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Samenvatting

Het continent Antarctica is vrijwel volledig bedekt met ijs dat op sommige plaatsen meer dan 4 km dik
is. Deze Antarctische ijskap is verreweg de grootste ijskap op aarde, ongeveer zo groot als Europa. De
ijskap bevat genoeg bevroren water om de zeespiegel op aarde met 58 meter te doen stijgen als al dit
ijs weg zou smelten en in de oceaan terecht zou komen. Omdat de temperatuur aan het oppervlak van
vrijwel het hele gebied ver beneden het vriespunt ligt, zal dit niet snel gebeuren. Het geeft wel aan
hoe belangrijk de ijskap kan zijn in de toekomst, als de klimaatverandering doorzet en de temperaturen
blijven stijgen.

De Antarctische ijskap bestaat uit een stelsel van reusachtige ijsrivieren die aan de rand van het continent
langzaam in de oceaan stromen. De ijskap verliest door dit proces jaarlijks gemiddeld 2200 gigaton aan
ijs, wat genoeg ijs is om de zeespiegel gemiddeld met 6 mm per jaar te laten stijgen. Gelukkig is er
een proces dat dit massaverlies compenseert: sneeuwval. Idealiter wordt alle verloren massa aan de
rand van Antarctica aangevuld door de sneeuw die bovenop de ijskap valt. Sneeuwval bepaalt samen
met kleine verliestermen, zoals het verdampen van sneeuw (sublimeren) en smeltwater dat de oceaan
instroomt, de zogenaamde oppervlaktemassabalans (OMB). De OMB is de som van alle processen die
massa aan het oppervlak van de ijskap toevoegen of verwijderen. Samen met het massaverlies aan de
rand van de ijskap door ijsstroming bepaalt de OMB de totale massabalans (MB). Een adequaat begrip
van de OMB draagt bij aan een beter inzicht in hoe gezond de ijskap is, of deze in zijn totaliteit in massa
toeneemt of niet, en in hoeverre de zeespiegel verandert.

Het Antarctisch Schiereiland (AS) is het noordelijkste en daardoor warmste gedeelte van Antarctica en
is hierdoor een interessant voorbeeld van wat er eventueel met de Antarctische ijskap in de toekomst kan
gebeuren. Zo is in het AS de afgelopen decennia de atmosferische temperatuur met meer dan 3 graden
gestegen, veel meer dan het mondiale gemiddelde (ongeveer 1 graad sinds 1950). Onder andere ten
gevolge van deze temperatuurstijging heeft bijna 90% van alle gletsjers op het AS zich teruggetrokken,
is veel van het zee-ijs dat ten westen van het AS ligt verdwenen en zijn grote delen van de drijvende
ijsplaten opgebroken. Deze veranderingen vormen een belangrijke motivatie voor het onderzoek dat
beschreven wordt in dit proefschrift. Zo is in maart 2002 in het oostelijke AS een stuk ijs ter grootte
van heel Nederland afgebroken, de Larsen B ijsplaat.
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viii Samenvatting

Er worden veel waarnemingen gedaan om de veranderingen die in Antarctica en met name op het AS
plaatsvinden te kunnen begrijpen en om toekomstige veranderingen beter te kunnen voorspellen. Deze
observaties variëren van het meten van massaveranderingen van de ijskap van bovenaf door middel van
bijvoorbeeld satellieten tot het boren van gaten om de sneeuwtemperatuur te meten. Antarctica is echter
een gigantisch continent dat ook nog eens bijzonder moeilijk toegankelijk is. Observaties op de ijskap
zijn daardoor schaars en vaak moeilijk interpreteerbaar. Computermodellen worden daarom gebruikt
om deze gaten op te vullen en de interpretatie van observaties te ondersteunen.

Eén van deze computermodellen is het regionale atmosferische klimaatmodel RACMO2.3 dat in dit
proefschrift wordt gebruikt. Dit model simuleert nauwkeurig het klimaat van de ijskap van Antarctica
voor de periode 1979 tot nu. Het model berekent alle atmosferische variabelen, zoals temperatuur,
wind en neerslag met een hoge ruimtelijke precisie en een klein tijdsinterval. Het model is speciaal
aangepast voor gebruik boven de ijskappen van Groenland en Antarctica doordat het een geavanceerd
sneeuwmodel bevat dat de processen in de bovenste sneeuwlagen simuleert. Deze processen zijn zeer
belangrijk voor de staat van de ijskap omdat, als de temperatuur aan het oppervlak het smeltpunt (0
◦C) bereikt, er smeltwater wordt geproduceerd. Het sneeuwmodel beschrijft vervolgens wat er met dit
smeltwater gebeurt als het in het sneeuwpakket terechtkomt. Hier kan het bijvoorbeeld herbevriezen,
maar het kan uiteindelijk ook de oceaan in stromen met (onder andere) zeespiegelstijging tot gevolg.

RACMO2.3 is ontwikkeld op het KNMI. Het is een model dat wordt toegepast om wereldwijde kli-
maatberekeningen te doen en wordt continu verbeterd. Recentelijk is een deel van het model ingrijpend
vernieuwd. Hoofdstukken 2, 3 en 4 van dit proefschrift beschrijven de nieuwe modelversie en evalueren
de modeluitkomsten voor Antarctica met behulp van waarnemingen. Van alle modelveranderingen is
de belangrijkste een vernieuwde beschrijving van hoe, waar en wanneer wolken boven Antarctica, die
veel onderkoeld water bevatten, zullen uitregenen en uitsneeuwen. Het is van belang om te weten of de
neerslag in de oceaan of op de ijskap valt en ook hoe lang, waar en hoe hoog de wolken in de atmosfeer
blijven hangen. Dit wordt verderop in deze samenvatting beschreven.

Om RACMO2.3 het klimaat van Antarctica accuraat te laten berekenen is ook de gebruikte horizontale
resolutie belangrijk. Deze bepaalt het (ruimtelijke) detailniveau waarmee fysische processen worden
berekend. Hoe kleiner de zogenaamde gridboxen waarin de berekeningen worden gedaan, hoe beter
de topografische details zoals de hoogte van het landschap worden beschreven. Omdat veel atmosfe-
rische processen, zoals wind en neerslag, boven de ijskap nauw samenhangen met deze topografische
kenmerken, is een hoge modelresolutie belangrijk. Zo wordt de intensiteit van de sneeuwval aan de
kust van het continent vrijwel geheel bepaald door de topografie. De vochtige lucht die de steile rand
van de ijskap bereikt wordt omhoog geduwd en zal snel uitsneeuwen; de zogenaamde topografisch ge-
forceerde neerslag. Dit proces bepaalt in grote mate het klimaat en de OMB van de ijskap en het is
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daarom noodzakelijk een geschikte horizontale resolutie te hanteren. Voor het merendeel van de An-
tarctische ijskap bleek een resolutie van 27 km voldoende, maar in het bergachtige AS is de invloed
van de topografische details op het klimaat extra belangrijk. In het verleden was een verdere verhoging
van de resolutie echter nog niet mogelijk door gebrek aan computerkracht. In dit proefschrift wordt in
hoofdstuk 2 eerst uitgelegd hoe het model wordt aangepast voor gebruik in het AS door onder andere de
implementatie van een zeer nauwkeurige topografische kaart van het AS. Vervolgens wordt in hoofd-
stukken 5, 6 en 7 de horizontale resolutie van het model verhoogd naar 5.5 km en worden de resultaten
van deze modelversie beschreven.

Eerst wordt in hoofdstuk 3 het effect van de modelvernieuwing op het oppervlakte-klimaat beschre-
ven. Door middel van metingen van temperatuur, wind en lang- en kortgolvige straling (infrarood- en
zonne-straling) van automatische weerstations in Oost-Antarctica, hebben we gekeken of RACMO2.3
een verbetering brengt ten opzichte van de vorige versie van het model. Bekend was dat er vooral
fouten bestonden in het simuleren van de neerwaartse langgolvige straling (de warmtestraling die de
atmosfeer en met name wolken naar het oppervlakte uitzenden) in het hooggelegen binnenland van
Oost-Antarctica. Het blijkt dat dankzij de modelvernieuwing met betrekking tot de wolken deze vari-
abele beter wordt berekend. In het vernieuwde model sneeuwen wolken langzamer uit en ze hebben
hierdoor meer tijd om het hooggelegen binnenland te bereiken. Veel variabelen zijn gerelateerd aan de
langgolvige straling, met als gevolg dat onder andere de modelfouten in het simuleren van de opper-
vlaktetemperatuur met bijna een factor twee zijn verkleind.

Een andere belangrijke verbetering wordt beschreven in hoofdstuk 4. Doordat het model nu meer wol-
ken laat zien in het binnenland van Oost-Antarctica, is ook de gesimuleerde hoeveelheid sneeuwval
toegenomen. Een vergelijking van de modelresultaten met puntwaarnemingen laat zien dat de ook
representatie van de OMB significant verbeterd is. Om te kijken of ook andere waarnemingen deze ver-
betering bevestigen, hebben we de gesimuleerde OMB met nog drie andere waarnemingen vergeleken.
Twee van deze vergelijkingen tonen weinig veranderingen aan, maar ondermijnen de resultaten in elk
geval niet. De derde vergelijking is een alternatieve en indirecte manier om de OMB te berekenen, door
gebruik van een combinatie van waarnemingen van ijsstroomsnelheid en ijsdikte. Deze methode beves-
tigt dat de representatie van de OMB in de nieuwe versie van het model een verbetering is ten opzichte
van de oude versie: in sommige regio’s van de ijskap is de kwaliteit van het model in het simuleren van
de OMB met meer dan 50% toegenomen.

Hoofdstukken 5, 6 en 7 beschrijven het gebruik en de toepassingen van RACMO2.3 met de hogere re-
solutie van 5.5 km, waarmee we het model toegepast hebben op het AS. Allereerst beschrijft hoofdstuk
5 hoe goed het model wind en temperatuur simuleert. Om het model te evalueren hebben we metingen
van een tiental weerstations en van een aantal weerballonnen gebruikt. De meetseries tonen aan dat
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het model zeer goed in staat is wind en temperatuur te berekenen, maar ook dat het AS een zeer com-
plex gebied is waar modelfouten optreden die nauw samenhangen met de gedetailleerde topografische
details van het landschap.

In hoofdstuk 6 wordt de gesimuleerde OMB van het AS vergeleken met puntwaarnemingen en vervol-
gens beschreven. De waarnemingen tonen aan dat de OMB goed wordt berekend, maar dat er ook hier
gebreken zijn die gerelateerd zijn aan de representatie van de topografie die zelfs op 5.5 km nog steeds
onvoldoende is. De OMB waarnemingen zijn echter schaars en de validatie van het model daardoor
beperkt. Deze limitaties in acht nemend kunnen de modelresultaten gebruikt worden voor een breed
scala aan toepassingen. Zo zijn door toedoen van de steile bergkam waaruit het AS bestaat de ver-
schillen in klimaat tussen het westelijk en het oostelijk AS groot. Het model laat beter dan ooit zien
dat door de zeer efficiënte topografisch geforceerde neerslag de sneeuwvalhoeveelheden in het westen
van het AS extreem zijn, met waardes tot 40 meter sneeuw per jaar. Hierdoor valt van alle neerslag
die het AS ontvangt bijna 80% in het westen. De andere OMB-componenten, zoals smeltwater dat de
oceaan in stroomt, zijn in vergelijking verwaarloosbaar klein. Daarnaast kunnen de modelresultaten ge-
bruikt worden voor het berekenen van de MB en de interpretatie en correctie van verscheidene satelliet
waarnemingen.

Eén andere belangrijke toepassing van de modelresultaten wordt beschreven in hoofdstuk 7. Begrip
van de OMB is belangrijk om te bepalen hoeveel zoetwater in de oceaan terecht komt en hoe dit in de
toekomst zou kunnen veranderen. Het zoetwater dat in de oceaan terecht komt is namelijk niet alleen
belangrijk voor (het stijgen van) de zeespiegel. Ook is het zoetwater belangrijk voor de voedselketen en
het maritieme leven van bijvoorbeeld pinguins en kan het de oceaanstroming en het zeeijs beïnvloeden.
Zo kan het zoetwater in de vorm van regen of sneeuw direct in de oceaan belanden, maar ook indirect
door op de ijskap te vallen om vervolgens met een vertraging van meerdere jaren in de vorm van gletsjers
de oceaan in te stromen. Met de nieuwe resultaten, die toegepast zijn op het noordwesten van het AS,
tonen wij aan dat een groot gedeelte van het zoetwater via gletsjers de oceaan bereikt. Deze gletsjers
kunnen afbreken en vervolgens wegdrijven in de oceaan en daar wegsmelten, of ter plekke afsmelten
doordat ze van onderen direct in aanraking komen met het relatief warme oceaanwater.

Tot slot beschrijf ik in hoofdstuk 8 een aantal mogelijkheden voor vervolgonderzoek. Zo is er een kans
dat er zich zogenaamde ’aquifers’ bevinden in het sneeuwpakket van het AS. Dit zijn grote reservoirs
van smeltwater midden in het sneeuwpakket die in de winter niet herbevriezen en in de zomer niet de
oceaan instromen. Deze zijn recentelijk gevonden op Groenland en Spitsbergen en we verwachten ze
ook te vinden op het AS. Zij hebben een vertragende werking op de zeespiegelstijging en het is daarom
van belang dat deze beter worden begrepen om zeespiegelstijging beter te kunnen voorspellen.
Een ander reeds lopend project is het gebruik van het RACMO2.3 model om de staat van de ijsplaten
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van het AS te voorspellen. Zo was al eerder door middel van observaties duidelijk geworden dat een
jaarlijks gemiddelde oppervlaktetemperatuur van –9◦C een kantelpunt is. Boven deze temperatuurgrens
lopen de ijsplaten het gevaar om binnen korte tijd af te breken, zoals de Larsen B ijsplaat in 2002. Met
onze verbeterde modelberekeningen kunnen we hopelijk op de kennis van dit kantelpunt voortbouwen,
en hopen we een beter inzicht te krijgen in het lot van de overgebleven ijsplaten van het AS en in
potentie ook die van de complete Antarctische ijskap.
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Introduction

Antarctica is the ice and snow covered continent of penguins, extreme cold and absolute remoteness.
Until approximately 400 years ago no human had likely ever set foot on the continent before, and still
it remains unknown who first sighted it. The first discoverer could well have been the Dutchman Dirck
Gerritsz, who as early as 1599 first saw mountaineous land at 64◦S (see backcover). It is likely that
what he saw was the northern coast of the Antarctic Peninsula, or as the ship report wrote: "very high
mountainous land, full of snow, as the land of Norway".

No matter what he really saw and how far south he really sailed, in his honour and name, on January
27th, 2013, the Netherlands Polar Programme (NPP) officially opened the first Dutch research facility in
Antarctica: The Dirck Gerritsz Laboratory. The laboratory is part of the British research base Rothera,
situated in the Antarctic Peninsula. It can accomodate several research groups that study the major
climatological, glaciological, oceanographic and ecological processes across the region. In recent
decades, changes in these processes have been rapid and widespread. Obviously, a good understanding
of these processes and being able to predict future changes is important for the Netherlands, as rising
sea-levels potentially threaten this low-lying country.

In this thesis, I study the present-day state of the atmosphere over Antarctica, more specifically the
Antarctic Peninsula (AP), and its effects on the glaciological environment. I primarily investigate this
using a regional atmospheric climate model, that is capable of realistically simulating the complex ice
sheet climate. The AP is a high mountain range that serves as an important barrier to the atmospheric
(and oceanic) circulation. Because of this, snowfall rates are among the highest on Earth. Due to
its relatively northerly location, leading to widespread surface melting in summer. The freshwater
that enters the surrounding oceans, affects the marine ecosystem, sea ice growth and ocean currents.
Additionally, surface meltwater ponding negatively impacts the viability of floating ice shelves, e.g.
leading to the rapid disintegration of the Larsen B ice shelf in March 2002. This ice shelf collapse
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allowed grounded glaciers to flow faster into the ocean, ultimately increasing the AP contribution to
global sea-level rise.

In this introductory chapter, I will introduce the relevant geographical and climatological characteris-
tics of Antarctica (section 1.1) and the Antarctic Peninsula (section 1.2), with a particular focus on ice
sheet mass balance, and the methods used to study these. I conclude with an introduction of the climate
model and an outline of this thesis.
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11.1 Antarctica

1.1.1 Ice sheet and ice shelves

The Antarctic ice sheet (AIS) (Figure 1.1) is a thick layer of compressed snow (firn) and ice, that covers
98% of the Antarctic continent and includes the geographical South Pole. The AIS is the largest ice
sheet on Earth, with an area of 12.3×106 km2, roughly the size of Europe, and a volume of 26.5×106

km3 [Fretwell et al., 2013]. This represents 70% of all the Earth’s freshwater, amounting to 58.3 m of
eustatic sea-level rise if melted completely [Huybrechts et al., 2000]. The ice of the AIS flows from
the interior towards the coast, where massive floating ice shelves are formed, that cover 1.5×106 km2,
∼10% of the total area of the AIS. It can be divided roughly into three regions: the West Antarctic ice
sheet (WAIS), the East Antarctic ice sheet (EAIS) and the Antarctic Peninsula (AP).
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Figure 1.1: Map of Antarctica with relevant locations, and topography (contours). Elevations are
based on RACMO2.3 model topography (this thesis).

The WAIS (minus the AP) is situated to the west of the Transantarctic Mountains, covers an area of
1.78×106 km2, and is classified as a marine-based ice sheet, as most of its bed topography lies below
sea-level. It is characterized by rough topography, including the highest mountain peak on the continent
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(Mount Vinson, 4892 m, [British Antarctic Survey, 2011]), and by rapidly flowing ice streams and outlet
glaciers that are in contact with the relatively warm Pacific Ocean. It contains the two largest ice shelves
of the AIS, the Ross ice shelf (RIS) and the Filchner Ronne ice shelf (FRIS).

The EAIS is home to the geographic and magnetic South Poles, and makes up the majority of the AIS,
with an area of 11.6×106 km2, and a volume that would raise sea-level by 53 m if completely melted.
In contrast to the WAIS, the EAIS lies on bedrock of which most is above sea-level, with the interior up
to 4800 m thick [Fretwell et al., 2013]. It is a relatively flat ice sheet with ice streams that slowly flow
downwards from the East Antarctic plateau towards the coast. Here they form fringing ice shelves, the
largest being the Amery ice shelf.

1.1.2 Near-surface climate

The Antarctic near-surface climate is defined by three features. Firstly, the high latitude and elevation
of the AIS limits incoming infrared radiation, while the bright snow surface reflects most of the solar
radiation, resulting in a negative to zero net surface radiation budget. This efficiently and continuously
cools the surface, causing a quasi-permanent surface temperature inversion, in which temperature in-
creases with height. In combination with its isolated location in the Southern Ocean, this causes the
near-surface temperatures to be the lowest on Earth [Turner et al., 2009]: the record lowest temperature
(–89.2◦ C) has been measured at Vostok in East Antarctica, and most of the continent remains far below
freezing even in summer.

Secondly, the ice sheet surface, that slopes down with increasing steepness from the Antarctic interior
plateau towards the coast, forces in combination with the surface temperature inversion, the characteris-
tic Antarctic katabatic winds. Katabatic winds, which derive their name from the Greek καταβαινω

("to flow downhill"), are caused by upslope air parcels being colder/heavier than downslope air parcels,
creating a gravitational potential. Especially in winter, when cooling is the most efficient, these kata-
batic winds can reach hurricane force and are extremely persistent in strength and direction, sometimes
lasting for weeks.

Thirdly, the steep coastal margins of Antarctica, where the ice sheet meets the ocean, generate large
gradients in precipitation. Along the coastline, orographic uplift results in precipitation rates of up to
∼6 meters of snow, most notably over the coastal margins of the WAIS, which is equivalent to >2
meters of water per year (m w.e. y−1). On average, in East Antarctica the coastal margins receive about
1–2 m of snow per year. In contrast, the interior of the EAIS is a polar desert with annual precipitation
generally below 100 mm w.e. y−1.
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1.1.3 (Surface) Mass Balance

The AIS mass balance (MB) is defined as:

MB = SMB−D, (1.1)

where ice discharge (D; Gt y−1) is the processes in which ice flows from the interior of the AIS towards
the margins and crosses the grounding line. Surface mass balance (SMB; Gt y−1) balances this loss of
ice, and represents the sum of all surface processes adding or removing mass at the surface of the ice
sheet, depicted as:

SMB =
∫

area

∫
year

(PR−SUs−SUds−ERds−RU)dtdA, (1.2)

where PR is total precipitation (snowfall plus rain), SU is surface (SUs) plus drifting snow (SUds)
sublimation/deposition, ERds is drifting snow erosion and RU is the meltwater runoff, the amount of
liquid water (melt and rain) that is not retained or refrozen in the snowpack. Until recently, the SMB
of the AIS typically balanced ice discharge (SMB = D), but since 1995 D has exceeded SMB, leading
to mass loss, that has been accelerating ever since [Rignot, 2004]. This mass loss is mainly occuring in
the coastal sections of the marine-based WAIS [Rignot et al., 2008], where the ice shelves are thinning
the most, weakening their buttressing effect on the grounded ice sheet [Dupont and Alley, 2005]. This
locally enhances ice discharge, resulting in a more negative MB, and increasing the AIS contribution to
global sea-level rise [Rignot, 2008; Shepherd et al., 2012].

One of the probable drivers of the ice shelf thinning and associated grounded ice loss is the erosion
of the ice shelves from below by the intrusion of circumpolar deep water (CDW) of the Antarctic
Circumpolar Current (ACC) [Pritchard et al., 2012; Hellmer et al., 2012]. Figure 1.2 shows that the
WAIS (and western AP) is affected by this warm ocean water, which has resulted in the thinning and
increasing mass loss of nearly all regional glaciers since 1992, such as the Thwaites and Pine Island
glaciers [Depoorter et al., 2013; Medley et al., 2013]. In contrast, over the EAIS, most glaciers and ice
shelves are relatively stable, with grounded ice sheet loss small, due to the influence of much colder
ocean water. A potential exception is Totten Glacier [Greenbaum et al., 2015].

Currently, from a compilation of modelling and observational studies, the total mass loss of the AIS
is estimated at –65 Gt y−1, which is relatively small compared to the total grounded ice discharge of
2200 Gt y−1 [Rignot et al., 2011a; Shepherd et al., 2012].
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Figure 1.2: Estimated average sea-floor potential temperatures (colors over ocean, in ◦C) and ice
shelf thinning rates (colors over ice shelves). Grey labels indicate Antarctic Peninsula (AP), West and
East Antarctic Ice Sheets (WAIS and EAIS), Bellingshausen Sea (BS), Amundsen Sea (AS) and the Ross
and Ronne ice shelves. Grey circles show relative ice losses for ice-sheet drainage basins (outlined in
grey) that lost mass between 1992 and 2006. From Pritchard et al. [2012].
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1.1.4 Freshwater fluxes

The AIS (meteoric) freshwater flux into the ocean consists of iceberg calving, precipitation (snow
and rain), meltwater runoff and frontal/basal melting of marine terminating glaciers and ice shelves.
Changes in this freshwater budget can affect ocean currents, the marine environment, (further) accel-
erate ice loss [Depoorter et al., 2013; Paolo et al., 2015], and, ultimately, even change the global
thermohaline and atmospheric circulation [Zaucker et al., 1994]. Increased freshwater fluxes have also
been connected to increases in Antarctic sea ice [Bintanja et al., 2013].

Even though Antarctica is the coldest continent on Earth, surface snowmelt occurs along the warmer
coastal margins of the ice sheet in summer, when there is excess energy to melt the surface snow. Over
most of the AIS the meltwater refreezes in the firnpack and does not runoff into the ocean. Nevertheless,
this will change if atmospheric warming continues in the future and causes AIS melt rates to increase,
with the potential to significantly affect ice shelf stability and sea-level rise [Kuipers Munneke et al.,
2014a].

1.1.5 Observations

To better understand the AIS climate and its recent and future changes, observational datasets are es-
sential. However, due to the size and the remoteness of the Antarctic continent, observations performed
on the ice sheet are scarce, and only since the mid 20th century has their amount significantly increased.
A large measurement campaign started in the International Geophysical Year (IGY) of 1957–1958, in
which 70 countries participated. Many research stations have been established during that period, and
have been manned ever since. Most stations were built on the ice shelves and islands, or on the relatively
flat surface of the East Antarctic plateau. Typically, these stations provide continuous measurements
of temperature, surface pressure and wind; all of these records, as well as those from unmanned auto-
matic weather stations (AWSs), have been included in the Scientific Committee on Antarctic Research
(SCAR) Reference Antarctic Data for Environmental Research (READER; Turner et al., 2004) data-
base.

The Institute for Marine and Atmospheric research of Utrecht University (IMAU) also operates several
AWSs, both in the AP and in Dronning Maud Land (DML) (Fig. 1.3). These stations measure, in ad-
dition to pressure, temperature and wind, all four radiative fluxes and can therefore be used to calculate
the full surface energy budget (SEB) and, hence, surface melt energy [Reijmer et al., 2005].

Both the manned and the unmanned stations provide detailed temporal information, but lack spatial
coverage. To improve on this, in-situ field measurements across the AIS (Fig. 1.3) have been per-
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Figure 1.3: Locations of IMAU AWSs (blue diamonds), 10 m snow temperature observations (black
dots; Van den Broeke, 2008) and in-situ SMB observations (red dots; Favier et al., 2013).
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formed. These measurements include drilling of ice cores, revisiting stake arrays or digging snow pits,
from which information is obtained of variables such as temperature [Van den Broeke, 2008] and SMB
[Favier et al., 2013]. These observational data can be interpolated, often in combination with other (ob-
servational) products, to obtain a spatially continuous map for the whole AIS [Vaughan et al., 1999].
But the data are unevenly distributed: most of the data are available from relatively easily accessible
regions (see Fig. 1.3); few data are available from regions with harsh conditions such as the coastal
WAIS or the AP.

For inaccessible parts of the AIS remote sensing techniques can be extremely valuable. For instance,
the Gravity Recovery and Climate Experiment (GRACE; Tapley et al., 2004) satellites directly measure
changes in the gravity field of the Earth, thereby providing information about (ice sheet) mass change.
Another remote sensing technique is the high-resolution QuikSCAT (QSCAT) scatterometer, which is
combined with AWS observations to calculate surface melt fluxes [Trusel et al., 2013]. However, most
remote sensing techniques have to be corrected by and/or combined with other techniques for their data
to be useful for mass balance studies. For instance, altimeter techniques that measure ice sheet surface
elevation have to be corrected for firn densification processes [Gunter et al., 2009; Ligtenberg et al.,
2011].
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1.2.1 Ice sheet and ice shelves

The AP (Figure 1.4) is vastly different from the WAIS and the EAIS. It is essentially a mountain range
that extends as far north as 62◦S towards the Drake Passage, the ocean-gateway that divides the South
American continent from Antarctica. It is also close to the edge of the continental shelf, and therefore
in close contact with the ACC. It has an area of 0.42×106 km2 (this thesis) and is relatively long and
narrow, being for example only 70 km wide over the northern spine of Graham Land. Although not
as highly elevated as the EAIS, it is formed of confined ice streams and steep mountains, reaching a
maximum elevation of 3184 m [British Antarctic Survey, 2011] .

These mountains form a significant barrier to the circumpolar atmospheric westerlies, and strongly
influence ocean currents, creating the unique AP climate that is discussed in more detail in the next
section. In contrast to the rest of the AIS, only 80% of the AP is ice covered, and many peaks protrude
from the ice as dark rocky nunataks. Many of the AP glaciers flow into ice shelves, such as the large
Larsen C and D ice shelves, that extend along almost the entire eastern coast of the AP. On the western
side, between the southern Palmer Land and Alexander Island, is the long and narrow George IV ice
shelf, which is in contact with the Bellingshausen Sea at both its ends, and on the westside of Alexander
Island is the Wilkins ice shelf.

1.2.2 Near-surface climate

Over the AP, the climatic features described in 1.1.2 are particularly important. Firstly, the AP is the
northernmost region of the AIS and experiences a relatively mild climate compared to the rest of the
AIS, even though annual mean surface temperatures in the higher parts of Palmer Land are still as low
as –26◦C. Secondly, similar to the AIS coast, the AP mountain range generates significant amounts
of orographic precipitation. However, because the AP is directed nearly perpendicular to the westerly
circulation while the slopes are steeper, this orographic effect is much stronger. Therefore, the AP
serves as an important climate barrier, with an orographic precipitation gradient over the mountain
range that is among the largest on Earth [Smith and Evans, 2007], and annual snowfall rates on the
western mountain slopes are as large as 5 m w.e. y−1 [Turner et al., 2002]. Therefore, even though the
AP represents only 3% of the total AIS area, it receives almost 16% of all Antarctic precipitation [Van
Lipzig et al., 2004]. The mountain barrier also isolates the mild and wet western AP (WAP) from the
dry and cold eastern AP (EAP), with annual average temperatures in the WAP up to 10 degrees higher
than at the same elevation and latitude over the EAP.
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Especially the WAP is prone to climate change, with annual air temperatures rising by ∼3.5 ◦C in
the last century [Vaughan et al., 2003], with warming maxima of up to 6 ◦C observed in (Southern
Hemisphere) autumn and winter [Smith et al., 1996; Turner et al., 2005a]. The warming is not well
understood, but is likely in part caused by reduction of sea ice cover in the Bellingshausen Sea [Van den
Broeke, 2000]. The warming rates over the EAP are much smaller, with the maximum warming occur-
ring in summer [Turner et al., 2005a; Bromwich et al., 2012]. This modest warming has been related
to the intensification of the southern annular mode (SAM) and the associated foehn winds [Marshall
et al., 2006]. These foehn winds occur when the westerly winds flow across the AP mountain range,
and create warm and dry conditions at the lee-side [Elvidge et al., 2014].

As stated, the differences in warming conditions of the WAP and the EAP are also likely related to the
differences in sea ice cover. WAP temperature is very sensitive to the westerly component of the winds
that advect air over the sea ice [King, 1994], making it strongly correlated with the variability in sea
ice cover. In the last decades WAP sea ice extent has retreated [Bintanja et al., 2013], and much of
the perennial sea ice cover has disappeared [Stammerjohn et al., 2011]. Another driver for the changes
across the WAP, is the proximity of the continental shelf (Fig. 1.2), with frequent intrusions of warm
circumpolar deep water from the ACC. This potentially enhances the melting of ice shelves and the
retreat of sea ice [Schmidtko et al., 2014].

1.2.3 (Surface) Mass Balance

In the AP, 87% of the glaciers have retreated during the last 50 years [Cook et al., 2014]. In contrast
to the WAIS, these changes have not all been linked to ocean induced sub-shelf melting [Nicholls
and Cazenave, 2010], but have also been linked to the atmospheric warming [Vaughan et al., 2003]
discussed in the previous section.

This warming has led to the southward migration of the annual mean –9◦C surface air isotherm, which
is generally considered the limit of AP ice shelf viability (Fig. 1.5, Vaughan, 1996): south of this
isotherm ice shelves are stable, while north of this isotherm most ice shelves are retreating or have fully
or partly disintegrated [Morris and Vaughan, 2003; Cook and Vaughan, 2010].

Many ice shelves have retreated or collapsed, for example Larsen A ice shelf, and parts of Wordie
and Wilkins ice shelves have disintegrated, likely due to similar processes [Cook and Vaughan, 2010].
This has been coupled to increased melt rates in the warming AP climate [Abram et al., 2013]. For
instance, just before the collapse of Larsen A and B ice shelves, meltwater ponds have been observed
at their surfaces, signaling the presence of large amounts of meltwater. This meltwater could result in
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a b

Figure 1.5: a) Overview of AP ice shelves. b) Contours of annual interpolated surface temperature
in 2000 A.D. as compiled by Morris and Vaughan [2003]. The red contour highlights the –9◦C surface
temperature isotherm; the limit of AP ice shelf viability. From [Cook and Vaughan, 2010].

hydrofracturing of the ice shelf by forcing crevasses to extend throughout the shelf [Scambos et al.,
2009; Macayeal and Sergienko, 2013]. In the exceptional melt-year of 2001/2002 [Van den Broeke
et al., 2005a] this culminated in one of the largest known ice shelf collapses: in March 2002, in a matter
of weeks, 3250 km2 of Larsen B ice shelf was lost to the ocean (Figure. 1.6, Scambos, 2004). It is
expected that, if atmospheric warming continues at the current rate, these and other ice shelves, such as
Larsen C ice shelf, might face a similar faith as the Larsen A and B ice shelves [Jansen et al., 2015].
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Figure 1.6: MODIS image of the disintegration of Larsen B ice shelf in March 2002. Image courtesy
of Ted Scambos, NSIDC.

Another region of recent ice shelf thinning and glacier acceleration is the English Coast in the south-
western AP. This region extends into the WAIS and also rests on bedrock that is below sea-level, making
grounding line retreat potentially unstable [Schoof , 2007]. Since 2009, this region is losing mass due to
effects similar to that of the WAIS. The increased intrusion of warm ocean water from the ACC causes
an increase in basal melting, a weakening of the ice shelf buttressing, and, as a result, rapid dynamic
thinning of its glaciers [Wouters et al., 2015].

The acceleration of glacier discharge in the AP, the resulting increase in AP mass loss and the more
negative MB, is likely to continue in the future, increasing the AP contribution to global sea-level rise
[Barrand et al., 2013a].
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1.2.4 Freshwater fluxes

As the AP is located close to the continental shelf break and its spine is directed perpendicular to the
circumpolar westerly ocean and atmospheric circulation, the effects of warm ocean water intrusion, sea
ice melt and the extremely variable snowfall rates on the freshwater budget are more pronounced than in
the WAIS. This is especially the case for the WAP, where in the last 50 years, precipitation has increased
[Thomas et al., 2008], with more falling as rain instead of snow [Kirchgäßner, 2011], sea ice melt has
increased [Stammerjohn et al., 2008] and the accelerated discharge of glaciers has led to more glacial
meltwater entering the ocean [Dierssen et al., 2002]. These fluxes freshen the surface water, stratify
and stabilize the water column, and promote phytoplankton and microalgal activity, in turn affecting the
whole food chain [Montes-Hugo et al., 2009] as well as geostrophic ocean flow [Martinson and McKee,
2012]. Another effect is a possible expansion of sea ice, as cool freshwater from surface melting shields
the surface ocean from the warmer deeper waters, and freezes more quickly [Bintanja et al., 2013].

The AP is the only region in Antarctica where melt rates are sufficiently large for meltwater to run off
into the ocean. Runoff of meltwater depends on snowpack conditions, such as snow density, temperature
and depth. Where there is production of meltwater at the snow surface, it percolates into the snowpack
and refreezes in the colder layers below, densifying the snow and removing pore space. If meltwater
production increases, eventually no pore space will remain for the water to refreeze in, and the meltwater
either forms ponds on the surface, or runs off into the ocean. Over Greenland, meltwater runoff is one of
the largest components of the SMB [Hanna et al., 2008; Bamber et al., 2012], but over the AP meltwater
runoff is relatively small, and its potential to increase in a warming climate still poorly understood. This
thesis aims to improve the understanding of this process and the factors controlling it.

1.2.5 Observations

Although the AP was one of the first Antarctic regions to be explored, its rough topography and extreme
climate result in a scarcity of observational data. Only since the large disintegration of the Larsen A
and B ice shelves, has there been an intensification of measurement campaigns. For instance, the
IMAU installed three AWSs on Larsen C ice shelf to study melt processes and its effects on ice shelf
stability. Another research location is Rothera base, where, on January 27 2013, a Dutch laboratory was
erected: the Dirck Gerritsz Laboratory. It contains four transportable research facilities, which can be
used to explore the effects of climate change on the oceans, marine ecology and, related to this thesis,
the freshwater budget. Additionally, the Orographic Flows and Climate of the Antarctic Peninsula
(OFCAP) project of the British Antarctic Survey (BAS) is based in Rothera. This project studies the
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effects of foehn winds on the near-surface climate of the Larsen ice shelf. Within the OFCAP project
i.e. four AWSs have been deployed along the AP mountains and several balloon soundings have been
performed at Rothera and on the ice shelf.

Over the AP, particularly over the WAP, several of the popular remote sensing techniques have limited
use. For example, GRACE has a resolution that does not even resolve the larger glacier basins, and
other techniques such as radar/laser altimetry are inaccurate over the steep mountain slopes where
surface features are complex, and where abundant cloud cover blocks laser signals. The CryoSat-2
satellite, launched in 2010, is less sensitive to clouds and rough topography [Wingham et al., 2006]. It
has therefore been combined with data from the GRACE satellite, and has led to the identification of the
rapid acceleration of glaciers in the English Coast in the southern AP [Wouters et al., 2015]. Over the
eastern ice shelves and flatter AP regions, more measurements exist. For instance, by means of airborne
measurements, the NASA IceBridge campaigns have thoroughly studied the Larsen ice shelves and the
effect of the Larsen B disintegration on the speedup of its tributary glaciers [Rott et al., 2011; Berthier
et al., 2012].

1.3 (Regional) Atmospheric Climate modelling

General circulation models (GCMs) are a common tool in climate research; they solve the limitations
of observational data by providing continuous time-series of atmospheric processes at a regular grid
covering the whole globe. With proper boundary/forcing conditions, GCMs can be used to estimate
the AIS SMB in the past [Pollard, 2000], present-day [Bromwich et al., 1995; Van den Broeke, 1997;
Lenaerts et al., 2015] and future [Turner et al., 2005b]. However, GCMs still have deficiencies with
regard to the polar regions: they usually poorly represent processes related to polar ice and snow (e.g.
albedo and subsurface snow processes), and their horizontal grid resolution (∼100 km) is too coarse to
accurately simulate topography related variables, such as precipitation and katabatic winds [Genthon
and Krinner, 2001].

In order for GCMs to accurately resolve these processes, the horizontal resolution has to be increased,
which, at present, is (too) computationally demanding. However, when similar models are applied
regionally, the resolution can be increased, with forcing at the boundaries by the coarser GCM. The
physics in these regional atmospheric (climate) models (RCMs) can also be more easily adapted to
local (Antarctic) conditions. Over the last decades, several of these RCMs have been used over Antarc-
tica, e.g. in support of field operations [Bromwich et al., 2005], or to simulate the interaction of the
ice sheet with sea ice at regional-scale [Bailey and Lynch, 2000]. The RCMs can also be forced by
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(re-)analyses, where observations are assimilated in a regular grid [Bracegirdle and Marshall, 2012].
This way, hindcasts can be performed that enable longer simulations over Antarctica, that can then be
analysed in terms of (changes in) its climate.

Several RCMs have been used over the AIS by this method: the AMPS model, also know as Polar MM5
or its successor Polar WRF, has been used for Antarctic forecasts and hindcasts, but simulation lengths
are usually still limited (∼3 years) [Bromwich, 2004]. Moreover, most simulations were performed over
specific Antarctic regions, and did not encompass the whole ice sheet.

The Regional Atmospheric Climate MOdel (RACMO) is the only model that has been extensively used
to perform long (>10 years) climate runs over Antarctica. The first extended (1980–1993) run with
RACMO over the AIS was performed by Van Lipzig et al. [2002], forced by data from the European
Centre for Medium Range Weather Forecast (ECMWF) 15 year re-analysis (ERA-15). Subsequently,
Reijmer et al. [2005], Van de Berg et al. [2005], and Lenaerts et al. [2012a] improved on these AIS
simulations with newer versions of RACMO and its forcing. These improvements included the imple-
mentation of a sophisticated snow scheme that calculates e.g. snow grain size and albedo, an increase
of the simulation length (>30 years), and an increase of the horizontal resolution (27 km).

Even though RCM simulations of the AIS usually include the AP, their typical horizontal resolution
(∼25 km) did not realistically resolve the AP topography and related variables. Due to computational
limitations, first a specific AP domain has to be chosen. The AMPS model and the UK Met Office
Unified Model (UM) have been specifically applied to the AP at higher resolutions (∼1–5 km), but only
for operational forecasts [Powers et al., 2012; Davies et al., 2005; King et al., 2015]. The only longer
(7 years) AP hindcast performed with RACMO was at 14 km resolution [Van Lipzig et al., 2004]. In
this thesis I improve on this work: using the newest version of RACMO2.3, including a further increase
of the resolution (5.5 km), the first AP climate (1979 to 2014) hindcast is performed. The model is
described in more detail in Chapter 2.

1.4 This thesis

In this thesis, I present scientific research that aims to improve our understanding of the present-day
state of the atmosphere over Antarctica, and its effect on the glaciological environment. I focus on the
spatial and temporal variability of the surface mass balance, the near-surface climate and the freshwater
fluxes. To achieve this, I use RACMO2.3 for high-resolution climate modelling of Antarctica and the
Antarctic Peninsula. To evaluate the RACMO2.3 model output, I use several different and independent
types of observational data.
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In Chapter 2 RACMO2.3 is introduced, with a focus on the recent physics update, as well as the
implementation of a new model topography for the AP simulations. In Chapters 3–4, RACMO2.3 is
run at a∼27 km grid resolution to simulate the climate of the whole AIS. First, in Chapter 3 the effects
of the physics update on the surface energy balance and near-surface climate of Antarctica are assessed
by comparing model output with observational data from e.g. the IMAU AWSs in Dronning Maud
Land. Then, in Chapter 4 an updated Antarctic SMB climate map is presented, that can be used by the
climate and glaciological community. The SMB map is evaluated with various observational data, most
notably a novel technique that compares SMB with high-resolution ice balance velocities.

In Chapters 5–7, RACMO2.3 is applied to the AP at a higher resolution of ∼5.5 km to realistically
resolve its complex topography and related climate variables. In Chapter 5, the resulting climatological
high-resolution maps of near-surface temperature and wind of the AP are presented, and evaluated using
the observational data from the SCAR-READER database [Turner et al., 2004]. In Chapter 6 the
model is used to simulate the contemporary (1979–2014) SMB of the AP and its components, and is
evaluated using in-situ observations and solid ice discharge data. Chapter 7 discusses characteristics
of the WAP freshwater budget: the fluxes of precipitation, surface meltwater and glacial meltwater into
the surrounding ocean.

Finally, in Chapter 8 some remaining challenges and opportunities are presented. This chapter also dis-
cusses two possible avenues for future research on AP climate: the potential for firn-aquifers to develop,
similar to those recently discovered in Greenland [Forster et al., 2013] and Svalbard [Christianson et al.,
2015], and the first attempt to relate the temporal and spatial evolution of snow temperature to ice shelf
viability in the AP.
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Methods

Introduction

In this thesis, I use the Regional Atmospheric Climate MOdel version 2.3 (RACMO2.3, hereafter).
RACMO2.3 is maintained by the Royal Netherlands Meteorological Institute (KNMI), and is modified
for application in the polar regions by the Institute for Marine and Atmospheric research at Utrecht
University (IMAU). The model is a combination of two commonly used atmospheric models: the High
Resolution Limited Area Model (HIRLAM) and the European Centre for Medium-Range Weather Fore-
casts (ECMWF) Integrated Forecast System (IFS). RACMO2.3 is continuously updated and improved;
for instance the latest update, from version RACMO2.1 to RACMO2.3, incorporates some significant
changes to the cloud, radiation and turbulence schemes, implemented to address biases in the radiative
fluxes, the surface energy budget (SEB) and precipitation fluxes. In section 2.1 I briefly introduce the
core of the RACMO2.3 model, and discuss the specific adaptations for the polar regions. Subsequently,
I will outline the recent updates that are most relevant for this thesis, most notably the inclusion of
an ice-cloud super-saturation scheme. In addition to the updates in the model physics, a new surface
topography was developed for the Antarctic Peninsula (AP), that is based on state-of-the art Digital
Elevation Models (DEMs) (see Section 2.2.2).

2.1 RACMO2.3

21
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2.1.1 The model core

RACMO2.3 combines the dynamics of HIRLAM (version 5.0.6., Undén et al., 2002), with the physics
of the ECMWF-IFS. HIRLAM is a Numerical Weather Prediction (NWP) model developed to provide
the best operational short-range forecasting system. The model uses a semi-Lagrangian discretisation
scheme, and resolves the atmospheric large-scale circulation processes. The physical processes are
based on ECMWF physics cycle 23r4 White [2001] for RACMO2.1, and on cycle 33r1 ECMWF-IFS
[2008] for RACMO2.3. First, HIRLAM solves the explicit dynamical computations, then the IFS re-
solves the smaller scale atmospheric processes, with parameterisations for physics processes such as
radiative transfer, turbulent mixing, subgrid-scale orographic drag, convection, clouds and surface en-
ergy and mass exchange (see Fig. 2.1). The input information for this physics component consists of
the mean prognostic variables (wind, temperature, humidity, liquid/ice water content and cloud frac-
tion) that are calculated every model timestep (in the order of minutes). From this output, the relevant
variables such as precipitation and the radiative and turbulent fluxes are calculated.

In this thesis, RACMO2.3 is used at two different horizontal resolutions: a grid spacing of 27 km is
adopted for the whole Antarctic continent and surrounding ocean, and a grid spacing of 5.5 km is chosen
for the AP (see Figs. 1.1 and 1.4 that show the full domain for both grid spacings). In the vertical, 40
hybrid-levels are used that follow the terrain close to the surface and represent constant pressure levels
higher up in the atmosphere. Details of the RACMO2.3 runs performed in this thesis are listed in
Table. 2.1. RACMO2.3 is a hydrostatic model, which means it is not accounting for vertically moving
acoustic waves, in order to reduce simulation time. Although the hydrostatic assumption will likely
create biases in variables related to the wind field, at the resolutions used in this thesis it is assumed that
using a hydrostatic model is justified [Cassano and Parish, 2000].

2.1.2 Polar RACMO

RACMO was first used over over Antarctica in Van Lipzig et al. [1998]. Since then, the model has
been continously adapted for use in the polar regions, most notably by a more precise description of
processes related to polar snow and ice. Several parameterisations have been slightly adapted for use
over Antarctica, e.g. the ratio between liquid and solid precipitation at low temperatures was changed
in Van de Berg et al. [2006]. But the most important adaptation is the interactive two-way coupling of
RACMO to a multi-layer snow model. This snow model is physically identical to the one-dimension
multilayer IMAU Firn Densification Model (IMAU-FDM; Ligtenberg et al., 2011, see Fig. 2.2), and
was first included in RACMO for application to the Greenland ice sheet by [Ettema et al., 2010]. It
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Figure 2.1: Schematic diagram of the different physical processes represented in the ECMWF-IFS
model. From ECMWF-IFS [2008].

explicitly calculates processes in the snowpack such as meltwater percolation, retention, refreezing and
runoff. Furthermore, it calculates snow density, temperature and liquid water content in a maximum
of 100 layers of varying thickness. These properties evolve in time due to meltwater percolation and
refreezing, and densification of dry and wet snow. The polar version of RACMO also includes a scheme
that calculates the broadband snow albedo, based on prognostic snow grain size [Gardner and Sharp,
2010; Kuipers Munneke et al., 2011]. This scheme describes the effects of e.g. meltwater on snow grain
size, and hence surface albedo, resulting in an improved representation of the SEB and the available melt
energy. Finally, the current version of RACMO is coupled to a drifting snow routine, that calculates
the interaction of drifting snow with the surface and the lower atmosphere, including drifting snow
sublimation/deposition and erosion, which are two important components of the surface mass balance
(SMB) [Lenaerts et al., 2012b].
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Figure 2.2: Schematic representation of the Firn Densification Model (FDM) and/or snow model that
is coupled to RACMO2.3. The four enlarged circles illustrate the processes that are calculated by the
model. At the surface the mass adding (↑) and removing (↓) SMB components are shown: precipitation
(P), surface sublimation (SU s), snow drift sublimation (SUds), snow drift erosion (ERs) and surface
snowmelt (Me) that are, together with surface temperature and wind, the input parameters for the
FDM. From Ligtenberg [2014].
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Table 2.1: Overview of the RACMO2.3 simulations in this thesis, and the chapters in which they are
discussed. The two different model initialisations are discussed in Sect. 2.1.3. All simulations are
forced by ERA-Interim re-analysis at the lateral and ocean boundaries. Model topography is based on
Liu et al. [2001] or on B1K/C100 (see Sect. 2.2.2).

Chapter Domain Horizontal resolution Topography Initialisation Period
3 Antarctica 27 km Liu et al. [2001] Dry 1979–2011
4 Antarctica 27 km Liu et al. [2001] Dry 1979–2012
5 Antarctic Peninsula 5.5 km B1K/C100 FDM 1979–2013

6–7 Antarctic Peninsula 5.5 km B1K/C100 FDM 1979–2014

2.1.3 Surface, lateral and temporal boundary conditions

As RACMO2.3 is a regional model, boundary conditions are required. The model is a climate model
and is used to simulate the past climate (1979 to 2014). Therefore, the boundary conditions are required
in the form of gridded observational data. In all simulations in this thesis, RACMO2.3 is forced with
observational data that are assimilated into a so-called re-analysis dataset. Over Antarctica, ERA-
Interim is considered the most reliable re-analysis product [Bracegirdle and Marshall, 2012]. Six-
hourly ERA-Interim re-analysis data are used as forcing at the lateral atmospheric boundaries (Dee
et al., 2011, see Tab. 2.1). As RACMO2.3 is not coupled to an ocean model, sea surface temperature
(SST) and sea ice fraction are also prescribed from the re-analysis, with sea ice thickness considered
constant at 1 m. The surface topography and ice-sheet/ice-shelf mask of the AIS are based on Liu et al.
[2001]. For the AP simulations, the surface topography and land/ice/sea masks are based on the updated
topography (B1K/C100) as described in section 2.2.2.

Finally, RACMO2.3 requires an initial atmospheric and snowpack state on the first timestep (Jan. 1st
1979). The atmosphere and ocean surface are initialised with the re-analysis data, however, the snow-
pack additionally needs an initial density, temperature and liquid water profile for every ice-sheet grid-
point. The initialisation method varies between the simulations in this thesis (Tab. 2.1). For the 27 km
AIS simulations, a dry snowpack is assumed, i.e. without liquid water. This is a reasonable assumption
for the largest part of the cold AIS. Furthermore, every ice sheet grid point is initialised with the same
initial (20-layer) profile for density and temperature, in which density increases quasi-linearly from 300
kg m−3 (the density of fresh snow) in the top layer to 900 kg m−3 (the density of ice) in the lowest layer.
Temperature is assumed to be constant with depth and equal to the surface temperature of a previous
climatological (test) run. For the AP simulations the snowpack is initialised differently. Snowmelt is
widespread and greatly variable over the AP, influencing snowpack conditions. Since no observations
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of the initial state are availiable, the initial snowpack is based on output of the FDM, which was forced
by output of an earlier RACMO2.3 test simulation. In this set-up, the snowpack is assumed to be in
steady-state and in close equilibrium with the average climate at the start of the simulation. More details
about the different initialisations are provided in the respective chapters.
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2.1.4 Physics update

From RACMO2.1 to RACMO2.3 the physics package was updated from ECMWF-IFS cycle 23r4
[White, 2001] to cycle 33r1 [ECMWF-IFS, 2008]. Here, the changes relevant for this thesis are de-
scribed. Most important is the inclusion of an ice cloud super-saturation in the cloud physics scheme
[Tompkins and Gierens, 2007]. Figure 2.3 shows that not only in the tropics, but also over the Antarctic
coastal region ice-cloud super-saturation is a frequent phenomenon: at low temperatures, where the
difference between the liquid water and ice saturation vapour pressure is large, the relative humidity
(RH) with respect to ice can exceed 100% before the onset of cloud formation.

Figure 2.3: Frequency of occurence (%) of ice super-saturation from the Microwave Limb Sounder
retrievals. From Tompkins and Gierens [2007].

In RACMO2.3 inclusion of ice cloud super-saturation leads to cold air parcels reaching higher humidity
values before condensation occurs. This is schematically depicted in Figure 2.4, where both the old and
the new cloud scheme are shown: in the new scheme air parcels have to reach a critical RH >100%
before they condensate; this threshold value depends on temperature. From this it is expected that
condensation occurs higher up in the atmosphere, making it easier for moist air parcels to traverse the
steep orographic coastal barriers of Antarctica. The effects of this inclusion are reported in detail in
Chapters 3 and 4 of this thesis.
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Figure 2.4: (a) Schematic evolution of RH in a hypothetical air parcel subject to adiabatic cooling
at low temperatures (T <235 K). In (b), a dotted line is added to indicate the approximation of this
process by the old ECMWF-IFS code. The old scheme does not allow RH to exceed 100%, and any
excess humidity is instantaneously converted to ice. (c) outlines the new parameterisation that allows
supersaturation to occur. From Tompkins and Gierens [2007].

Other changes to the cloud scheme include: an adaptation of the parameterisations describing the for-
mation of precipitation, with an increase of the auto-conversion coefficient for the conversion of cloud
droplets into precipitation in convective clouds, resulting in a quicker formation of precipitation. Ad-
ditionally, auto-conversion coefficients for (non-convective) ice and liquid water clouds are introduced,
resulting in an improved distinction between these types of clouds; this is an important improvement
for the polar regions where both cloud types are often present.

The new physics package also includes updated radiation and turbulence schemes, but these are not
believed to have a significant impact on model results over Antarctica, and are not discussed in detail.
The inclusion of the McRad radiation scheme has improved the description of the interaction of multi-
layer cloud cover with longwave and shortwave radiation [Morcrette et al., 2008]. A new shortwave
radiation scheme (SRTM, Mlawer and Clough, 1997) leads to a higher accuracy in calculated shortwave
radiative fluxes and heating rates [ECMWF-IFS, 2008]. Finally, there is a new scheme for boundary
layer turbulence/shallow convection, the Eddy-Diffusivity Mass Flux (EDMF, Siebesma et al., 2007),
that distinguishes between large-scale and small-scale mixing processes in the surface and boundary
layer. Additional information is provided in Chapter 3, and all other relevant information can be found
in ECMWF-IFS [2008]; Van Meijgaard et al. [2008] and references therein.
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In Chapter 3 I will discuss whether these updates are actual improvements for the near-surface climate
of Antarctica, and in Chapter 4 I will discuss any improvements in the SMB.

2.2 Model topography

In order to realistically simulate the katabatic winds and other topography related variables, an accurate
surface topography in the model is required, in combination with a high model resolution that resolves
these surface details. This is particularly valid for the AP, with the pronounced small scale topographic
detail and steep and high mountain ranges that are not well resolved by the resolution of currently used
climate models (25–100 km). Therefore, for our AP runs, we have increased the horizontal resolution
in RACMO2.3 to ∼5.5 km.

This section describes the new surface topography that is implemented in the model in order to resolve
this topographic detail. First the definition of surface topography is introduced: the so-called orthomet-
ric height. Then, I will present the two high-resolution DEMs from which the new RACMO2.3 surface
topography is produced. Following that, the implementation of the DEMs in RACMO2.3 is discussed.
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2.2.1 Ellipsoidal and geoid height

Ellipsoidal height

Figure 2.5 shows the ellipsoidal height, which is defined as the height relative to a reference ellipsoid,
which approximates the surface of the earth in the absence of gravitational disturbances. The reference
ellipsoid is generally used in the definition of coordinates: the horizontal position on the ellipsoid is
the longitude/latitude coordinate, the vertical position is the perpendicular distance to the reference
ellipsoid. The reference ellipsoid is mathematically defined, using a ellipsoidal shape with a given
center of mass, eccentricity, and standard radius. Because the earth is neither a perfect ellipsoid nor
a perfect sphere, the ellipsoidal height is no perfect representation, and the accuracy of the chosen
mathematical ellipsoid is in the order of a few centimeters, and is dependent on the location on the globe.
For Antarctica, the ellipsoidal model commonly used is the World Geodetic System 1984 (WGS84).
This WGS84 model has been frequently revised, with the most recent update from 2004 [Mularie,
2000], which is used in the construction of the new model topography, that will be presented in Sect.
2.2.2.

Equator

a) b)

Figure 2.5: a) Sketch of the earth’s shape, the reference ellipsoid (brown ellipsoid, with radii a and
b), and the geoid (black curve). b) Cartoon of the relationship between the orthometric height H, the
ellipsoidal height h and the geoid height N. From Smith [1988].
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Geoid height

Figure 2.5a shows the geoid height, which is defined as the height relative to the reference ellipsoid, now
taking into account local changes in the gravity field due to variations in e.g. crust density, mountain
ranges and magma distribution, as well as rotational effects due to the earth’s spin. Theoretically the
geoid height is the mean sea level (MSL), the level the oceans would assume in isostatic equilibrium.
This height can only be determined through extensive measurements, in combination with a geodetic
model. Measurements are made by a variety of different remote sensing and altitude measurement tech-
niques, amongst which the most common are the Gravity Recovery and Climate Experiment (GRACE)
satellite data [Tapley et al., 2004] and altimetry over the oceans and gravimetry over the continents
[Lemoine et al., 1997]. Together these techniques are combined into a high-resolution global geopoten-
tial model. For Antarctica, and the AP in particular, the EIGEN-GL04C geopotential model is adopted
[Lemoine et al., 2007; Förste et al., 2007]. This model includes the newest gravity anomaly compila-
tions, of which the GRACE product is the most important, and now covers the AIS to a much greater
extent than previous geopotential models, which had relatively poor coverage of the continent.

Orthometric height

Finally, we define the orthometric height: the actual height above the geoid, as provided in DEMs. The
orthometric height takes into account both the height above the reference ellipsoid and the geoid and is
defined as the difference between the ellipsoidal height (h) and the geoid height (N), shown in Figure
2.5b:

H = h−N. (2.1)

Figure 2.5b shows the definition of the zero height level (the actual geopotential height). Over the
oceans H is equal to the geoid height N, but over the continents a correction for differences in the local
mass of the earth is required, which is accounted for by adjusting the geoid height. For the AIS this
is particularly important, as the ice sheet mass is constantly changing, as a result of both short-term,
e.g. ice shelf calving, and long-term, e.g. glacial isostatic adjustment, processes [Le Brocq et al.,
2010]. Therefore, developing an accurate DEM for this region is difficult: recent studies have identified
large uncertainties of up to 100 m in existing DEMs [Bamber and Gomez-Dans, 2005], with the largest
errors in the mountainous areas of the AP. For this thesis, I combine the most accurate datasets of the
orthometric height for Antarctica and the AP, as discussed in the next section. I will then implement the
orthometry in RACMO2.3.
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2.2.2 The used digital elevation models

The Antarctic 1 km DEM: [Bamber and Gomez-Dans, 2009]

In RACMO2.1 [Lenaerts et al., 2012a] and the RACMO2.3 27 km simulations presented in this thesis,
the topography is based on the high-resolution Radarsat Antarctic Mapping Project dataset (RAMPv2,
Liu et al., 2001), available from the National Snow and Ice Data Center (NSIDC) website (http://nsidc.org/data/nsidc-
0082). This dataset includes data obtained from satellite radar altimetry, airborne radar surveys and
large-scale topographic maps from the U.S. Geological Survey (USGS) and the Australian Antarctic
Division. These were collected in the 1980s and 1990s, and based, in relation to current standards, on
outdated measurement techniques. Therefore, the orthometric dataset was updated recently by Bamber
and Gomez-Dans [2009] and Griggs and Bamber [2009]. They provide a DEM for Antarctica at 1
km horizontal resolution (B1K henceforth). B1K combines measurements from the European Remote
Sensing satellite-1 (ERS-1) Satellite Radar Altimeter (SRA) and the Ice, Cloud, and land Elevation
Satellite (ICESat) Geosciences Laser Altimeter System (GLAS). The ERS-1 data have been produced
during two 168 day cycles that started in March 1994, while the GLAS data are from 20 February
through 21 March 2008. B1K uses a combination of these two datasets, as they complement each other:
the SRA dataset provides high-resolution data in regions where the spatial coverage of GLAS/ICESAT
is poor, and GLAS/ICESAT provides high-accuracy data in the mountainous coastal regions, where the
SRA data is inaccurate [Griggs and Bamber, 2009].

B1K is available from the NSIDC website and is provided in a polar stereographic coordinate system
[Snyder, 1987] with a grid-size of 5601 × 5601 points, at 1 km horizontal resolution, covering the re-
gion from 86◦S to 60◦S. To cover the area <86◦S, cartographic elevation data from the Antarctic Digital
Database (http://www.add.scar.org/) were used. B1K elevation is provided relative to the EGM96 geoid,
and is corrected such that it is relative to the EIGEN-GL04C geoid (see Sect. 2.2.1). The geodetic soft-
ware package GDAL [GDAL Development Team, 2014] is used for data manipulation and compilation.
The final aggregation within RACMO2.3 (at the (lower) model resolution (27 km and 5.5 km)) is done
by bi-linear interpolation. There are no RACMO2.3 simulations planned with the new topography for
the whole AIS, but potentially the new DEM could be used for high-resolution simulations over selected
regions in Antarctica. For the AP however, B1K is combined with another DEM, as will be discussed
below.
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The Antarctic Peninsula 100 m DEM: [Cook et al., 2012]

B1K is not accurate in the highly complex topography of the northern AP spine [Griggs and Bam-
ber, 2009], even though it provides a considerable improvement over previous DEMs, which often
have errors in excess of 100 m [Bamber and Gomez-Dans, 2005; Cook et al., 2012]. For the AP a
very high-resolution (∼10 m east–west, 30 m north–south) DEM, the ASTER Global Digital Elevation
Model [ASTER GDEM Validation Team, 2011] is used. This DEM is commonly used over most of
the globe, but has considerable problems for glaciated regions such as the AIS, due to feature-tracking
and reflectance issues over snow/ice covered surfaces [Cook et al., 2012]. However, the AP has unique
features compared to the rest of the AIS, making it possible to use the ASTER-GDEM: there are signifi-
cant amounts of exposed rock, varying slopes and strong surface textures. Therefore, Cook et al. [2012]
developed a regional DEM for the AP north of 70◦S, that is based on the ASTER-GDEM. They used
novel data correction techniques, mainly on the ice-covered plateau regions with low slope angles, to
generate a viable DEM for the AP. This DEM (C100 henceforth) has a 100 m horizontal resolution and
a vertical error of 4 m (±25 m root mean square error, RMSE, and horizontal error of 2 pixels [Cook
et al., 2012]). It is incorporated in RACMO2.3 and combined with B1K, which is used in regions not
covered by C100, i.e. south of 70◦S.

However, to use this DEM some additional issues remained: firstly, both DEMs were corrected with
the EIGEN-GL04C geoid. Secondly, C100 covers the grounded ice sheet only; therefore the ice-shelf
elevation and extent is based on B1K. However, as B1K is from 2009 and based on recent datasets, it
does not contain the Larsen B ice shelf, as it collapsed in 2002. The collapsed ice shelf is large, covering
an area of ∼3250 km2 before it collapsed (>100 grid points), and could possibly influence the climate
model results prior to 2002. To account for this an older version of the DEM is included [Bamber and
Bindschadler, 1997], which is based solely on SRA data from 1997 and earlier. The data are corrected
with the same geoid, resampled at the 1 km resolution and smoothed into the gap. This results in two
slightly different DEMs, enabling three potential investigations: 1) to directly study the effects of the
removal of an ice-shelf on the AP climate, 2) to have a DEM suitable for simulating the climate prior to
2002 (and/or beyond) and 3) to perform model runs in which ice shelf disintegration can be mimicked,
by switching DEMs in 2002/2003.

2.2.3 Antarctic Peninsula surface topography in RACMO2.3

Figure 2.6 illustrates the new and old topography in the model, aggregated to a horizontal model res-
olution of 27 km. AIS wide changes are not shown; these are discussed in Bamber and Gomez-Dans
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[2009]. In the newly compiled DEM, the northern AP spine is higher by up to 200 m, resulting from
improved data acquisition for this region. As Bamber and Gomez-Dans [2005] noted, errors were as
high as 100 m and some possibly partly remain in B1K for the AP region; therefore C100 is used here.
The new C100 largely removes the elevation biases, raising the maximum elevation in the northern
spine to 2170 m (at 27 km resolution). Due to elevation smoothing at the coarse resolution, this is sig-
nificantly lower than the source DEM (2800 m; RAMPv1). The Elgar Uplands, the northern mountains
of Alexander Island, have a lower elevation in the new topography (–100 m); this is due to this region
being compiled from the more accurate C100. To the south and the south-west of the Palmer Land
mountain spine, surface elevation is higher by ∼100 m, but up north the peaks are lower; this produces
sharper north to south gradients along the mountain range. While some changes are considerable, and
likely improvements, most elevation changes remain within 10%. Some changes could also be due to
the updated geoid: differences between the new EIGEN-GL04C and the old EGM96 geoid range from
–80 to 80 m locally [Lemoine et al., 2007].

Figure 2.6: Model topography (m) for RACMO2.3 at 27 km, for the new (left) and the old (middle)
DEM, including the difference of new – old (right). New topography is based on the compilation of
the B1K and C100 DEMs. The old model topography is based on RAMPv2. White areas represent the
floating ice shelves and elevations <40 m, colours represent the elevation of the grounded ice sheet.
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Figure 2.7: Model topography for RACMO2.3 at 5.5 (new DEM, left), 27 (old DEM, middle) and 55
km (old DEM, right) horizontal resolution. White areas represent the floating ice shelves and elevations
<40 m, colours represent the elevation of the grounded ice sheet.

Figure 2.7 shows the new model topography at 5.5 km, and the old model topography at 27 and at 55
km horizontal resolution, as used in previous model runs with RACMO2 [Van de Berg et al., 2005;
Lenaerts et al., 2012a]. The importance of model resolution is evident and discussed (for Adélie Land)
in Lenaerts et al. [2012c]: at 55 km, the AP is poorly resolved, and the mountain spine is only one grid
point wide at some locations. The topography is considerably smoothed by the coarse resolution as well:
there are no sharp north–south or west–east gradients, and the northern spine is much lower at these low
resolutions, with a maximum of only 1934 m (the highest point of the AP is identified at 3184 m [British
Antarctic Survey, 2011]). At 27 km, the AP topography has more texture and variance, and the spine
is more accurately resolved, as noted above. At 5.5 km, the topography, including individual basins
and glacial valleys, is resolved to a great extent. Although even higher resolutions would be needed
to resolve all valleys of the northern mountain spine, with scales often smaller than 5 km, the surface
elevation shows great texture, with a maximum of 2530 m. This improvement is partly due to the new
DEM, but mostly due to the higher model resolution. This is especially evident near the fringes of the
grounded ice sheet and the floating ice shelves, where small-scale surface features, such as ice rises and
islands, are now resolved. Some notable improvements are: the Jason Peninsula that divides Larsen B
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and Larsen C ice shelves, the George VI ice shelf and the Wilkins Ice shelf. In addition, the islands to
the north/west (Adelaide Island, Biscoe Islands and Anvers Island) are now several grid points wide.



3
Model update validation: the

near-surface climate of
Antarctica

Summary

In this chapter the effects of changes in the physics package of the regional atmospheric climate model
RACMO2 on the modelled surface energy balance, near-surface temperature and wind speed of Antarc-
tica are presented. The physics package update primarily consists of an improved turbulent and radia-
tive flux scheme and a revised cloud scheme that includes a parameterization for ice cloud super-
saturation. The ice cloud super-saturation has led to more moisture being transported onto the conti-
nent, resulting in more and optically thicker clouds and more downward longwave radiation. Overall,
the updated model better represents the surface energy balance, based on a comparison with > 750
months of data from nine automatic weather stations located in East Antarctica. Especially the repre-
sentation of the turbulent sensible heat flux and net longwave radiative flux has improved with a de-
crease in biases of up to 40 %. As a result, modelled surface temperatures have increased and the bias,
when compared to 10 m snow temperatures from 64 ice core observations, has decreased from −2.3 K
to −1.3 K. The weaker surface temperature inversion consequently improves the representation of the

This chapter is based on: Van Wessem, J. M., C. H. Reijmer, J. T. M. Lenaerts, W. J. Van de Berg, M. R. Van
den Broeke, and E. Van Meijgaard (2014), Updated cloud physics in a regional atmospheric climate model improves
the modelled surface energy balance of Antarctica, The Cryosphere, 8(1), 125–135, 10.5194/tc-8-125-2014
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sensible heat flux, whereas wind speed biases remain unchanged. However, significant model biases
remain, partly because RACMO2 at a resolution of 27 km is unable to resolve steep topography.
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3.1 Introduction

Understanding the climate of the polar regions and changes therein requires a thorough understanding
of the surface energy balance (SEB), which describes the exchange of heat and moisture at the Earth’s
surface. Regional atmospheric climate models (RCMs) are important tools to improve our understand-
ing of polar SEB. They provide a physically consistent representation of the climate in areas with a low
spatial and temporal coverage of observations. RCMs are also capable of resolving detailed features
that are not captured by global circulation models. Specifically, RCMs have been successfully applied
to remote areas such as Antarctica [e.g. Van Lipzig et al., 2002] and Greenland [Fettweis, 2007; Ettema
et al., 2010] to assess the SEB and surface mass balance (SMB) of these ice sheets [e.g. Van Lipzig
et al., 1999; Van de Berg et al., 2005; Lenaerts et al., 2012b]. Moreover, RCM output can be used to
enhance the interpretation of remote sensing data such as GRACE [Chen et al., 2006], InSAR [Rignot
et al., 2008] and radar/laser altimetry [Ligtenberg et al., 2012].

The Regional Atmospheric Climate Model RACMO2, which has been adapted for specific use over the
polar regions, has recently undergone a major update of its physics package. In the present study we
examine whether this update from version RACMO2.1 to RACMO2.3 has improved the representation
of the Antarctic near-surface climate, with its extreme temperatures and winds, and surface energy
balance. Even though RACMO2.1 has proved to realistically simulate the Antarctic near-surface climate
[Van de Berg et al., 2005; Lenaerts et al., 2012b], previous model evaluations showed that downward
longwave radiation is generally underestimated by the model [Van de Berg et al., 2007] resulting in a
significant cold surface bias [Van den Broeke, 2008]. To see whether this has improved in RACMO2.3
we will assess the changes for Antarctica in SEB, near-surface wind speed and surface temperature and
compare these to available observations. The Antarctic SEB historically has been the focus of many
studies, based on both observations [Schlatter, 1970; Carroll, 1982; Reijmer and Oerlemans, 2002] and
modelling [Van de Berg et al., 2007], including evaluations of models like RACMO [Van Lipzig et al.,
1999; Reijmer et al., 2005]. Here we use new data collected at Antarctic automatic weather stations
(AWSs) that have been specifically designed to close and quantify the SEB [Reijmer and Oerlemans,
2002].

Section 3.2 discusses the model, the changes in model formulation and the observational data used for
evaluation. In Sect. 7.3.1 the effects of the model changes on clouds, the SEB and the near-surface
temperature and wind are presented and a comparison is made to observational data (Sect. 3.3.3 –
3.3.5), followed by conclusions in Sect. 7.4.



3

40 3. Near-surface climate

3.2 Data and methods

3.2.1 RACMO2 physics update

RACMO2 combines the dynamical processes of the High Resolution Limited Area Model (HIRLAM)
[Undén et al., 2002] with the physics package of the European Centre for Medium-range Weather
Forecasts (ECMWF) Integrated Forecast System (IFS). RACMO2 has been specifically adapted for
use over the large ice sheets of Greenland and Antarctica [e.g. Reijmer et al., 2005]. It is interactively
coupled to a multilayer snow model that calculates melt, percolation, refreezing and runoff of meltwater
[Ettema et al., 2010; Greuell and Konzelmann, 1994]. Surface albedo is based on a prognostic scheme
for snow grain size [Kuipers Munneke et al., 2011] and a drifting snow routine simulates the interactions
of drifting snow with the surface and the lower atmosphere [Lenaerts et al., 2012b]. A horizontal
resolution of∼27 km and a vertical resolution of 40 levels is used. The model is forced by ERA-Interim
re-analysis data [January 1979–December 2011, Dee et al., 2011] at the ocean and lateral boundaries,
while the domain interior is allowed to evolve freely.

Here we analyse changes in the modelled Antarctic near-surface climate after the ECMWF IFS physics
package cycle CY23r4 in RACMO2.1 [White, 2001] has been updated to cycle CY33r1 in RACMO2.3
[ECMWF-IFS, 2008]. The updates that have the most impact on Antarctic applications are the changes
in the cloud scheme, the cloud microphysics and the radiation and turbulence schemes. All changes will
be described below and are discussed in more detail in relation with the results in Sections 3.3.3–3.3.5.

An important change in the cloud scheme is the inclusion of a parameterization for ice super-saturation
as described by Tompkins and Gierens [2007]. As a result, the specific humidity of cold air parcels
(at temperatures where the difference between liquid water and ice saturation pressure is large) has to
reach a higher value in order for condensation to occur. This leads to an improved representation of
clouds and moisture concentrations in the (upper) troposphere [Tompkins and Gierens, 2007]. Aircraft
observations with the Microwave Limb Sounder (MLS) have shown that super-saturation frequently
occurs over the steep coastal regions of Antarctica [Spichtinger et al., 2003]. Simulations with the
ECMWF IFS have already shown that the new parameterization leads to a better global distribution of
super-saturated atmospheres, albeit with a slight underestimation for Antarctica [Tompkins and Gierens,
2007].

Another change in the physics is the introduction of the McRad radiation scheme [Morcrette et al.,
2008]. It describes short- and longwave radiation transfer through clouds, based on the Monte Carlo
Independent Column Approximation (McICA, Barker et al., 2008), and a revision of cloud optical
properties making the parameterizations that use these properties more accurate. This improves the
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interaction of multi-layer cloud cover with short- and longwave radiation, but is believed to be of minor
importance for Antarctica, considering the low occurrence frequency of these cloud types in this region.
In the shortwave radiation scheme (SRTM, Mlawer and Clough, 1997) the Fouqart-Bonnel scheme is
replaced by a scheme that is based on the correlated k-method [Lacis, 1991]. The latter is shown to lead
to an overall improved accuracy in calculated fluxes and heating rates [ECMWF-IFS, 2008].

The last relevant physics change is the newly implemented Eddy-Diffusivity Mass Flux (EDMF, Siebesma
et al., 2007) scheme for boundary layer turbulence/shallow convection. This scheme distinguishes be-
tween large-scale (updraughts) and small-scale (turbulence) mixing processes in the surface and bound-
ary layer by describing them with either mass fluxes or diffusion. The surface flux relies on Monin-
Obukhov similarity theory but takes into account form drag [Beljaars et al., 2004] that is dependent
on subscale orography. For topographically rough areas like the Antarctic Peninsula these changes are
expected to be especially important.

Furthermore, the RACMO2 model update incorporates changes in the HIRLAM dynamical core. These
are mostly of numerical nature and are not addressed here. For a more detailed and complete description
of the entire RACMO2 update the reader is referred to Van Meijgaard et al. [2012] and ECMWF-IFS
[2008] and references therein. The changes in the cloud scheme influence precipitation patterns over
Antarctica. Whether these changes represent an improvement, and how these changes effect the mass
budget of the ice sheet will be addressed in a forthcoming study. The impact of precipitation changes
on the SEB is small, as will be shown in Sect. 3.3.3.

3.2.2 Observational data

The near-surface wind, temperature and SEB are evaluated using observational data from nine auto-
matic weather stations, maintained by the Institute for Marine and Atmospheric research of Utrecht
University (UU/IMAU), see the IMAU AWS website. Importantly, these AWSs measure all four ra-
diation components as well as humidity and snow temperature, and therefore enable a full closure of
the SEB. All AWSs are of similar design: single level measurements of wind speed/direction, temper-
ature and relative humidity are performed at a height of approximately 3 m. The individual radiation
components (SW↓, SW↑, LW↓, LW↑) are measured with a single sensor. Treatment of the radiation
fluxes follows Van den Broeke [2004]. Figure 4.1 shows the locations of the AWSs. They are located
in Dronning Maud Land (DML) in different climate regimes: from relatively mild and wet coastal sites
(AWS 4 and 11) to the steep escarpment region of DML (AWS 5, 6 and 16), the South Dome of Berkner
Island (AWS 10) and the high and cold East Antarctic plateau (AWS 8, 9 and 12). Observation lengths
range from 4 to 15 yr of data. Due to instrumental problems and icing of the sensors some months of the
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Figure 3.1: Map of Antarctica with locations of the AWS (red diamonds) the 64 coring sites (black
dots) and the position of the latitudinal cross-section used in Fig. 3.3. Also shown are the ice-shelf
edge and grounding line (solid lines) and height intervals every 500 m (dashed lines) based on a digital
elevation model from Liu et al. [2001].
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Table 3.1: The AWS topographic characteristics and period of operation (until December 2011). Nr.
months represents the number of available months over total months (725/770) of the model period
(January 1979–December 2011). If no end time is indicated, the AWS is still operational end of 2011.
Observed surface slope (m km−1) is based on a 1km×1km Digital Elevation Model [Liu et al., 2001],
modelled surface slope is based on the 27 km interpolated grid.

AWS 4 5 6 8 9 10 11 12 16
Latitude 72◦45′ S 73◦06′ S 74◦28′ S 76◦00′ S 75◦00′ S 79◦34′ S 71◦09′ S 78◦39′ S 71◦57′ S
Longitude 15◦29.9′W 13◦09.9′W 11◦31.0′W 08◦03′W 00◦00′ E/W 45◦47′W 06◦42′W 35◦38′ E 23◦20′ E
Elevation (obs) 34 m 363 m 1160 m 2400 m 2892 m 890 m 700 m 3620 m 1300 m
Elevation (mod) 23 m 332 m 1219 m 2405 m 2856 m 789 m 224 m 3621 m 1130 m
Slope (obs) 1.0 23.1 38.4 2.0 1.5 1.1 15.5 2.0 15.6
Slope (mod) 3.4 7.8 28.9 3.5 2.0 5.1 10.7 2.2 16.2
Start Dec 1997 Feb 1998 Jan 1998 Jan 1998 Dec 1997 Jan 2001 Jan 2007 Dec 2007 Feb 2009
End Dec 2002 − Jan 2009 Jan 2003 − Jan 2006 − − −
nr. months 60/60 167/167 134/134 19/44 162/168 48/54 57/59 49/49 29/35

data record are of lower quality. A summary of the location and data records of the AWSs is provided
in Table 3.1. For more details see Van den Broeke et al. [2005a,b] and Reijmer and Oerlemans [2002].

The SEB can be written as:

M = SW net +LW net +SHF +LHF +G, (3.1)

where fluxes directed towards the surface are defined positive with units of Wm−2, M is melt energy
(M = 0 if the surface temperature Ts < 273.15 K), SWnet and LWnet are the net shortwave and longwave
radiative fluxes, SHF and LHF are the sensible and latent heat fluxes and G is the subsurface conductive
heat flux. The sensible- and latent turbulent heat fluxes are calculated using Monin-Obukhov similarity
theory using the bulk method [Van den Broeke et al., 2005b]. This implies that the turbulent fluxes and
surface temperatures are calculated values and not direct measurements. All data from the nine AWSs
are monthly averaged (resulting in 770 station-months) and compared with data from the same months
of the two RACMO cycles. An assessment of the quality of the observational data can be found in
Reijmer and Oerlemans [2002]; Van den Broeke et al. [2004].

As the AWSs only cover a limited part of East Antarctica, 64 snow temperature observations (Fig. 4.1)
are additionally used to evaluate the spatial performance of RACMO2 for Ts. The 10 m snow temper-
ature is assumed to represent the annual mean surface temperature, a reasonable assumption in areas
without melt. Note that at a model resolution of 27 km, the observational data are compared with data
from the nearest model grid point. For the 10 m snow temperatures, this causes four locations to fall
outside of the ice mask. For these points the nearest grid point that does fall within the ice mask is used.
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3.3 Results

3.3.1 General climate characteristics

a b c 

Figure 3.2: Monthly mean (a) 10 m wind speed (V10m), (b) surface temperature (Ts and (c) sensible
heat flux (SHF) and net longwave radiation (LWnet ) for AWS 4, AWS 5, AWS 6 and AWS 9. The temper-
ature curves for AWS 5, 6 and 9 (Fig. 3.2b) are shifted upward by 0.2, 4.9 and 18.2 K respectively, to
correct for elevation and continentality differences [Van den Broeke, 2004].

In Antarctica a negative to zero net radiation budget prevails during most months. In summer the radia-
tion budget regularly becomes positive due to absorption of shortwave radiation at the surface. In winter,
the radiation budget is balanced mainly by a positive (downward directed) SHF, as LHF is generally
small due to the low humidity and thus small near-surface moisture gradients exist over the Antarctic
Ice Sheet. The negative radiation budget prevails and cools the surface, resulting in a quasi-permanent
surface-based temperature inversion. In combination with a sloping surface, this leads to the character-
istic persistent katabatic winds over the Antarctic Ice Sheet. As the cooling is stronger in winter, the
katabatic winds increase in strength in winter. Stronger katabatic winds enhance downward sensible
heat transport, which counteracts the strength of the surface temperature inversion by increasing the
surface temperature. This results in a weaker seasonality of (near) surface temperature in high wind
speed areas.

To illustrate these interactive processes, Fig. 3.2 shows the monthly mean values of 10 m wind speed
(V10m), surface temperature (Ts), net longwave radiation (LWnet) and sensible heat flux (SHF) for four
AWSs in different climate zones of the Antarctic Ice Sheet (AWS 4, 5, 6 and 9). Figure 3.2a shows that
monthly mean wind speeds for AWS 5 and 6, in the steep escarpment region, exhibit a strong seasonal
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cycle due to stronger katabatic forcing in winter, with monthly mean wind speeds up to 9 m s−1. These
katabatic winds mix warm air downward to the surface (large SHF), increasing surface temperature
(Fig. 3.2b), and hence upward longwave radiation (Fig. 3.2c). For AWS 4 and AWS 9, located on the
relatively flat coastal ice shelf and interior ice sheet, respectively, wind speeds are lower and show no
seasonal cycle. At these sites the seasonal amplitude in temperature is larger than at the sites dominated
by katabatic winds (AWS 5 and 6) mainly because the wintertime surface temperature inversion is
stronger.

The new parameterization for cloud ice super-saturation changes the total amount of modelled clouds
over Antarctica, most notably over the East Antarctic plateau. To illustrate this effect, Fig. 3.3 shows
a latitudinal cross-section of the vertical distribution of total cloud water/ice content, averaged over the
period 1979–2011. A significant increase of modelled cloud content is found over the East Antarctic
plateau, while cloud content has decreased along the coastline and over the ocean. With the new param-
eterization, moist air that reaches the continent has to exceed 100% relative humidity by up to 50% in
order to form clouds. As a result, clouds form farther inland and higher up in the troposphere, resulting
in more clouds simulated by RACMO2.3 in the interior.

3.3.2 Changes in cloud properties and impact on simulated near-
surface variables

The increase in clouds has caused more downward longwave radiation to be emitted as seen in Fig.
3.4, where the difference fields (RACMO2.3−RACMO2.1) for LW↓ (a), Ts (b), V10m (c) and SHF (d)
are shown. The increase in LW↓ is found on most of the Antarctic Ice Sheet, but is strongest on the
East Antarctic plateau, and has led to higher surface temperatures (Fig. 3.4b), reducing the temperature
gradients in the surface layer and resulting in lower SHF values (Fig. 3.4d). A related pattern in near-
surface wind speed is not seen (Fig. 3.4c), with changes being smaller than 5%.

The increase in clouds over the continent also results in an increase of precipitation. This is illustrated in
Figure 3.5, which shows the changes in total precipitation (mostly snowfall) for DML, where the AWSs
are located. The generally increased precipitation will have an effect on the SEB through increased
albedo (impacting the shortwave radiation) and sublimation (impacting latent heat flux). As will be
shown in the next section, the effects on SWnet are small and limited to the short austral summer, while
effects on LHF are generally small as well.
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a b c 

East Antarctica 

Figure 3.3: Latitudinal cross-section of yearly (1979–2011) averaged total cloud water/ice content
for (a) RACMO2.3, (b) RACMO2.1 and (c) the difference (RACMO2.3−RACMO2.1) at 1◦ E. Location
of cross-section is indicated in Fig. 4.1.

3.3.3 Impact on simulation of the Surface Energy Balance

Figure 3.6 shows the difference between the monthly averaged modelled and observed SEB fluxes for
all nine AWSs (>750 months) for RACMO2.3 and RACMO2.1. The average bias and correlation
coefficients are summarized in Table 3.2, as well as the bias standard deviation σbias and root-mean-
square deviation (RMSD). Most biases (and RMSD) are reduced in RACMO2.3: for SHF from 10.5
W m−2 to 7.1 Wm−2, for LWnet from−10.4 Wm−2 to−6.3 Wm−2. The changes in LHF and SWnet are
small. For SWnet the bias increased from −1.3 Wm−2 to −2.0 Wm−2 but the correlation remains high
(r2 ' 0.93). For LHF the slight improvement from 0.6 Wm−2 to 0.4 Wm−2 is of little significance due
to its small magnitude and the uncertainty of the observed fluxes. The standard deviation σbias has the
same order of magnitude as the bias, suggesting that the improvements are not statistically significant
because of the significant noise.

To investigate the seasonal effects, Figure 3.7 shows the monthly mean difference of SEB fluxes, LW↓
and SW↓ for AWS 4, 5, 6 and 9. LWnet is underestimated at the four AWS locations, and most signifi-
cantly at AWS 4 and 9. The overestimated surface slope at these two sites is responsible for activating
a katabatic feedback in winter, resulting in overestimated SHF. In RACMO2.3, the improved LW↓ re-
duces this problem for the stations located more inland, as can be seen in Figure 3.7, most significantly
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Figure 3.4: Spatial distribution of difference (RACMO2.3−RACMO2.1) for LW↓ (a), Ts (b), V10m (c)
and SHF (d).
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Figure 3.5: Spatial distribution of difference (RACMO2.3−RACMO2.1) for total precipitation (rain
+ snowfall) in mm water equivalent per year over Dronning Maud Land, for 1979 – 2011. Shown are
all the AWS, except AWS 10 that falls just outside of the boundary.

for AWS 9. For AWS 4 the improvement is not related to the increased LW↓, but to a decreased LW↑
(not shown). For this coastal site, V10m that was overestimated has slightly decreased (the performance
of the near-surface wind speed will be discussed in Sec. 3.3.4), resulting in a lower Ts and less long-
wave cooling. For all AWS except AWS 9 the difference in SW↓ has increased, most notably for the
coastal AWSs. Here, changes in the radiation scheme have led to increased atmospheric transmissivity.
For the more inland AWSs the effect of increased transmissivity is increasingly balanced by increased
snowfall (see Fig. 3.5), raising the surface albedo and SW↑.

The underestimated surface slope results in too low wind speeds at AWS 5 and 6, resulting in an over-
estimation of the surface temperature inversion (Fig. 3.9d). As a result, SHF is reasonably well repre-
sented, because stability effects remain small even at the underestimated wind speeds [Van den Broeke
et al., 2005b]. The problem is further reduced in RACMO2.3, in which the SEB at AWS 5 and 6 is well
represented.
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Figure 3.6: Difference (modelled− observed) of (a) sensible heat flux (SHF), (b) latent heat flux
(LHF), (c) net shortwave radiation (SWnet ) and (d) net longwave radiation (LWnet ) as a function of the
AWS observations. Shown are RACMO2.3 (red) with bias bnew and RACMO2.1 (blue) with bias bold .
Biases (in [Wm−2]) are averages over all monthly average weather station data (> 750 data points).
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Figure 3.7: Annual cycle of monthly mean difference (modelled− observed) of the SEB components
(SHF (blue), LHF (red), SW net (orange), LW net (green)), LW↓ (black circles) and SW↓ (black asterisks)
for (a) AWS 4, (b) AWS 5, (c) AWS 6 and (d) AWS 9. Shown are RACMO2.3 (solid line) and RACMO2.1
(dashed line).
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Figure 3.8: Modelled and difference (modelled− observed) as a function of the AWS observations
of (a, b) monthly averaged 10 m wind speed (V10m) and (c, d) surface temperature (Ts). Shown are
RACMO2.3 (red) with correlation r2

new and bias bnew and RACMO2.1 (blue) with correlation r2
old and

bias bold . Biases are averages over all data with units [m s−1] for V10m and [K] for Ts.
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Table 3.2: Mean, bias (model – observation), standard deviation of the bias σ , root-mean-square
deviation and correlation coefficient (r2 with significance level p< 0.0001) for sensible heat flux (SHF),
latent heat flux (LHF), net shortwave radiation (SWnet ), net longwave radiation (LWnet ), 10 m wind
speed (V10m) and surface temperature Ts as modelled by RACMO2.1 and RACMO2.3 and as observed
with the 9 AWSs (770 months). Also shown are the values for annual averaged Ts in comparison with
10 meter snow temperatures from 64 ice core measurements. For calculation of the statistics all 770
months are used.

Obs RACMO2.1 RACMO2.3
mean bias σbias RMSD r2 bias σbias RMSD r2

SHF [Wm−2] 14.24 10.46 8.53 13.58 0.57 7.07 8.12 10.78 0.6
LHF [Wm−2] -2.11 0.56 2.95 3.0 0.31 0.36 2.77 2.79 0.38
SWnet [Wm−2] 22.73 -1.33 6.23 6.41 0.94 -1.96 7.60 7.86 0.92
LWnet [Wm−2] -35.03 -10.36 9.83 14.22 0.66 -6.31 9.82 11.65 0.66
V10m [ms−1] 6.38 -0.48 1.67 1.74 0.28 -0.51 1.64 1.72 0.27
Ts(AWS) [K] 244.28 -3.24 4.5 5.57 0.91 -1.91 4.36 4.77 0.91
Ts (ice cores) [K] 240.6 -2.32 2.29 3.23 0.96 -1.28 2.13 2.45 0.98

In summer the SHF bias at AWS 4 is smaller because SWnet and LHF help to balance the excess
longwave cooling. For AWS 9 however, there is an increased negative bias in SWnet in RACMO2.3
due to an overestimated albedo [Van de Berg et al., 2007]. To conclude, for most of the climate zones
of the Antarctic Ice Sheet the improved representation of SEB components mainly results from a better
representation of LW↓, but also changes in the turbulence scheme (section 3.3.5) contribute to the
improvement.

Figure 3.6a confirms that high wintertime SHF values in the escarpment zone are well represented,
and that RACMO2 generally overestimates SHF in flatter areas. This leads to overestimated Ts and
hence too negative LWnet (Fig. 3.6d). Both biases are significantly reduced in RACMO2.3, by 33 %
(SHF) and 39 % (LWnet) respectively. In summer, RACMO2 underestimates SWnet in the high interior
(Figs. 3.6c and 3.7d). As a result of the underestimation of SWnet, Ts is underestimated (Figs. 3.8c,
d and 3.9c), while the surface temperature inversion and the SHF are overestimated (Figs. 3.6a, 3.7d).
As a result of too low Ts, sublimation (negative LHF) is underestimated and summertime convection
(upward SHF) is not modelled on the ice sheet (see Sect. 3.3.5).
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3.3.4 Impact on simulation of temperature and near-surface wind
speed
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d 

Figure 3.9: Annual cycle of monthly mean difference (modelled− observed) of (a) 10 m wind speed
(V10m), (b) 2 m temperature (T2m), (c) surface temperature (Ts) and (d) the surface temperature inver-
sion (Tinv = T2m−Ts) for AWS 4, AWS 5, AWS 6 and AWS 9. Shown are RACMO2.3 (solid line) and
RACMO2.1 (dashed line).

Figure 3.8 shows modelled values (Fig. 3.8a, c) and difference (model–observation) (Fig. 3.8b, d) of
the monthly averaged wind speed and surface temperature of all AWSs as a function of the observed
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value. The figure also shows correlation coefficient r2and average bias b, also denoted in Table 3.2. Fig-
ure 3.8a, b shows that the wind speed representation has not improved in RACMO2.3 when compared
to RACMO2.1 (for both datasets: b' 0.5, r2 ' 0.27). Both model cycles generally underestimate high
wind speeds and overestimate low wind speeds. Since near-surface winds over the Antarctic Ice Sheet
are dominated by katabatic forcing, this is caused by an overestimation of surface slopes in relatively
flat areas (AWS 4, 8, 9, 10, 12) and an underestimation of surface slopes in steep areas (AWS 5, 6, 11)
in the escarpment region of DML (and elsewhere in Antarctica), as a result of the limited horizontal
resolution of the model [Reijmer et al., 2005; Lenaerts et al., 2012c]. The small differences in V10m are
due to the combined effect of model changes but the errors in wind speed with respect to the observa-
tions are dominated by the smoothed model topography (note that the model topography is the same in
both model cycles).

Figure 3.9a shows the monthly mean difference (model− observation) of V10m for AWS 4, 5, 6 and 9
respectively. For AWS 5 and AWS 6 (slope > 10 m km−1) wind speed is underestimated year round. For
AWS 4 and AWS 9 the wind speed is overestimated in winter, when katabatic forcing is overestimated,
and therefore shows a seasonality that is too pronounced. This has a strong effect on surface and 2
m temperature, as shown in Fig. 3.9b,c, where temperature is underestimated at AWS 5 and 6. The
surface temperature inversion, defined here as Tinv = T2m – Ts, is underestimated when wind speed is
overestimated (AWS 4 and 9) (Fig. 3.9d), which is intuitively expected.

In contrast to wind speed, a clear improvement in surface temperature Ts (Fig. 3.8c, d) in RACMO2.3
over RACMO2.1 is seen, due to the increased LW↓. The cold bias has been reduced from 3.2 K to
1.9 K while the correlation has not changed (r2 = 0.91). This improvement occurs year-round for all the
AWSs except for the coastal AWSs (see AWS 4), where the representation was already good due in part
to the overestimated wind speed. A comparison of monthly averaged V10m and T2m from the Reference
Antarctic Data for Environmental Research (READER, Turner et al., 2004) AWS and surface station
data gave the same results (not shown).

Since the AWS are located mainly in DML, which has a topography that is not typical for the entire
ice sheet, we use 10 m snow temperature data to obtain a better spatial coverage for the Ts evaluation
(Fig. 4.1). Figure 3.10 shows the difference between modelled and observed Ts as a function of the
latter, averaged over the model timespan. Average values, bias, σbias, RMSD and correlation are given
in Table 3.2. Surface temperatures in RACMO2.1 are underestimated at almost all locations and on
average are too low by 2.3 K. RACMO2.3 reduces this bias to −1.3 K. Overall the spatial variability
of surface temperatures is well represented by both model versions (r2 = 0.96 for RACMO2.1 and r2 =
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0.98 for RACMO2.3) although there seems to be a tendency towards larger underestimations at higher
temperature locations.

Figure 3.10 shows that the best agreement is found on the cold East Antarctic plateau, where the over-
estimated wind speeds compensate for the bias in temperature caused by the underestimated LW↓.
Because of the improved LW↓, Ts on the plateau has changed from being slightly underestimated in
RACMO2.1 to being slightly overestimated in RACMO2.3. In coastal and West Antarctica, Ts is under-
estimated the most, due to both V10m and LWnet being underestimated, and it is here that RACMO2.3
produces the largest improvement.

Coastal & West 
Antarctica 

Escarpment 

Plateau 

Figure 3.10: Difference (modelled− observed) of the annual period averaged (1979–2011) surface
temperature (Ts) as a function of 10 m ice core observations. Shown are RACMO2.3 (red) with bias
bnew and RACMO2.1 (blue) with bias bold (in [K]).
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3.3.5 Impact on SHF regimes

To assess the impact of changes in the atmospheric surface layer scheme, Figure 3.11 shows monthly
averaged SHF for all AWSs (a), RACMO2.3 (b) and RACMO2.1 (c) as a function of the surface temper-
ature inversion and wind speed (color scheme). The filled circles represent winter conditions (April–
September), open circles conditions for October–March. Figure 3.11a clearly shows four regimes.
Regime I represents the katabatic wind zone where SHF increases quadratically with the katabatic wind
forcing (inversion strength). Regime II represents the exceptional conditions at AWS 16 [Thiery et al.,
2012; Gorodetskaya et al., 2013], where despite stable conditions and low wind speeds, SHF values
are high probably due to large scale circulation effects. The model (Fig. 3.11b,c) does not simulate this
regime accurately due to the limited spatial resolution as the station is positioned in a topographically
complex region. Regime III represents the stable conditions of the AWSs in flat areas where static
stability effects become important at high values of the temperature inversion, suppressing SHF.

a b c 

I 

III 

IV 

II 

Figure 3.11: Monthly averaged SHF as a function of the surface temperature inversion (Tinv = T2m−
Ts) for (a) all AWSs, (b) RACMO2.3 and (c) RACMO2.1. The color scheme represents wind speed
V10m and model data is from the same months and locations as the observational data. Filled circles
are winter values (months 4–9) and open circles represent months (10–3). Four climate regimes are
denoted, and explained in Sect. 3.3.5.

For lower stabilities and towards summer conditions the branches join and SHF shows a linear depen-
dence on Tinv, the negative values indicating the convective summertime conditions at plateau stations
AWS 9 and 12 (Regime IV). This regime is exclusively found on the plateau, where the low summertime
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temperatures prevent sublimation (LHF) to act as a surface energy sink [King et al., 2006]. Because
RACMO2 overestimates albedo and underestimates atmospheric transmissivity, a positive radiation bal-
ance is not simulated and convection does not occur (at least not in the monthly mean sense).

Figure 3.11b, c shows the inability of RACMO2 to simulate regimes II and IV. The behaviour in the
katabatic wind zone is represented well, although the branch is less pronounced due to the underesti-
mation of the slope and hence wind speeds. RACMO2.3 simulates an improved separation of the most
important regimes I and III compared to RACMO2.1, because of the improved surface layer turbulence
scheme and general changes in the simulated results.

3.4 Conclusions

The physics package of the regional atmospheric climate model RACMO2 adopted from the ECMWF-
IFS has been upgraded from cycle CY23r4 (RACMO2.1) to CY33r1 (RACMO2.3). This study evalu-
ates the effects of this change on the Antarctic surface energy balance (SEB), 10 m wind speed V10m and
surface temperature Ts by comparing both cycles with observational SEB data gathered from 9 auto-
matic weather stations in East Antarctica and 64 deep snow temperature sites. The model has improved
in several aspects. Due to the inclusion of a parameterization for cloud ice super-saturation, more clouds
and increased moisture content are simulated in the upper troposphere. As a result, more clouds and an
increased cloud optical thickness in the interior have resulted in more downward longwave radiation.
Consequently, in RACMO2.3 the biases in the sensible heat flux (SHF) and the net longwave radiation
(LWnet) have decreased from 10.4 to 6.3 Wm−2 and−10.5 to−7.1 Wm−2, respectively. The change in
longwave radiation has improved the bias in the SHF through its tight coupling with Ts and wind speed:
the bias in Ts, based on the deep snow temperature observations, has decreased from−2.3 K to−1.3 K.
Near-surface air temperatures have also increased but less so than Ts, decreasing the surface-based tem-
perature inversion. The bias in V10m, which is mainly due to the flattened ice sheet topography at the
limited model resolution, remains unchanged.
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4
Model update validation: the

surface mass balance of
Antarctica

Summary

This chapter evaluates the impact of a recent upgrade in the physics package of the regional atmo-
spheric climate model RACMO2 on the simulated surface mass balance (SMB) of the Antarctic ice
sheet. The modelled SMB increases, in particular over the grounded ice sheet of East Antarctica (+44
Gt a−1), with a small change in West Antarctica. This mainly results from an increase in precipitation,
that is explained by changes in the cloud microphysics, including a new parameterization for ice cloud
super-saturation, and changes in large-scale circulation patterns, which alter topographically forced
precipitation. The spatial changes in SMB are evaluated using 3234 in-situ SMB observations and ice
balance velocities, and the temporal variability using GRACE satellite retrievals. The in-situ obser-
vations and balance velocities show a clear improvement of the spatial representation of the SMB in
the interior of East Antarctica, which has become considerably wetter. No improvements are seen for
West Antarctica and the coastal regions. A comparison of model SMB temporal variability with GRACE
satellite retrievals shows no significant change in performance.

This chapter is based on: Van Wessem, J. M., et al. (2014), Improved representation of East Antarc-
tic surface mass balance in a regional atmospheric climate model, Journal of Glaciology, 60(224), 761–770,
10.3189/2014JoG14J051
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4.1 Introduction

The surface mass balance (SMB) [mm water equivalent (w.e.) per year] of an ice sheet is defined as the
sum of all processes that add or remove mass:

SMB =
∫

year
(PR−SUs−SUds−ERds−RU)dt (4.1)

where PR represents total precipitation (snowfall plus rain), SU surface (SUs) plus drifting snow (SUds)
sublimation, ERds drifting snow erosion and RU meltwater runoff, the amount of liquid water (melt
and rain) that is not retained or refrozen in the snowpack. Accurate estimates of the SMB of glaciated
regions are essential for assessment of their mass change and contribution to sea level rise (e.g. Rignot
et al., 2011b; Shepherd et al., 2012) In remote glaciated regions such as East Antarctica, reliable SMB
observations are scarce [Favier et al., 2013] and as a result, estimates of SMB are uncertain. Remote
sensing techniques can overcome this deficiency, but pose other challenges. Mass changes from the
Gravity Recovery and Climate Experiment (GRACE) [Tapley et al., 2004] do not resolve small scale
features, while altimetry measurements need a correction for firn processes [Gunter et al., 2009] and
inter-campaign biases [Borsa et al., 2014]. Estimating ice sheet mass balance from ice discharge using
synthetic-aperture radar interferometry (InSAR) ice surface velocities [Mouginot et al., 2012] needs
additional information about ice thickness and grounding line position. The latter two remote sensing
techniques require SMB fields. For that reason, climate model simulations of SMB are crucial for
obtaining a realistic estimate of the ice sheet mass balance.

Regional climate models (RCMs) simulate atmospheric processes at a relatively high horizontal res-
olution and, when coupled to a snow model, have proven to realistically simulate the SMB and its
components over glaciated regions such as Greenland [Fettweis et al., 2011; Van Angelen et al., 2013a],
the Canadian Arctic Archipelago [Lenaerts et al., 2013], and Antarctica [Bromwich, 2004; Van de Berg
et al., 2006; Lenaerts et al., 2012a]. One of these RCMs is the Regional Atmospheric Climate MOdel
(RACMO2). SMB fields from RACMO2 have been used to support the interpretation of GRACE
[Wouters et al., 2013], InSAR [Rignot et al., 2008], and radar/laser altimetry data [Ligtenberg et al.,
2012], and all these techniques have recently provided a reconciled mass balance estimate (1992 –
2011) for the Greenland and Antarctic ice sheets [Shepherd et al., 2012].

Simulated SMB fields are affected by model limitations. Van de Berg et al. [2005] showed that Antarc-
tic ice sheet (AIS) SMB, simulated by a previous RACMO version, was underestimated in the ice
sheet interior, whereas it was overestimated along the steep coastal slopes, partly because of an insuffi-
cient horizontal resolution (∼55 km) and partly because of limitations of the physics parameterizations.
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Much effort has been put into improving model performance, like using more advanced data assimi-
lation techniques in re-analysis products [Dee et al., 2011] that are used to force the regional models
at their lateral boundaries, and increasing model resolution [Van Lipzig et al., 2004; Lenaerts et al.,
2012c]. In addition, there is ongoing improvement and refinement of parameterizations that represent
complex sub grid physical processes in these models [Van Meijgaard et al., 2012].

Van Wessem et al. [2014a] presented the impact of a recent physics update of RACMO2 on the near-
surface temperature and wind speed and surface energy balance (SEB) of Antarctica, finding improve-
ments in SEB components such as downward longwave radiation and turbulent sensible heat flux. In
this study the effects of the physics update on the simulated SMB of Antarctica are evaluated, and com-
pared with available observations. First, we present the updates of the physics package in RACMO2
that are relevant for the SMB and the observational SMB data used for model evaluation. Then we
discuss the changes in SMB and its components, and we evaluate the changes in SMB by comparing
the old and new SMB fields with observations. Finally, conclusions are presented.

4.2 Data and methods

4.2.1 RACMO2 physics update

RACMO2 combines the dynamical processes of the High Resolution Limited Area Model (HIRLAM)
[Undén et al., 2002] with the physics package of the European Centre for Medium-range Weather Fore-
casts (ECMWF) Integrated Forecast System (IFS). The polar version of RACMO2 has been specifically
adapted for use over glaciated regions like Greenland and Antarctica (e.g. Reijmer et al., 2005) by inter-
actively coupling it to a multilayer snow model that calculates melt, percolation, refreezing and runoff
of meltwater [Ettema et al., 2010; Greuell and Konzelmann, 1994]. Surface albedo is based on a prog-
nostic scheme for snow grain size [Kuipers Munneke et al., 2011], and a drifting snow routine simulates
the interactions of drifting snow with the surface and the lower atmosphere [Lenaerts et al., 2012b].
A horizontal resolution of 27 km and a vertical resolution of 40 levels are used in order to resolve the
complexity of the Antarctic climate that is closely related to the topography of the ice sheet. The model
is forced by ERA-Interim re-analysis data (Jan. 1979 - Dec. 2011; Dee et al., 2011) at the ocean and
lateral boundaries, while the domain interior is allowed to evolve freely.

Here we analyze and assess how a recent upgrade in the ECMWF-IFS physics package of RACMO2
impacts the simulated SMB and its components. The update from RACMO2.1 to RACMO2.3 included
changes in the cloud scheme and cloud microphysics, as well as changes in the turbulent and radiative
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schemes. Van Wessem et al. [2014a] addressed the effects of these changes on the SEB, and presented
the associated physics changes in detail. Here, we present the model changes that are relevant for the
SMB. The inclusion of a parameterization for cloud ice super-saturation, as described by Tompkins and
Gierens [2007], results in more cloud water being transported towards the interior of the East Antarctic
plateau, which decreases the negative bias in downward longwave radiation and surface temperature
in RACMO2 [Van Wessem et al., 2014a]. Furthermore, the parameterizations describing the formation
of precipitation have been changed by including an increase of the auto-conversion coefficient, which
determines how quickly cloud content in convective clouds is converted into precipitation. This change
leads to a more efficient and quicker formation of precipitation in convective situations. The coefficient
was changed because updraft condensate was being overestimated in the previous ECMWF model
runs [ECMWF-IFS, 2008]. In addition, separate auto-conversion coefficients are introduced for ice
and liquid water clouds. For liquid water clouds this coefficient is constant, while for ice clouds the
coefficient decreases with temperature. This results in a more pronounced distinction between ice and
liquid water clouds [Lin et al., 1983].

4.2.2 Observational data

We evaluate the effects of the model changes on the SMB by comparing model output with obser-
vations. The observations include in-situ SMB observations, ice surface velocities, GRACE satellite
measurements and radar derived accumulation.

We compare simulated SMB with ≈3500 in-situ SMB measurements described in Favier et al. [2013],
originating from multiple sources of observations, ranging from ice cores, stake arrays to bomb hori-
zons. Only the most reliable data ("A-rated" in Favier et al. [2013]) data are used and we omitted data
covering time periods shorter than 10 years and data retrieved in areas of complex topography that are
not resolved by the model (e.g., blue ice areas in the Dry Valleys, and the Antarctic Peninsula), leaving
3234 in-situ observations, shown in Fig. 4.1. The use of this updated dataset improves on previous SMB
evaluations. This improvement is due not only to the greater spatial coverage (compared to Lenaerts
et al. [2012a]) but also to the greater reliability (compared to Van de Berg et al. [2006]), although it
still leaves large areas devoid of data. To include a region with few in-situ observations and to assess
the spatial variance in SMB in more detail, we also use airborne radar-derived accumulation in the Pine
Island-Thwaites Glaciers area, West Antarctica (see black box in Fig. 4.1), from Medley et al. [2013,
2014].

In addition to in-situ SMB observations, we compare InSAR surface velocity observations [Rignot et al.,
2011b] with balance velocities, the latter computed using modelled SMB. This method assumes the ice
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Figure 4.1: Map of Antarctica showing 3234 in-situ SMB observations (red circles) and 27 drainage
basins from Zwally et al. [2012] (delineated by green lines) used in this study. The black box denotes
a region which includes the Pine Island and Thwaites glacier area, used for comparison with a radar-
derived accumulation map. The dashed red box denotes the region (the Antarctic Peninsula (north of
74◦S)) that is excluded in calculations of integrated SMB. Regions referred to in the text: Dronning
Maud Land (DML), Wilkes and Adélie Land (AWL), Marie Byrd Land (MBL), Ellsworth Land (EL),
the Antarctic Peninsula (AP) and Filchner Ronne Ice Shelf (FRIS). Also shown are the ice-shelf edge
and grounding line (solid black lines) and height intervals every 500 m (dashed black lines) based on a
digital elevation model from Liu et al. [2001], as used in RACMO2.
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surface to be stationary, resulting, for a given surface area, in a balance of mass in- and out fluxes:
∇(VNH)+SMB = 0 where V is the balance velocity, N are the observed velocity directions derived
from satellite interferometry or surface slopes in the interior, ice thickness H is from Bedmap2 [Fretwell
et al., 2013], and average SMB fields are from RACMO2.1 and RACMO2.3. This equation is solved for
V on a high-resolution (three times ice thickness with a 3 km minimum) finite element mesh, resulting
in a velocity map for the Antarctic continent which can be compared to InSAR surface velocities using
radar interferometry [Rignot et al., 2011b; Mouginot et al., 2012]. Balance velocities are most accurate
in areas where accumulation is low, due to significant errors near the ice sheet margins [Bamber et al.,
2000]. On the other hand, InSAR velocities are less accurate in regions with low ice velocities where
difficulties arise in determining the flow direction. The comparison of model with observations is
therefore limited to regions where the error in the InSAR velocity is smaller than either the InSAR
velocity itself [Mouginot et al., 2012] or the balance velocity. This criterion leaves large regions empty
of data, most notably in West Antarctica and the coastal margins. As a result, the comparison is mostly
limited to East Antarctica.

In addition to assessing the modelled spatial SMB variability by the two methods above, we evaluate the
temporal SMB variability by comparing modelled SMB to mass change observations from the GRACE
satellite mission [Tapley et al., 2004], using CSR RL05 data. To retrieve mass anomalies at a regional
scale, we use the approach of Wouters et al. [2008] and assign mass anomalies to predefined basins
(using the definitions from Zwally et al. [2012]) and adjust these until the difference between model
and GRACE observations is minimized in a least-square sense. Originally developed for the Greenland
ice sheet, this method was later adapted by King et al. [2012] for the Antarctic ice sheet. Our approach
follows that of King et al. [2012], with the exception that we do not apply their scaling factors to
compensate for internal leakage. Instead, we subdivide the basins in a coastal zone (<400 km from
the grounded ice sheet margin) and interior zone to better capture the pronounced variability in the
marginal areas. We combined RACMO2.3 data with a hydrology model (GLDAS; Rodell, 2004) to
create monthly GRACE pseudo-observations and find that our method captures the signal with an RMS
error of generally a few Gt for the individual basins (included in the uncertainty). Uncertainties of the
monthly observations are derived using the method of Wahr et al. [2006]. Furthermore, we compared
the CSR data to two other GRACE releases (JPL RL05 and GFZ RL05a) and include the standard
deviation of the differences in the uncertainties.

In this study, we focus on three regions using the basin definitions from Zwally et al. [2012]: Dronning
Maud Land (basins 3 – 8, see Fig. 4.1), Adélie and Wilkes Land (including Byrd Glacier basin) (13
– 17) and West Antarctica (1, 18 – 23). Remaining basins have a large uncertainty in GRACE or are
dominated by mass loss through glacier discharge, and are not used in the comparison. The linear
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trend is removed from GRACE to correct for Glacial-Isostatic Adjustment (GIA) and calving fluxes,
which are not included in RACMO2. Therefore, only the temporal variability associated with large
precipitation events is accounted for [Wouters et al., 2013]. In addition, a running average of 18 months
is used to remove noise. To directly compare with GRACE, RACMO2 SMB is added cumulatively
from 1979 – 2011 and both the long-term (1979 – 2011) and GRACE period (2003–2011) linear trends
are removed.

4.3 Results: changes in modelled SMB

Here we discuss the changes in the modelled SMB and its components due to the update from RACMO2.1
to RACMO2.3.

4.3.1 General SMB features

To illustrate the general features of modelled Antarctic SMB, Figure 4.2 shows the annual mean (1979
– 2011) of the main SMB components, as simulated by RACMO2.3. Total precipitation peaks along the
coastal margins, where the terrain is steep, the air still relatively warm and humid, and precipitation is
mostly orographically forced. In West Antarctica and the Antarctic Peninsula, where elevation gradients
are large and the on-shore flow most pronounced, precipitation rates are highest. The interior of the ice
sheet is dry, with precipitation amounts above 3000 m above sea level (a.s.l.) generally below 50
mm w.e. a−1.

Figure 4.2b shows that sublimation, largely through sublimation of drifting snow [Lenaerts and Van
den Broeke, 2012], also peaks in the steep escarpment region, where wind speed is highest. However,
quantities are typically an order of magnitude smaller than precipitation. Snowmelt (Fig. 4.2c) is also
largest along the coastal margins and peaks over the ice shelves in the Antarctic Peninsula. However,
in the model nearly all meltwater is refrozen and/or retained in the snowpack, thus runoff of meltwater
is essentially zero. Figure 4.2d shows the resulting SMB; the pattern is very similar to that of total
precipitation, stressing the dominance of precipitation over the other SMB components.

The model distinguishes between convective and large-scale precipitation. Table 6.1 (first column)
shows that the grounded ice sheet integrated SMB (excluding the AP) is dominated by large-scale
snowfall (97% of total precipitation), versus 2.6% for convective precipitation and <0.1% for rain.
Drifting snow sublimation removes ∼8% of snowfall, compared to only ∼2% by surface sublimation,
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Figure 4.2: RACMO2.3 annual mean (1979-2011) total precipitation (a), total (surface and snow
drift) sublimation (b), snowmelt (c) and SMB (d) in mm w.e. a−1.
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Table 4.1: Grounded ice sheet-integrated SMB mean values [Gt a−1] with interannual variability
σ : total (snow+rain) precipitation (PR), snowfall, rainfall, convective precipitation (PRC), large-
scale precipitation (PRLS), total sublimation (SUtot ), surface sublimation (SUs), snow drift sublimation
(SUds), runoff (RU), snowmelt (M) and refrozen mass (RF). All values represent the grounded ice sheet
excluding the Antarctic Peninsula, where the model has an insufficient horizontal resolution (see text).
Also denoted are the integrated SMB values (based on the basin definitions from Zwally et al. [2012]),
for the grounded ice sheets of East Antarctica (EAIS, basins 2 – 17) and West Antarctica (WAIS, basins
1, 18 – 23).

RACMO2.3 RACMO2.1 RACMO2.3 – RACMO2.1
mean σ mean σ mean

PR 1970 107 1930 99 +40 (2.1%)
Snowfall 1969 107 1924 96 +45 (2.3%)
Rainfall 1 0.1 6 3 –5 (83%)
PRC 51 6 12 2 +39 (325%)
PRLS 1921 101 1921 99 +1 (<0.1%)
SUtot 176 9 182 9 –6 (3.3%)
SUs 24 1 28 1 –4 (14%)
SUds 153 8 154 8 –1 (0.6%)
RU 0 0 0 0 0
M 11 6 17 8 –6 (35%)
RF 11 6 25 9 –14 (56%)
SMB 1793 106 1748 98 +45 (2.5%)
SMB (EAIS) 1096 92 1052 78 +44 (4.2%)
SMB (WAIS) 600 58 599 71 +0.5 (<0.1%)

while drifting snow erosion is essentially zero (not shown) when integrated over large regions [Lenaerts
et al., 2012a]. Comparisons with observed drifting snow in Greenland suggest that RACMO2.3 some-
what overestimates ERds locally [Lenaerts et al., 2014a]. As a mass loss term, runoff is negligible.

4.3.2 Changes in SMB components

Figure 4.3 shows the difference between the average (1979 – 2011) SMB components from RACMO2.3
and RACMO2.1. Figure 4.3a shows considerable increases of total precipitation in the interior of East
Antarctica, most notably in Dronning Maud Land (DML), the AP, and the Filchner Ronne Ice Shelf
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Figure 4.3: Annual mean (1979-2011) difference (RACMO2.3 – RACMO2.1) of total precipitation
(a), total (surface and drifting snow) sublimation (b), snowmelt (c) and snow drift sublimation (d) in
mm w.e. a−1.
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(FRIS). Along the coastline of Marie Byrd Land (MBL) and Adélie and Wilkes Land (AWL) there is
a decrease (<–20 mm w.e. a−1) of precipitation. Integrated over the grounded ice sheet (excluding the
AP) (Tab. 6.1), this results in a precipitation increase of 40 Gt a−1 (+2.1%) in RACMO2.3 compared
to RACMO2.1. Table 6.1 shows that snowfall has increased by 45 Gt a−1 (+2.3%), dominating the
increase of total precipitation. The difference of 5 Gt a−1 is explained by a decrease of rainfall (–83%),
due to the changed distinction of auto-conversion coefficients between ice and liquid water clouds. Con-
vective precipitation along the entire coastline of Antarctica has increased considerably by 39 Gt a−1

(+325%). This increase is due to the increase of the auto-conversion coefficient for convective precip-
itation, together with changes in the turbulence scheme. The pattern of changes in total precipitation
is dominated by changes in large-scale precipitation, which, despite being negligible overall, are often
two orders of magnitude larger than changes in convective precipitation. The changes in large-scale
precipitation vary considerably on a local scale, but in total it has increased by only 2 Gt a−1 (<0.1%).

The changes in sublimation between RACMO2.3 and RACMO2.1 (Fig. 4.3b) are dominated by changes
in drifting snow sublimation (Fig. 4.3d). In the escarpment region, SUds has decreased. Towards the
interior of the East Antarctic ice sheet, deposition (riming) dominates, and has increased slightly in
RACMO2.3, due to increased temperatures [Van Wessem et al., 2014a] and therefore moister conditions.
This results in a net decrease of total sublimation of 6 Gt a−1 (–3.3%).

Figure 4.3c shows a widespread decrease in melt in RACMO2.3, by a total 6 Gt a−1 (–35%). The
differences are most pronounced over the ice shelves fringing East Antarctica. Because of the decrease
in rain and melt, refreezing has decreased by 14 Gt a−1 (–56%).

4.3.3 Resulting changes in SMB

The sum of the changes in individual SMB components leads to the change of the modelled SMB
(Figure 4.4), which mainly reflects changes in solid precipitation. Two large-scale patterns of changes,
that are superimposed, can be distinguished. First, there is a general decrease in coastal precipitation and
an increase of interior precipitation. Secondly, strong regional deviations occur in response to changes
in large-scale atmospheric circulation. As a combined result, the following regional changes are found
(the stippled pattern denotes the areas where changes are larger than the interannual variability of the
difference): the SMB on the East Antarctic plateau and DML has increased by up to 50%, while SMB
has decreased in the coastal region of AWL by up to ' 250 mm w.e. a−1 ( –15%), and by up to 200
mm w.e. a−1 ( –10%) in coastal MBL. In particular, the changes in DML and on the East Antarctic
plateau exceed the interannual variability, while changes in MBL only locally exceed the interannual
variability.
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Figure 4.4: Average (1979 – 2011) SMB difference (RACMO2.3 – RACMO2.1) in mm w.e. a−1.
Vectors show direction and magnitude of average 500 hPa wind speed difference (RACMO2.3 –
RACMO2.1) in m s−1. Areas where the difference exceeds one unit of standard deviation of the dif-
ference are stippled.

Circulation changes have modified the general SMB patterns, mainly in West Antarctica, the AP and
DML. The SMB on the AP has been redistributed, with an increase on the windward (western) side and
a decrease on the lee side of the mountain ridge, as well as on the eastern ice-shelves. The AP SMB will
not be discussed in further detail here, as we deem the model resolution too low for this topographically
rough region. In the coastal and escarpment region of DML, SMB has increased by'100mm w.e. a−1,
an increase of up to 30%. Integrated over the grounded ice sheet (excluding the AP) (Tab. 6.1), the
SMB has increased from 1748 (σ = 98 Gt a−1) in RACMO2.1 to 1793 Gt a−1 (σ = 106 Gt a−1) in
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RACMO2.3, an increase of 45 Gt a−1 (+2.5%) with an uncertainty due to the interannual variability of
the difference of 11 Gt a−1. Moreover, while being regionally strong, the increase of 2.5% is within the
uncertainty calculated for RACMO2.1 of 8% [Lenaerts et al., 2012a]. Using the basin definitions from
Zwally et al. [2012], the SMB for the East Antarctic (basins 2 – 17) and West Antarctic (basins 1, 18 –
23) ice sheets have increased by 44 and 0.5 Gt a−1, respectively.

The redistribution of precipitation from the coastal zones to the interior ice sheet in East Antarctica is
mainly caused by the new parameterisation of ice cloud super-saturation, allowing super-saturation and
hence the transport of more water vapour onto the ice sheet. The 500 hPa circulation patterns in Figure
4.4 suggest that the deviating pattern in DML is caused by a stronger northerly circulation, transporting
more moist air from the southern Atlantic Ocean onto the ice sheet between 0 and 45◦E. Stronger
onshore winds also explain the SMB increase on the FRIS and the adjacent area towards the South
Pole, where more precipitating clouds are advected onto the ice sheet. In-between these areas, wind
anomalies are directed off the ice sheet, and precipitation has decreased. Similar reasoning applies
to coastal West Antarctica and Ellsworth Land (EL), where increased westerlies have enhanced the
precipitation shadowing effect, increasing SMB on the windward side and decreasing it on the lee side.

4.4 Results: Comparison of model changes with ob-
servations

In order to assess whether the changes have actually improved the model results we compare the SMB
fields (1979 – 2011 mean) with available observations.

4.4.1 In-situ observations

Figure 4.5 presents the absolute (a) and relative bias (b) (model – observation) of the SMB as a function
of surface elevation for 3234 in-situ observations [Favier et al., 2013]. Most SMB observations originate
from sites in relatively dry areas of the ice sheet, while only few SMB measurements are available from
regions with high accumulation (Fig. 4.1). The clustering of observations (e.g. near the Ross Ice Shelf)
results in an over-representation of some areas, and an under-representation of others. At the same time,
the reliability of a regional value is greater, when the observational density is large. Taking all this into
account, an uncertainty is assigned to each observation, following the method of Van de Berg et al.
[2006]. Direct comparison of observations with modelled SMB (not shown here, see Fig. 2 in Lenaerts
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Figure 4.5: Absolute (a) and relative bias (b) (Model - Obs)/Model x 100%) in modelled SMB for
RACMO2.1 (blue) and RACMO2.3 (red). The data are binned in 500 m surface elevation intervals
(0–250 m, 250 – 750 m and so on). Error bars denote the combined uncertainty of the model and
observations in each height bin based on Van de Berg et al. [2006]. Elevations >2000 m (grey shaded)
represent East Antarctica exclusively. Bar chart in (a) denotes amount of weighted observations in each
bin. To separate blue and red lines, x-axis locations of each bin are displaced by 75 m.

et al. [2012a]) does not show a significant change: The correlation of modelled RACMO2.3 SMB with
the observations (r2 = 0.77) remains similar to that of RACMO2.1, and to the correlation with the old
data-set as found in Lenaerts et al. [2012a]. However, when all observations are binned in nine surface
elevation classes (at 500 m intervals) to compensate for the clustering, a clear change can be seen.

Figure 4.5a shows that RACMO2.1 SMB is too low in almost all elevation classes, indicating that the
model is generally too dry. In particular, the bins >2000 m, which all originate from the East Antarctic
plateau, are too dry by 20–55% (Fig. 4.5b). RACMO2.3 SMB values show smaller biases except for the
1000 – 2000 m bins. These elevation classes represent the coastal escarpment where SMB observations
are scarce and uncertainties are large and overlapping. Changes are small for the 500 and 2000 m bins.

For East Antarctica (>2000 m) the absolute and relative biases have been largely removed. For the
coastal bin (0–250 m) the bias has also decreased, and the improvement is significant. This height
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bin mainly contains observations from the Filchner Ronne and Ross ice shelves, which are wetter in
RACMO2.3.

4.4.2 Radar observations in West Antarctica

We also compared modelled SMB with radar-derived accumulation in the Pine Island-Thwaites Glaciers
area, West Antarctica (Fig. 4.1). These results are discussed in Medley et al. [2014], who showed that
RACMO2.1 performs well in terms of spatial variability. After further comparison with RACMO2.3,
the model ability to capture spatial variability remains unchanged (correlation r2 = 0.83). Although
minor, this is a reduction of the overall bias (model – obs) in the 1985 – 2009 mean annual SMB: the
RMSE decreases from –4.1% in RACMO2.1 to –3.0% in RACMO2.3 (not shown).

4.4.3 Balance velocities

An original application of balance ice velocities [Bamber et al., 2000] is to assess the quality of mod-
elled SMB fields, by comparing them to observed surface velocities from InSAR [Rignot et al., 2011b;
Mouginot et al., 2012] (Fig. 4.6a). Figure 4.6b,c shows the relative difference of the InSAR ice velocity
with the balance velocity computed using SMB from RACMO2.1 (b) and RACMO2.3 (c). In line with
the comparison with in-situ SMB observations, a considerable improvement is found in East Antarctica,
especially in DML, the FRIS and the Lambert Glacier basin. In the Byrd Glacier basin, differences have
become smaller but are still substantial (∼40%). In West Antarctica, no considerable changes are seen,
in agreement with the previous section.

Figure 4.7 shows the bias (a) and relative bias (b) (error bars denote bias standard deviation) of the bal-
ance velocity with respect to the InSAR velocity, binned in eight surface elevation intervals, and filtered
as in Fig. 4.6. When compared with InSAR, both model SMB fields have lower balance velocities
in all bins, indicative of underestimated SMB, in line with Fig. 4.5. Part of this underestimation (5 –
10%) is because the balance velocities are depth averaged, and InSAR velocities are surface velocities.
For RACMO2.3, the balance velocity has improved in all bins. In agreement with Fig. 4.5, this im-
plies an improvement in the RACMO2.3 SMB field relative to RACMO2.1, especially in interior East
Antarctica.
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Figure 4.6: Ice surface velocity from InSAR (a) and relative difference magnitude between InSAR
and balance velocities computed using RACMO2.1 (b) and RACMO2.3 (c) SMB fields. Regions where
uncertainties in either balance velocity or InSAR velocity are large are not included in the comparison.
These include regions of low velocity near the ice divide in East Antarctica and coastal regions and
parts of West Antarctica where high accumulation rates cause correlation problems between different
InSAR images. All data have been interpolated to the RACMO grid.
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West Antarctica & 
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Figure 4.7: Absolute (a) and relative (b) (Model - Obs)/Model x 100%) bias and bias standard de-
viation (error bars) between InSAR and balance velocity computed using SMB from RACMO2.3 (red)
and RACMO2.1 (blue). The data has been binned in nine 500 m surface elevation intervals (0 – 250 m,
then 250 – 750 m and so on). Elevation >2000 m (grey shaded) represent East Antarctica. Bar chart in
(a) denotes percentage of total grid points per elevation bin, after filtering of data as explained in data
and methods. Last height bin (3750–4250) is omitted due to limited data points (< 50) in the bin. To
separate blue and red lines, x-axis locations of each bin are separated by 75 m; standard deviations for
the first four bins in (a) are so large that they are not plotted for clarity.

4.4.4 GRACE

The previous sections dealt with spatial SMB variability. Temporal SMB variability, mainly repre-
senting precipitation events, can be compared with GRACE satellite retrievals [Horwath and Dietrich,
2009; Wouters et al., 2013]. Figure 4.8 shows the detrended mass anomalies for three regions: DML (a),
AWL (including Byrd Glacier basin) (b) and West Antarctica (c). In general, there is reasonable agree-
ment between model and GRACE temporal variability [Wouters et al., 2013; Shepherd et al., 2012].
For DML, agreement is strong and RACMO2.3 shows no significant change in representing the SMB
variability. For AWL, the timing of the maximum in accumulation in 2007, and the minimum in 2008, is
good, but the amplitude is off. For West Antarctica, temporal variability is well simulated by both model
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Figure 4.8: Detrended and 18-month running average (for details see text) SMB anomalies of
RACMO2.3, RACMO2.1 and GRACE, release RL05, for three regions of Antarctica: Dronning Maud
Land (basins 3 – 8), Adélie and Wilkes Land (including Byrd Glacier basin) (basins 13 – 17) and West
Antarctica (basins 1 and 18 – 23). Uncertainty of GRACE (one standard deviation) is shaded in grey.
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versions, although the amplitude is underestimated, but no significant change is found. We conclude
that with respect to temporal variability, no significant improvements are seen between RACMO2.1 and
RACMO2.3; all changes fall within the combined uncertainties of the model and GRACE.
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4.5 Summary and Conclusions

The physics package of the regional atmospheric climate model RACMO2 has been updated from
RACMO2.1 to RACMO2.3. A recent study by Van Wessem et al. [2014a] demonstrated improvements
of the simulated surface energy balance. The present study shows similar improvements of the surface
mass balance (SMB) of Antarctica; RACMO2.3 simulates considerably wetter conditions in the inte-
rior of East Antarctica. The SMB in RACMO2.3, integrated over the grounded ice sheet (excluding
the Antarctic Peninsula), increased to 1793 Gt a−1 (with interannual variability σ = 106 Gt a−1), an
increase of 45 Gt a−1 (2.5%) (with an uncertainty due to interannual variability of 11 Gt a−1) when
compared to RACMO2.1, in particular over the grounded ice sheet of East Antarctica (+44 Gt a−1).
This increase is dominated by an increase of snowfall of +45 Gt a−1, partly compensated by decreased
rainfall; other SMB components show small changes. The increase in precipitation is a combined re-
sult of the inclusion of ice cloud super-saturation in the model, resulting in increased cloud cover over
the interior ice sheet, a redistribution of snowfall from the coast to the interior, and regional changes
associated with changes in the large-scale circulation patterns. The change in SMB is evaluated using
various available observations:

1. A comparison with 3234 in-situ SMB observations [Favier et al., 2013] shows a considerable
improvement of RACMO2.3 over RACMO2.1 for the dry East Antarctic plateau, where biases
are almost completely removed. The low lying coastal regions show smaller changes, which
mostly fall within the combined uncertainty of model and observations.

2. A comparison of modelled SMB with a radar-derived accumulation map, for the area of Thwaites
and Pine glacier, West Antarctica [Medley et al., 2014] indicates that spatial variability in this
relatively wet area, which was already well represented in RACMO2.1, has improved further in
RACMO2.3.

3. Modelled SMB fields are used to compute balance velocity fields for the Antarctic continent,
which are compared with InSAR ice surface velocities [Mouginot et al., 2012]. Using SMB from
RACMO2.3 shows a strong improvement over RACMO2.1 in interior East Antarctica. Although
improved, a substantial bias remains in the Byrd Glacier basin. Changes in West Antarctica are
small. These results are in line with 1) and 2).

4. A comparison of SMB temporal variability with detrended GRACE [Tapley et al., 2004] time
series shows no significant improvements.

This study shows that for East Antarctica, the modelled SMB in RACMO2.3 improves considerably
over the previous RACMO2.1 product, but is within previous model uncertainty estimates [Lenaerts
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et al., 2012a]. For West Antarctica and especially the Antarctic Peninsula, more observational data and
higher resolution climate modelling are needed to enable similar comparisons. A high resolution run
(∼5.5 km) is currently performed for the Antarctic Peninsula.
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5
Modelled temperature and

wind climate of the Antarctic
Peninsula

Summary

The latest polar version of the regional atmospheric climate model RACMO2.3 has been applied to the
Antarctic Peninsula (AP). In this chapter we present results of a climate run at 5.5 km for the period
1979–2013, in which RACMO2.3 is forced by ERA-Interim atmospheric and ocean surface fields, using
an updated AP surface topography. We evaluate the model results with near-surface temperature and
wind measurements from twelve manned and automatic weather stations and vertical profiles from
balloon soundings made at three stations. The seasonal cycle of near-surface temperature and wind is
simulated well, with most biases still related to the limited model resolution. We discuss high-resolution
climate maps of temperature and wind, showing that the AP climate exhibits large spatial variability.
Over the steep and high mountains of the northern AP, large west- to east climate gradients exist, while
over the gentle southern AP mountains the near-surface climate is dominated by katabatic winds. Over
the flat ice shelves, where katabatic wind forcing is weak, interannual variability in temperature is
largest. Finally, we present decadal trends of temperature and wind and show that recently there has

This chapter is based on: Van Wessem, J. M., C. H. Reijmer, W. J. Van de Berg, M. R. Van den Broeke, A. J.
Cook, L. H. Van Ulft, and E. Van Meijgaard (2015), Temperature and Wind Climate of the Antarctic Peninsula as
Simulated by a High-Resolution Regional Atmospheric Climate Model, Journal of Climate, 28(18), 7306–7326,
10.1175/JCLI-D-15-0060.1
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been distinct warming over the northwestern AP and cooling over the rest of the AP, related to changes
in sea ice cover.
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5.1 Introduction

Over the past 50 years, the Antarctic Peninsula (AP) has experienced warming that is significantly
greater than the rest of the Antarctic continent and possibly greater than all other regions on Earth
[Turner et al., 2005a]. This resulted in the (partial) disintegration of multiple ice shelves that fringe the
AP, e.g. Larsen A, Larsen B and parts of Wilkins ice shelf [Cook and Vaughan, 2010]. In turn, this led to
the speedup and thinning of the grounded glaciers that feed into these ice shelves [Scambos, 2004; Rott
et al., 2011], and consequently to an increased grounded ice discharge and contribution of AP glaciers
to global sea level rise [Rignot, 2004]. Although the exact cause of AP ice shelf disintegration is still
under debate, it is generally believed that the disintegration of Larsen A and B ice shelves was mainly
driven by enhanced surface melt in response to stronger atmospheric westerlies in summer [Van Lipzig
et al., 2008; Marshall et al., 2006], resulting in meltwater ponding and hydrofracturing [Scambos et al.,
2000; Van den Broeke et al., 2005a; Scambos et al., 2009].

The climate of the AP is shaped by its narrow mountain range, which acts as a barrier to the Southern
Hemisphere westerlies, introducing large horizontal gradients in temperature and precipitation. More-
over, AP temperatures are sensitive to sea ice cover in the Bellingshausen Sea, especially in winter
[King, 1994]. To understand recent changes, continuous records of temperature, wind and pressure are
available from manned surface and automatic weather stations mainly along the western and northern
AP coast. Some of these timeseries date back to well before the International Geophysical Year of
1957–1958. The automatic weather stations and the manned stations combined nowadays provide a
reasonable spatial coverage of the AP [Turner et al., 2005a]. Nevertheless, large regions of the AP
remain devoid of data due to the steep mountain slopes and the harsh climatic conditions, including
extreme amounts of precipitation especially on the western side [Genthon and Krinner, 2001]. To
fill these gaps, remote sensing techniques can be used, such as microwave sensors to detect (bright-
ness) temperatures [Tedesco et al., 2007], or radar backscatter to identify melt episodes [Barrand et al.,
2013b]. Atmospheric re-analysis products [Bracegirdle and Marshall, 2012] and global climate models
(GCMs) provide gridded climate information, but with horizontal resolutions that range from 25 – 150
km these do not accurately resolve the rough topography of the AP. Dynamical downscaling using high-
resolution regional atmospheric climate models (RCMs) has proven to be a good method to represent
climate at 5–10 km resolution. Moreover, RCMs can be specifically adapted to simulate the climate
and surface mass balance of glaciated regions such as the Antarctic ice sheet [Lenaerts et al., 2012a;
Van Wessem et al., 2014b], but also of smaller partly glaciated regions like Greenland [Fettweis, 2007;
Ettema et al., 2010], Patagonia [Lenaerts et al., 2014b] and Svalbard [Claremar et al., 2012; Lang et al.,
2015].
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Previous simulations of AP climate only covered short timespans due to limited computational re-
sources [Van Lipzig et al., 2004], lacked the resolution to accurately resolve the topography of the AP
[Van Wessem et al., 2014b] or were performed for operational purposes by short-range forecast models
[Powers et al., 2012], with changing physics. Here, we use the regional atmospheric climate model
RACMO2.3 to simulate the AP climate at a relatively high horizontal resolution of ∼5.5 km and the
longest period for which reliable forcing is available (1979–2013). We evaluate the simulated near-
surface temperature and wind fields over the AP by comparing model output with observations from
twelve manned and automatic weather stations, and using profile data from balloon soundings. Section
5.2 presents the RACMO2.3 model and the observational data used, Section 5.3 discusses the model
evaluation and Section 5.4 presents high-resolution maps of modelled temperature and wind, followed
by conclusions in Section 7.4.

5.2 Data and Methods

5.2.1 Regional Atmospheric Climate Model RACMO2.3

The Regional Atmospheric Climate Model RACMO2.3 combines the dynamics package of the High
Resolution Limited Area Model (HIRLAM) [Undén et al., 2002] with the physics package of the
European Centre for Medium-range Weather Forecasts (ECMWF) Integrated Forecast System (IFS).
RACMO2.3 has been adapted for use over the large ice sheets of Greenland and Antarctica [Reijmer
et al., 2005]; it includes a multi-layer snow model to calculate melt, percolation, refreezing and runoff
of liquid water [Ettema et al., 2010]; a prognostic scheme for snow grain size to calculate surface albedo
[Kuipers Munneke et al., 2011]; and a routine that simulates the interaction of drifting snow with the
surface and the lower atmosphere [Lenaerts et al., 2012b]. ERA-Interim re-analysis data with 6-hourly
resolution from January 1979 to December 2013 [Dee et al., 2011] are used to force the model at the
lateral atmospheric boundaries as well as at the lower ocean boundaries by prescribing sea ice fraction
and sea surface temperatures. Tests with different relaxation zones have confirmed that the relaxation
zone is sufficiently wide that the model interior (Fig. 5.1) is allowed to evolve independently of the
lateral boundary relaxation. A model time step of 2 minutes is used.

RACMO2.3 is a hydrostatic model, that we run at a horizontal resolution of ∼5.5 km and 40 vertical
levels. The high horizontal model resolution is a significant improvement over previous RACMO sim-
ulations of Antarctica, which used horizontal resolutions of 55, 27 and 14 km respectively. We assume
hydrostatic balance to hold at 5.5 km horizontal resolution: the validity of this assumption is confirmed
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by the fact that RACMO2.3 output agrees very well with surface and upper-air observations (see Sect.
5.3), although obviously there would be processes that will be better resolved in a non-hydrostatic
model (e.g. winds over sloping surfaces Cassano and Parish, 2000). The surface topography is based
on the 100 m Digital Elevation Model (DEM) from Cook et al. [2012] for the grounded ice sheet north
of 70◦S, and on the 1 km DEM from Bamber and Gomez-Dans [2009] for the ice shelves and the re-
mainder of the domain. This is a major update of the previous model topography, which was based on
the RAMPv2 DEM [Liu et al., 2001]. The ice sheet mask is kept constant through the simulation, and
includes the (former) Larsen B and Larsen A ice shelves. For further details on the model the reader is
referred to Van Wessem et al. [2014a,b].

The model is initialised on January 1st, 1979 with the atmospheric state and sea surface boundary
conditions adopted from ERA-Interim re-analysis. The initial firnpack of the AP is inferred from a
simulation with an offline firn densification model (FDM, Ligtenberg et al., 2011), which was driven
by an earlier simulation of the AP climate by RACMO2.3, largely comparable to the one used in this
study. More details on the FDM can be found in Ligtenberg et al. [2011].
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Figure 5.1: RACMO2.3 Antarctic Peninsula model domain (black box in inset map of Antarctica),
boundary relaxation zone (dotted area, 16 grid points) and surface topography [m] of the Antarctic
Peninsula. Locations of SCAR-READER surface stations are marked (red diamonds), and the location
of AWS 14 (black circle). Model topography is based on digital elevation models from Cook et al.
[2012]; Bamber and Gomez-Dans [2009]. White areas represent the floating ice shelves, colours rep-
resent the elevation of the grounded ice sheet.
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Table 5.1: Topographic and climatological information for the 12 SCAR-READER stations used in this
study. For air temperature (T2m) and wind speed (V10m) starting years and number of available months
are given. All timeseries run until December 2013. Between brackets, M denotes manned surface
station, A denotes automatic weather station, UA denotes manned station with upper air measurements
(2002–2013). Sensor heights for T2m are: 2 m for manned stations, and variable (∼3 m) for automatic
weather stations. Sensor heights for V10m: 10 m for manned stations, variable (∼5 m) for automatic
weather stations. Data are not corrected for differences between sensor and model height.

Name Lat (◦S) Lon (◦W) Elevation (m) Start T2m Months T2m Start V10m Months V10m
Arturo Prat (M) 62.5 59.7 5 1979 326 / 420 1983 260 / 372
Bellingshausen (M,UA) 62.2 58.9 16 1979 420 / 420 1979 420 / 420
Bonaparte Point (A) 64.8 64.1 8 1992 161 / 264 1992 121 / 264
Butler Island (A) 72.2 60.2 91 1986 285 / 336 1986 196 / 336
Esperanza (M) 63.4 57.0 13 1979 407 / 420 1979 389 / 420
Faraday/Vernadsky (M) 65.4 64.4 11 1979 416 / 420 1979 413 / 420
Larsen Ice Shelf (A) 67.0 67.0 32 1985 228 / 348 1985 222 / 348
Limbert (A) 75.4 59.9 40 1995 164 / 228 1995 91 / 228
Marambio (M,UA) 64.2 56.79 189 1979 413 / 420 1995 91 / 228
O’ Higgins (M) 63.3 57.9 10 1979 366 / 420 1983 259 / 372
Rothera (M,UA) 67.4 68.1 32 1979 418 / 420 1979 417 / 420
San Martin (M) 68.1 67.1 54 1979 269 / 420 1979 217 / 420

5.2.2 Observational data

SCAR-READER stations

To evaluate RACMO2.3 we use temperature and wind observations from the Scientific Committee on
Antarctic Research (SCAR) Reference Antarctic Data for Environmental Research (READER, Turner
et al., 2004) manned stations and automatic weather stations (AWS). The locations of these stations are
marked in Fig. 5.1 and details are given in Tab. 5.1. We have omitted stations with timeseries <10
years and stations that are located within a distance of ∼10 km (2 grid boxes) to other stations, chosing
the one with the longer timeseries. For the remaining 12 SCAR-SCAR-READER stations we extracted
monthly averaged values of air temperature and wind speed/direction from 1979 onwards. As there are
considerable elevation differences between model topography and the actual topography for the western
AP stations, modelled temperature is corrected using a constant lapse rate of 7.2 K km−1 [Morris and
Vaughan, 2003]. Output is not corrected for sensor height differences or variations (see Tab. 5.1). More
information about the SCAR-READER stations and their data quality is given in Turner et al. [2004].
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Balloon soundings

At the manned surface stations of Rothera, Bellingshausen and Marambio (Fig. 5.1), regular (12:00
UTC) balloon soundings are performed to measure vertical profiles of temperature, wind speed and
wind direction. We use the upper air monthly climatology (2002–2013) from the SCAR-READER
database, of these stations, to assess the quality of simulated RACMO2.3 upper air conditions. In
addition, at AWS 14 on Larsen Ice Shelf (LIS), during a short experimental campaign in January 2011
and at irregular intervals, additional balloon soundings were performed [Kuipers Munneke et al., 2012a].
Two of these profiles are used together with simultaneous Rothera soundings to evaluate RACMO2.3
modelled gradients across the AP mountain range.

5.3 Results: Model evaluation

5.3.1 Near-surface temperature

Figure 5.2 shows modelled versus observed average (1979–2013), yearly and monthly 2 m temperature
at the 12 SCAR-READER stations. The stations include a broad range of annual mean temperatures:
from the cold (∼250 K) south-eastern ice shelves towards the warm (∼270 K) northern and western
regions of the AP (see Tab. 5.2). Interannual variability (one standard deviation, expressed as error
bars) is relatively low and similar for all stations. Figure 5.2 demonstrates that RACMO2.3 accurately
simulates average near-surface (i.e. 2 m) temperature, both east and west of the mountain range. The
coefficient of determination of all monthly values is high (r2 = 0.97), partly due to the annual cycle
being retained in the comparison, and overall temperature is slightly underestimated by the model (bias
= –0.17 K), mostly due to an underestimation of summer temperatures. Individual station statistics are
presented in Table 5.2: for all stations the coefficient of determination is high (r2 > 0.9) and biases are
generally less than 1 K. Figure 5.3 compares the observed and modelled seasonal cycle and interannual
variability of monthly mean 2 m temperatures at the 12 individual stations that are used in this study.
For the northern and western stations (Figs. a, b, c, e, f, i, j, k and l), summer temperatures are under-
estimated, likely as a result of the stations being located on or near ice- and snow-free rock outcrops,
while RACMO2.3 assumes continuous year-round snow/ice cover. As a result, model albedo is likely
overestimated and too much solar radiation is reflected. For these stations winter temperatures match
very well. The other stations (d, g, h) are located on the flat eastern ice shelves and are generally much
colder in winter. The seasonality in 2 m temperature is captured well, in particular the ’peaked’ summer
and the ’coreless’ winter, characteristic of East Antarctic temperature seasonality [Wendler et al., 1988].
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Figure 5.2: Modelled versus observed average (1979–2013 ) (red), yearly (blue) and monthly (black)
2 m temperature (T2m) in units [K]. Red error bars denote interannual variability (one standard devi-
ation). For annual and yearly average values only years are used that include observations for all 12
months. Coefficients of determination (r2), bias and RMSD of all monthly and yearly data are shown.
The black line represents the 1:1 line.

For Larsen Ice Shelf station (g) an overestimation of winter temperature is seen; this could be related
to overestimated wind speed, warming the surface layer too much (see Sect. 35.3.3) or to the many
missing winter measurements for this station and/or poor data quality due to icing/riming that happens
during relatively warm/moist winter episodes.

5.3.2 Trends in near-surface temperature

Figure 5.4 shows seasonal modelled T2m trends as a function of the observed trend, for long-term
(1979–2013) and short-term (decadal) periods (1981–1990, 1991–2000, 2001–2013). The observed



5

90 5. Modelled AP wind and temperature

Figure 5.3: Monthly average 2 m temperature (T2m) for SCAR-READER stations (black dots) and
RACMO2.3 (red lines). Error bars denote observed interannual variability of the respective month (one
standard deviation). Data for a particular month are only used when both the model and the observa-
tional data are available for that month. Modelled temperature is corrected for elevation differences
between model and observations using a lapse rate of 7.2 K km−1. Information about the stations can
be found in Tab. 5.1.
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Figure 5.4: Modelled versus observed spring (a), summer (b), autumn (c) and winter (d) trends in
T2m [K y−1] for 1979–2013 (circles), 1981–1990 (asterisks), 1991–2000 (squares) and 2001–2013 (tri-
angles). Error bars show one standard deviation of the calculated trend (only if significant at >95%).
Trends are not shown if insufficient observational data are available (<50% of the respective period).
SCAR-READER stations situated in the eastern AP are denoted in blue (Esperanza, Marambio, Larsen
Ice Shelf, Butler Island and Limbert). Coefficients of determination (r2), bias, RMSD and regression
slope (rc) of all trends are shown; regression lines are based on all trends. Note the different axes for
Figs. 5.4c,d.
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Table 5.2: Observed (12 SCAR-READER stations) mean, bias (model – observation), standard devia-
tion of the bias σ , root-mean-square deviation and coefficient of determination (r2, all with significance
level p < 0.0001) of all individual (not detrended) monthly 2 m temperatures T2m. Modelled temper-
ature is corrected for elevation differences between model and actual elevation using a lapse rate 7.2
K km−1.

Obs RACMO2.3 5.5 km
mean bias σbias RMSD r2

Arturo Prat 271.1 0.27 0.76 0.64 0.95
Bellingshausen 270.9 -0.51 0.56 0.54 0.97
Bonaparte Point 271.0 -0.06 1.43 1.25 0.82
Butler Island 256.5 -0.94 1.75 1.75 0.96
Esperanza 268.3 -0.52 1.04 0.83 0.97
Faraday/Vernadsky 270.2 -0.15 0.99 0.85 0.93
Larsen Ice Shelf 258.7 1.45 1.72 1.10 0.98
Limbert 250.5 0.15 1.32 1.25 0.98
Marambio 264.9 0.18 1.63 1.28 0.94
O’Higgins 269.6 -0.71 0.74 0.71 0.96
Rothera 268.9 -0.02 1.22 0.97 0.94
San Martin 268.8 0.02 1.73 1.36 0.90

trends are represented well by the model, especially in autumn and winter (r2 = 0.83, 0.71), when
warming rates are the largest and most significant, but uncertainties (one standard deviation, only plotted
if significant >95%) are relatively large. We find that cooling trends predominantly stem from the last
two decades, the 2001–2013 period in particular, not showing a clear seasonality, and is present both in
the eastern and the western AP stations. Due to limited observation lengths no long-term trend could
be calculated for the eastern ice shelf stations and trends shown are mostly from the 2001–2013 period.

5.3.3 Near-surface wind speed

Figure 5.3.3 shows modelled versus observed average (1979–2013), yearly averaged and monthly 10 m
wind speed (V10m), and average (1979–2013) 10 m wind direction at the 12 SCAR-READER stations.
The stations show a broad range of 10 m wind speeds: annual average V10m ranges from 3 m s−1 to 8
m s−1, while interannual variability (one standard deviation, expressed as error bars) also varies some-
what among the stations, which is partly due to different observation lengths. Wind directions are
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Faraday 

SSI 

Figure 5.5: Modelled versus observed average (1979–2013 ) (red), yearly (blue) and monthly (black)
10 m wind speed (V

10m, m s−1) and average (1979–2013) wind direction (green, right axis) in units [◦]. Red
error bars denote interannual variability (one standard deviation) of V10m. SSI denotes the
two South Shetland Island stations. For annual and yearly average values only years are used
that include observations for all months. Wind direction is calculated from vector means.
Coefficients of determination (r2), bias and RMSD of all monthly and yearly data are shown.
The black line represents the 1:1 line.
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Table 5.3: Observed (12 SCAR-READER stations) mean, bias (model – observation), standard devia-
tion of the bias σ , root-mean-square deviation and coefficient of determination (r2,all with significance
level p < 0.0001) of all (not detrended) individual monthly 10 m wind speeds V10m.

Obs RACMO2.3 5.5 km
mean bias σbias RMSD r2

Arturo Prat 6.0 2.64 1.25 1.07 0.36
Bellingshausen 7.4 1.45 0.72 0.72 0.68
Bonaparte Point 4.8 0.99 1.03 0.92 0.50
Butler Island 4.9 0.40 0.75 0.61 0.66
Esperanza 7.4 -0.81 1.44 1.22 0.53
Faraday/Vernadsky 4.5 0.37 0.90 0.81 0.55
Larsen Ice Shelf 3.6 1.32 0.90 0.69 0.21
Limbert 4.8 0.99 0.92 0.78 0.37
Marambio 8.7 -1.1 1.31 0.93 0.59
O’Higgins 6.5 -0.24 1.53 1.10 0.19
Rothera 6.2 -0.83 0.79 0.72 0.72
San Martin 4.8 -1.09 1.31 0.71 0.32

mostly westerly, except for Rothera and San Martin which experience northerly flow. Wind direction is
represented well by the model, except for Faraday/Vernadsky. The scatter in monthly V10m is relatively
large (r2 = 0.5) but the bias is small (0.18 m s−1). The coefficient of determination of the individual
stations (Tab. 5.3) ranges from 0.2 to 0.7, where lower values are mostly for stations with shorter and
incomplete records. Apart from model errors, discrepancies are due to the difficulty of representing the
rough terrain in which the stations are located, at 5.5 km spatial resolution. This is especially the case
for Bellingshausen and Arturo Prat, located on the South Shetland Islands (SSI), where biases in wind
speed are large, probably as a result of poor representation of these islands in the model DEM. For all
other stations there is a slight tendency for low wind speeds to be overestimated and high wind speeds to
be underestimated; this is due to the still limited horizontal resolution compared to the locally complex
terrain, and the fact that katabatic forcing is important for the near-surface wind climate. Apparently, as
was the case for RACMO2.3 at 27 km [Van Wessem et al., 2014a], there is too much katabatic forcing
for stations located in relatively flat terrain (i.e. LIS), and too little for stations located in steep terrain
(i.e. most stations in the western AP), although the effect should be smaller at the resolution presented
in this study.
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Figure 5.6: Monthly average 10 m wind speed (V10m) for SCAR-READER stations (black dots) and
RACMO2.3 (red lines). Data for a particular month are only used when both the model and the obser-
vational data are available for that month. Error bars denote observed interannual variability of the
respective month (one standard deviation). Information about the stations can be found in Tab. 5.1.
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Figure 5.6 compares the observed and modelled seasonal cycle and interannual variability of 10 m
wind speed at the 12 individual stations. Seasonality in wind speed is represented relatively well by
RACMO2.3 for most stations, but the variability (represented by the error bars) is generally less than in
the observations. The largest bias is seen for Larsen Ice Shelf, in winter. Apart from model errors, this
might be partly explained, as with temperature, by sensor problems such as icing/riming, as suggested
by the frequently missing winter observations for this station.

Figure 5.7 shows that the generally weak seasonal cycle in wind direction at most stations is simulated
well for most stations, except for Faraday, although wind speed at this station is well simulated. This
suggests that, at this location, the direction of the slope is poorly resolved, which is likely due to the
station being located on a small island. At the ice shelf stations Larsen C and Limbert, the strong wind
direction seasonality is caught particularly well.

5.3.4 Vertical profiles of temperature and wind

Figure 5.8 presents RACMO2.3, ERA-Interim and observed average (2002–2013) upper air tempera-
ture, wind speed and wind direction for three SCAR-READER stations. RACMO2.3 and ERA-Interim
correctly resolve the temperature profile at all stations. The model simulates the winds well for the
lower atmosphere, but at higher levels in the atmosphere modelled and observed wind speed slightly
deviate, which, apart from model errors, may be partly related to the horizontal advection of the bal-
loons. The westerly wind direction in the upper atmosphere, and, especially at Rothera, the turning
towards more northerly lower atmosphere winds is represented well by the model; this effect is absent
in ERA-Interim, stating the additional value of RACMO2.3 over ERA-Interim.

We use two balloon soundings from Jan. 11 and Jan. 23, 2011, performed simultaneously east and
west of the AP at the locations of Rothera and AWS 14 on Larsen C ice shelf, to evaluate modelled
gradients across the AP mountains. These dates represent two very different meteorological situations
with a strong low pressure system to the east of the AP on Jan. 11 (Fig. 5.9a), and to the west of the AP
on Jan. 23 (Fig. 5.9b). To the east of the AP, on Jan. 11, cold air is advected from the south along the
mountain range by the large-scale circulation. The wind speed maximum close to the surface represents
a barrier wind jet, which is a phenomenon frequently observed in the eastern AP [Schwerdtfeger, 1975;
Parish, 1983]. It is formed by cold air, advected from the south-east, piling up against the AP mountains
creating a pressure gradient that forces a cold southerly flow. RACMO2.3 simulates the characteristic
temperature and wind profiles well, although the wind speed in the jet is overestimated. At AWS 14,
the inversion in temperature at ∼1000 m is also simulated well. RACMO2.3 accurately simulates the
weaker upper air winds and their predominantly southerly direction.
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Figure 5.7: Monthly average 10 m wind direction for SCAR-READER stations (black dots) and
RACMO2.3 (red lines). Data for a particular month are only used when both the model and the obser-
vational data are available for that month. Error bars denote observed interannual variability of the
respective month (one standard deviation). Wind direction and standard deviation are calculated from
monthly vector means. Information about the stations can be found in Tab. 5.1.
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Figure 5.8: Average (2002–2013) profiles of observed balloon soundings (black lines), modelled (red)
and ERA-Interim (blue) temperature, wind speed and wind direction at Rothera (a), Marambio (b) and
Bellingshausen (c). Shading represents interannual variability (one standard deviation).
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Figure 5.9: Observed (balloon soundings, black and grey lines) and modelled (red and blue lines)
profiles of temperature, wind speed and wind direction for Jan. 11 (a) and Jan. 23 (b), 2011. Insets show
radiosonde locations (black dots) and meteorological conditions: 700 hPa winds (vectors) and 700 hPa
geopotential height (m) (contours). Shading of modelled profiles denotes one standard deviation, based
on 12:00 UTC ± 3 hours (5 modelled profiles).
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Figure 5.9b shows the conditions for Jan. 23, 2011, with northerly large-scale winds. Warm air is
now advected towards the AP, which is reflected in the higher temperatures when compared to Jan.
11. RACMO2.3 resolves the temperature profile with reasonable precision, although the inversion
at 2000 m is not sufficiently pronounced. The profiles for wind speed/direction also show reasonable
correspondence, especially for wind direction. The observed wind speed profile at Rothera shows larger
variability with height than the model. Apart from model errors, this mismatch is likely a combination
of multiple effects that complicate a correction of the data, and thus a direct comparison: it is related to
the mismatch of model and the actual topography, the horizontal displacement of the balloon, as well
as the radiosonde measurements being performed over a longer time period than the (instantaneous)
model output.

5.3.5 Effects of horizontal resolution

For the same day as Fig. 5.9a, Figure 5.10 shows daily average (Jan. 11, 2011) 10 m wind speed and
2 m temperature of RACMO2.3 at 5.5 km and of ERA-Interim at ∼80 km horizontal resolution. In
addition, Figs. 5.11,5.13,5.14,5.15 show ERA-Interim climate maps next to the RACMO2.3 climate
maps, all illustrating the added value of the high-resolution results over the ERA-Interim fields. The
high resolution has a significant impact on simulated winds in rough terrain, which has been previously
discussed in Bromwich et al. [2005]; Lenaerts et al. [2012c], which focussed on other regions in Antarc-
tica. At 5.5 km, more detail and more pronounced temperature and wind speed gradients are simulated
over the AP mountain range. Moreover, local features, such as wind and temperature over the George
VI ice shelf, or the strong downslope winds on the southeastern slopes, are now resolved. Also note the
strong wind speed gradient over Larsen C ice shelf.

5.4 Results: Climate of the Antarctic Peninsula

In this section we discuss the Antarctic Peninsula climate in terms of upper atmosphere and near-surface
wind and temperature, their seasonality and spatial and interannual variability.

5.4.1 Seasonality

Figures 5.11a,b show the RACMO2.3 and ERA-Interim climatological average (1979–2013) large-scale
circulation and geopotential height pattern at 700 hPa. The Antarctic Peninsula climate is characterised
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Figure 5.10: RACMO2.3 (left panel) and ERA-Interim (right panel) daily mean 10 m wind speed
(V10m, vectors and contours) (a,b) and 2 m temperature (T2m) (c,d) for Jan. 11, 2011. Black contour
lines represent the ice shelf edge and 100 m surface elevation. Vectors are plotted every 3 grid boxes to
not obscure the plot.
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Figure 5.11: RACMO2.3 (left panel) and ERA-Interim (right panel) average (1979–2013) 700 hPa
geopotential height (colours) and wind speed vectors (a,b), 10 m wind speed and vectors (c,d) and 2 m
temperature (f,g). Black contour lines represent the ice shelf edge and 100 m surface elevation.
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by persistent upper-air westerly winds that advect warm and moist southern Pacific Ocean air towards
the AP. The strong resemblance of the RACMO2.3 and ERA-Interim re-analysis circulation patterns
shows that the simulation is strongly constrained by the lateral boundaries, and that much of the good
model performance at these scales comes from the quality of the re-analysis. Figure 5.12a shows that
the westerly winds are notably weaker in summer than in winter (Fig. 5.12b), following the seasonal
variations in the depth of the circumpolar pressure trough. West of the AP mountain ridge, which peaks
at elevations of 2500 m above sea level, the upper air winds are deflected towards the south, especially
in summer, transporting relatively warm and moist maritime air to the ice sheet. In winter, winds are
more zonal.

The strong upper air westerlies are only partly reflected in the near-surface (10 m) winds (Figs. 5.11c,d),
where there are significant differences between RACMO2.3 and the re-analysis over the ice sheet to-
pography. In summer, near-surface winds over the ocean are largely blocked by the mountain range:
west of the AP the winds veer towards the south, following the topography, but are relatively weak
[Orr et al., 2008]. In winter (Fig. 5.12c), winds are stronger over the southwestern slopes due to kata-
batic wind forcing. This is especially true towards the southwest, where slopes are more extensive,
and clouds are less persistent, resulting in more longwave cooling of the surface: here annual mean
V10m reaches values >10 m s−1. To the east of the AP, winds are mostly southerly, following the AP
orography, advecting cold air from the south. These are the well known AP barrier winds, caused by
the interaction between cold air from the Filchner Ronne ice shelf, the ice-covered Weddell Sea and the
AP mountains [Schwerdtfeger, 1975; Parish, 1983].

The AP near-surface (2 m) temperature, shown in Figs. 5.11e,f and 5.12e,f, is closely related to eleva-
tion, latitude and circulation: average (1979–2013) T2m decreases from∼270 K along the northwestern
coastline, to ∼250 K at the top of the spine in the southern AP. Note the wintertime relative maxima in
T2m over the lower slopes of the mountain range, indicative of katabatic winds that enhance sensible
heat transport towards the surface [Van den Broeke et al., 1999]. This feature is strongest in winter
when temperatures over the flat ice shelves are, in the absence of katabatic flow, lower than over the
nearby slopes. The large (∼10 K) wintertime east-west temperature gradient over the AP is caused by
the advection of cold air by southerly winds to the east of the AP, and the advection of warmer air by
northerly winds in the west of the AP. These differences are further enhanced by the ensuing differences
in sea ice cover, with sea ice cover being more extensive in the Weddell Sea to the east of the AP.
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Figure 5.12: RACMO2.3 summer (left panel) and winter (right panel) (1979–2013) 700 hPa geopo-
tential height (colours) and wind speed vectors (a,b), 10 m wind speed and vectors (c,d) and 2 m
temperature (f,g). Black contour lines represent the ice shelf edge and 100 m surface elevation.
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5.4.2 Variability

Figure 5.13a shows there is low interannual variability of V10m for the western AP, and high interannual
variability for the eastern slopes of the AP. This is probably associated with the presence of a layer of
cold air in the east, its variable depth causing variable thermal winds opposing the katabatic winds [Van
Angelen et al., 2011], as well as lee slope effects of the variability in westerly atmospheric circulation;
these effects are not caught in the low-resolution data-set (Fig. 5.13b). On the ice shelves wind speed
variability is low, in the absence of katabatic forcing.

Figures 5.13c,d show that directional constancy (DC, the ratio of absolute and vector mean wind speed)
is high over the AP slopes, where katabatic forcing is strongest. In the northwest, where katabatic
winds oppose the relatively strong large-scale circulation, DC is lower. Over the flat ice shelves DC
is also relatively low, in the absence of katabatic forcing; here conditions are mostly influenced by
varying large-scale/meso-scale pressure gradients. Over the Ronne Ice Shelf towards the AP mountain
range a barrier wind signature is visible with locally higher DC values. Particularly interesting and
counterintuitive are the high DC values over the northeastern AP mountain slopes, while simultaneously
the interannual variability of V10m on these slopes is high. This indicates high variability in wind speed
but low variability in wind direction. It is likely that over the eastern AP slopes, variable barrier winds,
in combination with synoptically forced foehn winds [Elvidge et al., 2014], influence the wind strength
over the slopes, which affects the magnitude of the wind, but not its direction.

The impact of katabatic winds on sensible heat exchange and temperature is clearly illustrated in Fig.
5.14c: over the flat ice shelves a strong surface based temperature inversion is able to develop especially
in winter. This inversion is weaker over the mountain slopes, where katabatic winds and hence down-
ward mixing of warm air are strongest, resulting in higher potential temperatures, which is more clearly
seen in the high-resolution data than in ERA-Interim (Fig. 5.14d). Locations with strong surface-based
temperature inversions are also susceptible to strong warming when the inversion breaks up (e.g. due to
clouds and winds warming the surface), enhancing temporal variability. This explains the patterns seen
over the AP in Figure 5.14a,b, where T2m variability is low in regions where θ2m is high, and variability
is high in regions where θ2m is low. Over the ocean, variability in T2m is mostly determined by vari-
ability in sea ice cover. For instance, the area with a local minimum in the Weddell Sea is characterised
by a semi-permanent sea ice cover.
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Figure 5.13: RACMO2.3 (left panel) and ERA-Interim (right panel) interannual (1979–2013) vari-
ability (one standard deviation, detrended and determined from yearly averages) of 10 m wind speed
V10m (a,b), and directional constancy (c,d). Wind speed variance is presented as a fraction of the mean
wind speed. Black contour lines represent the ice shelf edge and 100 m surface elevation.
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Figure 5.14: RACMO2.3 (left panel) and ERA-Interim (right panel) interannual (1979–2013) vari-
ability (one standard deviation, detrended and determined from yearly averages) of 2 m temperature
(a,b), and 2 m potential temperature (c,d). Black contour lines represent the ice shelf edge and 100 m
surface elevation.



5

108 5. Modelled AP wind and temperature

5.4.3 Trends

Figure 5.15a shows the modelled 1979–2013 trend of 2 m temperature. A warming occurred in the
northwest of the AP and over the adjacent oceans of up to ∼0.05 K y−1, which is significant at the
>95% level near the mountain range. Over most of the AP, but especially over the east and the south,
there has been significant cooling of up to ∼0.03 K y−1, that has mostly occurred in the last decade
(2001–2013, not shown). This notable distinction between western AP warming and eastern AP cooling
is closely related to the changes in the near-surface winds (Fig. 5.15b). Over the western AP northerly
winds have increased in strength. Over the eastern AP, enhanced barrier winds over the Ronne Ice Shelf
have led to enhanced southerly winds near the surface, and a decreased magnitude of the katabatic
winds down the eastern AP slopes. These southerly winds increased the transport of cold air over the
sea ice and Ronne Ice Shelf towards the northern AP ice shelves, leading to the cooling in this region.

This clear west-to-east distinction in trends, and features such as the seasonality where over the western
AP most warming occurs in winter, while for the eastern AP the warming is found in summer/autumn,
are also found in ERA-Interim (Figs. 5.15b,d), the SCAR-READER stations (Fig. 5.4) and has
been previously reported using lower resolution data-sets [Bromwich, 2004; Bracegirdle and Marshall,
2012]. However, the significant warming for the southwestern AP ice sheet in the low-resolution ERA-
Interim data-set, is not seen at 5.5 km, which rather shows a cooling.

These changes in near-surface wind speed and direction are also related to changes in sea ice fraction
[Holland, 2014]. Figure 5.15e shows a significant decrease in sea ice to the west of the AP, which has
further enhanced the warming in the western AP, especially in autumn and winter when the retreat in sea
ice is strongest (in summer this region is nearly free of sea ice). Over the Weddell Sea the sea ice cover
has increased near the front of Larsen C and Larsen D ice shelves, possibly in response to enhanced
flow from the south. Maps of decadal temperature trends (not shown) and Fig. 5.4 confirm that the
long-term cooling signal in Fig. 5.15a stems mainly from the last decade, in spring and summer; the
other decades (in particular 1991–2000) mostly show a warming signature, which was also discussed
by Bromwich and Fogt [2004]; Turner et al. [2005a].

5.5 Summary and conclusions

We present and discuss the near-surface temperature and wind climate of the Antarctic Peninsula (AP)
for 1979–2013, as simulated by the regional atmospheric climate model RACMO2.3, at a relatively
high horizontal resolution of 5.5 km. The model is forced by ERA-Interim re-analysis data at the
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Figure 5.15: RACMO2.3 (left panel) and ERA-Interim (right panel) 1979–2013 trends for T2m (a,b) 10
m wind speed V10m (c,d). RACMO2.3 sea ice fraction (which is equal in RACMO2.3 and ERA-Interim)
is shown in (e). Black contour lines represent the the ice shelf edge and 100 m surface elevation. Dotted
pattern represents areas where trends are significant at > 95%.



5

110 5. Modelled AP wind and temperature

lateral boundaries, and includes an updated model surface topography. We evaluate model performance
by comparing output to temperature and wind measurements from 12 manned and automatic weather
stations in the SCAR-READER data-set, and vertical profiles of temperature and wind from balloon
soundings. The seasonal cycle in temperature is simulated well, although summer temperatures are
slightly underestimated at the western AP stations, probably as a result of an overestimated summer
(rock vs. snow surface) albedo near the stations. The winter temperature at most stations is represented
well, including the ’coreless’ winter at the ice shelf stations and the peaked winter for the warmer
(western) coastal stations. In general, the model simulates wind speed/direction fairly well in terms of
temporal and spatial variability, but considerable biases are found, a result of the model not adequately
resolving the complex terrain in which the stations are situated, even at 5.5 km horizontal resolution.
RACMO2.3 vertical profiles of temperature and wind at a daily scale are simulated relatively well, as
a comparison with balloon soundings shows, but, due to both measurement and model uncertainties,
there are also important discrepancies.

High-resolution AP climate maps of modelled near-surface temperature and wind show that winds and
temperature have large spatial variability: over the steep and high mountain ranges of the northern
AP there are pronounced west- to east climate gradients, while in the more gently sloping southern AP
mountains, temperatures are low and wind is dominated by katabatic forcing. Over the ice shelves, in the
absence of katabatic forcing, a strong surface based temperature inversion develops, resulting in strong
temporal variability in temperature. Katabatic wind forcing has a strong influence on the southern AP
climate: here, the wind is mostly uniform in direction throughout the year, and the potential temperature
is high because of enhanced vertical mixing in the surface layer. Over the eastern AP slopes, katabatic
winds interact with barrier winds and wind speed is highly variable, but wind direction remains constant.

Maps of temperature trends for 1979–2013 show a statistically significant warming of the northwestern
AP and statistically significant cooling of the eastern and southern AP, in agreement with observed
trends from the SCAR-READER stations. The temperature trends are related to a complex interplay of
changes in atmospheric circulation, near-surface winds and sea ice, leading to more warm ocean air to
be transported to the northwestern AP, and more cold ice shelf air to be transported to the eastern AP.

In future research, in order to further improve model results, the effects of more dynamic ocean and
sea ice models should be investigated. Currently, ocean temperature and sea ice fraction are prescribed
from re-analysis data, and a constant sea ice thickness is used. Moreover, at 5.5 km and higher horizon-
tal resolutions, the limit of the hydrostatic assumption likely is reached, and a non-hydrostatic model
should be used and may further improve model results. However, non-hydrostatic physics are beyond
the scope of the current configuration of RACMO2.3. Finally, there is an increasing necessity for using
more realistic prognostic cloud physics, such as taking into account the horizontal advection of precip-
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itation. Recent studies (e.g. Van Wessem et al., 2014a; King et al., 2015), as well as this study, have
shown clouds and their interaction with high mountain ranges and detailed topography to be of prime
importance for the Antarctic climate, and this is especially true in regions like the Antarctic Peninsula.
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Modelled surface mass

balance of the Antarctic
Peninsula

Summary

This chapter presents a high-resolution (∼5.5 km) estimate of Surface Mass Balance (SMB) over the
period 1979–2014 for the Antarctic Peninsula (AP), generated by the regional atmospheric climate
model RACMO2.3 and a Firn Densification Model (FDM). RACMO2.3 is used to force the FDM, which
calculates processes in the snowpack, such as meltwater percolation, refreezing and runoff. We evaluate
model output with 132 in-situ SMB observations and discharge rates from 6 glacier drainage basins,
and find that the model realistically simulates the strong spatial variability in precipitation, but that
significant biases remain as a result of the highly complex topography of the AP. It is also clear that the
observations significantly underrepresent the high-accumulation regimes.

The SMB map reveals large accumulation gradients, with precipitation values above 3000 mm w.e. y−1

over the western AP (WAP) and below 500 mm w.e. y−1 on the eastern AP (EAP), not resolved by
coarser data-sets such as ERA-Interim. The other SMB components are one order of magnitude smaller,

This chapter is based on: Van Wessem, J. M., Ligtenberg, S. R. M., Reijmer, C. H., Van de Berg, W. J.,
Van den Broeke, M. R., Barrand, N. E., Thomas, E. R., Turner, J., Wuite, J., Scambos, T. A., Van Meijgaard,
E., Sep. 2015. The modelled surface mass balance of the Antarctic Peninsula at 5.5 km horizontal resolution.
The Cryosphere Discussions 9 (5), 5097–5136. http://www.the-cryosphere-discuss.net/9/5097/2015/
tcd-9-5097-2015.html
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with drifting snow sublimation the largest ablation term removing up to 100 mm w.e. y−1 of mass.
Snowmelt is widespread over the AP, reaching 500 mm w.e. y−1 towards the northern ice shelves, but
the meltwater mostly refreezes. As a result runoff fluxes are low, but still considerable (200 mm w.e. y−1)
over the Larsen (B/C), Wilkins and George VI ice shelves. The average AP ice sheet integrated SMB, in-
cluding ice shelves (an area of 4.1×105 km2), is estimated at 351 Gt y−1 with an interannual variability
of 58 Gt y−1, which is dominated by precipitation (PR) (365 ± 57 Gt y−1). The WAP (2.4×105 km2)
SMB (276± 47 Gt y−1), where PR is large (276± 47 Gt y−1), dominates over the EAP (1.7×105 km2)
SMB (75 ± 11 Gt y−1) and PR (84 ± 11 Gt y−1). Total sublimation is 11 ± 2 Gt y−1 and meltwater
runoff into the ocean is 4± 4 Gt y−1. There are no significant trends in any of the AP SMB components,
except for snowmelt that shows a significant decrease over the last 36 years (–0.36 Gt y−2).
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Introduction

The Antarctic Peninsula (AP) is one of the most rapidly changing regions on Earth [Turner et al.,
2005a]. Over the last 50 years the AP has experienced a warming of up to 3 K which is among the
highest on Earth [Bromwich et al., 2012], and has increasingly contributed to global sea level rise and
has increasingly contributed to global sea level rise [Shepherd et al., 2012; Wouters et al., 2015]. In
addition, the AP is the only region of Antarctica that is warm enough for widespread surface melt to
occur, which has increased unprecedentedly over the past 1000 years [Abram et al., 2013]. Likely as a
result of the increased melt rates, many of the ice shelves that fringe the AP have (partly) disintegrated
in recent years [Cook et al., 2005], potentially following hydrofracturing of surface crevasses [Vaughan
et al., 2003; Van den Broeke, 2005]. In combination with warmer ocean currents melting the ice shelves
from below [Pritchard et al., 2012; Wouters et al., 2015], the ice shelves lose their buttressing effect
[Dupont and Alley, 2005], accelerating the AP glaciers flowing into the ice shelves, and raising sea level
[Rignot et al., 2011a; Shepherd et al., 2012; Scambos et al., 2000]. Increased snowfall in a warming
climate could compensate these effects on sea level [Davis et al., 2005], but this is only partly expected
to compensate for increasing mass loss in the future [Barrand et al., 2013a]. In order to quantify the
mass changes of the AP and the associated sea level rise, an accurate estimate of the AP surface mass
balance is essential.

The surface mass balance (SMB in mm w.e. y−1) is defined as the sum of all mass fluxes towards/away
from the ice sheet surface:

SMB =
∫

year
(PR−SUs−SUds−ERds−RU)dt (6.1)

where PR represents total precipitation (snowfall plus rain), SU surface (SUs) plus drifting snow (SUds)
sublimation, ERds drifting snow erosion and RU meltwater runoff, the amount of liquid water (melt and
rain) that is not retained or refrozen in the snowpack. The mean area averaged SMB of the AP is six
times larger than that of the total Antarctic ice sheet (AIS) [Van Lipzig et al., 2004], and AP melt rates
are also relatively large due to its northerly location [Barrand et al., 2013b]. The high accumulation
rates are a result of the AP acting as an efficient mountain barrier, forcing large amounts of orographic
precipitation along its windward slopes.

Measuring AP SMB is a complicated task, as the high precipitation rates and the steep mountainous
(and inaccessible) terrain leave large regions devoid of observational data; most observations are lo-
cated in relatively dry areas and/or over the flat ice shelves which are easily accessible [Favier et al.,
2013]. Available observations have identified a doubling of snowfall over the WAP since 1850 [Thomas
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et al., 2008], an increase in SMB over the last 50 years [Peel, 1992], or a large spatial variability of
the SMB [Turner et al., 2002]. To solve the limited coverage of these observations remote sensing
techniques are pivotal. However, remote sensing techniques, such as radar backscatter to identify melt
episodes [Barrand et al., 2013b] or satellite products like the Gravity Recovery and Climate Experi-
ment (GRACE; Tapley et al., 2004), often don’t resolve the small scale features of the AP SMB. Other
methods, such as using ice discharge estimates to calculate the mass balance of the ice sheet, or satel-
lite altimetry to measure thickness changes, need detailed SMB fields [Rignot et al., 2011a; Mouginot
et al., 2012; Wuite et al., 2015], or require a correction for firn processes [Gunter et al., 2009], which
is dependent on the SMB. Therefore, for a realistic mass balance estimate, continuous SMB fields are
necessary.

Regional atmospheric climate models (RCMs) realistically simulate the climate and SMB of the larger
glaciated regions, such as Greenland [Fettweis, 2007; Van Angelen et al., 2013b] and Antarctica [Bromwich,
2004; Lenaerts et al., 2012a]. Moreover, RCMs have, in combination with a Firn Densification Model
(FDM, Ligtenberg et al., 2011), been used to simulate the interaction of the snowpack with the at-
mosphere and a changing climate [Ligtenberg et al., 2014; Kuipers Munneke et al., 2015a], providing
detailed information about meltwater percolation, refreezing and the stability of ice shelves [Kuipers
Munneke et al., 2014a].

The SMB and climate of the AP have been simulated before, at a relatively high (14 km) resolution, but
for a short timespan (six years) [Van Lipzig et al., 2004]. Higher resolution simulations have also been
performed, but without a high-resolution snow-routine [Bromwich, 2004; King et al., 2015]. Recently,
the regional atmospheric climate model RACMO2.3 was used at a horizontal resolution of 5.5 km to
simulate the SMB of Patagonia [Lenaerts et al., 2014b]. In this study we use the same model and
resolution to simulate the SMB of the AP for 1979–2014, the period for which reliable forcing data are
available, coupling it to a FDM to calculate processes in the firnpack and, eventually, runoff. We discuss
the SMB and its components, with a particular focus on meltwater and precipitation. We present the
model and the observations used in Sect. 6.1, and evaluate the modelled SMB with in-situ observations
and discharge estimates in Sect. 6.2. In Sect. 6.3, we discuss gridded climate maps of SMB and its
components, and discuss spatial and temporal variability. Finally, we present a discussion of the results
and conclusions in Sects. 6.4 and 6.5.

6.1 Data and Methods
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Figure 6.1: RACMO2.3 Antarctic Peninsula model domain (black box in inset map of Antarctica),
boundary relaxation zone (dotted area, 16 grid points) and model surface topography [m] of the Antarc-
tic Peninsula. Locations of in-situ SMB observations are marked (dots); ice cores with a yearly accu-
mulation record, as used in Sect. 3.2, are highlighted with a black circle. Colors of the dots indicate
whether the observation lies in a WAP (red), EAP (blue) or spine (purple) height bin (see Sect. 6.2 for
more details). Model topography is based on digital elevation models from Cook et al. [2012] for the
region north of 70◦ S. and Bamber and Gomez-Dans [2009] south of 70 ◦ S. White areas represent float-
ing ice shelves, colours represent the elevation of the grounded ice sheet. Zwally et al. [2012] drainage
basins 24, 25, 26 and 27 are shown (black contours). One EAP in-situ observation is shown in light
blue for visibility. Inset denotes the 6 drainage basins of pre-acceleration Larsen B outlet glaciers:
Starbuck (S), Flask (F), Leppard (L), Crane (C), Jorum (J) and Hektoria-Green (HG) from Wuite et al.
[2015].
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6.1.1 Regional Atmospheric Climate Model RACMO2.3

The Regional Atmospheric Climate Model RACMO2.3 combines the dynamics package of the High
Resolution Limited Area Model (HIRLAM) [Undén et al., 2002] with the physics package of the
European Centre for Medium-range Weather Forecasts (ECMWF) Integrated Forecast System (IFS)
[ECMWF-IFS, 2008]. RACMO2.3 has been adapted for use over the large ice sheets of Greenland and
Antarctica: it includes a multi-layer snow model to calculate melt, percolation, refreezing and runoff
of liquid water [Ettema et al., 2010]; a prognostic scheme to calculate surface albedo based on snow
grain size [Kuipers Munneke et al., 2011]; and a routine that simulates the interaction of drifting snow
with the surface and the lower atmosphere [Lenaerts et al., 2012b]. ERA-Interim re-analysis data with
6-hourly resolution from January 1979 to December 2014 [Dee et al., 2011] are used to force the model
at the lateral atmospheric boundaries as well as at the lower ocean boundaries by prescribing sea ice
fraction and sea surface temperatures. The model domain interior (Fig. 6.1) is allowed to evolve freely
and a model time step of 2 minutes is used.

RACMO2.3 is a hydrostatic model, that we run at a horizontal resolution of ∼5.5 km and 40 vertical
levels. At this resolution we assume the assumption of hydrostatic balance to hold, an assumption
that is justified to some extent by earlier studies [Lenaerts et al., 2014b; Van Wessem et al., 2015a],
although a non-hydrostatic model version will likely further improve the model output in terms of better
resolved processes over sloping surfaces, such as foehn and katabatic winds that influence (drifting
snow) sublimation and snowmelt fluxes [Cassano and Parish, 2000]. The surface topography is based
on a combination of the 100 m Digital Elevation Model (DEM) from Cook et al. [2012] and the 1
km DEM from Bamber and Gomez-Dans [2009]. The ice sheet mask is kept constant through the
simulation, and includes the (former) Larsen B and Larsen A ice shelves. All integrated SMB estimates
use basins number 24–27 from the basin definition from Zwally et al. [2012], and include Larsen B,
but for calculations (e.g. yearly averages) after its disintegration (2003), Larsen B is excluded. For
1979–2014 averages the full ice sheet mask including Larsen B is used. For further details of the model
the reader is referred to Van Wessem et al. [2015a].

The model is initialised on January 1st, 1979, with the atmospheric state and sea surface boundary
conditions adopted from ERA-Interim reanalysis. The initial firnpack of the AP is inferred from a
simulation with an offline firn densification model (FDM, Ligtenberg et al., 2011), which was driven
by an earlier climatological simulation of the AP by RACMO2.3, largely comparable to the one used
in this study. Runoff estimates are taken from the FDM, which was forced by RACMO2.3: the other
SMB components are taken directly from RACMO2.3.
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6.1.2 Firn Densification Model

The Firn Densification Model (FDM) is a high-resolution version (∼3000 layers in the vertical) of
the snow model that is interactively coupled to RACMO2.3. It is a single column time-dependent
model that describes the evolution of the firn layer. It calculates firn density, temperature and liquid
water content evolution based on forcing at the surface by RACMO2.3 variables at 3 hourly resolution:
surface temperature, accumulation and wind speed. Surface meltwater percolates into the model firn
layer, where it can refreeze, be stored or percolate further down. The retention of meltwater is based
on the ’tipping-bucket’ method (i.e. liquid water is stored in the first available layer and transported
downwards only when it exceeds capillary forces). Liquid water that reaches the bottom of the firn
layer and can neither refreeze or be stored will be removed as runoff (RU in Eq. 6.1). We have coupled
the FDM offline to RACMO2.3, due to minor issues in the internal snow model and because of the
higher vertical resolution of the FDM output, having found no significant differences due to e.g. the
interaction of the atmosphere with subsurface processes in the snow column. A detailed analysis of
subsurface processes is beyond the scope of this study; here we focus on the integrated mass budget and
the SMB. More details on the FDM can be found in Ligtenberg et al. [2011].

6.1.3 Observational data

In-situ observations

We evaluate modelled SMB using 132 in-situ observations, originating from various sources and meth-
ods: e.g. ice cores, stake arrays and bomb horizons (Fig. 6.1) [Turner et al., 2002; Favier et al., 2013;
Scambos et al., 2014]. Included in these data are five unpublished in-situ observations from high ele-
vations; obtained from a shallow ice core, sonic snow height measurements and camera observations
of a snow stake over time (T.A. Scambos, personal communication, 2014). Also included are six ice
core accumulation records: James Ross Island [Abram et al., 2011], Gomez [Thomas et al., 2008], two
cores from Dyer Plateau, one to the east of the ice divide [Thompson et al., 1994], one to the west
of the ice divide (Arthern et al., 2010, E.R. Thomas, unpublished, 2015), Bryan Coast and Ferrigno
(E.R. Thomas, unpublished, 2015). These records are additionally used to assess model interannual
variability in Sect. 3.2.

We compare modelled SMB with in-situ observations only for overlapping time periods, when available.
When observations date from before 1979, or when the time of measurement is not known, they are
compared with the climatological (1979–2014) modelled SMB. Only 38 SMB observations have an
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observation length >5 years and these are used for model evaluation in Sect. 6.3. Note that for all
comparisons, the observational data are compared with data from the nearest model grid point; no
interpolation is performed.

Discharge estimates

We evaluate modelled SMB using 1995 pre-collapse discharge (D) estimates of six Larsen B outlet
glaciers in the northeastern AP. We assume these to be in balance (SMB−D = 0) , as the data date
from well before the significant thinning and retreat of the Larsen B ice shelf, that culminated in its
break-off in 2002 [Wuite et al., 2015]; we exclude basins that are too small to be resolved by the model
resolution, or were not in balance. This leaves six basins: Starbuck, Flask, Leppard, Crane, Jorum and
Hektoria-Green, shown in Fig. 6.1. Assuming balance of these basins, a comparison with the climate
average SMB for 1979–2014 is justified, and we directly compare discharge with RACMO2.3 SMB for
this period.

6.2 Results: Model evaluation

6.2.1 In-situ observations

Figure 6.2 compares modelled (red) and observed (black) SMB for the locations of the in-situ obser-
vations (averaged in elevation bins). As many SMB observations are clustered, i.e. mostly located on
the ice shelves and locations of relatively low accumulation, we have binned the observations in eleven
surface elevation bins, selected such that they span at least ∼75 m in elevation and contain at least 10
SMB data points. The bins are arranged from left to right in eight western AP (WAP) bins (W1 – W8),
one bin for the spine (S) and two bins for the eastern AP (EAP; E1 – E2). Figure 6.2 shows that the
model and the observations show relatively constant SMB values for the WAP and the EAP (<1000
mm w.e. y−1), and a pronounced peak in SMB over the spine. Variability between the different bins
is caught well and simulated SMB is always within the standard deviation of the observations. For
bins W2, W6 and W7 there is a slightly larger discrepancy with the observations. To explain this, we
calculated the average of all model grid points within the respective bins (green points). These averages
are considerably higher than both the observed and modelled values, showing that the observations are
biased towards regions of low accumulation.
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Figure 6.2: Modelled (red), ERA-Interim (blue) and observed (black) SMB as a function of eleven
elevation bins for all in-situ SMB observations. The bins are chosen such that they include at least 10
data points and/or include a range of elevations of at least ∼75 m. The bins are arranged from west
to east in three seperate classes (WAP (W1–8), the spine (S) and the EAP (E1–2)), using the drainage
basin definition from Zwally et al. [2012]: basins 24 or 25 represent W; basin 26 or 27 represent E;
all points in either basin 26 or 27 and >1500 m elevation are included in S. For all other observations
not located in either of the basins, but are within the model domain, we define a 65◦ W boundary: all
observations west of this boundary represent W, the others E. The green dots are the average SMB of
all RACMO grid points in the respective bins. Error bars represent one standard deviation within the
bin and amount of observations in each bin is denoted within the plot. Further details are provided in
Sect. 2.3.1.
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Figure 6.3: a) Modelled SMB as a function of in-situ SMB observations (black dots), and the height
bins as defined in Fig. 6.2) for RAMCO2.3 (red dots) and ERA-Interim (blue squares) in mm w.e. y−1.
Error bars represent one standard deviation within the height bins. Dashed lines represent the linear
regressions lines. Two locations with either observed or modelled SMB values >3000 mm w.e. y−1

are off the chart and are not shown. Their respective (observed, modelled) SMB are (4200, 2658) and
(660, 4908) mm w.e. y−1. (b) Modelled SMB (with one standard deviation) as a function of drainage
basins discharge estimates (with uncertainty) [Wuite et al., 2015] in Gt y−1 . The red line represents
the regression line of modelled SMB with discharge estimates.

Figure 6.3a presents the direct correlation between the model and the observations, both for the indi-
vidual locations as for the eleven elevation bins. The SMB over the AP is highly variable and modelled
SMB is poorly correlated with the individual observations (r2 = 0.25, rc = 0.46), although the average
bias is low (bias = 28.4 mm w.e. y−1). The binned averages strongly improve the correlation (r2 =
0.8) and the slope (rc = 0.97), demonstrating that larger-scale spatial variability is generally well sim-
ulated. The EAP SMB is well simulated, especially the low SMB over the ice shelves, even though
few EAP observations are available. For the WAP, the model overestimates the relatively dry SMB
locations (George VI ice shelf and southern Palmer Land), while underestimating the wetter locations
(coastal zones). This is likely related to an insufficient representation of orographic precipitation at
5.5 km, either due to too simple cloud physics (e.g. precipitation falls to the surface instantly, and is
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not transported across grid-boxes), and/or the model being hydrostatic not effectively simulating verti-
cal atmospheric motion, and/or the remaining underestimation of the surface slope [Van Wessem et al.,
2015a], as e.g. George VI ice shelf is in the precipitation shadow of the relatively high Alexander Island.
The model does simulate the peak in SMB (∼2000mm w.e. y−1) of the northern spine bin (containing
WAP and EAP observations >1500 m elevation), despite the few observations and the very large spatial
variability.

Figures 6.2 and 6.3a clearly present the main advantage of the high-resolution SMB product over low-
resolution products such as the ERA-Interim re-analysis [Dee et al., 2011]. Even though the re-analysis
captures the SMB at the middle elevation bins reasonably well, as a result of its coarse resolution (∼
80 km), it lacks the ability to resolve the steep SMB gradients, and the large SMB values at the higher
elevations, as well as the low SMB over the WAP and EAP ice shelves. Another obvious difference is
the small spatial variability in ERA-Interim, compared to RACMO2.3 and the observations.

6.2.2 Interannual variability

Figure 6.4 shows yearly modelled (red) and observed (black) SMB at the location of six ice cores,
suggesting that yearly modelled SMB to a large extent reproduces the observations. The model mainly
underestimates the absolute SMB east and west of the ice divide at Dyer Plateau (Figs. 6.4c,d), where
spatial variability is large, although for the western Dyer Plateau record the modelled and observed
variability matches relatively well, but both these records are very short. The records of Gomez, Bryan
Coast and Ferrigno over the WAP, and James Ross Island over the EAP, match particularly well: the
magnitude is simulated well by the model at these locations, and correlation coefficients are larger as
well, although the model has difficulties in timing the SMB optima at the Gomez and James Ross ice
cores, especially earlier in the record. For James Ross Island this is likely related to the ice core being
located on a small island with large elevation differences, and due to the observational record being
compared with data from the nearest model grid point.

6.2.3 Discharge

We assessed modelled climatological SMB by comparing it to solid ice discharge estimates from glacier
basins, for a time period when these were in approximate balance (pre-1995, Wuite et al., 2015). Figure
6.3b shows that modelled SMB matches the discharge estimates, especially for the smaller basins (Jo-
rum, Starbuck and Flask). For the larger basins the representation is still generally good (bias <30%),
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Figure 6.4: Modelled and observed yearly (1979–2014) SMB (mm w.e. y−1) at locations of Gomez
(a, 73◦ S, 70◦ W), James Ross Island (b, 64.12◦ S, 57.54◦ W), Dyer Plateau East (c, 70.4◦ S, 64.5◦ W),
Dyer Plateau West (d, 70.7◦ S, 64.9◦ W), Bryan Coast (e, 74.3◦ S, 81.4◦ W) and Ferrigno (f, 74.3◦ S,
86.5◦ W) ice cores. Statistics (r2, bias and RMSD) are also given.

especially considering the relatively small size of these basins (Fig. 6.1), and the large spatial variability
along the northern AP mountain spine.

SMB components

Figure 6.5 presents average 1979–2014 AP SMB components (Eq. 6.1) and Fig. 6.6 the resulting SMB.
Total precipitation (PR = snowfall + rainfall, Fig. 6.5a) dominates the AP SMB with values that are typ-
ically an order of magnitude larger than the other components, which is also the case for the whole AIS
[Van Wessem et al., 2014a]. PR shows large gradients (note the nonlinear scale in Figs. 6.5a and 6.6),
with values ranging from >1000 mm w.e. y−1 on the western slopes and the adjacent ocean, towards
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low values (<300 mm w.e. y−1) on the eastern slopes and ice shelves. In particular the modelled pre-
cipitation rates in the northwestern AP are extreme with rates of up to 5000 mm w.e. y−1 on the lower
windward slopes, equivalent to ∼15 m of snowfall each year. This makes the AP among the wettest
regions (in terms of snowfall) on Earth, comparable with the high snowfall rates (3500 mm w.e. y−1)
for Patagonia simulated with the same model [Lenaerts et al., 2014b]. These mountainous regions rep-
resent a steep barrier that is almost perpendicular to the strong circumpolar westerlies, causing very
efficient orographically induced precipitation over the windward mountain slopes, and a strong precip-
itation shadow on the leeward slopes. These sharp gradients are widespread, especially in the WAP: for
instance, although considerably lower, precipitation rates towards the south are high as well, varying
from 2500 mm w.e. y−1 on the Elgar Uplands towards 1000–2000 mm w.e. y−1 on the western slopes
of Palmer Land, with a distinct minimum over George VI ice shelf situated at the lee side of Alexander
Island.

6.3 Results: Modelled SMB

6.3.1 Spatial variability

The second largest component is drifting snow sublimation (Fig. 6.5e), removing∼50 mm w.e. y−1 of
snowfall, peaking in regions of high wind speed [Van Wessem et al., 2015a]. SUds is smaller at high el-
evations and the (western) mountain slopes; here a stable surface temperature inversion favours surface
deposition (SUs = ∼–20 mm w.e. y−1, Fig. 6.5d). Surface sublimation (SUs >0) mainly occurs over
the flat ice shelves and the lower mountain slopes, removing ∼20 mm w.e. y−1 of snowfall. The ero-
sion of drifting snow (ERds) does not significantly contribute to the (integrated) SMB, but redistributes
mass on a local scale with snow divergence/convergence rates up to 100 mm w.e. y−1 on the AP slopes,
closely following the topography. Snowmelt (M) is widespread below 2000 m a.s.l., showing large
spatial variability, with maxima up to 500 mm w.e. y−1 over the northeastern ice shelves, and with
decreasing values towards higher elevations and/or latitudes. Most meltwater refreezes or is retained
in the snowpack, and only a fraction runs off into the ocean. This happens mainly over Larsen B and
northern Larsen C ice shelves, but also over Wilkins and northern George VI ice shelves, with runoff
(RU) fluxes up to 300 mm w.e. y−1. Over the lower slopes of the northwestern mountain range, where
both PR and M are large, the model also simulates small amounts of runoff (∼50 mm w.e. y−1).
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Figure 6.5: 1979–2014 average SMB components: Total precipitation (snowfall + rain) (a), snowmelt
(b), meltwater runoff (c), total sublimation (d), sublimation of drifting snow (e) and erosion of drifting
snow (f) in mm w.e. y−1. Note that ablation is defined positive in Figs. d,e,f. All fluxes are from
RACMO2.3, except for runoff, which is calculated by the FDM that is forced by RACMO2.3 output.
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SMB

Figure 6.6 presents the average modelled (1979–2014) SMB, together with the in-situ SMB obser-
vations with timespans >5 years. SMB is largely similar to PR (Fig. 6.5a), with large west-to-east
gradients, and peak SMB values around the WAP coastal regions, with large spatial variability that is
controlled by the orography. Although a limited number of long-year in-situ observations are available,
the modelled SMB patterns generally match with the observations: the large SMB values found only in
a few observations are simulated well by the model, as well as the lower SMB values on the George VI
and Larsen ice shelves. Only over the former Larsen B ice shelf there is a mismatch: here, simulated
RU reaches its maximum, and SMB is negative (up to –100 mm w.e. y−1). This negative SMB is not
found in the pre-break-up observations, which show small but positive values. However, the model
does agree that the minimum in SMB lies in this area. Furthermore, for unknown reasons, the SMB
is considerably overestimated at two locations, on Adelaide Island, and slightly eastwards, a region of
large variability [Turner et al., 2002].

6.3.2 Average integrated SMB

Table 6.1 summarises the integrated WAP (basins 24/25 from Zwally et al. [2012]), EAP (basins 26/27)
and total (all basins) SMB values. The total AP SMB amounts to 351 Gt y−1, which is∼20% of the total
integrated SMB for the AIS as found in Van Wessem et al. [2014b], even though its area (4.1×105 km2)
is only 3% of the total AIS. The SMB over the WAP (276 Gt y−1) is considerably larger than that of
the EAP (75 Gt y−1), although the larger area of the WAP (2.4×105 km2) compared to that of the EAP
(1.7×105 km2) partly accounts for the difference. The large west-to-east differences are due to PR,
that is 365 Gt y−1 in total, 281 Gt y−1 over the WAP and 84 Gt y−1 over the EAP. Of PR, 99%
is snowfall (363 Gt y−1); rainfall is small (3 Gt y−1). Total sublimation is 11 Gt y−1, dominated by
SUds (9 Gt y−1). In contrast to the AIS, snowmelt over the AP is widespread, similiar to microwave
satellite observations [Barrand et al., 2013b], and three times larger than the rest of the AIS combined
(34 vs 11 Gt y−1 Van Wessem et al., 2014b). Most meltwater (and rainfall) refreezes in the snowpack
(RF = 33 Gt y−1) but a small fraction runs off into the ocean (RU = 4 Gt y−1); most RU is present over
the EAP, in particular over the Larsen B ice shelf (3 Gt y−1).

6.3.3 Temporal variability
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Figure 6.6: Modelled SMB (colours) and observations (markers) in mm w.e. y−1. Observations are
from Turner et al. [2002]; Favier et al. [2013]; Scambos et al. [2014] and sources noted in Sect. 6.1.3,
and only shown if they represent a period >5 years. Modelled SMB is the 1979–2014 climatological
average.
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Table 6.1: AP integrated values of mean SMB components [Gt y−1] with interannual variability
σ : total (snow+rain) precipitation (PR), snow, rain, total sublimation (SUtot ), surface sublimation
(SUs), drifting snow sublimation (SUds), drifting snow erosion (ERds), runoff (RU), snowmelt (M) and
refreezing (RF). All values are calculated for basins 24–27 of Zwally et al. [2012], over a total AP area
of 4.1×105 km2. For WAP and EAP values, basins 24/25 and 26/27 are used, respectively. Values are
calculated from yearly averages; from 2003 onwards integrated values represent the ice shelf excluding
Larsen B ice shelf.

mean σ EAP σ WAP σ

Area (km2) 4.1×105 – 2.4×105 – 1.7×105

SMB 351 58 75 11 276 47
PR 365 57 84 10 281 47
snow 363 56 85 10 279 46
rain 3 1 0.5 0 2.2 1
SU 11 2 5.6 1 5.1 1
SUds 9 2 4.1 1 5 1
SUs 2 0 1.6 0 0.1 0
ERds 1 0 -0.6 0 1.4 0
M 34 15 18.7 9 15.5 6
RF 35 13 17.2 6 17.5 7
RU 4 4 3.8 4 0.2 0

Interannual variability

Figure 6.7 shows yearly average SMB values and the largest SMB components; for integrated values
after 2003 we exclude Larsen B ice shelf. Total AP SMB (Fig. 6.7a) has an interannual variability of 58
Gt y−1 (15% of mean SMB, absolute values shown in Tab. 6.1) and shows no significant trends. Pre-
cipitation has a similar interannual variability of 57 Gt y−1. The most positive SMB year is 1989 with
445 Gt y−1, being significantly wetter than the driest year (1980, 246 Gt y−1), relatively a much larger
difference than for the whole AIS [Lenaerts et al., 2012a], which is expected as over larger regions
differences cancel out. Variability in sublimation and drifting snow sublimation is low, and comparable
for the WAP and the EAP (1 Gt y−1). Of the SMB components (other than RU, that is small), the
variability of M is the largest (15 Gt y−1, 45% of the mean), reaching its peak in 1992 (73 Gt y−1), and
minima (∼11 Gt y−1) in 1986 and 2014. EAP melt rates are higher by 3 Gt y−1 (relatively even higher
as the area of the EAP is smaller than that of the WAP), but the timing of the maxima in M is similar.
Simulated integrated AP snowmelt is lower than, but the variability and maxima are comparable to, the
melt rates from Kuipers Munneke et al. [2012b], (34± 15 Gt y−1 and 57± 21 Gt y−1, respectively) that
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were calculated with RACMO2.1 at 27 km horizontal resolution. Even though the model physics has
been updated and RACMO2.3 generally simulates less melt over the AIS [Van Wessem et al., 2014b],
differences between both studies are explained by the use of a more sophisticated snowpack initializa-
tion in this study, and a different integration domain; i.e. in Kuipers Munneke et al. [2012b] Larsen B is
included for the whole period and the domain extends further south.

Larsen B 
break up

Figure 6.7: Yearly average SMB (a) and SMB components (b) in Gt y−1. For SMB, values for the west
AP (red) and the east (blue) are shown. SMB is integrated over basins 24, 25, 26 and 27 from Zwally
et al. [2012]. Trend lines are only shown if significant. From 2003 onwards integrated values represent
the ice shelf excluding Larsen B ice shelf.

For none of the variables a significant trend is simulated, except for snowmelt (significance level
>99%). Snowmelt has decreased by the same amount (–0.35 Gt y−2) over the WAP and the EAP,
which is likely related to the significant and widespread cooling over most of the AP in the last decade
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[Van Wessem et al., 2015a]. Runoff of meltwater is small but its variability is as high as its mean (4
Gt y−1); peak years, 1992 and 1995 in particular, reach values of up to 15 Gt y−1, following the peaks
in snowmelt. In contrast to M, RU over the WAP and EAP shows large differences. Despite the higher
temperatures, a thick firnpack exists over the WAP, as a result of the higher snowfall rates, permitting
most meltwater to refreeze in the available pore space. Over the eastern ice shelves there is hardly any
pore space present in the firn and a larger fraction of meltwater runs off, especially over Larsen B ice
shelf before 2003.

Figure 6.8 shows maps of interannual varability in SMB and M. SMB variability (6.8a) shows no unex-
pected patterns for most of the domain, mostly following the regions of high absolute SMB. Relatively,
SMB variability peaks over George VI, Larsen B and the northern part of Larsen C ice shelves (>40%).
This is clearly related to RU (not shown), which in turn is controlled by snowmelt variability (Fig. 6.8b),
that peaks towards the northern parts of the ice shelves. It is clear that dry regions, which experience
significant melt, show the largest interannual (relative) SMB variability. Interestingly, these coincide
with the EAP ice shelves, which are also sensitive to disintegration. The other SMB components (not
shown) have low variability and show no pronounced patterns.

There are no trends in integrated precipitation, but Fig. 6.9a shows that large significant trends exist
locally, e.g. on Alexander Island and in the Weddell Sea. The model simulates large positive trends
over the northerly slopes of the WAP (15 mm w.e. y−2), but these are not significant as these locations
also experience large interannual variability. These trends are related to enhanced upper atmosphere
northerly winds [Thomas et al., 2013; Van Wessem et al., 2015a]. Negative trends in snowmelt (Fig.
6.9b) are more significant on the WAP than on the EAP ice shelves, and show a uniform pattern.

Seasonal cycle

Figure 6.10 shows the average seasonal cycle (1979–2014) of SMB components. Integrated AP precipi-
tation has a pronounced seasonality, with considerably larger values in winter than in summer. In winter,
the stronger westerlies create more orographic precipitation over the WAP mountain slopes. In addition,
WAP (and hence total) precipitation shows two peaks in March and in October, that are related to the
semiannual cycle [Van Loon, 1967; Van Den Broeke, 1998], in agreement with observational data from
surface stations [Turner et al., 1997; Kirchgäßner, 2011]. Over the EAP, the precipitation seasonality
is reversed: here precipitation peaks in summer reaching values almost as high as in the WAP summer,
and decreases to a relatively constant minimum in winter an order of magnitude lower than over the
WAP. Over the EAP, most summer precipitation originates from the Weddell Sea; when a minimum in
sea ice cover is reached in summer, moist ocean air is transported to the eastern ice shelves.
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Figure 6.8: Interannual variability (one standard deviation, detrended) of SMB components for 1979–
2014: SMB (a), and snowmelt (b), in mm w.e. y−1.

The other SMB components have lower magnitudes and show varying seasonal patterns. Snowmelt is
absent in winter, and reaches its peak (13 Gt y−1) in December and January. SUs is negative in winter
(–1 Gt y−1), when a persistent surface-based temperature inversion favours surface deposition. This
positive contribution to the SMB is compensated by the stronger wintertime winds removing mass by
SUds. In summer, SUds drops off as winds are weaker and the snowpack gets warmer and denser.
SUs increases with surface temperature, and up to 3 Gt y−1 of snow is removed. Finally, ERds is very
low year-round (<0.1 Gt y−1).

Spatial coherence of modelled precipitation

To illustrate the spatial coherence of AP SMB, Figure 6.11 shows the spatial correlation of the modelled
yearly timeseries at the six ice core locations of Sect. 3.2, with all other points in the model domain.
Figure 6.11a shows that the SMB simulate at the location of the Gomez ice core, in southwestern Palmer
Land, is strongly and significantly (>99%) correlated over the whole WAP, acknowledging the strong
spatial coherence that was also found for (observed) temperature in King [2003]. Simultaneously there



6.3. Results: Modelled SMB 133

6

Figure 6.9: 1979–2014 trends of precipitation (a) and snowmelt (b) in mm w.e. y−2. Stippled pattern
represents trends that are significant >95%

is a negative correlation over the northeastern AP, and Larsen B and C ice shelves, showing that high
WAP SMB rates are coinciding with dry conditions over this region, a coherence not found in King
[2003]. Figure 6.11b identifies the spatial coherence of this location as well: when SMB is large at
James Ross Island, it is large over the northern EAP ice shelves and sea ice, while over the WAP an
insignificant correlation is found. Figure 6.11c shows that the SMB time series simulated at the Dyer
Plateau ice core location, slightly east of the ice divide, is highly correlated with and representative of
the adjacent EAP. Simultaneously, the second ice core at Dyer Plateau (Fig 6.11d), located only 30 km
westwards, and the Bryan Coast and Ferrigno ice cores (Figs.6.11e,f), all located on the WAP, show
completely opposite correlations, that closely resemble that of the Gomez ice core. These correlation
maps clearly highlight the different forcing mechanisms of SMB on the WAP and EAP and the distinct
and sharp climatic differences between both sides of the AP: over the WAP snowfall is orographically
induced, while over the EAP snowfall events are trigged by low pressure systems over the Weddell Sea.
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Figure 6.10: 1979–2014 monthly climatology of SMB components: Top panel shows total pre-
cipitation (snowfall + rain) averaged for the WAP drainage basins (red line), the EAP (blue), and
total (black). Bottom panel shows total (WAP+EAP) snowmelt (orange), erosion of drifting snow
ERds (green), drifting snow sublimation SUds (cyan), and surface sublimation/deposition (blue). All
variables in units Gt y−1.

6.4 Discussion

Although RACMO2.3 simulates the AP SMB with reasonable skill, the scarcity of observational data
hampers a more thorough model assessment; more observational data should therefore be obtained,
especially from higher elevations and areas with large snowfall rates. The comparison suggests that
there are a number of potential problems. Not all local topographic detail (often at scales of < 1 km) is
resolved at the 5.5 km model resolution. As a result the slope and the height of the orographic barrier
of the AP are still underestimated, negatively affecting the simulated uplift of air and, consequently,
precipitation and atmospheric foehn winds. In previous studies [Kuipers Munneke et al., 2012b; Bar-
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Figure 6.11: Correlation of modelled yearly (1979–2014) SMB at locations of Gomez (a, 73◦ S,
70◦ W), James Ross Island (b, 64.12◦ S, 57.54◦ W), Dyer Plateau East (c, 70.4◦ S, 64.5◦ W), Dyer
Plateau West (d, 70.7◦ S, 64.9◦ W), Bryan Coast (e, 74.3◦ S, 81.4◦ W) and Ferrigno (f, 74.3◦ S, 86.5◦

W) ice cores, with all other points in the model domain. Stippled pattern represents significant cor-
relations >99%. Locations of ice cores are denoted by blue circles. Note that over the sea ice/ocean
SMB = PR−SU.
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rand et al., 2013b; Trusel et al., 2013] it was suggested that increasing the horizontal resolution from
27 km to the current value of 5.5 km would better resolve EAP surface melt, which is strongly related
to the foehn winds. While the increase in resolution is clearly an improvement for other topography
related variables, it appears that these foehn winds are not yet sufficiently resolved. However, further
increasing the resolution potentially moves the model beyond the limits of the hydrostatic assumption,
and the use of a non-hydrostatic model would then become mandatory. Luckman et al. [2014] show that
the non-hydrostatic, high-resolution (1.5 km) UTM model more efficiently resolves these foehn pat-
terns. Cassano and Parish [2000] discussed the effects of a non-hydrostatic model on katabatic winds,
which are also strongly related to the topography, and found that biases are relatively independent of
the resolution.

Over the WAP there likely is a westward displacement of precipitation due to the model not taking into
account horizontal advection of precipitation. In the current model version, precipitation is assumed to
reach the surface instantly within the grid box where it is generated. Ideally precipitation, in particular
snow which has a relatively low fall speed, must be modelled as a prognostic variable in order to capture
its fall time and horizontal displacement. Van Lipzig et al. [2004] estimated that, with mean wind speeds
of ∼7 m s−1 for this region, snowfall could be advected over a distance of ∼10 km, i.e roughly two
grid boxes at 5.5 km resolution simulation.

Currently, the only prognostic cloud variables are cloud fraction and cloud condensate that, together
with temperature, determine the fractionation of cloud ice and cloud liquid water. An explicit treatment
of liquid and solid cloud content is more physical than the current implicit treatment using tempera-
ture. Improving this necessitates the inclusion of prognostic precipitation in future simulations, which
potentially leads to more (and thicker) clouds to be advected over the mountain range, as well as an
improvement of the biases in the downwelling radiative fluxes as found by King et al. [2015].

6.5 Summary and conclusions

We used the regional atmospheric climate model RACMO2.3 and a Firn Densification Model (FDM) to
simulate the SMB of the Antarctic Peninsula at a horizontal resolution of 5.5 km. RACMO2.3 is forced
by ERA-Interim reanalysis at the lateral boundaries, and the snowpack is initialized with output from
the FDM. We have evaluated the simulated SMB by comparison with 132 in-situ SMB observations
and 6 glacier discharge basins, both showing reasonable agreement. Most model biases are likely
due to the still limited horizontal resolution, and limitations in the model formulation, e.g. the model
being hydrostatic and precipitation not being treated as a prognostic variable which can be advected.
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However, the observations show a large over-representation from areas of low accumulation, especially
over the western AP (WAP), and more observations are needed at higher elevations, regions of high
accumulation and from the eastern AP (EAP), for a more robust model evaluation.

Integrated over four AP drainage basins [Zwally et al., 2012], the SMB amounts to 351± 58 Gt y−1 (σ
= interannual variability), more or less equal to total precipitation (365 ± 57 Gt y−1), indicating that
this is by far the dominant SMB component. The other components are more than an order of mag-
nitude smaller, with drifting snow sublimation being the largest (9 ± 1.5 Gt y−1). Runoff is small (4
± 4 Gt y−1) as most meltwater (34± 15 Gt y−1) and rainfall refreezes (33± 12 Gt y−1) in the cold firn,
but is locally important on Larsen B, Larsen C and George VI ice shelves, and over the northwestern
AP with values up to 200 mm w.e. y−1.

Pronounced differences in SMB exist between the WAP and EAP, and the AP spine acts as a sharp cli-
mate barrier. The SMB over the WAP amounts to 276± 47 Gt y−1, nearly a factor 4 larger than that over
the EAP (75 ± 11 Gt y−1), resulting from the extreme orographic precipitation (>3000 mm w.e. y−1)
the model simulates over the windward mountain slopes, especially in winter. Over the EAP, the sea-
sonality in SMB is reversed, peaking in summer when sea ice extent in the Weddell Sea is smallest and
synoptic weather systems transport clouds to the AP from the east. The other SMB components do not
show these large west-to-east differences, with the exception of runoff. While melt rates are relatively
similar over both the WAP and the EAP (18.7 ± 9, 15.5 ± 6 Gt y−1), on the WAP most meltwater is
retained ior refreezes in the snowpack, that contains a large amount of pore space as a result of the large
WAP snowfall rates. On the EAP snowmelt often exceeds precipitation, and insufficient pore space is
available for the meltwater to refreeze in, resulting in meltwater run off in the ocean (4 ± 4 Gt y−1).
This makes total sublimation the largest ablation term in the integrated AP surface mass budget (11
± 2 Gt y−1), which is primarily determined by drifting snow sublimation (9 ± 1 Gt y−1).

This new high-resolution AP dataset considerably adds to the current lower resolution data-sets such
as ERA-Interim, or lower resolution simulations with RACMO2.3, as the mountainous terrain is much
better resolved. These data can be used, in combination with satellite products such as GRACE and
radar/laser altimetry, to better understand the changes of AP glaciers and ice shelves.

In order to further improve model results, a computationally more expensive non-hydrostatic model
might be used for longer climate-scale simulations of specifically selected small and topographically
complex areas of the AP. Moreover, the FDM can be updated to better represent meltwater percolation
and refreezing, e.g. taking into account non-homogenous meltwater percolation. Additionally, more
observational data of the AP, both remote sensing and in-situ data, should be acquired for improved
model evaluation.
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Summary

Rapid climatic changes in the western Antarctic Peninsula (WAP) have considerably changed the me-
teoric freshwater input into the surrounding ocean, with implications for ocean circulation, the marine
ecosystem and sea-level rise. In this study, we use the high-resolution Regional Atmospheric Climate
Model RACMO2.3, coupled to a firn model, to assess the various contributions to the meteoric fresh-
water budget of the WAP for 1979–2014: precipitation (snowfall and rainfall), meltwater runoff to
the ocean, and glacial discharge, which is assumed to balance the long-term average accumulation in
a glacier basin. Snowfall is the largest component in the atmospheric contribution to the freshwater
budget, showing large spatial and temporal variability. The highest orographic snowfall rates occur
over the coastal regions of the WAP (>2000 mm water equivalent (w.e.) y−1) and extend well onto the
ocean up to the shelf break; a minimum (∼500 mm w.e. y−1) is reached over the open ocean. Rain-
fall is an order of magnitude smaller, and strongly depends on latitude and season, being relatively
large in summer, when sea ice extent is at its minimum. Surface meltwater production is relatively
large (>50 mm w.e. y−1) over the WAP, but a large fraction refreezes in the snowpack, limiting runoff.

This chapter is based on: Van Wessem, J. M., M. P. Meredith, C. H. Reijmer, M. R. Van den Broeke, and
A. J. Cook (2015), The modelled meteoric freshwater budget of the western Antarctic Peninsula, Deep-Sea Research
II: Special Issue: WAP Marine Studies, In preparation
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Only at a few locations does the meltwater run off into the ocean. We find a strong positive relation
between precipitation in Marguerite Bay and the Bellingshausen Sea with positive index values of both
the Southern Annular Mode (SAM) and El Niño/Southern Oscillation (ENSO). Over the northern WAP
mountains, these relations are found to be opposite in sign: precipitation is high during periods of
positive SAM index, but low during El Niño conditions. Assuming balance between snow accumulation
and glacial discharge, the largest glacial discharge is found for the regions around Adelaide Island
(10 Gt y−1), Anvers Island (8 Gt y−1) and southern Palmer Land (12 Gt y−1), while a minimum (<2
Gt y−1) is found in Marguerite Bay and the northern WAP. This spatial pattern has consequences for

local productivity and carbon drawdown in the coastal ocean.
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7.1 Introduction

The western Antarctic Peninsula (WAP) is one of the most rapidly changing regions on earth. Since
1950, the atmosphere above the WAP warmed by 3 ◦C [King, 1994; Vaughan et al., 2003]. This, in
combination with increased ocean heat content [Schmidtko et al., 2014], led to the loss of multiple ice
shelves [Cook et al., 2005], a retreat for 90% of its marine terminating glaciers [Cook et al., 2014], an
increase in precipitation [Thomas et al., 2008], and the disappearance of most of the perennial sea ice
[Stammerjohn et al., 2011]. All these changes affect the freshwater input (sea ice melt and meteoric
water, the latter combining precipitation and glacial discharge) into the surrounding ocean, significantly
influencing the ecosystem, and, ultimately, the WAP contribution to regional and global sea-level rise
[Ivins et al., 2013; Rye et al., 2014]. Rising atmospheric temperatures increase snow melt-rates and
meltwater runoff into the ocean [Vaughan, 2006]. Intrusion of warm Circumpolar Deep Water (CDW)
originiating from the Antarctic Circumpolar Current (ACC) onto and across the continental shelf has
been identified as the main cause of glacial ice loss [Martinson, 2012; Pritchard et al., 2012], culminat-
ing in the retreat and calving of marine terminating glaciers [Cook et al., 2005; Wouters et al., 2015].
Together with the (partial) disintegration of WAP ice shelves, such as Wilkins ice shelf [Scambos et al.,
2009], large icebergs are formed that drift across the open ocean, releasing freshwater into the ocean
as they melt [Silva et al., 2006]. Spatial and temporal changes in sea-ice volume will significantly al-
ter ocean temperature, salinity and stratification in the vicinity of the WAP [Stammerjohn et al., 2008;
Meredith et al., 2013]. The marine ecology of the upper ocean adjacent to the WAP responds to these
changes in the freshwater budget [Meredith, 2005]: freshening of the ocean stabilizes the water column
and enhances phytoplankton blooms [Montes-Hugo et al., 2009]; it also alters the ocean circulation by
changing the geostrophic flow [Martinson, 2012].

Measurements of stable isotopes of oxygen in seawater enable a quantitative separation of the contri-
butions of sea ice melt and meteoric water to the total freshwater budget [Meredith et al., 2008, 2010].
Several studies used oxygen isotope data from the Palmer Long-Term Ecological Research programme
(PAL-LTER; http://pal.lternet.edu/) and the Rothera Oceanographic and Biological Time Series (RaTS;
Clarke et al., 2008), as part of more comprehensive suites of physical, biogeochemical and biological
measurements (Fig. 7.1). Some of these studies have found that, as a result of the contributions of both
glacial meltwater [Dierssen et al., 2002] and precipitation [Meredith et al., 2008], the meteoric water
flux is the dominating freshwater source overall. A new study found that sea ice melt contributions
can be comparable in specific years, as the interannual variablity in the meteoric water flux is large
(Meredith et al. 2015, in review).
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It is thus clear that quantifying the spatial and temporal variability of the meteoric freshwater input is
important for interpreting current and future changes in the WAP. Meteoric freshwater fluxes depend
on atmospheric forcing, including the direction and magnitude of atmospheric water vapour transport
[Meredith et al., 2010]; they are linked to subannual and interannual climate variability as expressed in
e.g. the Southern Annular Mode (SAM; Marshall, 2003; Thomas et al., 2008, and the El Niño/Southern
Oscillation (ENSO, Wolter and Timlin, 1993; Turner, 2004; Clem and Fogt, 2013). Moreover, precipita-
tion rates over the WAP and the adjacent ocean are amongst the highest on earth due to strong orographic
uplift [Van Wessem et al., 2015b]. This affects both the direct (precipitation) and indirect (glacial dis-
charge) meteoric freshwater fluxes. Separately quantifying these fluxes is important as they affect the
ecosystem in different ways: unlike precipitation, glacial discharge transports micronutrients and trace
metals such as iron to the ocean as the glaciers scour the underlying rock and sediment [Hawkings
et al., 2014]. However, making this distinction from observations is difficult, especially in the coastal
areas where these fluxes are largest, as both water sources have the same isotopic composition and can
be similar in magnitude [Meredith et al., 2013]. An additional complication is to distinguish iceberg
calving, advection and melting from basal melt on the basis of ocean tracer data alone [Meredith et al.,
2013; Depoorter et al., 2013].

Atmospheric models provide information about meteoric freshwater input, but are generally limited in
horizontal resolution and hence do not resolve the large spatial variability of WAP precipitation rates
[Van Wessem et al., 2014a], are limited in simulation length [Van Lipzig et al., 2004; Bromwich, 2004],
or have limitations in their ability to resolve atmospheric and/or snow related processes [Nicolas and
Bromwich, 2011]. In this study, we use the Regional Atmospheric Climate Model RACMO2.3, that sep-
arately simulates the WAP meteoric freshwater components of snowfall, rainfall and meltwater for the
period 1979–2014. The model is run at relatively high horizontal resolution (5.5 km) to properly sim-
ulate the large spatial variability of the WAP topography and associated climate variables. The model
is forced with ERA-Interim, the most reliable re-analysis data for the Southern Ocean and troposphere
[Bracegirdle and Marshall, 2012], and is coupled to a Firn Densification Model (FDM) that calculates
processes in the snowpack such as the percolation of meltwater and its runoff into the ocean [Ettema
et al., 2010; Ligtenberg et al., 2011]. Multiple studies evaluated the performance of RACMO2.3 by
comparing model output to observational data; the model has proven to realistically simulate the near-
surface climate and surface mass balance of Antarctica [Van Wessem et al., 2014a,b], as well as that of
the Antarctic Peninsula [Van Wessem et al., 2015a,b]. However, significant model biases remain: there
is a cold surface bias related to an underestimation of downwelling longwave radiation [Van Wessem
et al., 2014a; King et al., 2015] and associated biases in the melt-fluxes and the interaction of melt in the
snowpack [Kuipers Munneke et al., 2012b; Barrand et al., 2013b]. However, as we will show in Sec-
tion 7.3.1, Antarctic Peninsula melt rates are relatively small compared to the other freshwater fluxes,
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and these biases do not strongly influence the modelled freshwater budget. First, in Section 7.2, we
introduce the model and methods used. In Section 7.3.1 we discuss the spatial and temporal variability
of the meteoric freshwater components, and present an indirect estimate of WAP glacial discharge in
Section 7.3.3, based on long-term average surface mass balance fields and detailed glacier catchment
outlines. Finally, we discuss the results and present conclusions in Section 7.4.
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Figure 7.1: The northern (>70◦S) Antarctic Peninsula domain (black box in inset map of Antarc-
tica shows RACMO2.3 model domain and boundaries, which extends to 75 ◦S) with model surface
topography [m] of the Antarctic Peninsula. Locations of four transects are shown (black diamonds),
coinciding with survey lines from the PAL-LTER program, as used in Section 7.3.1. Relevant locations
are marked. White areas represent floating ice shelves and regions <40 m, colours represent the eleva-
tion of the grounded ice sheet. In this study, we specifically focus on the region north of 70◦S, as this is
the primary focus of several studies on the freshwater budget, including the the PAL-LTER and Rothera
Oceanographic and Biological Time Series (RaTS) programmes.
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7.2 Methods

7.2.1 RACMO2.3

We use the Regional Atmospheric Climate Model RACMO2.3 that is coupled to a Firn Densification
Model (FDM). This hydrostatic model combines the dynamical processes of the High Resolution Lim-
ited Area Model (HIRLAM) [Undén et al., 2002] with the physics package of the European Centre
for Medium-range Weather Forecasts (ECMWF) Integrated Forecast System (IFS). RACMO2.3 uses
a multilayer snow model to calculate melt, percolation, refreezing and runoff of liquid water [Ettema
et al., 2010], a prognostic scheme for snow grain size used for calculating surface albedo [Kuipers
Munneke et al., 2011], and a drifting snow routine that simulates the interaction of drifting snow with
the surface and the lower atmosphere [Lenaerts et al., 2012b]. The model runs at a horizontal resolution
of ∼5.5 km for the AP, and has 40 vertical atmospheric levels. At the lateral atmospheric boundaries
the model is forced by ERA-Interim reanalysis data, and at the ocean boundaries by prescribed ocean
temperatures and sea ice cover. The model atmosphere is initialized on January, 1st, 1979 with the ERA-
Interim reanalysis data, and the surface snowpack is initialized with output of the FDM as described
below. We only discuss model output north of –70 ◦S, even though the simulations were conducted for
a domain extending as far south as 75 ◦S, in order to focus specifically on the WAP areas that include
the RaTS and Pal-LTER field sites. We included Larsen B ice shelf in the model domain, even though
it has disintegrated during the period of the model run, and will discuss the results accordingly.

7.2.2 FDM

The FDM strongly resembles the RACMO2.3 snow model, but with higher vertical resolution. It is
a single column time-dependent model that describes the evolution of the firn layer. It calculates firn
density, temperature and liquid water content evolution based on forcing at the surface by RACMO2.3
surface temperature, accumulation and wind speed at 3 hourly resolution. Surface meltwater percolates
into the model firn layer, where it can refreeze, be stored or percolate further down. The retention of
meltwater is based on the ’tipping-bucket’ method (i.e. liquid water is stored in the first available layer
and transported downwards only when it exceeds capillary forces). Liquid water that reaches the bottom
of the firn layer and can neither refreeze or be stored is removed as runoff. More details on the FDM
can be found in Ligtenberg et al. [2011]; Kuipers Munneke et al. [2015b].
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7.2.3 SAM and ENSO

To analyse temporal variations in the meteoric freshwater budget, we analyse its sensitivity to the South-
ern Annular Mode (SAM) and El Niño/Southern Oscillation (ENSO). SAM is the leading mode of ex-
tratropical climate variability in the southern hemisphere, defined as the meridional pressure difference,
and is associated with the intensity of the westerly winds impinging on the WAP [Thompson, 2002].
ENSO variability originates in the tropical Pacific Ocean where it is most manifest, with changes in sea
surface temperature (SST) on timescales 4–7 years; this variability reaches locations at high southern
latitudes through both atmospheric and oceanic teleconnections [Yuan, 2004; Turner, 2004]. We have
selected ten summer months with highest (+) indices, and ten summer months with lowest (−) indices,
from the Marshall [2003] SAM index and Wolter and Timlin [1993] ENSO index (where a positive
index corresponds with El Niño conditions) series, respectively, and extracted the average model output
for the corresponding months. We then use SAM+ – SAM− and ENSO+ – ENSO− average maps of
the relevant freshwater components to discuss temporal extremes in these variables.

7.2.4 Glacier catchments

We calculated the average and integrated surface mass balance (SMB) for 676 glacier basins from Cook
et al. [2014], to estimate glacial discharge of the WAP. We assume that, as the majority of glaciers is
retreating [Cook et al., 2014], the minimum glacial discharge equals the average long-term SMB, and
we further assume that the SMB averaged over the length of the model run (1979–2014) approximates
the recent glacier history of the WAP. We separately calculate the SMB for all basins that are larger than
the size of one grid box (∼30 km2), including all grid points that are within the basin outline for at least
50% of the gridbox area. Because of the multitude of basins in this data-set, we binned the data in 27
0.25 ◦latitudinal intervals from 70◦to 63.25◦S, based on the average latitude of the respective basin.

7.3 Results

7.3.1 Precipitation and snowmelt

Figure 7.2 shows maps of the modelled average meteoric freshwater budget components. These will
only be briefly discussed here; a more detailed description of AP climate is provided in Van Wessem
et al. [2015b]. Figure 7.2a shows large snowfall rates over the western AP and the adjacent ocean, due to
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Figure 7.2: Climatological (1979–2014) freshwater fluxes from RACMO2.3: snowfall (a), rainfall (b),
snowmelt (c) and meltwater runoff (d) in mm w.e. y−1. Note the different scales in a,b compared to c,d.
Also shown in a,b are the PAL-LTER transects as used in this study.
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orographic uplift. Up to 2000 mm water equivalent (w.e.) y−1 of snow falls over the ocean, decreasing
steadily towards the west, reaching 300 mm w.e. y−1 in the more distant ocean around the continental
shelf break. Over the western mountain range, snowfall reaches up to 5000 mm w.e. y−1 , resulting in
annual snow layers >10 m deep. In Marguerite Bay snowfall rates are variable, being surrounded by
the mountain ranges of Alexander Island, Adelaide Island and Palmer Land. The precipitation shadow
of Adelaide Island is most pronounced, with relatively dry conditions(∼200 mm w.e. y−1) over Ryder
Bay. Here, snowfall and rainfall (Fig. 7.2b) rates are similar in magnitude; in most other locations rain-
fall is an order of magnitude smaller than snowfall or zero. In sharp contrast with the spatial variability
of snowfall, which is mainly controlled by topography, gradients in rainfall are controlled by latitude
and elevation. Moreover, while snowfall occurs all year, rainfall is mostly restricted to summer, when
sea ice extent is at its minimum. Therefore, summer rainfall has a relatively large contribution to the
freshwater flux into the ocean. However, snowfall that accumulates on sea ice in winter, melts away
together with the sea ice in spring/summer, shifting the phase of the snowfall freshwater flux.

Surface snowmelt (Fig. 7.2c) is widespread over the WAP with sharp latitudinal and elevation gradi-
ents. Meltwater has the potential to result in runoff into the ocean when the firn layer has insufficient
refreezing capacity [Kuipers Munneke et al., 2014a]. Figure 7.2d shows that this rarely happens over
the WAP; only in the lower regions with relatively low accumulation rates-, and high meltwater produc-
tion, is some local meltwater runoff calculated. Runoff occurs more frequently over Larsen B and C ice
shelves in the eastern AP (EAP), and on Wilkins ice shelf further south. Figure 7.3 shows climatological
and seasonal snowfall and rainfall rates along four PAL-LTER transects. Along the four transects, av-
erage snowfall rates over the ocean are roughly comparable (∼500 mm w.e. y−1), and all peak towards
the coast due to the orographic effect. Higher peak values are found for the 300 and 600 transects, with
a maximum >2000 mm w.e. y−1 for the 600 transect. While for transects 000, 300 and 900 snowfall
rates rapidly decrease towards the west, snowfall is relatively low and constant in magnitude over the
entire 900 transect. This is related to the more northerly oriented slopes, which, in combination with
westerly winds, results in weaker orographic precipitation. Moreover, in contrast to the other transects,
the 900 transect shows an increase of rainfall towards the northwest. Interannual variability (the red and
blue shading) is closely related to the absolute magnitude and does not show a relation with the location
along the transect, a feature that was also reported in Van Wessem et al. [2015b].

It is important to note the importance of the seasonal precipitation cycle Figure 7.3 shows that summer
snowfall, when the westerly circulation is weaker, is smaller than winter snowfall by∼400 mm w.e. y−1 for
all transects; this effect exceeds the interannual variability of ∼100 mm w.e. y−1. As a result, the rel-
ative/fractional contribution of rainfall is relatively large in summer: for transects 900 and 600 rainfall
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Figure 7.3: Climatological (1979–2014) snowfall (red) and rainfall (blue) (mm w.e. y−1) across PAL-
LTER transects (see Figs. 7.1 and 7.2) 900 (diamonds), 600 (squares), 300 (circles) and 000 (triangles).
Shading denotes interannual variability (one standard devation). The dashed lines denote the winter
averages, the solid (unmarked) lines the summer averages. Each of the transects is extrapolate so as to
include two land points.

reaches summer values that are as large or even larger than that of snowfall, further emphasizing the
importance of rainfall for the summertime meteoric freshwater budget of the WAP.

No significant trends in any of the freshwater budget components for any the transects was found for the
period 1979–2014, except for small negative trends in rainfall near the coast that are related to cooling
trends over the mountain slopes as reported in Van Wessem et al. [2015a].

7.3.2 SAM and ENSO climate variability

Temporal variability in the WAP freshwater budget has a strong relation to both the strength of the
circumpolar westerlies and forcing from the tropics, which can be expressed by SAM and ENSO, re-
spectively [Meredith et al., 2008; Clem and Fogt, 2013]. Although snowfall rates are higher in winter,
most snow falls on the sea-ice, and because of the relative importance of summer compared to win-
ter of the other fluxes (Section 7.3.1), Figure 7.4 shows the summer SAM+ – SAM− composite for
1979–2014. When SAM is high, westerly circulation is anomalously strong, enhancing topographic
precipitation in the WAP but reducing it in the precipitation shadow of the AP spine. This is clearly
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Figure 7.4: Difference of the summer months SAM+ minus SAM− composite in freshwater components
snowfall (a), rainfall (b), snowmelt (c) and meltwater runoff (d), in mm w.e. y−1 for 1979–2014. In a)
10 m wind speed difference vectors are shown. Details are found in Section 7.2.3.
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shown in Figs. 7.4a,b: during SAM+ events westerly circulation is pronounced and snowfall is en-
hanced over the WAP and the adjacent coastal ocean, with rates elevated by >200 mm w.e. y−1 over
the mountains, and by ∼50 mm w.e. y−1 over the ocean with a maximum in Marguerite Bay. Here,
even though snowfall is higher during SAM+, rainfall is slightly lower, which is related to the relatively
low WAP warming compared to the EAP warming during SAM+ [Marshall et al., 2006; Van Lipzig
et al., 2008]. Towards the north of the AP a positive rainfall anomaly is seen. Snowmelt dependency on
SAM shows distinct patterns, with a negative anomaly to the west, and a positive anomaly to the east,
which is also consistent with earlier studies [Marshall et al., 2006]. The positive anomaly in the EAP
is a result of warm downslope winds, enhancing melt especially over the ice shelves. Consequently, the
associated runoff fluxes are higher over the EAP during SAM+, and show no anomaly over the WAP.
Additional interesting features are the strong winds during SAM+ events that transport moist air into
Marguerite Bay and Ryder Bay near Rothera.

Figure 7.5 shows the summer ENSO composites: the southwesterly wind anomaly is directed nearly
parallel to the AP mountain range, resulting in positive snowfall anomalies of up to 200 mm w.e. y−1 over
the southwest facing slopes, and negative anomalies on northeast facing slopes. For instance, the shad-
ing effect of Alexander and Adelaide Islands is clear. Over the ocean the variability is smaller, but
everywhere the anomaly is positive. As with SAM+, during ENSO+ events strong winds blow into
Marguerite Bay, causing strong positive anomalies in snowfall with a peak over Palmer Land and the
southern Adelaide Island mountains. All the other components (Figs. 7.5b,c,d) show weak negative
anomalies, related to the southerly component of the winds during ENSO+ transporting relatively cold
air to the WAP.

Figure 7.5 shows the summer ENSO composites: the southwesterly wind anomaly is directed nearly
parallel to the AP mountain range, resulting in positive snowfall anomalies of up to 200 mm w.e. y−1 on
the southwest facing slopes, and negative anomalies on the northeast facing slopes. For instance, the
shading effect of Alexander and Adelaide Islands is clear, with strong negative anomalies on the lee-
sides. Over the ocean the variability is smaller, but everywhere the anomaly is positive. . As with
SAM+, during ENSO+ events strong winds blow into Marguerite Bay, causing strong positive anoma-
lies in snowfall with a peak over Palmer Land and the southern Adelaide Island mountains. All the
other components (Figs. 7.5b,c,d) show weak negative anomalies, related to the southerly component
of the winds during ENSO+ transporting cold air to the WAP.



7.3. Results 151

7

Figure 7.5: Difference of the summer months ENSO+ minus ENSO− composite in freshwater compo-
nents snowfall (a), rainfall (b), snowmelt (c) and meltwater runoff (d), in mm w.e. y−1 for 1979–2014.
In a) 10 m wind speed difference vectors are shown. Details are found in Section 7.2.3.
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Figure 7.6: Specific (area averaged) surface mass balance (SSMB; m w.e. y−1; colours), basin inte-
grated SMB (red bars; Gt y−1), meltwater runoff (blue bars, 1000× Gt y−1), and area (black boxes;
1000× km2) binned into 27 latitudinal intervals (0.25◦). Only WAP basins greater than the area of
one gridbox are used. Basins are based on Cook et al. [2014]. For each basin, the average latitude is
calculated, which is used to determine in which bin the basin belongs.
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7.3.3 Glacial discharge

Figure 7.6 shows climatological (1979–2014) specific surface mass balance (SSMB), area integrated
SMB and runoff for WAP glacier basins. Over the grounded WAP ice sheet, SSMB is defined as the
area averaged surface mass balance (SMB). Average and integrated SMB and runoff are calculated for
all WAP glacier basins defined by Cook et al. [2014] and binned into 27 latitudinal intervals of 0.25◦,
ranging from 70◦ to 63.25 ◦S. SSMB shows large latitudinal variability, with a clear maximum between
66.25◦ and 65.75◦S, where SSMB >5 m w.e. y−1, coinciding with the region of largest snowfall rates,
just north of Adelaide Island (Fig. 7.2a). The minimum SSMB is found in southern Palmer Land, with
values ∼1 m w.e. y−1. The left panel shows SMB and meltwater runoff, integrated over the basins. We
make the assumption that the average SMB over the length of the model run (36 years) is indicative of
that averaged over the typical timescale of glacial discharge, providing an estimate of glacial discharge
along the WAP coast. As recent studies [Cook et al., 2014; Scambos et al., 2014] found that ∼90% of
WAP glaciers are retreating, this implies that average SMB likely provides a lower estimate of glacial
discharge. In reality these rates are thus likely to be larger, especially to the south, where retreat of
WAP glaciers is strongest [Cook et al., 2014]. Ice that crosses the grounding line is lost to the ocean by
calving, forming ice bergs that drift away and melt, or by basal melting, where the latter effect is likely
dominating, as the iceberg flux in the WAP is relatively small [Tournadre et al., 2012]. Although these
freshwater fluxes are confined to the coast, several studies suggest that glacial meltwater is spatially
correlated over 100 km offshore and spreads out relatively far, significantly affecting the ocean salinity
and density [Dierssen et al., 2002].

We find the highest integrated SMB, and therefore estimated glacial discharge, in the 70◦–69.5◦S bins.
Even though SSMB was lowest here, this bin has by far the largest area (8000 km2), and∼12 Gt y−1 of
ice is discharged into the ocean; at these high latitudes all surface meltwater refreezes, and runoff is
zero. Moving north, in the Marguerite Bay glacier basins (69◦–67.75◦S), basin discharge ranges from
1.5 to 4 Gt y−1; in the Adelaide Island bins (67.25◦–66.75◦S), area and glacial discharge peak (4000
km2; 11 Gt y−1). Here, we also find the southernmost bin with significant modelled runoff, but values
are typically three orders of magnitude smaller than SMB, and largely negligible. In the bins with the
highest SSMB (bins 66.25◦ and 65.75◦S), the basins are relatively small (<2000km2) and therefore
discharge as well (<6 Gt y−1). The largest SMB for the northwestern AP is found between 65◦ and
64◦S, the location of Anvers Island, with values up to 8 Gt y−1. Finally, in the northernmost bins,
discharge decreases to ∼ 2 Gt y−1; a result of the small basin area and the relatively low SSMB (1–2
m w.e. y−1).
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7.4 Summary and Conclusions

The climate and associated freshwater budget of the western Antarctic Peninsula (WAP) is changing
rapidly, with significant consequences for the surrounding ocean, atmosphere and ecosystem. Here,
we use the Regional Atmospheric Climate Model RAMCO2.3, for the period 1979–2014, to interpret
temporal and spatial variability in the meteoric freshwater budget: precipitation, meltwater runoff and
glacial discharge. We find that snowfall is the largest contributor to the meteoric freshwater budget.
It shows large spatial and seasonal variability, with average snowfall rates over the grounded ice sheet
>2000 mm w.e. y−1 due to orographic uplift of moist air over the steep AP mountain range, decreasing
to∼500 mm w.e. y−1 over the open ocean. Rainfall is an order of magnitude smaller than snowfall, and
is mainly determined by temperature, with largest gradients in the altitudinal and latitudinal directions.
However, because rainfall is highest in summer, when it is not intercepted by the sea ice that is at its
minimum, the contribution of rainfall to the freshwater flux into the ocean is relatively large, and at
lower latitudes nearly as large as that of snowfall. The WAP meltwater production is large compared
to the rest of the Antarctic continent (>50 mm w.e. y−1), but most meltwater refreezes in the cold
snowpack; only at a few locations does meltwater run off into the ocean, and this contribution to the
freshwater budget is small.

Temporal variability of the freshwater components is related to the Southern Annular Mode (SAM) and
El Niño/Southern Oscillation (ENSO) indices. We find strong positive relations of WAP (orographic)
precipitation in Marguerite Bay and the Bellingshausen Sea with high indices of both SAM and ENSO,
when winds transport moist air to the WAP. Over the northwestern AP, precipitation anomalies are
opposite in sign: during high SAM states precipitation is high, but during high ENSO states, it is low.

Finally, we use long-term average (1979–2014) modelled surface mass balance (SMB) to estimate
glacial discharge. We find strong latitudinal differences, with peak values in the regions around Ade-
laide Island (10 Gt y−1), Anvers Island (8 Gt y−1) and southern Palmer Land (12 Gt y−1). Minima
(<2 Gt y−1) are found in Marguerite Bay and the northern WAP. As there is a net mass loss of the
majority of WAP glaciers, these estimates based on SMB likely represent a lower limit for discharge.

The results of this study can be used to improve the interpretation of seawater isotope data-sets, as
from these observations alone one cannot readily distinguish between the different meteoric freshwater
components, often combining precipitation and glacial discharge fluxes as a single contribution. A
remaining challenge is a further partitioning of the glacial discharge flux into the contributions made by
basal melting and calving of icebergs.
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Discussion and outlook

8.1 General conclusions

This thesis sets out to contribute to the current knowledge of the climate of the Antarctic ice sheet (AIS),
and its relation with the glaciological environment. To achieve this, I used the regional atmospheric
climate model RACMO2.3, specifically adapted for simulations over Antarctica, and evaluated the
model with available observations. The model has simulated the whole AIS at a horizontal resolution of
27 km, as well as the Antarctic Peninsula (AP) at 5.5 km. The inclusion of a new cloud parameterization
in the model, that allows for super-saturated ice clouds, has led to improved estimates of the AIS climate,
particularly in terms of the SMB of East Antarctica. Over the West Antarctic ice sheet and particularly
the AP no significant changes in the modelled climate are found.

Because the 27 km resolution proved to be insufficient to resolve the AP topography and related vari-
ables, I applied the model to the AP at 5.5 km horizontal resolution. The results show a high spatial
variability of many climate variables related to the topography such as precipitation and winds, and
large differences in climate between the western and the eastern side of the AP mountain range. Melt is
found to be widespread over the AP, significantly influencing snowpack conditions, and at some loca-
tions resulting in meltwater runoff into the ocean, although this flux is minor for the current climate.

The research reported throughout this thesis has shown that RACMO2.3 realistically simulates the cli-
mate of the AIS. The results are useful for many applications, such as studies that focus on glaciologi-
cal, oceanographic, and ecological consequences of changes in the AIS and AP climate and atmosphere.
However, several model weaknesses have also been identified, and additional steps have to be taken to
further improve the model results. In this final chapter I introduce some of the remaining challenges, as
well as two promising future research avenues.

155
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8.2 Remaining challenges

8.2.1 Cold bias and meltwater penetration

Like RACMO2.1, RACMO2.3 remains generally too cold over the AIS. In Chapter 3 it was shown
that the model underestimates AIS surface temperature by 1.3 K. This bias is mostly related to under-
estimated downwelling longwave radiation, and partly due to an underestimation in the near-surface
winds, as a result of the limited horizontal resolution. Figure 8.1 shows modelled average (1979–2014)
versus observed 10 m snow temperature for the AP. For the AP the cold bias is –3.1 K, which is larger
than the value for the AIS (note that in Chapter 3 surface temperatures, not snow temperatures, were
compared). The model does realistically simulate the spatial variability of temperature (r2 = 0.83), but
the bias increases towards locations with higher temperatures (rc = 0.71). The color scaling shows that
this is partly related to the significant production of meltwater at these AP locations, that infiltrates
the firn column and refreezes, raising the deep snow temperature. Therefore, the persistent cold bias at
these higher temperatures suggests an underestimation of surface melt, or that the meltwater penetration
depth is not well modelled.

Figure 8.1 also shows the correlation only using points without (modelled) melt, for both the 5.5 km and
the 27 km version of the model (so including non-AP locations). For these points, the spatial variability
is represented well (r2 = 0.98), but the cold bias remains clearly visible (–1.44 K), as its increase for
higher temperatures (rc = 0.92). At temperatures below ∼250 K, representing the higher escarpment
and interior ice sheet where no melt occurs, the bias is smaller. This suggests that the melt extent of the
AIS might be underestimated by the model: at several escarpment locations upslope where the model
currently does not simulate melt, observations indicate that surface melt occasionally occurs. More melt
at these locations would result in more refreezing meltwater in the firnpack, a higher snow temperature,
and a smaller cold bias.

There are a few potential causes for the melt discrepancies. An obvious explanation is the general cold
bias in surface temperature, indicating a lack of melt energy, even though the near-surface atmospheric
temperatures are simulated well (Chapters 3 and 5). Another potential problem is that meltwater is not
penetrating deep enough into the firn, possibly due to a lack of heterogeneous meltwater penetration
[Ligtenberg et al., 2014]. Meltwater can penetrate deep in the firn column through vertical channels, a
feature called "piping", which is common on the Greenland ice sheet [Harper et al., 2012] and could
also be present in Antarctica, even though melt rates are smaller there.
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Figure 8.1: Average (1979–2014) 10 m snow temperatures from RACMO2.3 as a function of 10 m
snow observations from [Morris and Vaughan, 2003]. Color scheme denotes modelled snowmelt at the
location of the in-situ observation. Open circles represent the 10 m snow temperatures from RACMO2.3
at 27 km as a function of the 10 m snow observations, as used in Chapter 3 and Van den Broeke [2008].
Statistics and regression lines are provided for all points without melt (dark blue, AIS plus AP points)
and with melt >0 mm w.e. y−1 (blue to red, only AP points).

8.2.2 Antarctic Peninsula meltwater patterns

Additional analyses of RACMO2.3 output confirm biases in the simulated melt rates. Figure 8.2 com-
pares modelled firn air content (FAC) from the RACMO2.3 forced firn model, with FAC derived from
radar observations [Holland et al., 2011]. It shows that the modelled FAC is smaller and less vari-
able over Larsen C ice shelf than observed. This discrepancy could be due to an overestimation of
melt, and/or an underestimation of accumulation, two variables that largely determine FAC [Kuipers
Munneke et al., 2014b]. The results of Chapter 6 suggest that accumulation is well simulated over the
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ice shelf, favoring the overestimation of melt as a likely cause. However, both the comparison of mod-
elled 10 m snow temperature with observations in the previous section, and Figure 8.3 that compares
modelled snowmelt with that from the QSCAT satellite [Trusel et al., 2012], suggest that snowmelt over
the ice shelves is actually underestimated. Note that the QSCAT meltfluxes might be positively biased,
as a result of the satellite being unable to distinguish the melting surface from liquid water in the upper
firnlayers. Nevertheless, both studies show that the model has difficulties in resolving the spatial melt
patterns in the AP. This is possibly related to the model not accurately simulating foehn winds, which
would increase surface melting towards the mountain spine and result in a better representation of the
FAC and melt patterns [Trusel et al., 2013; Kuipers Munneke et al., 2014a].

Therefore, Sections 8.2.1 and 8.2.2 both suggest that a first step towards model improvement should
address the modelled melt fluxes, and the relationship between firn conditions and climate.

Figure 8.2: The Firn Air Content (FAC) [m] of Larsen ice shelf from Holland et al. [2011] (a) and
average (2001–2014) FAC from the FDM (b) that is forced by the RACMO2.3 climatology.
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Figure 8.3: a) 2001-2010 average snowmelt fluxes (mm w.e. y−1) from the QSCAT satellite (details
in Trusel et al. [2013]). For Larsen B, QSCAT shows the 2000–2002 average, as this ice shelf collapsed
in 2003. b) RACMO2.3 modelled average snowmelt (2001–2010) (Chapter 6).

8.2.3 Horizontal resolution and non-hydrostatic physics

Although the 5.5 km horizontal resolution of RACMO2.3 represents a big improvement over earlier
studies, the complex topography of the AP requires a further increase in resolution, to e.g. ∼2.2 km. A
higher resolution results in a better resolved topography, likely resulting in an improved representation
of foehn winds and melt fluxes. However, another issue that would then need addressing is the influence
of bare rock outcrops on the surface energy balance, which lower the surface albedo and absorb more
solar radiation, especially important for smaller scale processes. Rock outcrops cover about 20% of
the AP [Bindschadler, 2006], but were not yet included in the RACMO2 model snow/ice-mask (that
assumes complete snow/ice coverage) as they are of similar (or smaller) scale (1–5 km) compared to
the model resolution. The comparison of modelled with observed air temperatures from the READER
stations (Chapter 5, Fig. 5.2) suggested that a small cold summer bias at locations close to ice- and
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snow-free rock outcrops. With further increases of the model resolution it will become possible to
include these in the snow/ice-mask, which might locally improve the model results.

The main drawback of increasing the model resolution in RACMO2.3, however, is that the hydrostatic
assumption may no longer hold. Increasing the resolution would move the model further towards or
beyond the limits of the hydrostatic assumption, and then it would become necessary to resolve ver-
tical accelerations and acoustic waves. However, Cassano and Parish [2000] suggests that biases in
the wind field due to the assumption of hydrostatic balance are not dependent on the model resolution.
A study using a non-hydrostatic, high-resolution (1.5 km) climate model [Luckman et al., 2014] does
show that foehn winds are better resolved at high resolution, although it is not clear if this is due to
the higher resolution better resolving the topography, or the non-hydrostatic assumption better simu-
lating the vertical movement of the air parcels. Implementing non-hydrostatic physics in RACMO2.3
is not feasible; if required, a non-hydrostatic model has to be used and adapted for the Antarctic. At
present, the Royal Netherlands Meteorological Institute (KNMI) is adapting the high resolution (2.5
km) non-hydrostatic forecast model HARMONIE [Seity et al., 2011; Van der Plas et al., 2012] for use
in climate studies. This model also includes more advanced prognostic (cloud) microphysics, including
the horizontal transport of precipitation, which, as suggested in Chapter 6, would be of much interest
for climate studies of the AP.

8.3 Two case studies

The results presented in Section 8.2 emerged from preliminary studies into Antarctic perennial firn
aquifers and ice shelf viability. Below these two topics are discussed using the current RACMO2.3
output, so, although these studies are encouraging, the above mentioned model limitations should be
kept in mind.

8.3.1 Perennial firn aquifers in Antarctica?

When meltwater from the surface percolates into the firn layer, three things can happen. In most of the
firnpack of the AIS all meltwater refreezes, forming ice lenses (Chapter 4). Locally on the AP the firn
layer is temperate and saturated and the meltwater runs off (Chapter 6/7). A third possibility is related
to a subtle interplay between high melt rates and high accumulation rates. When there is sufficient
snowfall, meltwater can be stored in the firn during winter without refreezing, as the fresh snow isolates
the meltwater from the cold winter atmosphere, and there is no meltwater runoff, as it has not yet
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percolated down to the firn-ice transition. This suggests that in the western AP, where melting (>200
mm w.e. y−1) as well as precipitation (>500 mm w.e. y−1) is generally large, perennial firn aquifers
might be present, similar to those recently found in the southeastern Greenland ice sheet [Forster et al.,
2013; Kuipers Munneke et al., 2014a] and on Svalbard [Christianson et al., 2015]. Figure 8.4a shows
that RACMO2.3 predicts this process along the foot of the northwestern AP spine, and on Wilkins ice
shelf. At these locations perennial liquid water is found at 25 m depth. Instantenous winter output
at a northwest spine location (Fig. 8.4b), from the high resolution firn densification model (FDM),
shows that the aquifer is present at depths below 10 m and extends down to at least 40 m. Currently,
several observational studies are looking at AP aquifers, including a study using C-band backscatter
data collected by the Advanced SCATterometer (ASCAT) aboard the MetOp-A satellite; preliminary
results suggest that firn aquifers might be present on Wilkins, George VI and Bach ice shelves, but this
product does not penetrate into the firn further than ∼5 meters (personal communication Julie Miller,
WAIS workshop 2014).

a)

b)

Figure 8.4: a) Modelled average 1979–2014 liquid water content at 25 m depth. Inset (b) shows the
modelled FDM profile of liquid water content for 1 July 2012, for the location indicated by the red
circle.
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8.3.2 Predicting ice shelf viability

The role of atmospheric warming and subsequent surface melting on the limits of ice shelf viability
has been widely discussed: Morris and Vaughan [2003] collected a large sample of AP 10 m snow
temperature observations, assumed them to represent annual surface temperature, and interpolated the
data over the whole AP. From this they inferred that all exisiting ice shelves in the AP are located
south of the –5◦C isotherm of annual average surface air temperature (see Fig. 1.5), and that all ice
shelves situated between the –5◦C and –9◦C isotherms have shown significant retreat or even broke up
completely. From this it was concluded that the –9 ◦C surface temperature isotherm is the limit of ice
shelf viability. When the climate warms and this isotherm migrates southward, more ice shelves would
then be subjected to retreat and potential disintegration.

Despite the 10 m snow temperature bias (Section 8.2), it is still interesting to use the gridded firn
temperature field from RACMO2.3 for the study of ice shelf viability. Figure 8.5 shows the modelled
average (1979–2014) 10 m snow temperature in the AP. It confirms that all existing, stable ice shelves
are located south of the –5◦C isotherm. The –5◦C limit in 10 m snow temperature, indicated by the
yellow shading, accurately identifies those ice shelves that have disappeared in the last decennia (note
that RACMO2.3 includes Larsen B ice shelf in its land/ice mask for the whole model period), or that
have been retreating: i.e. Wilkins and northern Larsen C ice shelves [Jansen et al., 2015]. In addition,
the –9◦C isotherm identifies ice shelves that could collapse in the near future: N George VI and Bach ice
shelves; indeed these have already retreated by >5% [Cook and Vaughan, 2010]. The –9◦C isotherm
runs north of Larsen D and Stange ice shelves, in agreement with the stable surface areas of these ice
shelves [Cook and Vaughan, 2010]. This supports the theory that meltwater production plays a decisive
role in the viability of AP ice shelves.

Some of the ice shelves that are situated south of the –9◦C isotherm, e.g. George VI South, have shown
significant thinning rates related to ocean warming [Wouters et al., 2015]. Therefore, these results
further support the theory that these losses are indeed related to dynamical thinning, and are, not as of
yet, affected by surface processes.
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Figure 8.5: Average modelled 1979–2014 10 m snow temperature. Regions with 10 m snow tempera-
ture > –5◦C isotherm are shown in yellow; the thick black contour represents the –9◦C isotherm. The
ice shelf edge and the grounding line are denoted with thin black contour lines
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