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ABSTRACT: Commencing in 1956, observations made at Halley Research Station in Antarctica provide one of the longest
continuous series of near-surface temperature observations from the Antarctic continent. Since few other records of comparable
length are available, the Halley record has been used extensively in studies of long-term Antarctic climate variability and change.
The record does not, however, come from a single location but is a composite of observations from a sequence of seven stations, all
situated on the Brunt Ice Shelf, that range from around 10 to 50 km in distance from the coast. Until now, it has generally been
assumed that temperature data from all of these stations could be combined into a single composite record with no adjustment.
Here, we examine this assumption of homogeneity. Application of a statistical changepoint algorithm to the composite record
detects a sudden cooling associated with the move from Halley I'V to Halley V station in 1992. We show that this temperature step
is consistent with local temperature gradients measured by a network of automatic weather stations and with those simulated by a
high-resolution atmospheric model. These temperature gradients are strongest in the coastal region and result from the onshore
advection of maritime air. The detected inhomogeneity could account for the weak cooling trend seen in the uncorrected com-

posite record. In future, studies that make use of the Halley record will need to account for its inhomogeneity.
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1. Introduction

On 6 January 1956, the Royal Society established a station
on the Brunt Ice Shelf, Coats Land, Antarctica (see Fig. 1 for
location) as part of the United Kingdom’s contribution to
the International Geophysical Year (IGY) of 1957-58. The
station, originally named ‘‘Halley Bay” but renamed ‘‘Halley”
in 1977, was operated as an atmospheric and geophysical ob-
servatory through the IGY. In 1959, the Falkland Islands
Dependencies Survey (FIDS), which later became the British
Antarctic Survey (BAS), assumed responsibility for the station
and its observing programs. Apart from a few short interrup-
tions, surface meteorological observations have been made
continuously at the station since shortly after its establishment
in 1956, forming one of the longest continuous climate records
from the Antarctic continent.

Halley is a key station in the Antarctic climate monitoring
network. The nearest stations with comparable records are
Belgrano II station, 340 km southwest of Halley (record starting
in April 1980, but data are incomplete in some years) and
Neumayer station, 775 km northeast of Halley (record starting
in February 1981), while Novolazarevskaya, 1280 km east-
northeast of Halley (record starting in 1961), is the only nearby
station with a record of comparable length. The regional climate
observing network is thus extremely sparse, so, in contrast to
other regions of the globe, our knowledge of regional climate
variability and change relies heavily on single station records.
Given the lack of other long series of climate observation from
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the region, the Halley record has been used extensively in studies
of Antarctic multidecadal climate variability and change (e.g.,
Raper et al. 1984; Chapman and Walsh 2007; Turner et al. 2005).
Because this record carries a high weight in such regional climate
studies, quantifying its accuracy is of crucial importance.
Because Halley is situated on a floating ice shelf, it does not
occupy a fixed geographical location but moves with the flow of
the ice shelf between 360 and 850 m each year in an approxi-
mately westward direction. In addition to this gradual movement,
the station has been rebuilt and relocated on several occasions.
Halley I-1V were subsurface structures that became increasingly
buried as a result of 1-2m of annual snow accumulation on the
ice shelf, necessitating periodic rebuilding. Additionally, when a
station approaches the calving front of the ice shelf it has to be
relocated farther upstream to avoid the possibility of it breaking
off on an iceberg. Since the original station was established, the
station has been moved to seven different locations on the ice
shelf, ranging from less than 10 km to around 50 km in distance
from the coast. As the surface of the ice shelf is very flat and
uniform, and since short periods of overlapping measurements
carried out at the times of some station moves did not reveal any
significant temperature differences, it has generally been as-
sumed that the individual temperature records from each of these
stations can be combined into a long composite record without
adjustment. However, the homogeneity of the composite record
has recently been questioned. In their study of long-term tem-
perature records from the Antarctic, Turner et al. (2020) noted
that the composite Halley record contained at least one sudden
jump that coincided with a station move. Because of this possible

This article is licensed under a Creative Commons
BY

Attribution 4.0 license (http://creativecommons.org/
licenses/by/4.0/).

Unauthenticated | Downloaded 05/10/21 10:30 AM UTC


mailto:jcki@bas.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

708

7258

Brunt lce Shelf: ¢
eHalley VL~

@ ~
0 3
o 100 .-§§P ]
P
%
Belgrano Il
o L 5
i \ A
IS 8 1000 ]
= a 5 Y w
/509
2‘\5; 'y
% | L LT i .
S0W 40W AW 20W 10w [}

FIG. 1. The location of Halley station in 2016 on the Brunt Ice
Shelf. The outlined box indicates the extent of the inner (1.5 km)
domain of the regional atmospheric model described in section 3d.
Also shown are the locations of nearest-neighbor stations Belgrano
II and Neumayer. The map was produced using data from the
SCAR Antarctic Digital Database (https://www.add.scar.org/).

inhomogeneity, they chose not to include the composite Halley
record in their study.

The Weddell Sea adjoining the Brunt Ice Shelf is largely
covered in sea ice during winter but becomes ice-free in sum-
mer. Even during winter, the sea ice is typically no more than
0.5-1m thick, and areas of open water (coastal polynyas)
persist along the coast (Markus et al. 1998). As a result, surface
temperatures over the sea ice and the open ocean remain sig-
nificantly higher than those over the ice shelf throughout the
year. It is thus likely that strong spatial temperature gradients
exist in the near-coastal region, particularly under conditions
when (relatively warm) air is advected from the ocean over the
(relatively cold) ice shelf. However, to date, there have been no
detailed studies of the spatial variation of temperature in this
region. As the location of the station relative to the coast has
changed over the years, the presence of strong spatial tem-
perature gradients could have introduced spurious temporal
variations into the composite temperature record from the
Halley stations, which consequently may not accurately reflect
the true long-term variability of temperature in this region.

In this paper we examine the effects that the relocations and
intervening gradual movement of Halley have had on the com-
posite temperature record. In particular, we attempt to deter-
mine whether the composite record from the various Halley
stations can be regarded as homogeneous and hence address
this question: Does the Halley composite temperature record
exhibit a spurious trend as a result of the movement of the station
relative to the coastline? In recent years, considerable progress
has been made in developing techniques for automatically
detecting and correcting inhomogeneities in station climate
records used to produce global or regional gridded datasets
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(e.g., Menne and Williams 2009; Venema et al. 2012). These
techniques generally rely on the existence of a relatively dense
observing network so that records from one station can be
compared with those from near neighbors across a region that
can be regarded as climatologically homogeneous. Because the
climate observing network across most of the Antarctic is too
sparse to permit the application of such techniques, our focus in
this paper is on the analysis of a single composite record for
which we have reliable metadata and some understanding of the
processes that may be contributing to inhomogeneity.

Our paper is organized as follows: in section 2, we provide
further detail on the geographical setting of Halley and on
regional climatology. In section 3 we describe the sources of
observational and model data that we use. In section 4 we
present the results of a statistical analysis of the homogeneity
of the Halley composite record. We then use observations and
the results of a high-resolution simulation with a regional at-
mospheric model to examine spatial temperature gradients
across the Brunt Ice Shelf, and we subsequently investigate
how such gradients may have affected the homogeneity of the
composite Halley temperature record. In section 5, we present
our conclusions and make recommendations on the future use
of the composite Halley record in climatological studies.

2. The physical and climatological setting

Each of the Halley stations has been located on the Brunt
Ice Shelf, a medium-sized floating ice shelf on the southeastern
shores of the Weddell Sea, adjoining the Coats Land region of
the continent. The initial locations and periods of operation of
all seven Halley stations are given in Table 1. The ice shelf has a
mean surface elevation of around 30 m above mean sea level
and is bounded by the Weddell Sea to the north and west, to the
east by the Stancomb-Wills Glacier Tongue and to the south by
the Antarctic continent. The surface of the ice shelf is mostly
very uniform and level (slopes are generally less than 1:1000),
although a region of disturbed ice with large crevasses exists in
the region where the floating ice shelf becomes grounded and
meets the continent. Inland of this region, the continental ice
rises steeply to the Coats Land plateau, at an elevation of
around 1600 m.

In common with other ice shelves, the coastline of the Brunt
Ice Shelf is not fixed but evolves over time in response to the
flow of ice through the ice shelf and the episodic calving of
icebergs from the coast. Typically, the ice front advances
steadily for several decades, after which the calving of a large
iceberg causes a sudden retreat. Since Halley was established
in 1956 ground surveys and satellite imagery have detected
only a single large calving event, which occurred around 60 km
east of Halley in December 1971. There have been no further
major iceberg calving events and the western coast of the ice
shelf advanced by approximately 25 km between 1958 and 2011
(Anderson et al. 2014). Figure 2 shows positions of each of the
Halley stations at 2-yearly intervals together with ice shelf
coastlines at times representative of the beginning and end of
operation of each station. It is clear that the distance of the
station from the western ice front has changed significantly
over the period that the station has been established, ranging
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TABLE 1. Periods of operation and locations for each of the Halley stations. Station moves always took place in January or February,
with the latest move (from Halley V to Halley VI) occurring on 14 Feb. The start year given is that in which observations from the new
station commenced. The end year is the last year for which a complete year of observations was available from the old station. The final
column gives the approximate distance of the station from the coast along a bearing of 250°, which is the modal wind direction for winds in

the westerly (onshore) sector.

Station Start year End year Start position End position Distance from coast (km)
Halley I 1957 1967 75.51°S, 26.60°W 75.52°S, 26.74°W 8
Halley IT 1968 1973 75.51°S, 26.65°W 75.51°S, 26.72°W 9
Halley III 1974 1983 75.51°S, 26.74°W 75.52°S, 26.98°W 7
Halley IV 1984 1991 75.60°S, 26.60°W 75.61°S, 26.81°W 14
Halley V 1992 2011 75.58°S, 26.33°W 75.58°S, 26.74°W 25
Halley VI 2012 2017 75.62°S,26.21°W 75.61°S, 26.29°W 35
Halley VIa 2018 — 75.57°S, 25.47°W — 50

from less than 10km for Halley I-III to around 50km for
Halley Vla, as successive stations have been built at increasing
distances from the coast.

The Weddell Sea adjoining the ice shelf remains frozen for
much of the year, but a broad lead of open water extends along
the ice shelf coast during austral summer (Fig. 3a). Even during
austral winter, when the majority of the Weddell Sea is ice-
covered (Fig. 3b), the prevailing easterly winds and westward-
flowing Antarctic Coastal Current act to maintain areas of
open water (coastal polynyas; Fig. 3c) off the western coast of
the ice shelf (Markus et al. 1998). As surface temperatures in
these polynyas remain close to the freezing point of seawater
(—1.8°C) while mean winter air temperatures over the sur-
rounding Weddell Sea are typically around —20°C, these fea-
tures are regions of intense air-sea heat fluxes (Fiedler et al.
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2010; Renfrew et al. 2002; Markus et al. 1998) that can signifi-
cantly warm the air over the polynya and, with an onshore wind,
cause warming over the coastal region of the adjoining ice shelf.

The climate of Halley is characteristic of the coast of East
Antarctica (Konig-Langlo et al. 1998). Monthly mean tem-
peratures range from around —5°C in January to around
—29°C in July. The standard deviation of the monthly mean
temperature is largest in winter, varying from 1°C in December
to 3.7°C in June. High temperatures in the winter months are
associated with low pressure in the Weddell Sea and corre-
spondingly low sea ice concentration off the coast from Halley.
Wind speeds are moderate by Antarctic standards, averaging
around 7ms ™! over the year. The wind direction distribution
is bimodal (Fig. 4), with 58% of winds falling in the sector
50°-120°, reflecting the dominance of the Antarctic coastal
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FIG. 2. The initial (black crosses) and final (red crosses) locations of each of the Halley stations. Dots indicate the station locations at 2-
yr intervals. The solid black and red lines indicate the locations of the ice front at times close to the start and end of operation of each
station (years indicated in the legend for each panel). Also shown on the Halley VI panel are the locations of automatic weather stations A
(filled triangle) and B (filled pentagon; see section 3b) and the 2016 location of Halley Vla (filled heptagon).
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FIG. 3. Sea ice concentration in the southeastern Weddell Sea and in the vicinity of the Brunt Ice Shelf, showing mean sea ice concentration
from 2000 to 2018 for (a) January and (b) July, derived from satellite passive microwave measurements using the NASA bootstrap algorithm.
Also shown is a (c) Terra/MODIS visible satellite image from 1 Apr 2019 (source: NASA Worldview; https://worldview.earthdata.nasa.gov)
covering the area shown by the outlined box in (b). Note the large coastal polynya off the west coast of the Brunt Ice Shelf.

easterlies, and a secondary maximum (23%) occurring in the
westerly sector (230°-300°). Strong downslope-directed kata-
batic winds frequently occur over the steep continental slopes
that adjoin the ice shelf, but these do not penetrate onto the ice
shelf itself (Renfrew and Anderson 2002). All sites occupied by
Halley station have an upwind fetch of at least 50 km across a
very uniform ice shelf surface when the wind is in the easterly
sector. By contrast, winds from the westerly sector, which
originate over sea ice and open water in the Weddell Sea,
have a relatively short fetch over the ice shelf before reaching
Halley. As can be seen from Fig. 2, the length of this fetch
varies considerably depending on the location of Halley rela-
tive to the west coast of the ice shelf.

At Halley, winds from the westerly sector are associated with
freezing fogs, indicative of their maritime origin (Anderson
1993). Air masses from this sector are warmed at low levels by
the sensible heat flux that results from their passage over rela-
tively warm sea ice and coastal polynyas, leading to the devel-
opment of a shallow convective internal boundary layer (Culf
1989). Once a column of air crosses the coast onto the relatively
cold ice shelf, the sensible heat flux reverses sign, resulting in the
development of a stable internal boundary layer and associated
surface inversion that will increase in strength with increasing
fetch inland from the coast. In contrast to winds from the easterly
sector, which have a long and uniform fetch across the ice shelf,
winds from the westerly sector are thus likely to be associated
with significant horizontal temperature gradients. In section 4
below we use observations and model data to test the hypothesis
that mean temperature gradients across the ice shelf are largely
controlled by the advection of air that has been warmed at low
levels during periods of westerly sector winds.

3. Data and methods
a. Climate data

Meteorological observations for Halley and neighboring
Antarctic stations (Belgrano II and Neumayer) have been

obtained from the database of surface meteorological and cli-
matological observations assembled by the Reference Antarctic
Data for Environmental Research (READER) project of the
Scientific Committee on Antarctic Research (SCAR) (Turner
et al. 2004). Quality-controlled monthly mean data for Halley
and other Antarctic stations are available from the READER
website (https://www.bas.ac.uk/met/READER/). The synoptic
observations from which the monthly means were derived
are also available online (ftp:/ftp.bas.ac.uk/src/ ANTARCTIC_
METEOROLOGICAL_DATA/SURFACE)).

From the establishment of Halley in 1956, until 1986, air
temperature measurements at a nominal height of 1.5 m were
made manually at 3-hourly intervals using mercury-thallium
thermometers in a standard Stevenson screen. From 1987 on-
ward, measurements have been made automatically, initially
using temperature probes in a Stevenson screen but, from 1999
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FIG. 4. A 10-m wind rose for Halley constructed from synoptic
observations made from 1957 to 2019.
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onward, probes were housed in miniature aspirated radiation
shields. Whenever the instrumentation was changed the old
and new systems were run in parallel for at least one year and
we are confident that instrumentation changes have not in-
troduced any significant inhomogeneity into the composite
record. In this paper we use Halley data starting in 1957, the
first full year for which observations are available.

At Belgrano II, temperature readings were nominally taken
at 6-hourly intervals. Readings at 0000, 1200, and 1800 UTC
are available for most of the record, but the 0600 UTC readings
are frequently missing. To construct homogeneous series of
monthly and annual mean temperatures for Belgrano II we
have calculated means from the 0000, 1200, and 1800 UTC
observations only. Comparison of these means with those
calculated from all four daily observations for periods when the
0600 UTC observation was available shows that, although the
time series based on three observations per day has a slightly
higher mean, it closely reproduces the interannual variability
in the more complete record.

b. Automatic weather station data

Unfortunately, there is little or no overlap between the se-
ries of meteorological observations from the various Halley
stations. This makes it difficult to assess the impact of station
moves on the composite temperature time series. To address
this problem retrospectively, two automatic weather stations
(AWSs) were operated close to the sites of former Halley
stations following the move of observing programs from Halley
V to Halley VIin 2012. The locations of these stations are given
in Table 2 and are shown on Fig. 2. AWS A was installed at a
near-coastal location. Although the absolute location of this
AWS is not the same as that of any of the former Halley sta-
tions, it can be seen by reference to Fig. 2 that the AWS
occupies a location relative to the 2015 coastline that is similar
to that of Halley I-III relative to the 1959-85 coastlines. We
thus argue that, for the purposes of studying spatial tempera-
ture gradients across the ice shelf, measurements from this
AWS can be used as a proxy for Halley I-III. The second
station, AWS B, was installed close to the location occupied by
Halley V at the time that station closed. Together with the
observations from Halley VI station, these measurements
provide, for the first time, an indication of the magnitude of
spatial temperature gradients across the Brunt Ice Shelf.

The stations measured temperature at a nominal height of
2m using a platinum resistance thermometer in a naturally
ventilated radiation shield. Wind speed and direction were
measured using an R. M. Young Co. Aerovane sensor at a
nominal height of 3 m. The sensors were sampled every 10s
and 10-min averages of these samples were recorded. To
minimize the impact of radiation errors we have only used AWS
temperature data on occasions when the AWS measured a wind
speed of 2ms ™! or greater (Genthon et al. 2011).

c. Statistical changepoint detection

We use the two-sided Mann-Whitney U test, which is also
called the Wilcoxon rank-sum test, to test the null hypothesis
that the Halley temperature time series is homogeneous. The
null hypothesis is rejected if the p value, calculated from the U
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TABLE 2. Positions and periods of operation of the two AWSs used
in this study.

AWS name  Position (Jan 2014) Start date End date
AWS A 75.55°S, 27.45°W 11 Mar 2013 24 Jan 2017
AWS B 75.58°S, 26.79°W 19 Aug 2010 8 Jan 2018

statistic and the ranks among two sample periods x and y, is less
than or equal to 0.05, that is, the temperature data from the two
sample periods do not have the same distribution and median
values (Gibbons and Chakraborti 2011). Note that the Mann-
Whitney U test is the nonparametric equivalent of the two-
sample Student’s ¢ test. While the ¢ test assumes that two
sample groups come from a t-distributed population, the
Mann-Whitney U test does not require assumptions about the
distributions of the populations.

To reduce the large variation associated with the high-
frequency component of the Halley composite record and to
remove the diurnal cycle and serial correlation induced by
daily data, the 3-hourly Halley temperature records are first
averaged to monthly means. To make sure the samples are
independent of each other (a requirement of the Mann-
Whitney U test), the monthly mean temperature time series
are then deseasonalized by subtracting the annual cycle cal-
culated over the whole of the time series. We find that the
deseasonalized temperature anomaly time series has no sta-
tistically significant autocorrelation, and therefore the samples
can be regarded as independent.

To estimate the uncertainty associated with the change-
points, the Mann-Whitney U test is applied to the monthly
temperature anomaly time series with a forward running win-
dow that varies in size. More specifically, we assume that the
temperature anomaly time series is 7(i), where i = 1,2, 3, ...,
N.For agiven i, an equal number of samples, m, are taken from
T on both sides of i, which forms a pair of subsamples of equal
length. The two-sided Mann-Whitney U test is then applied to
test the similarity of their distributions and the p value is cal-
culated accordingly. The same calculation is repeated for each i
as i takes its value from m to N — m. To account for uncertainty
of the temporal location of a sudden shift, we set m to increase
from myg to N/(k + 1), where my is the minimum number of
samples required for a subsample group to have a meaningful
median value and k is the most likely total number of sudden
jumps we would expect in the time series 7. As such, the Mann-
Whitney U test would have to be applied for N/(k + 1) — mg +
1 times for a given temporal location i. If the number of the p
values that are = 0.05 accounts for 95% or more of the total
number of tests, the temporal location i is regarded as a po-
tential changepoint (i.e., the median value before this point
differs statistically from that after this point).

Our sensitivity tests suggest that the results remain qualita-
tively similar for mg € [24,48] and k € [2,4]. We set m = 36 and
k = 2 for the results presented in section 4a.

d. High-resolution regional atmospheric modeling

To place the point measurements from the Halley stations
and from the AWSs into a wider spatial context, we have
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carried out a high-resolution atmosphere-only model simula-
tion of the Brunt Ice Shelf and surrounding area for 2015, using
the nested configuration of version 11.1 of the Met Office
Unified Model (MetUM). The computational cost of running
such a model is high, which restricted us to running a 1-yr
simulation. We chose to simulate the year 2015 as AWS mea-
surements were available for model validation during this pe-
riod and local meteorological conditions were close to average.
In particular, the fractions of winds from the easterly (50°-
120°) and westerly (230°-300°) wind sectors (61% and 23%
respectively) were similar to those from the whole of the
composite Halley record (58% and 23% respectively).

The MetUM is a numerical weather prediction model,
which uses nonhydrostatic dynamics and a semi-implicit semi-
Lagrangian method to represent advection (Walters et al.
2017). Our model setup is adapted from that used by Gilbert
et al. (2020), who demonstrated that this model configuration
produced a good simulation of near-surface meteorology over
the Larsen Ice Shelf on the western side of the Weddell Sea. It
has an inner domain with a horizontal resolution of 1.5km
(consisting of 250 X 250 grid points), which covers the Brunt
Ice Shelf and surrounding area (see Fig. 1 for location). This
domain is nested within a larger outer domain with a horizontal
resolution of 4 km (consisting of 200 X 200 grid points), which
covers a much larger part of the area surrounding the Brunt Ice
Shelf. Both domains have 70 vertical levels up to an altitude of
40 km. To construct a broadly reasonable coastline of the Brunt
Ice Shelf in the innermost domain for the 2015 period, the
model coastline and orography was revised using an up-to-date
digital elevation model based on the TerraSAR-X Add-On for
Digital Elevation Measurement (TanDEM-X) 90-m digital
elevation model (DLR 2018). This model coastline agrees well
with the 2012 and 2016 coastlines shown on Fig. 2. To achieve
uniform resolution in both domains, the dynamical equations
are solved on a rotated latitude-longitude grid. The science
configuration of the dynamics and physics schemes used by the
nested models is the midlatitude regional atmosphere config-
uration (RA1-M), which is described by Bush et al. (2020).
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TABLE 3. Annual mean temperature trends and 95% confidence
intervals (from a least squares linear fit) for the Halley composite
record and for each of the component Halley stations. Halley I-1IT
were all close together and are treated as a single record. Also
shown are trends from the nearest-neighbor stations, Belgrano II
and Neumayer. Trends significant at 10% or better are indicated by
one asterisk; 5% or better is indicated by two asterisks.

Station Start year End year Trend (°C decade ')
Halley (composite) 1957 2019 —0.086 * 0.162
Halley I-II1 1957 1983 +0.528 + 0.518"
Halley IV 1984 1991 +0.749 *= 1.262
Halley V 1992 2011 +0.527 = 0.758
Halley VI 2012 2017 +0.283 = 3.575
Halley (composite) 1982 2019 —0.137 = 0.281
Belgrano IT 1982 2019 +0.293 + 0.251""
Neumayer 1982 2019 —0.067 = 0.189

The required start data and lateral boundary conditions for
the nested domains are supplied by a global version run of the
MetUM at N512 resolution (1024 X 768 grid points, equivalent
to a horizontal resolution of ~25 km at midlatitudes), which is
itself initialized by the ERA-Interim reanalysis (Dee et al.
2011). Sea ice and sea surface temperature fields for all do-
mains are also taken from the reanalysis. The model is used to
produce a series of 24 h forecasts, initialized every 12 h, for the
period from 1200 UTC 31 December 2014 to 0000 UTC
31 December 2015. The initial 12 h of each forecast is discarded
as spinup, with the remaining part of the forecasts concate-
nated together to form a continuous time series for 2015.

4. Results
a. Changepoint analysis

Figure 5 shows the composite time series of annual average
temperature from measurements at all of the Halley stations,
with the shorter records from the nearest-neighbor stations,
Belgrano II and Neumayer, shown for comparison. A least
squares linear fit to the entire Halley record gives an overall
cooling trend of —0.086° + 0.162°C per decade (not statistically
significant). However, if the record is split into segments for
each of the Halley stations (but counting Halley I-III as a
single location, as all three stations were close to each other)
then each segment (apart from the very short record from
Halley VIa) displays a warming trend (Table 3). Visual in-
spection of the record suggests that there is a substantial neg-
ative jump in temperature coincident with the move from
Halley IV to Halley V that is largely responsible for the overall
cooling trend in the composite series. There is little sign of this
jump in the records from the nearest neighbor stations, sug-
gesting that the jump in the Halley record could be an artifact
associated with the relocation of the station. To investigate this
possibility further we have applied the formal changepoint
detection methodology described in section 3c to the Halley
composite temperature record.

Figure 6a shows the time series of monthly anomalies of Halley
composite temperature together with the temporal locations of
the changepoints that are detected by the Mann-Whitney U test.
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FIG. 6. Deseasonalized Halley monthly temperature anomalies
(black lines) for (a) all wind directions and (b) winds from the
westerly sector only. The periods associated with each of the Halley
stations are indicated by the shaded regions. The blue-shaded
vertical bars indicate the times between which significant change-
points are detected using the Mann-Whitney U test. The red
dashed horizontal lines show the median of the temperature
anomalies on either side of the detected changepoints.

The test suggests that a statistically significant shift in the median
of the time series occurred sometime during the period of
August 1991 to June 1992. The difference between the tem-
perature anomalies before August 1991 and after January 1992
is —0.6°C for the median and —0.7°C for the mean, which
indicates a sudden downward shift of the temperature record
around this time. In addition, the Mann-Whitney U test indicates
that January 1992 has the smallest p value overall (0.0015). It
therefore represents the most likely changepoint across the entire
record, which corresponds exactly with the station move from
Halley IV to Halley V. Application of the same technique to the
Neumayer and Belgrano II records did not identify any statisti-
cally significant changepoints.

Figure 6b shows the results of the Mann-Whitney test for the
time series of temperature anomalies calculated only for oc-
casions when the wind was in the westerly sector (i.e., 230°-
300°). For this time series, significant shifts of the median are
detected over two periods. The most significant changepoint
detected occurred between September 1989 and February
1994, which also encompasses the station relocation from
Halley IV to Halley V. The second changepoint occurred
between September 1983 and November 1984, which en-
compasses the relocation from Halley III to Halley IV. Both
changepoints are associated with a negative jump in tempera-
ture, a median and mean differences of —2.2° and —2.6°C, re-
spectively, for the changepoint from Halley IV to Halley V.
These values are nearly 4 times those calculated for all wind
directions (Fig. 6a). The same changepoint detection analysis
was performed for the easterly wind sector; that is, the tem-
perature anomalies were calculated only for those records
when the 10-m wind directions were in the sector 50°-120°, but
no statistically significant changepoint was detected. These
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results suggest that negative jumps in temperature that corre-
spond with station relocations may have contributed toward
the apparent negative trend in the Halley composite temper-
ature record. In addition, the test reveals that the sudden drops
in temperature around 1990-93 and 1983-84 are largely asso-
ciated with the westerly wind sector (i.e., those occasions when
the winds arriving at the station had a relatively short fetch
from the coast).

b. Spatial variability in temperature from AWS
measurements

The analysis presented in previous section suggests that the
composite Halley record is not homogeneous. In this section,
we use measurements from Halley VI and the two AWSs to
gain insight into the magnitudes of spatial temperature gradi-
ents across the Brunt Ice Shelf and to determine whether they
can explain the observed inhomogeneity.

Table 4 shows the mean temperature differences between
Halley VI and the two AWSs for the calendar year 2015. The
distance between AWS A and AWS B is comparable to that
between AWS B and Halley VI. However, the temperature
difference between the former pair of stations is greater than
that between the latter, indicating that the temperature gra-
dient across the ice shelf is largely concentrated into the region
between AWS B and the coast. The temperature difference
between both pairs of stations increases relative to its mean
value when the wind is from the westerly sector and decreases
relative to the mean for easterly sector winds. This variation of
temperature gradient with wind direction is consistent with our
suggestion (in section 2) that the strongest temperature gra-
dients will be seen when westerly winds advect warmed air over
the ice shelf. Such gradients will be strongest in the near-
coastal zone and will diminish with increasing distance from
the coast as the warm air comes into equilibrium with the ice
shelf surface. The larger temperature gradients observed under
westerly flow also explain why our statistical analysis (section
4a) detected larger temperature jumps associated with station
moves when the analysis was restricted to periods with westerly
sector winds.

c. Spatial variability in temperature from high-resolution
modeling

In this section, we use the results of the high-resolution
model simulation described in section 3d to place the AWS
measurements into a broader spatial context and hence gain a
better understanding of the processes that control spatial
temperature gradients over the ice shelf. Before doing this, we
compare the results of the model simulation with observations
from the two AWSs and Halley VI to confirm that the model is
able to capture the spatial and temporal variability of near-surface
meteorological variables across the ice shelf realistically.

We extracted 3-hourly time series of model 1.5-m temper-
ature and 10-m wind speed at the locations of the two AWSs
and Halley VI using bilinear interpolation. Modeled 10-m wind
speeds at the AWS locations were then corrected to the AWS
measurement height (taken to be 2.5m) assuming a loga-
rithmic wind profile with a roughness length of 0.1 mm (King
1990). No correction was necessary at Halley VI, where wind
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TABLE 4. Mean temperature differences (°C, 1 standard deviation) between Halley VI and the two AWSs during the calendar year
2015. Also shown are the temperature differences between corresponding locations in the high-resolution model simulation (see
section 4¢). Means and standard deviations are calculated from 3-hourly measurements (or model data) at each location. Easterly sector
wind directions are 50°-~120°, and westerly wind directions are 230°-300°, with the wind direction at Halley VI used to define the sector.
The number of AWS data points within each sector is indicated at the head of the column for the sector. To exclude data that may have

been affected by radiation errors, temperature differences have been calculated only on occasions when the AWS or model wind speed

was =2ms L.

Wind directions

Diff Distance Source All; N = 2916 Easterly; N = 1810 Westerly; N = 503
AWS A-AWS B 18.6 km AWS 0.63 = 1.50 050 = 1.21 1.55 £ 2.15
Model 0.59 = 1.17 0.30 = 0.92 1.20 = 1.34
AWS B-Halley VI 18.1km AWS 0.36 = 1.23 0.20 = 0.88 0.49 = 1.65
Model 0.07 = 1.06 -0.11 = 0.78 0.52 = 1.30

speed was measured at the standard 10-m height. These time
series were then compared with the corresponding AWS data
to calculate correlation coefficients and model biases (Table 5).
The high correlation coefficients demonstrate that the model is
accurately capturing the temporal variability of both temper-
ature and wind speed. However, model temperatures are bi-
ased cold at all three locations. Wind speed and direction are
simulated remarkably accurately at all three sites. Figure 7
shows wind roses for Halley VI during 2015, based on model
output and observations. The model reproduces the observed
bimodal distribution of wind directions, although model winds
are more strongly clustered around the two modal directions
than is seen in the observations. Both modal directions in the
model are also rotated around 10° anticlockwise from their
observed values. Despite these differences, the modeled fre-
quencies of occurrence of winds from the easterly (50°-120°)
and westerly (230°-300°) sectors (65% and 21% respectively)
are close to those observed at Halley VI (61% and 23%
respectively).

The model is thus capable of simulating near-surface con-
ditions across the Brunt Ice Shelf fairly realistically. Modeled
near-surface temperatures are biased cold by 1°-2°C, which
probably results from an imperfect representation of processes
such as clouds and near-surface mixing (Gilbert et al. 2020;
King et al. 2015; van Wessem et al. 2014). While the model
correctly simulates a larger mean temperature difference be-
tween AWS A and AWS B than between AWS B and Halley

VI, the absolute values of the model temperature difference
between each of these station pairs are somewhat smaller than
those derived from AWS observations over the same period
(Table 4). The most likely cause of this difference is that the
model uses a rather coarse-resolution (~80 km) sea ice product
as a boundary condition, which is not capable of resolving the
narrow coastal polynya to the west of the Brunt Ice Shelf
(Fig. 3c). In the model, therefore, near-surface air arriving at
the coast of the ice shelf from the west will not have been
warmed to the same extent that it is in reality. Despite un-
derestimating the absolute temperature differences, the model
reproduces the observed increase in the temperature differ-
ences when the wind is in the westerly sector reasonably ac-
curately. Figure 8 shows modeled annual mean 1.5-m
temperatures across the Brunt Ice Shelf relative to the mod-
eled temperature at Halley VI. Temperature gradients are
large in the immediate vicinity of the model coast, becoming
smaller farther inland. Isotherms in the coastal region closely
follow the coast while, over the interior of the ice shelf, the
main temperature gradient is directed in an approximately
southwesterly — northeasterly direction. The large temperature
gradient seen along the southeastern boundary of the ice shelf
marks the region where the flat ice shelf meets the steeply
sloping continental ice. Here, temperature rises with increasing
elevation as a result of the deep, persistent surface inversion
that forms over the flat ice shelf intersecting the steep coastal
slope (King et al. 1998).

TABLE 5. Validation statistics for modeled 1.5-m temperature and 10-m wind speed at the two AWS locations and at Halley VI,
calculated from 3-hourly data for 2015. Uncertainty bounds shown on the means are *+ 1 standard error. To exclude temperature data that
may have been affected by radiation errors, only occasions when the AWS wind speed was =2 m's™~ ! have been included in the analysis for

temperature.
No. of data points Correlation coef Model mean Model bias RMSE
1.5-m T (°C)
AWS A 2302 0.94 —18.75 = 0.21 —2.46 4.16
AWS B 2004 0.94 —20.17 £ 0.22 —2.46 424
Halley VI 2742 0.94 -2122 £021 —1.68 4.20
10-m wind speed (ms™')
AWS A 2909 0.85 6.22 = 0.07 0.74 2.42
AWS B 2909 0.84 5.99 + 0.07 0.88 2.78
Halley VI 2909 0.90 6.85 £ 0.08 —0.24 1.99
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FI1G. 7. Wind roses for Halley VI for 2015 from (a) observations and (b) the MetUM run.

Figures 9 and 10 show the mean temperature fields for occa-
sions when the observed wind at Halley VI was in the easterly
and westerly sectors, respectively. With easterly winds (Fig. 9),
large temperature gradients are confined to a very narrow
coastal strip while temperature gradients over the interior of the
ice shelf are small, with isotherms oriented roughly east-west. By
contrast, with westerly sector winds (Fig. 10), a strong temper-
ature gradient directed approximately perpendicular to the west

I

-05 -025 0 025 05 075 1 125 15°C

-15 -125 -1 -0.75

FIG. 8. Mean modeled 1.5-m temperature for 2015, expressed as
a difference from its value at the location of Halley VI, with mean
10-m wind vectors overlain. Ocean and sea ice points have been
masked light gray, and terrain above 100-m elevation has been masked
dark gray. The inset wind rose shows the observed wind direction
distribution at Halley VI. Filled symbols indicate the locations of
stations that were active in 2015 as follows: Filled triangle—AWS A;
filled pentagon—AWS B; filled hexagon—Halley VI. Open symbols
indicate analog locations for the initial (black symbol) and final
(gray symbol) positions of Halley I-V and Halley VIa relative to
the 2015 coastline as follows: shaded ellipse—range of positions
occupied by Halley I-11I; squares—Halley IV; pentagons—Halley
V; heptagon—Halley VIa.

coast of the ice shelf extends inland from this coast. The model
results thus support (at least qualitatively) our hypothesis that
spatial temperature gradients across the ice shelf largely result
from the low-level advection of warmed air associated with
westerly sector winds and the subsequent cooling of this air as it
flows eastward across the ice shelf.

In addition to the locations of the stations that were active in
2015, Figs. 8-10 also indicate approximate ““‘analog’ positions
of Halley at the times that the station was moved. These lo-
cations were selected using a procedure described in the
appendix so that their positions relative to the 2015 coastline
were similar to that of the actual station relative to the coastline
at the time the station was operational. Table 6 lists the modeled
annual average temperature differences between these analog
positions. Temperature differences between Halley I-111
are small as the analog locations of these stations lie close to-
gether. Larger temperature differences are seen between Halley
III and 1V, and between Halley IV and V, reflecting the larger

26W

T
-15 -125 -1 -075 -05 -0.25 0 025 05 075 1 125 15°C

FIG. 9. As in Fig. 8, but conditionally averaged for easterly sector
winds (sector shaded gray on the inset wind rose) at Halley VI.
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FIG. 10. As in Fig. 8, but conditionally averaged for westerly sector
winds (sector shaded gray on the inset wind rose) at Halley V1.

separations between these stations. Although the move from
Halley V to Halley VI resulted in a similar increase in distance
from the coast as that from Halley IV to Halley V, the modeled
temperature difference between Halley V and Halley V1 is very
small because, in contrast to previous relocations, the station was
moved in a direction that was very closely aligned with the di-
rection of the mean isotherms.

5. Discussion and conclusions

Our statistical analysis of the composite Halley temperature
record (section 4a) identified a changepoint in the record co-
incident with the move from Halley IV to Halley V in January
1992, associated with a sudden cooling of around 0.7°C. No
other statistically significant changepoints were detected but
when the analysis was restricted to occasions when the wind
was blowing from the westerly sector, a second changepoint,
with a cooling of around 0.5°C was detected at around the time
of the move from Halley III to Halley IV in 1983. With the
analysis restricted to the westerly sector, the cooling associated
with the Halley IV-Halley V move increases to around 2.0°C.
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The statistical analysis thus provides evidence for inhomoge-
neity in the composite temperature record and, furthermore,
suggests that the temperature jumps associated with station
relocations are largely caused by differences in temperature
during westerly sector winds.

The AWS observations and the results of the high-resolution
model run provide clear evidence for the existence of spatial
temperature gradients across the Brunt Ice Shelf that will very
likely have led to inhomogeneities in the composite tempera-
ture record when the station was moved. The gradients are
relatively small when winds blow from the predominant east-
erly sector but become much larger when winds blow from the
secondary westerly sector. Although the frequency of winds
from the westerly sector is only around one-third of that from
the easterly sector, the enhanced temperature gradient seen
with westerly sector winds is sufficiently large to have a clear
impact on the annual mean. The temperature gradient is
strongest close to the coast and reduces with increasing dis-
tance from the coast along the modal direction of the westerly
sector winds, consistent with our hypothesis that the temper-
ature gradients are caused by the advection of relatively warm
air from the Weddell Sea across the cooler ice shelf.

Table 6 gives an indication of the temperature jumps that we
would have expected to see in the composite temperature re-
cord assuming that the model accurately reproduces the actual
temperature gradients and that the gradients modeled in 2015
are representative of those that prevailed over the whole of the
composite record. The table indicates only small temperature
differences between Halley [ and Halley I1I, which is consistent
with the absence of changepoints in this part of the composite
record in our statistical analysis and is to be expected because
these stations all occupied similar positions relative to the ice
shelf coast. The table further suggests that we should have seen
downward jumps in annual mean temperature of 0.3°-0.4°C
associated with both the Halley I1I-Halley IV move and the
Halley IV-Halley V move. Our statistical analysis only detects
a changepoint associated with the latter move, with an asso-
ciated temperature change of about —0.7°C (Fig. 6a). This is
very close to the modeled temperature difference between
Halley III and Halley V (—0.69°C; Table 6) and suggests
that there may be an inhomogeneity associated with the Halley
III-Halley IV move, which we were unable to detect statisti-
cally due to the high level of interannual variability in the re-
cord. Our detection of a changepoint associated with the

TABLE 6. Modeled annual mean temperature differences in 2015 between 2015 analog locations of the historical Halley stations at the
times of station relocations. Analog locations have been calculated so that the analog station location lies in a similar position with respect
to the 2015 coastline to that occupied by the actual station relative to the coastline at the time of the station move (see the text and the

appendix for details).

Old station New station Change in distance from coast (km) Thoew — Tola (°C)
Halley I Halley 11 +1 —0.15
Halley II Halley 111 =2 0.04
Halley III Halley IV +7 -0.35
Halley IV Halley V +11 —0.34
Halley V Halley VI +10 —0.10
Halley VI Halley Vla +15 —0.28
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Halley II1 - Halley IV move when we restricted our analysis to
the westerly wind sector (Fig. 6b) provides some support for
this view.

In principle, a model simulation could be used as the basis
for determining adjustments to the various sections of the
composite record that would remove the inhomogeneities as-
sociated with station relocations. However, for reasons dis-
cussed above, the 1-yr model simulation presented here
underestimates the observed gradients (Table 4) and, fur-
thermore, does not provide any information on their interan-
nual variability. Over the three years (2014-16) of overlapping
data from AWS A and Halley VI the mean temperature dif-
ference between these stations was 1.61°C, varying between
1.45°C in 2015 and 1.90°C in 2016. There would thus be large
uncertainties in adjustments derived from the model simula-
tion presented here but a multiyear simulation that used a
higher-resolution representation of sea ice (e.g., Alexander
etal.2017; Zentek and Heinemann 2020) could possibly reduce
these uncertainties.

A simpler approach to homogenization would be to remove
the temperature jumps that we detected in our statistical
analysis. We do not recommend this approach due to the dif-
ficulties inherent in detecting changepoints in a temperature
record that exhibits high interannual variability. However, for
illustrative purposes, we examined the effect of removing
the —0.7°C jump associated with the Halley IV-Halley V move
from the composite time series. This changed the trend cal-
culated over the whole record from a weak cooling (Table 3)
to a weak (and not statistically significant) warming.

As discussed in section 1, the lack of suitable ‘‘nearest
neighbor” station records has precluded us from using stan-
dard homogenization procedures, which examine the differ-
ences between a candidate record and a “‘reference” record
formed as a composite mean of the neighboring station rec-
ords. One possible approach to overcoming this difficulty
would be to train a machine learning system to reproduce a
homogeneous subsection of the Halley record (e.g., the record
from Halley V) using climate observations from other
Antarctic and sub-Antarctic stations as inputs. The trained
system could then be used to produce an artificial reference
record for the whole of the time period covered by the
Halley record.

Our analysis has demonstrated that at least one of the Halley
station relocations has introduced an inhomogeneity into the
composite temperature record that is sufficiently large to
change the sign of the long-term temperature trend calculated
from the record. We therefore recommend that the composite
Halley temperature record should not be used in long-term
climatological analyses without careful consideration of its
inhomogeneity. Our study suggests that the subsections of the
record from Halley I to III (1957-83) and from Halley V to VI
(1992-2017) are reasonably homogeneous within themselves
but that a significant inhomogeneity is associated with the
move from Halley IV to Halley V in 1992, and a second in-
homogeneity may be associated with the Halley III to Halley
IV move in 1984. Model results (Table 6) suggest that the move
from Halley VI to Halley VIa may have introduced a further
inhomogeneity, but the record from Halley VIa is, as yet, too
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short to confirm this. The existence of temperature jumps as-
sociated with station relocation in an environment that appears
superficially homogeneous emphasizes the need to maintain
overlapping records during station relocations when a record
has long-term climatological value.

Last, we note that the composite Halley temperature record
has been used in a number of gridded reconstructions of
Antarctic temperatures (Doran et al. 2002; Chapman and
Walsh 2007; Monaghan et al. 2008; Nicolas and Bromwich
2014). A common feature seen in the maps of temperature
trends produced from these reconstructions is a large area of
cooling trend stretching inland from the coastal region around
Halley, which contrasts with neutral or weak warming trends in
adjoining parts of East Antarctica. Given the sparseness of the
Antarctic climate observing network, it seems likely that the
artificial cooling in the inhomogeneous composite Halley
temperature record will have contributed to this feature and
we therefore question its robustness. Any future efforts to
produce gridded Antarctic temperature reconstructions need
to recognize the inhomogeneity of the Halley record.
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the U.K. Polar Data Centre (https://www.bas.ac.uk/data/uk-pdc/).

APPENDIX

Determination of 2015 Analog Positions for the Halley
Station Locations

The goal of the selection of 2015 analog positions for Halley
locations was to find locations, relative to the 2015 coastline,
that were similar to that of the actual station relative to the
coastline at the time that the station was operational. Because
the mean temperature gradients across the relevant parts of the
Brunt Ice Shelf are most strongly affected by the distance to the
coastline when westerly winds occur (Figs. 8-10), the analog
positions were selected so that the distances to the 2015
coastline across the range of directions spanned by the westerly
wind sector (230°-300°) most closely matched the distances
from the location of Halley to the coastline at that time. This
was achieved by minimizing the mean-square difference be-
tween the distances from the location of Halley to the most
nearly contemporaneously surveyed coastline at 1° intervals
across the directions from 225.5° to 304.5° and the distance to
the 2015 coastline across the same range of directions,
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TABLE Al. Analog positions for Halley stations in specific years,
together with the year of the coastline survey used to establish the
analog position.

JOURNAL OF CLIMATE

Year of
coastline
Station Year Analog position survey

Halley 1 1959 75.57779°S,27.511 05°W 1959
1968 75.57558°S,27.510 11°W 1968
Halley 11 1968 75.566 24°S,27.403 12°W 1968
1973 75.55995°S,27.416 44°W 1973
Halley III 1974 75.56015°S,27.436 77°W 1973
1982 75.57502°S,27.532 29°W 1985
Halley IV 1984 75.63516°S,27.128 09°W 1985
1991 75.635 38°S,27.244 03°W 1990
Halley V 1992 75.609 74°S,26.746 63°W 1990
2011 75.587 63°S,26.798 25°W 2011
Halley VI 2012 75.611 34°S,26.247 89°W 2012
2017 75.609 29°S,26.262 32°W 2017
Halley VIa 2017 75.569 10°S, 25.463 19°W 2017

weighted in proportion to the frequency of wind occurrence
within each 10° wind direction bin. The minimization was
performed using the following procedure:

1) The distance from the location of Halley in a specific year to
the most nearly contemporaneously surveyed coastline was
measured across the directions from 225.5° to 304.5° at 1°
intervals.

2) The location of Halley was then adjusted by the estimated
motion of Halley itself for each year between that year and
2015. For each year, the distances from the adjusted loca-
tion to the 2015 coastline across the same range of direc-
tions was measured. An initial estimate for the analog
position was made by choosing the adjusted location that
minimized the mean squared difference between these
coastline distances, weighted in proportion to the frequency
of wind occurrence within each 10° bin.

3) A 51 X 51 grid (initially with a 1-km gridpoint spacing)
centered on the estimated analog position was defined. For
each point in the grid, the mean weighted squared differ-
ence of estimated distances to the coastline was calculated.

4) The estimated analog position was adjusted by moving it
halfway from the current estimate to the gridpoint mini-
mum identified above. The gridpoint spacing was halved,
and the above step was repeated.

5) The above process was repeated until the estimated analog
position moved by less than 1 m between iterations or the
gridpoint spacing was reduced to less than 1 m.

The analog positions identified by the above procedure are
shown in Table Al.
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