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ABSTRACT. Understanding the climate response of the Antarctic Peninsula ice sheet is vital for accurate
predictions of sea-level rise. However, since climate models are typically too coarse to capture spatial
variability in local scale meteorological processes, our ability to study specific sectors has been
limited by the local fidelity of such models and the (often sparse) availability of observations. We
show that a high-resolution (5.5 km × 5.5 km) version of a regional climate model (RACMO2.3) can
reproduce observed interannual variability in the Larsen B embayment sufficiently to enable its use in
investigating long-term changes in this sector. Using the model, together with automatic weather
station data, we confirm previous findings that the year of the Larsen B ice shelf collapse (2001/02)
was a strong melt year, but discover that total annual melt production was in fact ∼30% lower than 2
years prior. While the year before collapse exhibited the lowest melting and highest snowfall during
1980–2014, the ice shelf was likely pre-conditioned for collapse by a series of strong melt years in the
1990s. Melt energy has since returned to pre-1990s levels, which likely explains the lack of further sig-
nificant collapse in the region (e.g. of SCAR Inlet).
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1. INTRODUCTION
Atmospheric warming in the Antarctic Peninsula was among
the strongest in the world during the latter half of the 20th
century. Air temperatures rose here by over half a degree
per decade between 1955 and 2005 (Turner and others,
2005) and both surface and deep ocean temperatures in
the adjacent seas increased contemporaneously (e.g.
Meredith and King, 2005, Robertson and others, 2002).
Atmospherically forced changes to melt intensity during this
period have been strongly implicated in ice shelf thinning
(e.g. Shepherd and others, 2003), changes to outlet glacier
dynamics (e.g. Scambos and others, 2004) and ice shelf col-
lapse (e.g. Scambos and others, 2003). For example, the col-
lapse of the Larsen B ice shelf on the east side of the
Antarctic Peninsula in 2002 has been connected with abnor-
mally strong melt conditions observed on the Larsen C ice
shelf to the south in the same year (van den Broeke, 2005).
The collapse of the ice shelf has affected the way that part of
the Antarctic Peninsula ice sheet flows into the sea by remov-
ing backstresses previously stabilising its outlet glaciers and
has contributed a little to global sea-level rise directly (6.6 ±
1.5 µm a−1 between 1994 and 2008, Shepherd and others,
2010). Since the loss of Larsen B, a two- to eightfold increase
in the flow of these glaciers has been observed (Scambos and
others, 2004, Rignot and others, 2004). This has resulted in an
ice loss equating to around one-third of the net loss from the
Antarctic Peninsula ice sheet since 2002 (∼9 Gta−1,
Shepherd and others, 2012, Berthier and others, 2012). Air

temperatures across the Antarctic Peninsula have since experi-
enced a period of cooling (Turner and others, 2016, Oliva and
others, 2017). However, since the Larsen Ice Shelf system is a
climatically sensitive region, it is critical that we understand
contemporary and potential future melting trends here specif-
ically. The Larsen C ice shelf, for example, is much larger than
Larsen B and could significantly affect the stability of the
Antarctic Peninsula ice sheet, if it were to suffer a similar
fate. Indeed, the remaining portion of the Larsen B ice shelf
(SCAR Inlet), which currently buttresses three additional
outlet glaciers, is now showing signs of weakness and immi-
nent demise (Khazendar and others, 2015).

The climate over the Antarctic Peninsula is spatially hetero-
geneous. It stretches 1300 km from north to south and is char-
acterised by a high (up to ∼3000 m), narrow mountain chain,
which affects the predominant westerly flow (e.g. vanWessem
and others, 2015). Air temperatures in the north of the region
are typically higher than in the south, while temperatures on
the west coast can be 5–10°C higher than those on the
eastern side of the mountains at the same latitude (Cape and
others, 2015). Additionally, the eastern side of the Antarctic
Peninsula is affected by atmospheric circulation over the
Weddell Sea, changes to which have resulted in warming in
recent years (Abram and others, 2013). This warming is
likely the result of stronger summer westerly winds, and an
associated increase in the frequency of warm, dry, downslope
winds coming off the peninsula mountains (föhn events,
Marshall and others, 2006). Indeed, patterns of surface
melting over the Larsen Ice Shelf system are strongly influ-
enced by föhn activity (Grosvenor and others, 2014).
Capturing the degree of this spatial variability is difficult
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because weather stations are sparse in space, satellite observa-
tions are sparse in time (and have difficulties with the rough
terrain and typically cloudy conditions) and climate models
are typically too coarse to adequately capture local scale
meteorological processes (Barrand and others, 2013). Recent
developments in regional climate modelling however,
provide an opportunity by which simulations can now be reli-
ably performed on a 5.5 km grid (regional atmospheric climate
model, RACMO2.3/5.5), which is five times finer than previous
capability has allowed (RACMO2.3/27, 27 km grid) and poten-
tially offers improved model performance. While RACMO2.3/
5.5 has been evaluated over the Antarctic Peninsula and is
known to perform well (vanWessem and others, 2016), fidelity
at the regional scale does not necessarily translate to the local
scale, particularly in terms of interannual variability (Medley
and others, 2013). Confidence in the ability of the model to
reproduce local climate is key in model-based studies of spe-
cific regions such as individual ice shelves. Here, we evaluate
both RACMO2.3/5.5 and RACMO2.3/27 estimates of tempera-
ture, atmospheric pressure and melting in the Larsen B embay-
ment (pre- and post-collapse) using data from seven automatic
weather stations (AWS) distributed widely around the area
(Fig. 1). We then present RACMO-based estimates of melt
and precipitation variability in the Larsen B area between
1980 and 2014 and contrast conditions before, during and
after the collapse.

2. DATA AND METHODS

2.1. RACMO2.3 regional climate model
We use the most recent version of RACMO at both low
(RACMO2.3/27) and high (RACMO2.3/5.5) horizontal reso-
lution. Details of the model can be found in van Wessem
and others (2015, 2016) but are summarised here. RACMO2
combines the High Resolution Limited Area Model with the

European Centre for Medium-range Weather Forecasts
Integrated Forecast System. RACMO2 has been adapted for
use over the large ice sheets of Greenland and Antarctica: it
includes a snow model (Ettema and others, 2010), a prognos-
tic scheme to calculate surface albedo based on snow grain
size (Kuipers Munneke and others, 2011); and a routine that
accounts for drifting snow (Lenaerts and others, 2012). For
both model versions, ERA-Interim re-analysis data are used
for forcing at the lateral boundaries. At 5.5 km, the surface top-
ography is based on a combination of the 100 m DEM from
Cook and others (2012) and the 1 km DEM from Bamber
and others (2009). At 27 km, the surface topography is
based on Liu and others (2001). At both resolutions, the ice-
sheet mask includes the (former) Larsen B and Larsen A ice
shelves. To investigate the potential effect of the Larsen B inte-
gration on the local near-surface climate, a separate simula-
tion has been performed where the Larsen B ice shelf was
instantaneously removed from the model ice-sheet mask,
starting in the year 2003.

2.2. Observations
We assess the ability of RACMO2 to reproduce climatic vari-
ability in the Larsen ice shelf region using observations of 2 m
air temperature and surface atmospheric pressure acquired by
seven AWS (Fig. 1, Table S1). Larsen C AWS (WMO station
number 89262) is the nearest WMO station to Larsen B with
data in the years prior to collapse and is operated by the
British Antarctic Survey (BAS). Observations from 1985-
present are available acquired at three-hourly (i.e. one observa-
tion every 3 hours) intervals from 1985 to 2005 and 10-min
intervals from 2006-present. Three-hourly temperature, but
not pressure, data are also available from 1999 acquired at
the Matienzo AWS, operated by the Instituto Antártico
Argentino, which is located on the Seal Nunataks, at the

Fig. 1. Mean annual temperature and pressure from observations and RACMO2 simulations. (a) Location of AWS stations used in evaluation,
black, FL – Flask Glacier, purple, LE – Leppard Glacier, Green, FO – Foyn Point, Blue, CF – Cape Framnes, Yellow, RO – Robertson Island),
pink, LC – Larsen C AWS, orange, MA –Matienzo AWS. Red star indicates location of firn core used to evaluate accumulation in RACMO2.3/
5.5 in van Wessem and others (2016). Grounded ice is given in pale green, floating ice is shown in white and exposed bedrock in brown: all
taken from BedMap2 (Fretwell and others, 2013). Grey dotted line indicates edge of Larsen B ice shelf prior to collapse in 2002. (b–e)
Modelled vs Observed mean annual temperature and pressure for all sites. Dashed lines indicate an ideal one-to-one relationship
between modelled and observed values, solid lines indicate the actual fit, grey shading denotes ±1σ uncertainty on the fit. Colours
represent locations as in (a) Pearson’s correlation co-efficient (r) is annotated. Orange line in (d) represents a linear fit to the Matienzo data
only.
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north end of the Larsen B embayment. Since 2010, five add-
itional AWS monitoring at up to 30 s intervals have been
installed around the Larsen B embayment coincident with
UNAVCO GPS monitoring sites at Flask and Leppard
Glaciers, Foyn Point, Cape Framnes and Robertson Island.
For comparisons with RACMO2.3/27, we pick the grid cell
within which the AWS is situated. Topography is more highly
variable in the high-resolution model grid relative to the low
resolution, and both pressure and temperature are sensitive to
height. Because of this, for comparisons with RACMO2.3/5.5
we pick the cell that has elevation most similar to that of the
AWS (Table S1) within a 5 × 5 window centred on the cell in
which the AWS lies, effectively ± one model grid cell in each
direction. Annual values, where given, are calculated for a
‘melt year’ which is taken to be September – August inclusive
(after van den Broeke, (2005)). In order to account for fragmen-
tation in the AWS time series (Fig. S1) and to use the maximum
amount of data in our comparison, we sub-sampled the
RACMO2 time series to only those periods where AWS data
were available. As such, annual values for incomplete years
should not be considered true values.

2.3. Positive degree-day (PDD) sum
RACMO2 estimates of melting are based on the balance of
energy fluxes at the snow/ice surface. Because we do not
have these data for the AWS, we use PDD as a proxy for
melting calculated from both modelled and observed tem-
peratures. PDDs and melting are typically well correlated
(e.g. Braithwaite and others, 1995). For example, we find
a correlation of r= 0.72 between RACMO2 estimates of
total annual PDDs and melt amount averaged over the
now-missing portion of the Larsen-B ice shelf. We use a
PDD sum that accounts for both the duration and intensity
of above zero temperature conditions (Eqn (1), Vaughan,
2006).

φn ¼
Xi¼31st August; year n

i¼1st September; year n�1

Ti tiþ1 � tið Þα Tið Þ; ð1Þ

where φ is annual total PDDs, T is observed/modelled 2 m
temperature in °C, t is the time expressed in fractions of
days and α(Ti) is 1 if T is positive and 0 if T is negative.
Prior to calculating PDDs we interpolate/aggregate (as appro-
priate) all seven sets of observations and both model versions
onto a commonly sampled hourly time series (we do not gap-
fill missing data), thus T in Eqn (1) is hourly temperature.

2.4. Estimating radiation errors
Unaspirated temperature sensors are prone to radiation errors
under high-insolation, low wind speed conditions, which
result in a temperature excess to the actual air temperature
(Erell and others, 2005, Huwald and others, 2009). Smeets
(2006) showed that for a Vaisala HMP45C platinum resist-
ance thermometer this excess temperature can be estimated
as a function of total shortwave radiation at-sensor and wind
speed (Eqns (2) and (3)).

ΔT ¼ k

ð9:6 × 10�3kþ 6:3Þð12UÞ1:25 for

U � 2ms�1:

ð2Þ

ΔT ¼ 4:14 × 10�3k� 0:15 for U< 2ms�1; ð3Þ

where ΔT is the excess temperature, U is wind speed and k is
the total shortwave radiation at sensor. In the absence of
observed radiation, we estimate k to be:

ð1þ αÞτSWTOA; ð4Þ

where SWTOA is the top of the atmosphere incoming short-
wave radiation, τ is the atmospheric transmissivity (0.79 for
clear sky conditions in Antarctica, van den Broeke and
others, 2004) and α is the surface albedo. We estimate the
impact of this effect on our AWS derived PDD totals at
Larsen C AWS (Fig. 2) which uses an instrument and radi-
ation shield comparable with that described in Smeets
(2006). We take α to be 0.75 since this AWS is situated on
snow; this can be considered a conservative estimate
(Kuipers Munneke and others, 2012). We are unable to esti-
mate radiation errors at Matienzo and the UNAVCO stations
using this method; while Matienzo also uses a HMP45C tem-
perature sensor it has a much larger old-style radiation shield
and the UNAVCO AWS use a different type of thermometer
entirely.

3. RESULTS AND DISCUSSION
We compare RACMO2.3/5.5 and RACMO2.3/27 simulated
values for annual mean 2 m temperature and surface atmos-
pheric pressure with observations made at the AWS (Fig. 1).
Both versions of the model reproduce spatial and interannual
variability in annual mean surface pressure almost exactly
(r= 0.99 in both cases), which suggests that the model cap-
tures synoptic scale atmospheric conditions across the
region well. Generally, both versions of the model capture
interannual variability in mean annual temperature (r=
0.90 and 0.87, respectively). A slight deviation from the
one-to-one line is apparent in the slope of the linear fit to
these data in both model versions and suggests that
RACMO is less well able to capture temperatures that are
either particularly high or particularly low. Specifically,
RACMO overestimates mean annual temperature in particu-
larly cold years, and underestimates mean annual tempera-
ture in particularly warm years; this is also the case at the
sub-annual timescale (Fig. S2) and in the mean, summertime
only, temperatures (Fig. S3). This is potentially due to differ-
ences in the surface type; RACMO assumes that all surfaces
are ice/snow covered when in fact four of the seven AWS are
on bare rock, including Matienzo and Robertson Island. Due
to its low albedo, relative to ice/snow, exposed rock is likely
to heat up considerably in summer, potentially allowing for
higher 2 m air temperatures than over snow surfaces. A
paucity of observations precludes a robust assessment of pre-
cipitation, but previous evaluations show that RACMO2.3/
5.5 can reproduce interannual variability in accumulation
at James Ross Island (the nearest available accumulation
record to Larsen B) during our study period (r= 0.75 for
1998–2007, from figure in van Wessem and others, 2016).

While the simulation with higher spatial resolution
(RACMO2.3/5.5) offers a slight improvement in model-
observation agreement overall, the change in resolution
introduces a low bias in mean annual temperature at
Matienzo (∼−1.8°C) and Robertson Island (∼−1.6°C),
which are both located on the Seal Nunataks at the interface
between the Larsen B and Larsen A embayments. This is

685Leeson and others: Regional climate of the Larsen B embayment 1980–2014

https://doi.org/10.1017/jog.2017.39 Published online by Cambridge University Press

https://doi.org/10.1017/jog.2017.39


somewhat consistent with a previous study, which has shown
that RACMO2.3/5.5 simulates temperatures which are too
low on average (van Wessem and others 2015). However,
it is possible that this bias is partly due to the presence in
the RACMO domain of the Larsen A (∼four grid points) and
B (>20 grid points) ice shelves, the former of which collapsed
in 1995. We investigate the degree to which the presence/
absence of Larsen B affects simulated temperatures at
Larsen C and Matienzo by comparing the data with an add-
itional RACMO2.3/5.5 simulation for the period 2003–13 in
which we removed the Larsen B ice shelf from the model ice-
sheet mask (Fig. 2). At Matienzo, which is closest to the
Larsen B ice shelf, there is a bias of ∼3°C between the two
simulations; the removal of the ice shelf results in higher
simulated temperatures here, presumably due to heat
exchange from the (relatively) warm ocean. This is particu-
larly evident during the winter; the bias diminishes by an
order of magnitude as temperatures increase. In fact, we cal-
culate a bias of just 0.3°C if we only include above-zero tem-
peratures in the calculation. This can be attributed to the fact
that ocean-atmosphere temperature gradients are much
greater during the winter. The interannual variability in
mean annual temperature is consistent between the simula-
tions with and without the ice shelf (r= 0.99, n= 9) and
the effect is very localized; we see no difference in simulated
temperatures with/without the ice shelf at Larsen C.

Interannual variability in total PDDs (Fig. 3) is particularly
well captured by RACMO at Matienzo (r= 0.97, r= 0.91 for
RACMO2.3/5.5 and RACMO2.3/27 respectively) and at
Robertson Island (r= 0.98, r= 0.98), Foyn Point (r= 0.98,
0.97) and Cape Framnes (r= 0.95, r= 0.98), but less so at
Larsen C AWS (r= 0.72, r= 0.74). In particular, both ver-
sions of RACMO2 ‘miss’ the particularly high PDD year in
2001/02 observed at the Larsen C AWS. The high melting
observed on Larsen C in this year has been attributed to
anomalous atmospheric circulation conditions (van den
Broeke, 2005); predominant northeasterly winds and pro-
longed transport of air over open water towards the Larsen
ice shelf. Presumably, this was not fully captured by the
model. Both versions of RACMO2 underestimate total

annual PDDs by more than half at all sites considered here
except for Cape Framnes (Fig. 3). We investigate the degree
to which this can be attributed to radiation errors under
low wind, high insolation conditions at the AWS sensors.
We subtract the calculated excess temperature (order of
1°C, see Section 2) from the observations when (1) it is day-
light, (2) wind speed is <4 ms−1 and (3) wind direction is
from the North West (so likely to be cloud-free, Kuipers
Munneke and others, 2012). We find that this reduces the
number of total annual PDDs by up to 30% at Larsen C
(8% on average), that the effect is particularly notable in
high melt years and that comparing with the corrected time
series improved model performance (r= 0.82, r= 0.79).
RACMO2.3/5.5 again offers an improvement against
RACMO2.3/27 in predicting both PDD amount and inter-
annual variability at Matienzo, however we note that in
this case, increasing the horizontal resolution does not
have a major impact on model-observation agreement.
When we correct for the model bias at Matienzo (by
adding 1.82°C to all modelled data) we see excellent agree-
ment with the observations (Fig. S4). PDDs in very high melt
years are underestimated slightly even with this correction;
this is likely due to radiation errors at sensor. Note that
while annual PDD totals do not always reflect true annual
values due to sampling of observation data (e.g. Fig. S1),
with the exception of 84 days between March and May in
2004, the Matienzo AWS record is complete during the
period reported.

The timing of the Larsen B ice shelf collapse has been
attributed to the draining of melt ponds on the ice shelf
surface (Scambos and others, 2003) coinciding with anomal-
ously strong melt conditions observed at the Larsen C AWS
(van den Broeke, 2005). However, the AWS data presented
here show that while the number of PDDs at Matienzo in
the year of collapse was above average (145 in 2001/02,
7% greater than the 1999–2010 mean value), the total
PDD amount 2 years prior to collapse (1999/2000) was
30% higher. Previous work based on these data has reported
that, of the 2 years, 2001/02 had more days where the tem-
perature rose above zero (Skvarca and others, 2004). Our

Fig. 2. RACMO2.3/5.5 simulated temperatures for Matienzo and Larsen C AWS. (a, c) daily mean 2 m temperature with (blue) and without
(red) the Larsen B ice shelf. (b, d) daily mean 2 m simulation with Larsen B vs simulation without Larsen B.
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analysis agrees with this (Table 1), but we find that there were
significantly more hours with above zero temperatures in
1999/2000 than in 2001/02 and that the average above-
zero temperature was almost half a degree higher. This
results in more PDDs in 1999/2000 than 2001/02, when cal-
culated using our method, which takes both duration and
magnitude of above-zero temperature events into account.
It has also been noted previously that 2001/02 had a

warmer summer in the Larsen B region than 1999/2000
(Cape and others, 2015). We also see this in our analysis
(Fig. 4) but note that the autumn of 1999/2000 was particu-
larly warm. This accounts for the fact that we calculate a con-
tinued accumulation of PDDs after the end of the summer in
1999/2000 but not in 2001/02. These signals appear in both
the Matienzo AWS data and the RACMO simulation, which
can be considered independent.

Of the 2 years, although 1999/2000 had more PDDs than
2001/02 at Matienzo, we agree with previous findings that
the latter was, in fact, the higher melt year of the two at
Larsen C AWS (60 PDDs in 2001/202, 100% greater than
the 1996–2012 average with 2004–06 and 2012 excluded
due to missing data, Fig. S1). The Larsen C AWS is ∼220 km
further south than the now-missing portion of the Larsen B
ice shelf. However, it is unlikely that this distance is large
enough to explain differences in the PDD signal between
the two sites. The anomalous atmospheric circulation condi-
tions promoting high melting on Larsen C (van den Broeke,
2005) would likely have also affected Larsen B. We attribute
this high degree of spatial variability to differences in the

Fig. 3. Annual PDDs modelled and observed at each AWS. Note: model has been sampled to available observations (Fig. S1). Observed
values are given in black, observed (corrected) values are given in grey. Simulated values are given in blue (RACMO2.3/27) and red
(RACMO2.3/5.5). Panels (a, c, e–i) show cumulative PDDs from the 1st September each year. Panels (b, d, j–n) show modelled vs
observed total annual PDDs, Pearson’s correlation co-efficient (r) and mean bias (b) between the observed and modelled annual values
are annotated. Vertical orange line in (a) and (c) indicates timing of ice shelf collapse.

Table 1. Summary of the above zero conditions as observed at the
Matienzo AWS and simulated by RACMO2.3/5.5 in 1999/2000 and
2001/02

Total
>0°C days

Total >0°C
melt hours

Ave >0°C
temperature

Total
PDDs

AWS 99/00 129 1631 2.89 197
AWS 01/02 137 1429 2.45 147
RACMO 99/00 82 835 51
RACMO 01/02 92 747 61
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relationship between melting and föhn wind events. Larsen C
AWS is further away from the Antarctic Peninsula Mountains
than Matienzo and so is unlikely to be as strongly affected by
föhn warming. Total melt in the northern part of the Larsen B
embayment (particularly over the Seal Nunataks) is more
highly correlated with föhn activity than on Larsen C (r>
0.5 and r< 0.5, respectively during 1999–2010, Cape and
others, 2015). In fact, total annual PDDs and number of
föhn days observed at Matienzo (ibid) are highly correlated
(r= 0.72). Our finding that the RACMO2.3/5.5 model repro-
duces temporal variability in total annual PDDs at Matienzo
with a high degree of fidelity (especially when temperatures
are bias corrected) suggests that RACMO2.3/5.5 is able to
represent local scale processes controlling melt such as the

frequency of föhn winds. However, further work is needed
to confirm that this is generally the case, and not just confined
to this location.

In the longer term context (1980–2014, Fig. 5, Table 2);
we see from RACMO2.3/5.5 that the 1990s were a climato-
logically anomalous decade. Although mean annual tem-
perature generally declined between 1980 and 2014,
summer (DJF) temperatures in the 1990s (−2.35°C on
average, σ= 0.88) were higher than in the 1980s (−2.68°
C, σ= 0.51) and in the 2000s (−2.61°C, σ= 0.77).
Similarly, melting was stronger and precipitation lower in
the 1990s than in either the decade before or after. We use
multivariate changepoint analysis (Killick and others, 2012,
see supplementary methods) to assess the degree to which

Fig. 4. Temperature during 1999/2000 (black) and 2001/02 (pink) observed at the Matienzo AWS and simulated by the RACMO2.3/5.5
model. Bottom: full temperature range, top: above zero temperatures only. Solid lines show data smoothed with a 7-day window.

Fig. 5. RACMO2.3/5.5 estimates of annual PDDs (based on 3-hourly 2 m air temperature, red), melting (purple) and snowfall (pink), averaged
over the now-missing portion of the Larsen B ice shelf. Number of föhn days at Matienzo (blue, Cape and others, 2015). Solid gray vertical
lines refer to the Larsen A and Larsen B ice shelf collapse events. Dashed grey horizontal lines represent decadal mean values.
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this difference is statistically sound and detect changepoints
at 1992, 1996 and 1999, in general showing that melting
and snowfall in the 1990s was statistically different to that
before and since (Fig. S5). This is consistent with the findings
of Turner and others (2016) who show that air temperature
increased and then decreased during this period with the
transition from ‘warming’ to ‘cooling’ occurring ∼1998–99.
Turner and others (2016) attribute the pre-1999 warming to
a positive trend in the Southern Annular Mode increasing
the flow of mild, northwesterly air, which is likely to have
been amplified through the föhn effect in the Larsen B
region. Melting can contribute to ice shelf break-up if supra-
glacial lakes are able to form and drain, however a condition
of supraglacial lake formation is the depletion of firn pore
space (KuipersMunneke and others, 2014), which is
achieved when snowfall is low and/or melting is high. A
high degree of melting in the decade before the collapse of
the Larsen B ice shelf in 2002 is therefore consistent with pre-
vious findings that multiple strong melt years are required to
deplete firn pore space and weaken an ice shelf before it can
fail (Trusel and others, 2015). The apparent ‘return’ to 1980s
levels of melting after break up is also consistent with the
wider pattern of decadal-scale atmospheric cooling observed
in the region since then (Turner and others, 2016, Oliva and
others, 2017) and may have provided for a period of stability
for the remnants of Larsen B, including Scar Inlet. The
RACMO2 simulation also shows that the year before collapse
– 2000/01 – was characterised by the lowest amount of
melting (0.004 Gt, one third of the average value) and the
highest amount of snowfall (0.0145 Gt, 60% higher than
average) of the 35 year period. Further investigation is
required to determine whether these conditions played a
role in the collapse event, but potential avenues for enquiry
include the impact of higher than usual snow loading on
the weakened ice shelf, and the impact of refreezing/latent
heat release within the thicker than usual snowpack.

4. CONCLUSIONS
We use observations of temperature and pressure taken at
seven AWS evenly distributed around the Larsen B embay-
ment to show that both RACMO2.3/27 and RACMO2.3/5.5
simulate interannual variability in mean annual temperature
and pressure well. However, we identify a systematic low
bias in simulated temperatures in the northernmost part of
the region. We attribute this to a range of factors including
a general low bias in the model, the presence of the Larsen
A and B ice shelves in the simulation post-collapse, excess
warming at-sensor under low wind, high insolation condi-
tions and differences between the real (bare rock) and mod-
elled (ice) surface conditions. We show that, in this location,

both versions of RACMO2 over-estimate particularly low
temperatures and under-estimate particularly high tempera-
tures. Because of this, RACMO2 based estimates of total
annual PDDs are lower than observed values, although the
model captures interannual variability well. This suggests
that RACMO2 can reliably be used to investigate interannual
variability in melting (known to be correlated with PDDs) in
this region. We note that RACMO2-based estimates of
melting are calculated using a full surface energy balance
and that these estimates have been shown to perform reason-
ably well in Antarctica in general (Trusel and others, 2013),
although a detailed assessment at this specific location has
yet to be completed. Nonetheless, we show that when cor-
rected for the observed systematic temperature bias,
RACMO2.3/5.5 reproduces PDD amount in the northern
part of the region almost exactly. Using RACMO2.3/5.5, in
conjunction with AWS data, to investigate longer-term pat-
terns in melting and precipitation in this sector, we see that
while the year of the Larsen B ice shelf collapse (2002) was
a high melt year, melting was not as high as in the 1999/
2000 melt season, 2 years previously. In addition, we see
that the year prior to break-up exhibited the lowest melting
and highest precipitation on record. The decade prior to col-
lapse was characterised by a series of strong melt and low
precipitation years, which likely pre-conditioned the ice
shelf to collapse. However, since then, melting and precipi-
tation have returned to pre 1990’s values, which potentially
explains why we have yet to see further, substantial, ice shelf
collapse in this region.
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surface-met/surface-met.html. RACMO2 model output is
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killick@lancaster.ac.uk). MRvdB, SRML and JMvW acknow-
ledge funding from the Polar Program of the Netherlands
Organization for Scientific Research (NWO/NPP) and the
Netherlands Earth System Science Centre (NESSC).

SUPPLEMENTARY MATERIAL
The supplementary material for this article can be found at
https://doi.org/10.1017/jog.2017.39.

REFERENCES
Abram NJ and 8 others (2013) Acceleration of snow melt in an

Antarctic Peninsula ice core during the twentieth century.
Nature Geosci, 6, 404–411 (doi: 10.1038/ngeo1787)

Bamber JL, Gomez-Dans JL and Griggs JA (2009) A new 1 km digital
elevation model of the Antarctic derived from combined satellite
radar and laser data - Part 1: data and methods. Cryosphere, 3,
101–111 (doi: 10.5194/tc-3-101-2009)

Barrand NE and 6 others (2013) Trends in Antarctic Peninsula
surface melting conditions from observations and regional
climate modeling. J. Geophys. Res.-Earth Surf., 118, 315–330
(doi: 10.1029/2012JF002559)

Table 2. Decadal average 2 m temperature, PDDs, melt and pre-
cipitation over the now-missing portion of the Larsen B ice shelf,
as simulated by RACMO2.3/5.5

1980–89 1990–99 2000–09

Mean annual temperature (°C) −11.3 −11.7 −12.0
Mean DJF temperature (°C) −2.7 −2.4 −2.6
Total annual PDDs 60 70 60
Total annual melt (Gt) 0.11 0.16 0.12
Total annual snowfall (Gt) 0.0098 0.0081 0.0094

689Leeson and others: Regional climate of the Larsen B embayment 1980–2014

https://doi.org/10.1017/jog.2017.39 Published online by Cambridge University Press

mailto:src@bas.ac.uk
mailto:pedroskvarca@gmail.com
mailto:smarinsek@dna.gov.ar
https://www.unavco.org/data/tropospheric/surface-met/surface-met.html
https://www.unavco.org/data/tropospheric/surface-met/surface-met.html
https://www.unavco.org/data/tropospheric/surface-met/surface-met.html
mailto:r.killick@lancaster.ac.uk
mailto:r.killick@lancaster.ac.uk
https://doi.org/10.1017/jog.2017.39
https://doi.org/10.1017/jog.2017.39
https://doi.org/10.1017/jog.2017.39


Berthier E, Scambos TA and Shuman CA (2012) Mass loss of Larsen B
tributary glaciers (Antarctic Peninsula) unabated since 2002.
Geophys. Res. Lett., 39, 6 (doi: 10.1029/2012GL051755)

Cape MR and 5 others (2015) Foehn winds link climate-driven
warming to ice shelf evolution in Antarctica. J. Geophys. Res.-
Atmos., 120, 11037–11057 (doi: 10.1002/2015JD023465)

Cook AJ, Murray T, Luckman A, Vaughan DG and Barrand NE
(2012) A new 100-m digital elevation model of the Antarctic
Peninsula derived from ASTER Global DEM: methods and accur-
acy assessment. Earth Syst. Sci. Data, 4, 129–142 (doi: 10.5194/
essd-4-129-2012)

Erell E, Leal V and Maldonado E (2005) Measurement of air tempera-
ture in the presence of a large radiant flux: an assessment of pas-
sively ventilated thermometer screens. Boundary-Layer Meteorol.,
114, 205–231 (doi: 10.1007/s10546-004-8946-8)

Ettema J and 5 others (2010) Climate of the Greenland ice sheet
using a high-resolution climate model - Part 1: evaluation.
Cryosphere, 4, 511–527 (doi: 10.5194/tc-4-511-2010)

Fretwell P and 59 others (2013) Bedmap2: improved ice bed, surface
and thickness datasets for Antarctica. Cryosphere, 7, 375–393
(doi: 10.5194/tc-7-375-2013)

Grosvenor DP, King JC, Choularton TW and Lachlan-Cope T (2014)
Downslope föhn winds over the Antarctic Peninsula and their
effect on the Larsen ice shelves, Atmos. Chem. Phys., 14,
9481–9509 (doi: 10.5194/acp-14-9481-2014)

Huwald H and 5 others (2009) Albedo effect on radiative errors in air
temperature measurements. Water Resour. Res., 45 (doi:
10.1029/2008WR007600)

Killick R, FearnheadP and Eckley IA (2012)Optimal detection of chan-
gepoints with a linear computational cost. J. Am. Statistical Assoc.,
107(500), 1590–1598 (doi: 10.1080/01621459.2012. 737745)

Khazendar A, Borstad CP, Scheuchl B, Rignot E and Seroussi H
(2015) The evolving instability of the remnant Larsen B Ice
Shelf and its tributary glaciers. Earth Planet. Sci. Lett., 419,
199–210 (doi: 10.1016/j.eps1.2015.03.014)

Kuipers Munneke P and 5 others (2011) A new albedo parameteriza-
tion for use in climate models over the Antarctic ice sheet. J.
Geophys. Res.-Atmos., 116 (doi: 10.1029/2010JD015113)

Kuipers Munneke P, van den Broeke MR, King JC, Gray T and
Reijmer CH (2012) Near-surface climate and surface energy
budget of Larsen C ice shelf, Antarctic Peninsula. Cryosphere,
6, 353–363 (doi: 10.5194/tc-6-353-2012)

Kuipers Munneke P, Ligtenberg SRM, van den Broeke MR and
Vaughan DG (2014) Firn air depletion as a precursor of Antarctic
ice shelf collapse. J. Glaciol., 60 (doi: 10.3189/2014JoG13J183)

Lenaerts JTM and 6 others (2012)Modeling drifting snow in Antarctica
with a regional climatemodel: 1.Methods andmodel evaluation. J.
Geophys. Res.-Atmos., 117 (doi: 10.1029/2011JD016145)

Liu H, Jezek KC, Li B and Zhao Z (2001) Radarsat Antarctic mapping
project digital elevation model. Version 2. NASA National Snow
and Ice Data Center Distributed Active Archive Center, Boulder,
Colorado, USA

Marshall GJ, Orr A, van Lipzig NPM and King JC (2006) The impact
of a changing Southern Hemisphere Annular Mode on Antarctic
Peninsula summer temperatures. J. Clim., 19, 5388–5404 (doi:
10.1175/JCLI3844.1)

Medley B and 12 others (2013) Airborne-radar and ice-core observa-
tions of annual snow accumulation over Thwaites Glacier, West
Antarctica confirm the spatiotemporal variability of global and
regional atmospheric models. Geophys. Res. Lett., 40, 3649–
3654 (doi: 10.1002/grl.50706)

Meredith MP and King JC (2005) Rapid climate change in the ocean
west of the Antarctic Peninsula during the second half of the 20th
century. Geophys. Res. Lett., 32 (doi: 10.1029/2005GL024042)

Oliva M and 7 others (2017) Recent regional climate cooling on the
Antarctic Peninsula and associated impacts on the cryosphere,
Sci. Total Environ., 580 (2017), 210–223

Robertson R, Visbeck M, Gordon AL and Fahrbach E (2002) Long-
term temperature trends in the deep waters of the Weddell Sea.
Deep-Sea Research Part II. Topical Studies Oceanogr., 49,
4791–4806 (doi: 10.1016/S0967-0645(02)00159-5)

Scambos T, Hulbe C and Fahnestock M (2003) Climate-induced ice
shelf disintegration in the Antarctic Peninsula. In Domack E,
Leventer A, Burnett A, Bindshadler R, Convey P and Kirby M, eds.
Antarctic Peninsula climate variability: historical and paleoenviron-
mental perspectives. Amer Geophysical Union, Washington
(doi: 10.10.1029/AR079p0079)

Scambos TA, Bohlander JA, Shuman CA and Skvarca P (2004)
Glacier acceleration and thinning after ice shelf collapse in the
Larsen B embayment, Antarctica. Geophys. Res. Lett., 31, 4
(doi: 10.1029/2004GL020670)

Shepherd A and 5 others (2010) Recent loss of floating ice and the
consequent sea level contribution. Geophys. Res. Lett., 37, 5
(doi: 10.1029/2010GL042496)

Shepherd A and 45 others (2012) A reconciled estimate of ice-sheet
mass balance. Science, 338, 1183–1189 (doi: 10.1126/
science.1228102)

Smeets CJPP (2006)Assessing unaspirated temperaturemeasurements
using a thermocouple and a physically based model Utrecht. IASC
Working group on Arctic Glaciology, The Netherlands

Trusel LD and 6 others (2015) Divergent trajectories of Antarctic
surface melt under two twenty-first-century climate scenarios.
Nat. Geosci., 8, 927–U56 (doi: doi: 10.1038/ngeo2563)

Turner J and 8 others (2005) Antarctic climate change during the last
50 years. Int. J. Climatol., 25, 279–294 (doi: 10.1002/joc.1130)

Turner J and 9 others (2016) Absence of 21st century warming on
Antarctic Peninsula consistent with natural variability. Nature,
535, 411–415 (doi: 10.1038/nature18645)

van den Broeke M (2005) Strong surface melting preceded collapse
of Antarctic Peninsula ice shelf. Geophys. Res. Lett., 32, 4 (doi:
10.1029/2005GL023247)

van den Broeke M, Reijmer C and van de Wal R (2004) Surface
radiation balance in Antarctica as measured with automatic
weather stations. J. Geophys. Res.: Atmos., 109 (doi: 10.1029/
2003JD004394)

vanWessem JM and 6 others (2015) Temperature andWind Climate
of the Antarctic Peninsula as Simulated by a High-Resolution
Regional Atmospheric Climate Model. J. Clim., 28, 7306–7326
(doi: 10.1175/JCLI-D-15-0060.1)

van Wessem JM and 10 others (2016) The modelled surface mass
balance of the Antarctic Peninsula at 5.5 km horizontal reso-
lution. Cryosphere, 10, 271–285 (doi: 10.5194/tc-10-271-2016)

Vaughan DG (2006) Recent trends in melting conditions on the
Antarctic Peninsula and their implications for ice-sheet mass
balance and sea level. Arct. Antarct. Alpine Res., 38, 147–152
www.jstor.org/stable/4095837

Trusel LD, Frey KE, Das SB, Kuipers Munneke P and van den
Broeke MR (2013) Satellite-based estimates of Antarctic surface
meltwater fluxes, Geophys. Res. Lett., 40, 6148–6153 (doi:
10.1002/2013GL058138)

Skvarca P, De Angelis H and Zakrajsek AF (2004) Climatic condi-
tions, mass balance and dynamics of Larsen B ice shelf,
Antarctic Peninsula, prior to collapse. Ann. Glaciol., 39(1),
557–562 (doi: 10.3189/172756404781814573)

Braithwaite RJ (1995) Positive degree-day factors for ablation on the
Greenland ice sheet studied by energy-balance modelling.
J. Glaciol., 41(137), 153–160.

Rignot E, Casassa G, Gogineni P, Krabill W, Rivera A and Thomas R
(2004) Accelerated ice discharge from the Antarctic Peninsula
following the collapse of Larsen B ice shelf. Geophys. Res.
Lett., 31, L18401 (doi: 10.1029/2004GL020697)

Shepherd A, Wingham D, Payne T and Skvarca P (2003) Larsen ice
shelf has progressively thinned. Science, 302(5646), 856–859
(doi: 10.1126/science.1089768)

MS received 22 November 2016 and accepted in revised form 5 June 2017; first published online 29 June 2017

690 Leeson and others: Regional climate of the Larsen B embayment 1980–2014

https://doi.org/10.1017/jog.2017.39 Published online by Cambridge University Press

http://www.jstor.org/stable/4095837
https://doi.org/10.1017/jog.2017.39

	Regional climate of the Larsen B embayment 1980–2014
	INTRODUCTION
	DATA AND METHODS
	RACMO2.3 regional climate model
	Observations
	Positive degree-day (PDD) sum
	Estimating radiation errors

	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACCESS TO DATA AND ACKNOWLEDGEMENTS
	Supplementary Material
	References


