepresents the Peninsul a as well 
as any current model. Figure 2 shows that the orography has 
been heavily smoothed in the east- west direction, resulting 
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in above-zero elevations over the ocean areas on either side 
of the barrier. Because of the spectral nature of the model, 
some of the orographic heights over the ocean areas are a lso 
slightly less than zero. However, the north- south smoothing 
is less pronounced, as can be seen by the rapid reduction in 
heights down from the plateau over the southern Bellings­
hausen Sea. 

Eg. 3. Annual mean precipitationJor the period 1979- 93 de­
rivedfrom the ECil1WFre-analysisfields. 

PRECIPITATION DISTRIBUTION 

The map of 15 year mean annual precipitation for the 
Peninsula a rea derived from the ECMvVF re-analysis is 
shown in Figure 3. The largest values, which are in excess 
of 1.3 m w.e. a- I, are found on the western side of the Penin­
sula from the northern part of Alexander Island to Renaud 
Island. We would expect to find the precipitation peak on 
the steep western slope of the barrier where the ai r is forced 
up the slope, resulting in cooling of the air, formation of 
cloud and eventua l precipitation. However, becausc of the 
model smoothing, the precipitation maximum appears to 
be too far to the west. The peak occurs close to the 200 m 
level in the model, with smaller amounts at greater eleva­

tions, and only about 0.7-0.8 m on the divide of the northern 
part of the Peninsula, decreasing to a round 0.4 m in the 
south. On the eastern side of the barrier, the annual precipi­
tation totals are in the range 0.4- 0.5 m, but with values of 
less than 0.3 m just to the east of the divide on the high pla­
teau of the southern Peninsula . Peel (1992) examined the 
spatial variability of the accumula tion across the Peninsula 
using the available ice-core data, and considered the rela­
tionship between accumulation a nd topographic height on 
both sides of the barrier. On the western side, he found that 
above 500 m there was a decrease in accumulation with 

height, which is consistent with the model results. Although 
there are no ice cores from below 500 m because of summer 
melt, the model wou ld suggest that the peak precipitation is 
around 200 m, although because of the smooth orography 
in the model it is difIicult to say how this will compare wi th 
reality. Ice cores taken on the divide, close to the 2000 m 
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level, suggest tha t this a rea receives about 0.5 m a- I, while 
the "di vide" in the model has a comparable figure of about 
0.4 m a I, although at a height of 1l00- 1300 m . From the ice­
core data there is evidence of scouring of snow from the 
highest points on the Peninsul a, which is not taken into ac­
count by the model. T his will mean that the model precipi­
tation is likely to be g reater than the in situ measurement of 

accumulation. H owever, the results of Peel agree with the 
model in suggesting an increase of precipitation with height 
on the low-lying eastern side of the Peninsula. Both sources 
of data suggest an a nnual accumulation of less than 0.5 m, 
a lthough some ice cores have as littl e as 0.2 m, which is less 
tha n suggested by the model. 

Fig. 4. Relative variability (standard deviation divided by the 
mean) if the annual precipitation totals fro m the ECilfWF 
re-a11arysis exerciseJor the period 1979- 93. 

INTERANNUAL VARIABILITY OF PRECIPITATION 

The di stribution of standa rd deviation (s.d.) of the annual 

precipitation total (not shown) computed from the 15 yea r 
model record has a very simila r appearance to the di stribu­
tion of mean annua l to tal, with the la rgest va lues in the 
centra l pa rt of the western side of the Peninsula, a nd much 
smaller values at higher elevations a nd on the eas tern side. 
A much more useful quantity is the relative vari ability, i.e. 
the s.d. divided by the annual mean precipitation, shown in 
Figure 4. O ver the Peninsul a a rea the relative vari ability 
covers the range 0.1 to over 0.2, the lowest values bei ng found 
over the northern pa rts of the Bellingshausen and vVeddell 
Seas, and the largest values to the east of the tip of the Penin­
sula. The northern oceanic a reas, which are at the latitude of 

the circumpolar trough, a re subject to many depressions 
throughout the year Oones and Simmond s, 1993), a lthough 
automatic depression-tracking schemes suggest that there is 
liule vari ability in activity from year-to-yea r. Along the 
southern coast of the Bellings hausen Sea there is greater rel­
ative variability in precipitation, with a local peak over the 
northern pa rt ofGeorge VI Sound. The ana lysis of depression 
tracks shows that the a rea of the southern Bellingshausen Sea 
has a greater interannual vari ability of depression activity, 

suggesting the importance of depressions in giving precipi­
tati on. However, the greatest relati ve vari ability of precipi­
tation is east of the tip of the Peninsul a. This a rea receives 
littl e precipita ti on over the year, since it is frequently under 
the inOuence of relatively dry a ir masses arriving from the 
south or southeast. H owever, there is a high degree of rela­
tive va ri abili ty in depression activity across this area, giving 
a large relative variability of precipita tion. 

RELATIONSHIP BETWEEN ATMOSPHERIC 
CIRCULATION AND ACCUMULATION 

Earli er studies of Anta rctic precipi tation have suggested 
that depressions are responsible for most of the precipi tation 
in the Anta rctic coastal region (Bromwich, 1988; Turner and 
others, 1995). H owever, the data avail able for these investi­
gations we re limited, and the ECMWF re-ana lysis provides 
us with a much more complete picture of the events that 

contribute to the annual to ta l of precipitation. For this study, 
we have examined the precipitati on regimes of four 
locati ons: Rothera Sta ti on on the western side of the Penin­
sul a (67.4° S, 68.6° W ); a point on the La rsen Ice Shelf to the 
east of the Peninsula divide (67.8° S, 61.9° ' V); a point on the 
Brya n Coast south of the Bellingshausen Sea (73.5 ° S, 
86.6° W ); and a location near the edge of the Ronne Ice 
Shelf (76.8° S, 58.5° W ). These four points are indicated by 
crosses in Figure I. 

Table 1. Preci/Jitation datafrom the ECi\ll VF re-ana6,sisjor 
theJour sites illdicated in Figure I 

Rathem L arsell B O'all ROfllu 

lVlcan a nnual prccipi l- 1.10 0.,.9 0.93 0.22 
at ion (m ) 

~raX it11U Il1 dai ly aCCUt11 U- 3+ 32 35 16 
la lio n over 15 yea r (23 Apr. (2+ J an. (15 Aug. (22 Apr. 

reco rd (Illlll ) 1979) (983) 198+) 1979) 
i\fax imulll a nnua l lOla l 1.32 (1989) 0.60 (1986) 1.1 6 (198.'i) 0.30 (1989) 
i\ lca n number of precipi t- 303 227 212 202 

al ion days per annum 
(0. 1 mm lhreshold ) 

s.d . of a nnua l p reci pilat ion 0.18 0.06 0. 15 0.0+ 
IOLaI (m l 

The d ifferent precIpItation regimes of these four sites 
can be seen fro m the results in Table I a nd Figure 5. Table I 
indicates that a ll four sites receive, on average, precipitati on 
on over 200 days a \ with Rothera having snow (or rain ) on 
over 300. This value is higher than the 249 precipitation 
days computed from the Rothera past weather synoptic 
reports (mean of 1982- 96), although a t that period there 
was no observer at the stati on keeping a continuous watch 
on the weather, so the re ported data would be expec ted to 
have a slight negative bia . A furth er factor in reducing the 
number of precipi tation days at the stati on will be the shel­
tered location that it occupies in the lee of Adelaide Island, a 
topographic feature that is not represented in the model. 

The results for the La rsen Ice Shelf show clea rly the 
marked snow shadow that the Peninsula creates, the site 
having less than 50 % of the annual acc umulation a t 

Rothera. Surprisingly for such a southerly site, the Bryan 
Coast receives a lmost 85% of the precipitati on of Rothera, 
a lthough the orography rises very rapidly in thi s pa rt oflh e 
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Antarctic, and air that is forced to rise from sea level to 
419 m in one grid length of the model will give a large 
amount of precipitation. However, the model orography 
field in this area is very close to reali ty, so it: is felt that: the 

model precipitation totals will not be too much in error. In 
fact the GB map of annual accumulation gives about 0.9 m 
w.e. in this area, compared to 0.93 m w.e. from the ECMWF 
rc-analysis. T here is also good agreement between GB and 
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the model in the a rea of the Ronne Ice Shelf, where both 
sources of da ta have a n annual acc umulation close to 0.2 m. 

Figure 5 provides hi stograms of the da ily precipitation 

tota ls at the four sites, giving an indication of the frequency 
of different da il y intensiti es. All four sites a re dominated by 
very light dail y fa ll s of snow, which is in agreement with the 
subj ective observations of snowfa ll made at Rothera as pa rt 
of the synoptic reporting programme (Turner and others, 

1995). Larger da ily totals of precipitati on a re more common 

on the western side of the Peninsula, and the Bryan Coast in 
fact receives more dail y fa ll s of 20 mm than Rothera. This is 
probably a res ul t of the rapid ri se in orography discussed 
above. On the eastern side of the ba rrier there is an even 
g reater preponderance of slight precipita tion, the Ronne 
Ice Shelf in pa rticula r having very few da il y fa ll s of more 
than 5 mm, no doubt a result of its location well removed 
from the main depression tracks. 

In order to investi gate the synoptic background to the 
precipitation events, the year 1993 was examined in deta il 
using the ECl\tIWF data, obse rvations from the research 
sta ti ons, and high-resolution satellite imagery coll ected at 
Rothera Station on the western side of the Peninsula . The 
year 1993 had slightly less precipitation than average over 
most of the Peninsula, although there was more than the 
mean over the southern pa rt of Alexander Island. 

Figure 6 shows plots of the daily precipitat ion amounts 
at the four sites during 1993. Again it is clear that all the 

locations receive a small amount of precipitation on many 
occasions, with a few days on which much la rger snowfa ll s 
occur. In the following sections we examine the synoptic 
backgrounds to the slight, modera te a nd heavy precipita­
ti on events, using the various data available. 

Rothera 

Being close to the latitude of the circumpola r trough, 
Rothera comes under the influence of many mobile depres­
sions arriving from a genera lly westerly direction. These 
systems vary from very minor disturbances to extremely 
deep depressions with very active frontal bands. During 
1993 the greatest da ily precipitati on tota ls apparent in Fig­
ure 6a were all associated with la rge, synoptic-scale depres­
sions a rriving over the a rea from the wes t. In order for the 
lows to give la rge amounts of precipitation, they need to 
draw in moist, usually mid-latitude air masses, although 
the lows themselves do not need to have moved into the Ant­
a rctic from lower latitudes, and many of the most active de­
press ions, in terms of the precipitation they gave, moved 
towa rds Rothera from the west. Th e lows that gave the most 
precipitation all had very pronounced cloud signatures in 
the satellite imagery, with high cloud a long the fronta l 

bands, and the upper air analyses usually showing amplifi ed 
upper-air long waves bringing the moist air southwa rds. 

Days of zero precipitation were usually associated with 
cloud-free anticyclonic systems, which at these latitudes are 
usua ll y short-lived, or outbreaks of dry continenta l air in 
southerly flow. 

Larsen Ice Shelf 

This a rea still had a large number of days with precipita­
tion, although the amounts that fell were usua ll y quite 
small. However, as can be seen in Figure 6b, there were 
quite a few days with fa ll s of 5 mm or more of precipitation. 

Because the Peninsula is such a high barrier, there a re 

quite differem precipita tion regimes on the eastern and 
western sides. Al though many active frontal bands a rrive 
on the western side and appear to cross into the a rea of the 

La rsen Ice Shelf, the corre lat ion between the precipitation 
at Rothera and the La rsen during 1993 is low (0.25) and the 
maj or prec ipitati on events in Figure 6a are not the same as 
those found on the Larsen. At the latter site the largest da i Iy 
precipitation totals seem to be the result of two types of 

synoptic situation: first, lee cyclogenesis events, often taking 

place on pre-existing fronta l bands that have crossed from 
the western side (Turner and others, in press ); secondl y, 
active fronts that have approached the La rsen Ice Shelf 
from the east or northeast as they rota ted in a clockwise 
direction a round a low centre located in the Drake Passage 
or near the tip of the Peninsul a. These cloud bands often ap­
pear to be warm fronts drawing wa rm, moist a ir masses 
fro m lower latitudes. 

Bryan Coast 

This location is to the south of the circumpolar trough a nd 
oft en under the influence of relatively dry air masses, so, as 
can be seen from Figure 6c, it has fewer days with 5-10 mm 
of precipita ti on than Rothera, where they come from the 
eastward-moving depressions. H owever, it does have quite 
a few days of 10- 20 mm of precipitation, so that the annual 
mean tota l is 85% of that found a t Rothera. These maj or 
precipitati on events usua lly occur when there is a strong 
nor th-south fl ow over the Bellingshausen Sea as a result of 
high pressure over the Peninsul a and a deep low over the 
Amundsen Sea. The da ily tota l precipita ti on is g reatest 
when there is a warm fronta l band embedded in the fl ow, 
a lthough a significant acc umulation can still occur without 
frontal enhancement. Because such a blocked circulation 
regime can persist for seve ra l days, the la rge daily totals 
found in Figure 6c a re often g rouped together, sepa rated 
by periods of much less precipita tion. 

Ronne Ice Shelf 

This area is again well removed from most of the synoptic­
scale depression activity, and dail y precipita ti on a mounts 
a re usually ve ry small. On mos t occasions there is a genera l 
convergence of air on the ice shelf from katabatic winds 
fl owing down from the high pl ateau, res ulting in outflow 
onto the Weddell Sea and lit tle precipitation on the shelf 
itself. H owever, Figure 6d shows that, as on the Bryan 
Coast, relatively la rge da ily precipitation tota ls of the order 
of 4-6 mm do occur on some occasions. Such events require 
a feed of moist ai r, which can come about for t wo reasons. 
First, when there is low press ure in the \Veddell Sea there is 
a north or nor theasterly air fl ow onto the ice shelf, which 

can give precipitation, especia lly if there is a front em­
bedded in the now. Examination of severa l cases suggests 
that the la rgest amounts of precipita tion occ ur when a lee 
cyclogenesis event has occurred towards the base of the 
Peninsula , giving strong northeasterly fl ow onto the ice 
shelf. Reasonable amounts of precipitation can also occur 
when there is a quasi-sta tiona ry low near the tip of [he 
Peninsula or in the Drake Passage, a lthough more mobil e 
systems a re less effective in transporting moist air to such 
southerly latitudes. Secondl y, there are also occas ions when 
lows cross the base of the Peninsula from west to east, intro­
ducing moist maritime air masses from the Bellingshausen 
Sea and giving moderate acc umulation of precipitation. 
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Most of these lows do not have the classic frontal structure of 
the more northerly systems, and on satellite imagery appear 
to have a fairly disorganised cloud signature. 

IMPLICATIONS FOR CLIMATE CHANGE 

From the above it is clear that depressions are the major fac­
tor in determining the precipitation across the Peninsula, 
either because of their frontal bands coming into contact 
with the barrier or because of their establishing a feed of 
mild, mid-latitude air into the region. Any changes in the 
tracks or frequency of depressions will therefore have an 
effect on the precipitation distribution. The study has 
revealed that the Peninsula is a remarkably effective barrier, 
giving quite different synoptic environments on either side, 
which is reflected in the amounts of precipitation received 
and the conditions that give the snowfall. 

Although some studies of the relationship between the 
climate of the Antarctic and the atmospheric and oceanic 
conditions at lower latitudes have been carried out (Smith 
and Stearns, 1993), it is by no means clear how even such a 
large signal as the El Nifio- Southern Oscillation (ENSO ) 
afTects the Antarctic region. Cullather and others (1996) 
examined how ENSO events have afTected Antarctic net 

precipitation as determined from atmospheric water­
vapour flux measurements obtained from ECMWF 
analyses. They found that the South Pacific sector between 
120 0 and 180° W was a region oflarge precipitation variabil­
ity where net precipitation was correlated with the ENSO 
events during the 1980s. Although further work is required 
to investigate the exact mechanisms that link the tropical 
Pacific and the Amundsen/Bellingshausen Seas areas, there 
is growing evidence that the lower-latitude areas have a 
marked effect on precipitation falling in the Antarctic 
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Peninsula region. It is hoped that further work using the 
ECMWF model fields will shed light on the links between 
atmospheric flow regimes and the mass balance of the area. 
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