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Summary
Along three-quarters of its edge, the Antarctic ice sheet is fringed by ice
shelves. These floating extensions of the ice sheetmeasure 100–2000me-
tres in thickness. Ice shelves act to buttress the flow of the grounded ice
sheet, slowing down the rate at which it is flowing into the ocean. In the re-
cent past, ice shelves have been subject to significant change. In 1995 and
2002, two ice shelves in the Antarctic Peninsula completely disintegrated,
permanently redefining Antarctica’s coastline. As ice shelves float on the
ocean, their disappearance does not directly contribute to sea-level rise.
However, when ice shelves disappear, so does their buttressing effect on
the grounded ice sheet. This causes the ice sheet to flow into the ocean at a
faster rate, which raises global mean sea level. Therefore, the mass loss of
the grounded Antarctic ice sheet, and therewith its contribution to global
mean sea level rise, strongly depends on the conditions of its surrounding
ice shelves.

An ice shelf is susceptible to a process called ‘hydrofracturing’. This oc-
curs when snow melts at the ice-shelf surface, forming melt ponds. The
meltwater can fill pre-existing crevasses, and because of the water pres-
sure the crevasses can become deeper. Eventually, the crevasse can reach
the bottom of the ice shelf. If snowmelt is widespread on the ice-shelf
surface, meltwater can fill crevasses over the entire ice shelf, potentially
destabilising the ice shelf, causing it to disintegrate.

Climate scientists want to understand how the climate has evolved over
the past decades, and how it will evolve in the future. There are several
ways to study the climate. With weather stations, we can measure the
meteorological conditions near the surface. However, Antarctica has an
extremely harsh climate, and as a result, such observations are scarce. Al-
though some weather stations have been operational for a relatively long
period of time (decades), most stations provide data for just a couple of
years. In any case, weather stations only provide information for single
locations scattered across the ice sheet, usually in more accessible loca-
tions.

To fill in these gaps, we use either satellites or climate models. Satel-
lites often observe the full ice sheet, but have a limited operation time
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span (typically 5–10 years) and do not measure all quantities of interest,
for example melt rates. Climate models do not suffer from these limita-
tions. They come in different degrees of complexity: some models only
take the atmosphere into account, some also model changes in ocean cir-
culation or explicitly calculate changes of an ice sheet. Unfortunately, the
increased degree of complexity comes at a price: increased computational
costs. Therefore, when using climate models, we have to consider which
processes should be modelled explicitly, and which processes can be esti-
mated using a simpler parameterisation.

Whether snowmelt occurs is determined by the surface energy balance:
the sum of all energy fluxes towards and away from the surface. An im-
portant energy source is the absorption of solar radiation. The amount of
sunlight that is absorbed by the surface is determined by its reflectivity:
the surface albedo. Antarctic snow is pristine white and reflects typically
85% of the incoming sunlight (i.e. it has an albedo of 0.85). However,
when snowmelts, it becomes darker, reflecting perhaps 70%, and thus ab-
sorbs two times more solar radiation. If the surface absorbs more energy,
more snow can melt, darkening the surface even further. This process is
known as the snowmelt–albedo feedback.

Although this is a known process, until recently we did not know how
much it affects the amount of snowmelt that occurs in Antarctica. In this
thesis, we explicitly model this process and quantify how strongly it influ-
ences snowmelt events on the vast Antarctic ice sheet. In Chapter 3, this
is first done for a single location, using meteorological observations from
a German research station situated on an ice shelf in coastal Dronning
Maud Land, East Antarctica. We find that the average annual snowmelt
amount is approximately 2.5 times higher than in a simulation in which
we do not consider the snowmelt–albedo feedback. Data from several au-
tomatic weather stations are used in Chapter 4 to evaluate RACMO2, a
regional atmospheric climate model developed in collaboration with the
RoyalNetherlandsMeteorological Institute (KNMI),which is used to study
the polar climate. We find that RACMO2 provides reasonable estimates
of snowmelt rates: although on average it slightly underestimates snow-
melt, the spatial and temporal variability agree well with weather stations
and satellite measurements.
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Finally, in Chapter 5, we use RACMO2 to study the snowmelt–albedo
feedback over the entire Antarctic ice sheet. We identify meteorological
conditions that favour this feedback: since fresh snowfall makes the sur-
face bright again, the snowmelt–albedo feedback ismore active in seasons
with a long dry spell. We furthermore show that the feedback is less active
in both the coldest and thewarmest parts of the Antarctic ice sheet. This is
because in the coldest part, almost no snowmelt occurs in the first place
and as a result, the snowmelt–albedo feedback is not activated. On the
other hand, in the warmer regions, snowmelt is no longer solely driven by
the absorption of sunlight, but also by warm air that heats the surface di-
rectly. This process is not dependent on the surface albedo and therefore
the snowmelt–albedo feedback is weaker.

These results show that it is worth the extra computational costs to explic-
itly calculate the surface albedo and snowmelt. A simpler, more straight-
forward snowmelt parameterisation can yield similar Antarctica-wide to-
tals, but lacks the spatial and temporal variability that is related to the
snowmelt–albedo feedback. In a warming climate, more parts of the Ant-
arctic ice sheet will be susceptible to this feedback, including its largest
ice shelves. Using an explicit albedo model is crucial if we want to pre-
dict when the circumstances on these ice shelves become favourable for
surface melt leading to hydrofracturing, and more importantly, when we
have reached the moment in time that we can no longer prevent this from
happening.
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Samenvatting in het Nederlands

Kun jij je nog herinneren waar je was op 12 juli 2017? Op die dag werd ijs-
berg A-68 geboren: een grote ijsberg die afbrak van deAntarctische ijskap.
Ofwat dacht je van9 februari 2020? Die dagwerd eennieuw temperatuur-
record gevestigd opAntarctica: bijna+21∘C.Deze gebeurtenissen zijnmo-
menteel heel zeldzaam en daarom noemenswaardig, maar het klimaat is
sterk aan het veranderen. De atmosfeer warmt op, de oceanen warmen
op en de mondiale zeespiegel stijgt. Als deze veranderingen doorzetten
zullen zulke gebeurtenissen vaker voorkomen en op meer plekken. In het
ergste geval zullen we er niet eens meer naar omkijken als een deel van de
ijskap afbreekt.

De Antarctische ijskap wordt voor driekwart omringd door ijsplaten. Dit
zijn drijvende uitlopers van de ijskap van 100–2000meter dik. IJsplaten
geven steun aan de grondgebonden ijskap: dat deel van de ijskap dat
op het land ligt. Door de aanwezigheid van ijsplaten stroomt het grond-
gebonden ijs minder snel de oceaan in. IJsplaten hebben recent signifi-
cante veranderingen ondergaan. In 1995 en in 2002 zijn twee ijsplaten
in het Antarctisch Schiereiland volledig opgebroken. Dit heeft de kustlijn
van Antarctica permanent veranderd. Omdat ijsplaten op het oceaanop-
pervlak drijven, dragen ze niet direct bij aan mondiale zeespiegelstijging
wanneer ze verdwijnen. Ze hebben daarentegen wel een indirect effect
op de mondiale zeespiegel: wanneer een ijsplaat verdwijnt, verdwijnt ook
het afremmende effect op de grondgebonden ijskap. Hetmassaverlies van
de Antarctische ijskap is daarom sterk afhankelijk van de toestand van de
omringende ijsplaten.

IJskappen kunnen opbreken als gevolg van ‘hydrofractie’. Wanneer aan
het oppervlak sneeuw smelt, kan dit smeltwatermeren vormen. Dit smelt-
water kan zich verzamelen in aanwezige gletsjerspleten, die daardoor kun-
nen opvullen. Door de waterdruk van het smeltwatermeer kan de spleet
verder uitdiepen en eventueel de ijsplaat verticaal doorklieven. Wanneer
er veel smeltwater aanwezig is op het oppervlak van een ijsplaat en er
veel gletsjerspleten zijn, kan de ijsplaat instabiel worden, waardoor deze
volledig opbreekt.
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Als klimaatwetenschappers willen we graag begrijpen hoe het klimaat in
de afgelopen decennia is veranderd, maar ook hoe het zich in de toekomst
zal ontwikkelen. Er zijnmeerderemanieren omhet klimaat te bestuderen.
Weerstations stellen ons in staat om de meteorologische omstandighe-
den aan het oppervlak te meten. Aangezien Antarctica een zeer ruig kli-
maat kent, zijn weerstations op de ijskap schaars. Enkele stations hebben
over een relatief lange periodemetingen verricht, maar demeeste stations
hebben data van slechts enkele jaren. Weerstations geven hoe dan ook
slechts informatie over geïsoleerde plekken op de ijskap, meestal in de
meest toegankelijke gebieden.

Deze gaten kunnen we opvullen door satellieten en klimaatmodellen te
gebruiken. Satellieten leveren vaak informatie over de volledige ijskap,
maar slechts voor een relatief korte periode (normaliter 5–10 jaar). Daar-
naastmeten ze niet alle relevante componenten, zoals smelthoeveelheden.
Klimaatmodellen zijn daarentegen in staat alle gewenste componenten te
berekenen, en voor elke gewenste periode. Ze komen dan ook in verschil-
lende soorten en maten: sommige modelleren alleen de atmosfeer, an-
dere nemen ook oceaanstromingenmee, of modelleren expliciet de veran-
deringen van een ijskap. Helaas is het niet gratis om een klimaatmodel
complexer te maken: hoe complexer, des te meer rekenkracht ervoor ben-
odigd is. Daarom is het noodzakelijk de gulden middenweg te vinden:
welke processen moeten expliciet worden berekend, en voor welke pro-
cessen volstaat een simpelere beschrijving?

Het smelten van sneeuw wordt fysisch bepaald door de oppervlakte-ener-
giebalans: de som van alle energiestromen die naar het oppervlak toe of
van het oppervlak af zijn gericht. Een belangrijke term is de absorptie
van zonlicht. Hoeveel zonlicht wordt geabsorbeerd door het oppervlak is
afhankelijk van de reflectiviteit: het albedo. Je hoeft echter niet in Ant-
arctica te zijn om dit te ervaren: wanneer je over het strand loopt, heb je
waarschijnlijk je schoenen uitgedaan en loop je blootsvoets door het zand.
Maar wanneer je van het zand afstapt en de boulevard oversteekt over het
zwarte asfalt, heb je er waarschijnlijk spijt van dat je niet even gauw je
schoenen hebt aangedaan: het zwarte asfalt brandt en doet pijn aan je
voetzolen.
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Hetzelfde gebeurt op een besneeuwd oppervlak: Antarctische sneeuw is
maagdelijk wit en reflecteert doorgaans 85% van het inkomende zonlicht;
met andere woorden, het heeft een albedo van 0.85. Smeltende sneeuw
verlaagt het albedo: een smeltend oppervlak kan wel twee keer zo veel
zonlicht absorberen. Wanneer het oppervlak meer energie absorbeert, is
er ook meer energie beschikbaar om de sneeuw verder te doen smelten,
waardoor het albedo nog verder verlaagdwordt. Dit heet de smelt–albedo
terugkoppeling.

Dit is een bekend proces, maar tot voor kort wisten we niet hoeveel in-
vloed het heeft op de smelthoeveelheden in Antarctica. In dit proefschrift
hebben we dit proces expliciet gemodelleerd, en de invloed op smeltende
sneeuw op de Antarctische ijskap gekwantificeerd. Dit hebben we eerst
gedaan voor een enkele locatie (hoofdstuk 3) door gebruik te maken van
meteorologische waarnemingen van een Duits onderzoeksstation gelegen
op een ijsplaat in Koningin Maudland in Oost-Antarctica. Met deze data
ontdekken we dat de gemiddelde jaarlijkse smelthoeveelheid met een fac-
tor 2,5 toeneemt wanneer de smelt–albedo terugkoppeling wordt meege-
nomen in de berekeningen. In hoofdstuk 4 gebruiken we waarnemingen
van verschillende automatische weerstations om RACMO2 te evalueren:
een regionaal atmosferisch klimaatmodel dat samen met het Koninklijk
Nederlands Meteorologisch Instituut is ontwikkeld om het klimaat van
poolgebieden te bestuderen. Hier ontdekken we dat RACMO2 goed in
staat is om de waargenomen smelthoeveelheden te reproduceren. Ook al
onderschat gemiddeld genomen het model de smelthoeveelheden enigs-
zins, variaties in tijd en ruimte komen goed overeen met de weerstation-
data en satellietmetingen.

Uiteindelijk gebruiken we RACMO2 in hoofdstuk 5 om de smelt–albedo
terugkoppeling over de gehele Antarctische ijskap te bestuderen. Dit stelt
ons in staat om de meteorologische omstandigheden te identificeren die
deze terugkoppeling faciliteren. Aangezien verse sneeuw het oppervlak
wit maakt, is de terugkoppeling actiever in seizoenen die een lange droge
periode kennen. We zien ook dat zij minder actief is in zowel de koudste
als de warmste delen van de ijskap. Dit is omdat er nauwelijks smelt op-
treedt in de koudste delen vande ijskap, waardoor de terugkoppeling über-
haupt niet geactiveerd wordt. In de warmste delen daarentegen speelt de



i
i

“output” — 2021/2/4 — 22:52 — page xv — #15 i
i

i
i

i
i

xv

absorptie van zonlicht een kleinere rol voor het smelten van sneeuw. Het
oppervlak wordt hier niet alleen opgewarmd door de zon maar ook door
warme lucht die eroverheen stroomt. Aangezien dit proces het albedo niet
beïnvloedt, is de terugkoppeling hier ook minder sterk.

De resultaten van dit proefschrift laten zien dat het de extra rekenkracht
waard is om het albedo van het oppervlak en sneeuwsmelt expliciet te
modelleren. Een meer rechttoe rechtaan model zou in principe verge-
lijkbare waardes kunnen opleveren voor de totale hoeveelheid sneeuw-
smelt op de Antarctische ijskap. Dit model zou echter tekortschieten in
het in kaart brengen van de variabiliteit in ruimte en tijd als gevolg van
de smelt–albedo terugkoppeling. In een opwarmend klimaat zoals we
dat nu zien, zal een groter deel van de Antarctische ijskap gevoelig wor-
den voor de smelt–albedo terugkoppeling, inclusief de grootste Ross en
Filchner-Ronne ijsplaten. Een expliciet albedomodel is dan ook onmis-
baar wanneer we de omstandigheden op de ijsplaten willen voorspellen
die gunstig zijn voor sneeuwsmelt en het daaraan gerelateerde opbreken
van ijsplaten. Maar nog belangrijker: het stelt ons in staat om te voor-
spellen onder welke omstandigheden we niet meer in staat zijn om de af-
brekende ijsplaten en de daarmee samenhangende zeespiegelstijging te
voorkomen.
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Samevatting in ’t Limburgs

Kins doe dich nog herinnere woeë se woors op 12 juli 2017? Op dae daag
waas iesberg A-68 gebaore: ’ne groeëte iesberg dae aafbrook van de Ant-
arctische ieskap. Of waat dachs se van 9 februari 2020? Toen waerdje
’n nuuj temperatuurrecord gevestigdj op Antarctica: bienao +21∘C. Dees
gebäörtenise zeen momenteel hieël zeldzaam en daoróm neumenswaer-
dig, mer ’t klimaat is sterk aan ’t verangere. De atmosfeer wermtj op, de
oceane werme op en de mondiale zieëspegel stijgtj. As dees verangeringe
doorzètte, zulle zó’n gebäörtenise vaker väörkómme en op mieër plekke.
In ’t ergste geval zulle wae d’r neet ins mieër nao ómkieke as ’n deil van de
ieskap aafbrèktj.

De Antarctische ieskap is väör driekwart ómringdj door iesplate. Dit zeen
drievendje oetloupers van de ieskap van 100–2000 maeter diek. Iesplate
gaeve steun aan de gróndjgebónje ieskap: det deil van de ieskap det op ’t
landj ligktj. Door de aanwezigheid van iesplate struimtj ’t gróndjgebónje
ies minder snel de oceaan in. Iesplate höbbe recent significante verange-
ringe óngergaon. In 1995 en in 2002 zeen twieë iesplate in ’t Antarctisch
Schiereilandj gans opgebraoke. Dit haet de kustlien van Antarctica per-
manent verangerdj. Ómdet iesplate op ’t oceaanoppervlak drieve, drage
ze neet drek bie aan de mondiale zieëspegelstijging as ze verdwiene. Ze
höbbe waal ’n indirek effect op de mondiale zieëspegelstijging: as ’n ies-
plaat verdwientj, verdwientj ouch ’t aafremmendje effect op de gróndj-
gebónje ieskap. ’t Massaverlees van de Antarctische ieskap is daoróm
sterk aafhankelik van de toestándj van de ómringendje iesplate.

Ieskappe kinne opbraeke as gevólg van ‘hydrofractie’. As aan ’t opper-
vlak snieë smèltj, kin dit smèltjwatermere vorme. Dit smèltjwater kin zich
verzamele in aanwezige gletsjersplete, die daodoor kinne opvölle. Door de
waterdrök van ’t smèltjwatermeer kin de spleetwieër oetdepe en eventueel
de iesplaat verticaal doorklieve. Wannieër d’r väöl smèltjwater aanwezig
is op ’t oppervlak van ’n iesplaat en d’r väöl gletsjersplete zeen, kin de ies-
plaat instabiel waere, woeëdoor deze gans opbrèktj.

As klimaatweitensjappers wille wae gaer begriepe wie ’t klimaat in de aaf-
geloupe decennia is verangerdj, mer ouch wie ’t zich in de toekomst zal
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ontwikkele. D’r zeen mieërdere manere óm ’t klimaat te bestudere. Waer-
stations stèlle ós in staot óm demeteorologische ómstenj aan ’t oppervlak
te maete. Aangezeen Antarctica ’n hieël ruig klimaat kentj, zeen waersta-
tions op de ieskap sjaars. ’n Paar stations höbbe äöver ’n relatief lange
periode maetinge verrichtj, mer de meiste stations höbbe data van mer
inkele jaore. Waerstations gaeve wie den ouch slechts informatie äöver
geïsoleerdje plekke op de ieskap, meistal in demeist toegankelike gebiede.

Dees gate kinnewae opvölle door satelliete en klimaatmodelle te gebroeke.
Satelliete levere dök informatie äöver de ganse ieskap, mer slechts väör
’n relatief korte periode (normaal gespraoke 5–10 jaor). Verder maete
ze neet alle relevante componente, wie smèltjhoeveelhede. Klimaatmo-
delle zeen echter in staot alle gewinsdje componente te beraekene, en
väör edere gewinsdje periode. Ze kómme den ouch in versjillendje saorte
en maote: sómmige modellere allein de atmosfeer, angere neme ouch
oceaanstruiminge mèt, of modellere expliciet de verangeringe van ’ne ies-
kap. Helaas is ’t neet gratis óm ’n klimaatmodel complexer te make: wie
complexer, wie mieër raekenkracht daoväör benuuedigdj is. Daoróm is
’t noeëdzakelik de gulde middewaeg te vinje: welke processe mótte expli-
ciet waere beraekendj, en väörwelke processe volsteit ’n simpelere besjrie-
ving?

’t Smèltje van snieë waertj fysisch bepaoldj door de oppervlakte-energie-
balans: de som van alle energiestruime die nao ’t oppervlak toe of van
’t oppervlak aaf zeen gerichtj. ’n Belangrieke term is de absorptie van
zonleecht. Wieväöl zonleecht waerdj geabsorbeerdj door ’t oppervlak is
aafhankelik van de reflectiviteit: ’t albedo. Mer doe hoofs neet in Antarc-
tica te zeen óm dit te ervare: wannieër se äöver ’t strandj löps, höbs se
wersjienlik dien sjoon oetgedaon en löps se op bloeëte veut door ’t zandj.
Mer zoeë gauw as se van ’t zandj aafstaps en de boulevard äöverstèks äöver
’t zwarte asfalt, höbs se d’r wersjienlik spiet van des se neet effe gauw dien
sjoon höbs aangedaon: ’t zwarte asfalt brantj en duit pien aan dien zaole.

’t Zelfde gebäörtj op ’n besnieëdj oppervlak: Antarctische snieë is maag-
delik wit en reflecteertj doorgaons 85% van ’t inkomendje zonleecht; mèt
anger wäörd, ’t haet ’n albedo van 0.85. Smèltendje snieë verlieëgtj ’t
albedo: ’n smèltendj oppervlak kin waal twieë kieër zoeë väöl zonleecht
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absorbere. Wannieër ’t oppervlak mieër energie absorbeertj, is d’r ouch
mieër energie besjikbaar óm dae snieë verder te doon smèltje, woeëdoor
’t albedo nog wieër verlieëgdj waertj. Dit hètj de smèltj–albedo truukkop-
peling.

Dit is ’n bekindj proces, mer toet väör kort wiste wae neet wieväöl invlood
’t haet op de smèltjhoeveelhede in Antarctica. In dit proofsjrift höbbe
wae dit proces expliciet gemodelleerdj, en de invlood op smèltendje snieë
op de Antarctische ieskap gekwantificeerdj. Dit höbbe wae ieërst gedaon
väör ’n inkele locatie (hoofdstuk 3) door gebroek te make van meteorolo-
gische waarneminge van ’n Duits óngerzeuksstation op ’n iesplaat in Ko-
ningin Maudlandj in Oeëst-Antarctica. Mèt dees data óntdèktje wae det
de gemiddeldje jaorlikse smèltjhoeveelheid mèt ’n factor 2,5 toeneemtj
wannieër de smèltj–albedo truukkoppeling waertj mètgenome in de be-
raekening. In hoofdstuk 4 gebroeke wae waarneminge van versjillende
automatische waerstations óm RACMO2 te evaluere: ’n regionaal atmo-
sferisch klimaatmodel det same mèt ’t Käöninklik Nederlands Meteorolo-
gisch Instituut is óntwikkeldj óm ’t klimaat van poolgebiede te bestude-
re. Hie óntdèkke wae det RACMO2 good in staot is óm de waorgenaome
smèltjhoeveelhede te reproducere. Ouch al óngersjatj gemiddeldj genao-
me ’tmodel de smèltjhoeveelhede ’n bietje, variaties in de tied en ruumdje
kome good äöverein mèt de weerstationdata en satellietmaetinge.

Oeteindelik gebroeke wae RACMO2 in hoofdstuk 5 óm de smèltj-albedo
truukkoppeling äöver de ganse Antarctische ieskap te bestudere. Dit stèltj
ós in staot óm de meteorologische ómstenj te identificere die deze truuk-
koppeling facilitere. Aangezeen verse snieë ’t oppervlak wit meuktj, is de
truukkoppeling actiever in seizoene die ’n lange druuege periode kinne.
Wae zeen ouch det ’tminder actief is in zoeëwaal de kaodste as dewermste
deile van de ieskap. Dit is ómdet d’r nauweliks smèltj optreutj in de kaoj-
ste deile van de ieskap, woeëdoor de truukkoppeling überhaupt neet ge-
activeerdj waertj. Aan de angere kantj speeltj in de wermste deile de ab-
sorptie van zonleecht ’n kleinere rol väör ’t smèltje van snieë. ’t Oppervlak
waertj hie neet allein opgewermdj door de zon mer ouch door de werme
lócht die d’r äöverhaer struimtj. Aangezeen dit proces ’t albedo neet beïn-
vlootj, is de truukkoppeling hie ouch minder sterk.
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De resultate van dit proofsjrift laote zeen det ’t de extra kóste waerd is
óm ’t albedo van ’t oppervlak en snieësmèltj expliciet te modellere. Mèt ’n
mieër rechtoe rechaan model zooj men in principe vergeliekbare waerdes
kinne verkriege väör de totale hoeveelheid snieësmèltj op de Antarctische
ieskap. Dit model zooj den waal tekortsjete in ’t in kaart bringe van de
variabiliteit in ruumdje en tied as gevolg van de smèltj–albedo truukkop-
peling. In ’n opwermendj klimaatwiewae det noe zeen, zal ’n groeëter deil
van de Antarctische ieskap geveulig waere väör de smèltj–albedo truuk-
koppeling, inclusief de groeëtste Ross en Filchner-Ronne iesplate. ’n Ex-
pliciet albedomodel is den ouch ónmisbaar wannieër wae de ómstenj op
de iesplate wille väörspelle die gunstig zeen väör snieësmèltj en ’t dao aan
gerelateerdje opbraeke van iesplate. Mer nog belangrieker: ’t stèltj ós in
staot óm te väörspelle ónger welke ómstenj wae neet mieër in staot zeen
ómde aafbraekendje iesplate en de daomèt samehangendje zieëspegelstij-
ging te väörkómme.
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1. Introduction

1.1 Sea level rise

Since the industrial revolution, global mean sea level has been gradually
rising. This is a looming threat for millions of people across the world,
living in island states such as the Maldives or the Marshall Islands, in
deltas such as in India or Bangladesh, in countries with heavily built-up
coastal areas such as the United States, and in countries situated partly
below sea level, such as the Netherlands. The current (2006–2015 aver-
age) estimated rate of sea level rise is 3.00±0.38mmyr−1 (Oppenheimer
et al., 2019) and it is accelerating: the Intergovernmental Panel on Cli-
mate Change expects the global mean sea level in 2100 to be 0.29–1.1m
higher than it is today (Oppenheimer et al., 2019). This large bandwidth
is only partly a result of model uncertainties and incomplete measure-
ments. The biggest uncertainty is related to the followed warming sce-
nario: whether humanity is capable of recognising the urgency of climate
change, and will adopt and implement effective climate mitigation poli-
cies.

Contemporary global mean sea level rise is mainly driven by the warm-
ing and expanding seawater, responsible for almost half of the observed
signal (Cazenave and Meyssignac, 2018). The rest is primarily caused by
the melting of the Earth’s glaciers, ice caps and ice sheets. Together with
permafrost and sea ice, this is collectively known as the cryosphere. The
individual contributions of the ice sheets to contemporary sea level rise
are presented in Fig. 1.1. Table 1.1 shows the volumes of the ice sheets
and glaciers, as well as their current and potential contributions to global
mean sea level rise. Icemasses contribute to sea level rise primarily in two
ways. Increased surface melting of snow and ice results in increasedmelt-
water runoff into the ocean;mostmountain glaciers contribute to sea level

1
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2 Chapter 1. Introduction

Figure 1.1 Recent mass loss and contributions to global mean sea level
rise of the Greenland and Antarctic ice sheets (Meredith et al., 2019).

rise this way, but also (parts of) ice caps that are not terminating in the
ocean. The other way is through basal melt from floating glaciers, iceberg
calving and subsequent melting of icebergs. This occurs at the terminus
of marine-terminating glaciers and ice sheets.

1.2 Surface Mass Balance

In order to determine the state of a glacier or ice cap/sheet, we introduce
the Mass Balance (MB [Gt yr−1]):

MB = SMB−D , (1.1)

where SMB is the Surface Mass Balance and D represents the discharge
of ice over the grounding line: the location where the grounded ice sheet
starts to float. The SMB is the sum over the grounded part of all fluxes
that add mass to and remove mass from the ice surface:

SMB = PR− RU− SU− ER , (1.2)
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Table 1.1 Total ice volume, Potential Sea-Level Equivalent (SLE) and
Sea Level Rise (SLR) for the Antarctic and Greenland ice sheets and the
remaining glaciers and ice caps. Antarctic ice volume only includes the
volume above flotation, the part that contributes to sea level rise. SLE:
potential contribution to global mean sea level when melted completely.
SLR: estimated contribution to 2006–2015 global mean sea level rise.
Glaciers include the peripheral glaciers and ice caps of the Antarctic and
Greenland ice sheets. Data fromMorlighem et al. (2017); Farinotti et al.
(2019); Meredith et al. (2019); Morlighem et al. (2020).

Total ice volume (km3) Potential SLE (m) SLR (mmyr−1)
Antarctica 22.8±0.4⋅106 57.9±0.9 0.43±0.09
Greenland 2.74±0.02⋅106 7.42±0.05 0.77±0.05
Glaciers 158±41⋅103 0.32±0.08 0.61±0.08

where PR is total precipitation (solid and liquid), RU is meltwater runoff,
SU is sublimation andER is erosiondue to drifting snow. Runoff is surface
meltwater that is not retained or refrozen in the subsurface snow layers
and is transported away. Drifting snow erosion is caused by wind trans-
portingmore snow away from a certain location than it imports. Averaged
over an entire ice sheet this is a small component, as there is only a net
removal of snow occurring at the ice sheet edge. However, locally this can
lead to significant erosion or deposition of snow (Lenaerts and Van den
Broeke, 2012). Estimates of the various components of the SMB for the
Antarctic ice sheet (AIS) and Greenland ice sheet (GrIS) are presented in
Table 1.2.

The table shows that the AIS andGrIS are very different. Almost no runoff
occurs on the AIS, although there is significant snowmelt occurring along
the ice sheet margins. This means that almost all meltwater refreezes in
the layer of compressed snow, called firn, which therefore acts as a buffer
for meltwater runoff. As a result, sublimation is themost significant mass
loss term. Sublimation removes only about 6% of the total amount of
precipitation, and thereforemost snow remains at the surface, leading to a
high positive average SMB. TheGrIS, on the other hand, experiencesmore
runoff, totalling about one-third of the annual precipitation. As the GrIS
is situated in a warmer climate than the AIS, more surface melt occurs.



i
i

“output” — 2021/2/4 — 22:52 — page 4 — #24 i
i

i
i

i
i

4 Chapter 1. Introduction

Table 1.2 Annual average SMB and components (in Gt yr−1) for the Ant-
arctic ice sheet (AIS, including ice shelves) and the Greenland ice sheet
(GrIS). The average SMB values for the AIS cover 1979–2014 (Van Wes-
sem et al., 2018), those for the GrIS cover 1972–2012 (Noël et al., 2018b,
2020b).

SMB component AIS GrIS
Precipitation 2773 712
Snowmelt 112 412
Runoff 4 245
Sublimation 169 33
Snowdrift erosion 7 0
Total SMB 2595 434

In summer, about 10% of the surface of the GrIS consists of bare ice, the
ablation zone, where the meltwater runs off without much delay. As a
result, only 60% of the annual average precipitation remains at the ice-
sheet surface. Noël et al. (2019) show that the refreezing capacity of the
interior GrIS is gradually decreasing, which causes runoff to becomemore
widespread across the ice sheet.

Rignot et al. (2019) and Mouginot et al. (2019) present MB values for the
Antarctic and Greenland ice sheets, respectively. Mouginot et al. (2019)
report that in Greenland, the decadal MB has decreased from +47±21Gt
yr−1 in 1972–1980 to -286±20Gt yr−1 in 2010–2018. Antarctica has seen
a similar decrease in MB: Rignot et al. (2019) report a decadal MB of
-40±9Gt yr−1 in 1979–1990, compared to -252±26Gt yr−1 in 2009–2017.
Given the larger size of Antarctica compared to Greenland, these numbers
indicate that theGrIS is experiencing faster and relativelymore significant
mass loss.

Although the AIS experiences almost no runoff, surface melt is an impor-
tant process for the current state and the future of the ice sheet. This is
because of the presence of ice shelves along a large part of the AIS: float-
ing extensions of the grounded ice sheet that provide a buttressing effect
to the AIS, slowing down its flow into the ocean. The next sections intro-
duceAntarctica and theAIS, and discuss how surfacemelt affects ice-shelf
stability.
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1.3 The Antarctic ice sheet

1.3.1 Geographical description

The AIS has an eight-times larger volume and hence potential contribu-
tion to global mean sea level rise than the GrIS (Table 1.1). Still, its cur-
rent contribution to globalmean sea level rise (2006–2015) is only 45%of
that of Greenland (Meredith et al., 2019). The main reason for this is the
much colder climate of Antarctica. Antarctica is located farther poleward
than Greenland, including the geographical South Pole and with its most
northerly point at almost 63∘S (Fig. 1.2). It furthermore has a higher av-
erage surface elevation. Its climate is influenced by the Antarctic Circum-
polar Current, the largest ocean current on Earth (Kennett, 1977). This
current flows west to east in the Southern Ocean, fully encircling the Ant-
arctic continent. Warm ocean waters or atmospheric currents cannot eas-
ily reach the continent and as a result, the continent can maintain its low

Mt Vinson

Dome A

Neumayer

Filchner-Ronne
ice shelf

Ross ice shelf

East 
AntarcticaWest 

Antarctica

Antarctic 
Peninsula

Larsen
ice shelf

McMurdo
Dry Valleys

Figure 1.2Map of Antarctica, indicating some regions used throughout
this thesis. The red line indicates the grounding line.



i
i

“output” — 2021/2/4 — 22:52 — page 6 — #26 i
i

i
i

i
i

6 Chapter 1. Introduction

246.0

246.5

247.0

Te
m

pe
ra

tu
re

 [K
] (a)

1980 1985 1990 1995 2000 2005 2010 2015

2

3

4

Sn
ow

m
el

t [
m

m
w.

e.
] (b)

Figure 1.3 Time series of annual average (a) temperature and (b) snow-
melt as modelled by RACMO2 (VanWessem et al., 2018), averaged over
the entire AIS (including ice shelves).

temperatures (Martinson, 2012). The increase in average global tempera-
ture is therefore not yet reflected clearly in Antarctic near-surface air tem-
peratures and surface melt rates (Fig. 1.3). A 3K increase in average air
temperature has been observed in the Antarctic Peninsula before 1990
(Meredith and King, 2005), but this trend has reversed since (Van Wes-
sem et al., 2015; Turner et al., 2016). Combined with increased ocean
temperatures, this forced the glaciers in the western AP to retreat (Cook
et al., 2016). A similar decadal temperature variability has been observed
at the South Pole (Nicolas and Bromwich, 2014), which recently warmed
up again (Clem et al., 2020).

The Antarctic ice sheet (AIS) covers almost 14 million km2, or approxi-
mately 98% of the Antarctic continent. Antarctica is usually divided into
three regions: East Antarctica, West Antarctica and the Antarctic Penin-
sula (AP) (see Fig. 1.2). At its highest point, the ice sheet reaches an al-
titude of more than 4 km above sea level (Dome A), although the highest
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point of Antarctica is Mount Vinson in West Antarctica (4892m). The
average ice sheet thickness is ∼2 km, with the thickest ice measuring al-
most 5 km (Fretwell et al., 2013). Along ∼74% of its coastline, the AIS is
surrounded by floating ice shelves: extensions of the grounded ice sheet
that are hundreds of metres thick. These are discussed in more detail in
Sect. 1.3.3.

1.3.2 Climatology

The near-surface climate of Antarctica is characterised by low tempera-
tures, low specific humidity and little absorbed solar radiation due to the
Sun’s low elevation above the horizon in combination with the ice sheet’s
highly reflective surface. A characteristic feature of ice masses is the oc-
currence of katabatic winds (Bromwich, 1989; King, 1998; Van den Broe-
ke et al., 1999). Due to radiative cooling, the near-surface air cools and
will flow to lower elevations. In West and East Antarctica, this results in
a flow from the high ice-sheet interior towards the coast.

To illustrate some characteristics of the Antarctic climate, Fig. 1.4 shows
the average 2mair temperature (a), 500 hPa geopotential (b), annual pre-
cipitation (c) and snowmelt (d) asmodelled by the regional climatemodel
RACMO2 (VanWessem et al., 2018). The coldest part of Antarctica is the
East-Antarctic plateau, where the average annual temperature is as low as
-50∘C. The AP is the warmest part, where the average annual temperature
reaches -5∘C. The western AP is substantially warmer than the eastern
part, a result of the dominant atmospheric flow patterns and local topog-
raphy: up to 2000m high, a steep mountain range divides the AP in an
eastern and western part. Furthermore, changes in ocean currents have
increased the heat transport towardsWest Antarctica and the western AP
(Martinson et al., 2008). As a result, the western AP and coastal West
Antarctica have experienced a strong warming signal, causing retreating
glaciers and ice shelves (Bromwich et al., 2012; Turner et al., 2013). Fig-
ure 1.4b shows the average 500 hPa geopotential height, which illustrates
that the large-scale flow around Antarctica is largely zonal and westerly.
This leads to warm conditions in the western AP, where this flow meets
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Figure 1.4 Period-average (1979–2018) (a) temperature, (b) 500 hPa
geopotential height, (c) precipitation and (d) snowmelt as modelled by
RACMO2 (Van Wessem et al., 2018).

theAPmountain range; the easternAP is colder because of predominantly
southerly near-surface barrier winds (Turner et al., 2002).

As a result of this westerly flow in combination with the continent’s high
elevation, most depressions do not reach far inland. Therefore, precipita-
tion rates are very low in the ice-sheet interior (Fig. 1.4c), which is classi-
fied as a polar desert: some areas receive less than 50mmw.e. of precipita-
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Table 1.3 Mass balance in Gt yr−1 (Gt = gigaton) for the East Antarctic
ice sheet (EAIS), West Antarctic ice sheet (WAIS), Antarctic Peninsula
(AP) and the entire grounded Antarctic ice sheet (AIS) (Shepherd et al.,
2018).

Area 1992–2017 2012–2017
EAIS 5±46 -28±30
WAIS -94±27 -159±26
AP -20±15 -33±16
AIS -109±56 -219±43

tion per year1 (displayed in white in Fig. 1.4c). TheMcMurdo Dry Valleys,
located in the Transantarctic Mountains, constitute the largest ice-free
region of Antarctica (Fountain et al., 2010). This is a result of the low pre-
cipitation amounts in combination with strong sublimation by Föhn: a
warm, dry wind that transports mild, dry air into the valleys (Speirs et al.,
2010). Most precipitation falls in the AP, where average annual amounts
on the west side can exceed 2000mmw.e. yr−1.

Figure 1.4d shows the average snowmelt in Antarctica. Almost no snow-
melt occurs on most of the grounded AIS (<5mmw.e. yr−1 displayed in
white in Fig. 1.4d). Only in a small band around the ice sheet are con-
ditions favourable for snowmelt to occur, mostly constrained to the low-
lying ice shelves. Relatively high snowmelt rates are observed in theAP, lo-
cally exceeding 750mmw.e. yr−1. However, because of the below-freezing
temperatures in combinationwith high precipitation rates, nearly allmelt-
water refreezes in the sub-surface snow layers (Van Wessem et al., 2018).

The three Antarctic regions (Fig. 1.2) each have different MB signatures
(Table 1.3). Although there is no trend observed in air temperature and
surface-melt rates (Fig. 1.3), there is a recent significant acceleration in
mass loss from all regions. This mass loss is mainly driven by increased
ice discharge through thinning and disappearance of ice shelves (see next
section), caused partly by the warming ocean. So far, the East Antarctic

1Millimeter water equivalent, allowing a direct comparison of water, snow and ice
amounts.
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ice sheet is the least affected by global warming and shows only a moder-
ate decrease in MB. However, increased ice flow and mass loss have been
observed at Totten Glacier (Li et al., 2016), the largest outlet glacier of
East Antarctica, with a total volume representing a global mean sea level
change of 3.9m.

1.3.3 Ice shelves

The largest difference between the Greenland and Antarctic ice sheets is
the presence of ice shelves around ∼74% of the AIS (Bindschadler et al.,
2011) (Fig. 1.5). These extensions of the grounded ice sheet float on the
ocean surface and buttress the grounded ice sheet, slowing its flow rate
into the ocean. Their thickness typically ranges from more than 1 km
near the grounding line to about two hundred metres at the calving front
(Griggs andBamber, 2011). As ice shelves are floating, they do not directly

Figure 1.5 Schematic of an ice shelf and relevant processes, based on
Lenaerts et al. (2019).
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contribute to sea level rise when they thin or disintegrate. However, these
processes trigger a seaward acceleration of the ice flow of the grounded ice
sheet (Scambos et al., 2004). This leads to an increased flux of ice enter-
ing the ocean, raising global mean sea level. Rott et al. (2011) show that
years after ice-shelf disintegration, the tributary glaciers still exhibit an
increased ice flow velocity.

Ice-shelf thinning can lead to a retreat of the grounding line, which can in
turn trigger a process known as Marine Ice Sheet Instability (MISI). This
instability arises because the flux of ice at the grounding line is propor-
tional to the local ice thickness (Weertman, 1974; Schoof, 2007). Consider
a grounding line that is located on a bedrock that slopes downwards away
from the ice shelf calving front, a so-called ‘retrograde’ bed. If the ground-
ing line were to retreat, the ice thickness increases and consequently so
does the ice flux. This locally thins the ice sheet, leading to a further re-
treat of the grounding line. This retreat stops when the bedrock no longer
slopes downwards. Large parts of the West Antarctic ice sheet are con-
sidered to be susceptible toMISI (Joughin et al., 2014; Rignot et al., 2014;
Favier et al., 2014). Morlighem et al. (2020) show that a significant part of
the East Antarctic ice sheet also rests on a retrograde bed, and is therefore
susceptible to MISI.

A second mechanism that affects ice-sheet stability has been proposed,
the Marine Ice Cliff Instability (MICI) (Bassis and Walker, 2012). This
mechanism relies on the hypothesis that an ice-shelf cliff height has a the-
oretical upper limit. This is a result of the force balance at the ice-shelf
terminus, where the pressure exerted by the ice is balanced by the water
pressure. As an ice shelf is thicker towards the grounding line, the cliff
height increases when an ice shelf retreats. If the ice cliff becomes too
high (∼90m), the force balance is no longer met and the cliff will collapse.
The effect of MICI on sea-level projections remains a matter of ongoing
debate (DeConto and Pollard, 2016; Edwards et al., 2019).

1.4 Surface melt

In the previous section, wediscussedprocesses that destabilise the ground-
ed ice sheet when ice shelves retreat, thin or disintegrate. But what causes
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12 Chapter 1. Introduction

Figure 1.6 Satellite images of Larsen B disintegrating in 2002 ©NASA.
The image top-left was taken on 31 January 2002, bottom-right on 5
March 2002.

ice shelves to suddenly disappear in the first place? This is where sur-
face melt comes into play. Surface melt is widespread on Antarctic ice
shelves and was observed as early as 1947 (Kingslake et al., 2017). The
accumulation of meltwater in surface ponds can lead to deepening of ex-
isting crevasses, due to increased water pressure in the crevasse tip. After
sufficient deepening, a crevasse reaches the bottom of the ice shelf or con-
nects to a basal crevasse, a process known as hydrofracturing. Thismeans
that there is a close relationship between surface melt and ice-shelf stabil-
ity.

Based on temperature maps, Cook and Vaughan (2010) suggest the an-
nual -9∘C isotherm as a temperature limit beyond which an ice shelf is no
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1.4 Surface melt 13

longer stable. At higher temperatures, the presence of extensive meltwa-
ter ponds can trigger hydrofracturing, leading to significant destabilisa-
tion and eventual break-up of an entire ice shelf (Scambos et al., 2004;
Van den Broeke, 2005). However, on sloping, saturated ice shelves melt-
water streams can transport meltwater directly to the ocean (Bell et al.,
2017). This potentially slows the destabilisation of the ice shelf, as the
meltwater no longer forms melt ponds at the surface.

Morris and Vaughan (2013) and Cook and Vaughan (2010) show that in
the northern AP, the -9∘C isotherm crosses between the Larsen B and C
ice shelves. Indeed in the recent past, several ice shelves in the AP have
disintegrated: LarsenA in January 1995 andLarsenB in February–March
2002 (Fig. 1.6). Vaughan (2008) and Banwell et al. (2013) propose that
hydrofracturing was the main cause of these events, in combination with
ocean swell (Massom et al., 2018). The lack of sea ice at the ice-shelf calv-
ing front increases the flexing effect of ocean swells on the ice shelf, even-
tually causing it to break because of too high bending stresses.

From an SMB perspective, the AIS is currently of limited importance to
global sea level rise: even though surface melt occurs, only a small frac-
tion ofmeltwater finds its way to the ocean. However, the ice-atmosphere
interaction described above affects the ice sheet stability. Therefore, we
need to better understand the Antarctic surface melt climate and the rele-
vant processes, if we want to comprehend the current state of the AIS and
make predictions about its future.

1.4.1 Snowmelt–albedo feedback

The absorption of solar radiation is the most important energy source for
surface melt in Antarctica (Jakobs et al., 2020, see also Chapter 4). The
amount of absorbed solar radiation depends on the reflectivity of the sur-
face: the surface albedo. The albedo is defined as the ratio of reflected so-
lar radiation to incoming solar radiation, hence a high albedo corresponds
to high reflectivity, and low albedo corresponds to high absorption.

The albedo of a snow/ice surface depends on several variables, such as the
Sun’s elevation above the horizon, cloud cover, the concentration of black
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14 Chapter 1. Introduction

Figure 1.7Dependence of spectral surface albedo on incident light wave-
length and snow grain size (Gardner and Sharp, 2010). The numbers
indicate the grain size in mm.

carbon and the grain size of the snow or ice (Gardner and Sharp, 2010).
Snow grains grow through metamorphism or melt, resulting in longer
travel paths of photons in the snowpack, which increases the chances of
a photon being absorbed. In other words: the surface has a lower albedo
(Fig. 1.7).

There are several ways in which surface melt and surface albedo affect
each other. For example, when sea ice melts, the ocean itself becomes
exposed. As the albedo of water (∼0.07) is much lower than that of sea
ice (0.6–0.8), the ocean can take up more heat (Perovich and Polashen-
ski, 2012). Other examples are retreating glaciers revealing the bare rock
underneath, or the removal of seasonal snow on tundra. Rock and tundra
also have a lower albedo than ice, so these also represent positive feed-
backs (Grenfell and Perovich, 2004).
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1.5 Thesis outline 15

There is another positive feedback, which we call the snowmelt–albedo
feedback (SMAF)2. After snowmelt, when the temperature of the subsur-
face snow layers is low enough, the meltwater can refreeze. This occurs
when enough pore space is available to accommodate the meltwater. As
the meltwater refreezes onto existing snow grains, the snow grains grow,
and as a result the albedo decreases (Flanner and Zender, 2006). As the
snowpack now absorbs more solar radiation, more energy is available for
surface melt. The increased meltwater production in turn leads to an in-
crease of meltwater refreezing in the subsurface snow layers, which fur-
ther lowers the albedo. This constitutes a positive feedback, in which sur-
face melt leads to more surface melt by a darkening of the surface.

In most studies, albedo feedbacks are quantified as a decrease in average
albedo as a result of a 1-K temperature increase (Perovich et al., 2002;
Hall, 2004; Flanner et al., 2007; Qu and Hall, 2007). This is practical in
the case of disappearing sea ice or glaciers, which act on relatively long
time scales in which the system reaches a new steady state. SMAF acts
on much smaller scales, both temporal and spatial: snowmelt directly af-
fects the local surface albedo. Until recently, it was unknown how much
SMAF affects surface melt rates in Antarctica, and which processes are
determining its magnitude.

1.5 Thesis outline

This thesis aims to quantify SMAF in Antarctica: by how much is surface
melt enhanced by the snowmelt–albedo feedback? We determine this in
two ways. First, we use meteorological observations to quantify the effect
of SMAF on local surfacemelt rates, using a surface energy balancemodel.
Next, the spatial variability and large-scale drivers of SMAF in Antarctica
are studied with a regional atmospheric climate model.

In the next chapter onMethods (Chapter 2), we first introduce the surface
energy balance (SEB), which is the theoretical framework of this thesis
(Sect. 2.1). What determines whether or not surface melt occurs, and how

2SMAF is not yet a commonly accepted acronym, but it is coined in this thesis.
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16 Chapter 1. Introduction

to identify the separate energy contributions? We discuss the different en-
ergy sources and sinks, and how they are defined. In Sect. 2.2 we discuss
the SEB model, which we use to calculate the SEB components and sur-
face melt rates from observations. The section introduces the equations
and approximations that wemake, andwe identify which observations we
require in order to run this model. We furthermore introduce the albedo
parameterisation that lies at the basis of the SMAF studies in this thesis.
Section 2.3 covers the observations: we describe the automatic weather
stations of IMAU, as well as a staffed weather station at Neumayer, which
is part of a global network of radiation observations. We discuss the sen-
sors and practical difficulties that must be overcome when performing
these observations in the harsh Antarctic climate. Finally, in Sect. 2.4 we
discuss regional climate models: the tool we use to calculate continent-
wide and long-term estimates of SEB and SMB components. We specifi-
cally discuss RACMO2, the climate model used in this thesis.

In Chapter 3 we use observations from a single location to quantify SMAF
locally. For thiswe useNeumayer Station, a staffed research station onEk-
ström ice shelf in East Antarctica (Fig. 1.2) with a high-qualitymeteorolog-
ical observatory. The observations also include high-precision radiation
measurements, which serve as the input for the SEB model to calculate
surface melt rates (Sect. 3.3). We find that the average surface melt rate
at Neumayer is 50mmw.e. yr−1, which is small compared to the average
precipitation rate of 400mmw.e. yr−1. As a result, all meltwater refreezes
in the cold firn, causing Neumayer Station to have a positive SMB; this is
the case for almost the entire AIS. We then turn to the SEB model with
the grain-size-dependent albedo parameterisation (Sect. 3.4). SMAF was
quantified by comparing a simulation in which the full parameterisation
is used, to a simulation in which the contribution of refrozen snow to sur-
face albedo is disabled; we define SMAF as the ratio of the surface melt
rates in these simulations. We find that, on average, SMAF enhances sur-
face melt rate at Neumayer by a factor of 2.6. This Chapter is published
as Jakobs et al. (2019).

Beforewe can quantify SMAFon a continental scale, we first need to estab-
lish that the regional climate model of choice is able to accurately model
surface melt rates in Antarctica. This is the subject of Chapter 4. We first
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1.5 Thesis outline 17

use observations fromnineweather stations across Antarctica to calculate
surface melt rates (Sect. 4.3.1), using the same SEBmodel as in Chapter 3.
We find that there are roughly two types of melt events: radiation-driven
and turbulence-driven. For most of the AIS, melt events are driven by so-
lar radiation, and melt only occurs when the solar radiation is sufficient
to warm the surface to the melting point. In the AP, melt events can also
be turbulence-driven: on Larsen C ice shelf, located in the eastern AP, the
combination of persistent large-scale westerlies and the mountains can
cause Föhn winds, causing melt at the foot of the mountain range (Mar-
shall et al., 2006; Van Lipzig et al., 2008; Cape et al., 2015). These Föhn
events can cause significant melt well outside the summer season (King
et al., 2015; Kuipers Munneke et al., 2018; Kirchgaessner et al., 2019).

In Sect. 4.4 we use the results to evaluate several melt products: a simple
temperature–index model, which linearly relates surface melt to average
temperature, the regional climate model RACMO2, and results from the
QuikSCAT satellite. We find that temperature–index models are not able
to adequately reproduce the different melt signals in the various regions.
On the other hand, RACMO2 is able to accuratelymodel surfacemelt rates
(𝑅2 = 0.83), although in some locations melt rates are underestimated.
The comparison with the QuikSCAT satellite melt product also shows a
good correlation (𝑅2 = 0.92), although part of the data used in this eval-
uation has been used previously to calibrate the satellite’s melt product
(Trusel et al., 2013). The satellite data furthermore show a temporal vari-
ability of surface melt that is similar to that modelled by RACMO2. This
Chapter is published as Jakobs et al. (2020).

The final step is to useRACMO2andquantify SMAFon a continental scale.
This is covered in Chapter 5. To do this, we performed two dedicated runs
with RACMO2: one inwhich the full albedo parameterisation (Sect. 2.2.4)
is used, and one in which the effect of refrozen snow on surface albedo
is disabled. The results show that SMAF is largest on East Antarctic ice
shelves, and smaller on ice shelves in the AP (Sect. 5.3). We find a re-
lationship between SMAF and average summer air temperature: SMAF
seems to be most active in regions with an average summer air tempera-
ture of 265 ± 2K. Investigating individual melt seasons more closely, we
identify several climatic drivers for SMAF: the occurrence of prolonged
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18 Chapter 1. Introduction

dry periods, the prevailing air temperatures, and the time between signif-
icant snowfall events and the onset of surface melt (Sect. 5.4).

On a final note, we contemplate on the importance of SMAF in a warming
climate, andhow important it could potentially be inGreenland (Sect. 5.4.3).
When temperatures increase, the two largest Antarctic ice shelves, the
Filchner-Ronne and Ross ice shelves, can reach the temperature at which
SMAF is most active. This could potentially expose these ice shelves to an
exponential increase of surface melt. We also predict that SMAF is cur-
rently large in a large part of south Greenland, as well as in a narrow band
around the ice sheet. This Chapter is published as Jakobs et al. (2021).
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This chapter introduces the differentmethods used throughout this thesis.
We first introduce the Surface Energy Balance (SEB), which is the theo-
retical framework that allows us to calculate surface melt rates (Sect. 2.1).
After introducing the different SEB components, we discuss the model
that we use to perform these simulations (Sect. 2.2). This includes the
different parameterisations and approximations that we need in order to
be able to calculate the SEB with the available observations. We further-
more introduce the albedo parameterisation which we use to quantify the
snowmelt–albedo feedback.

Section 2.3 covers the Automatic Weather Stations (AWS), which provide
the data we use as input for the SEBmodel. The section provides a histor-
ical context of in-situ observations in Antarctica by IMAU, the different
types of weather stations and the variables they measure. Furthermore, it
discusses the challenges of maintaining a weather station in a harsh envi-
ronment as encountered in Antarctica. Finally, in Sect. 2.4 we introduce
RACMO2: the regional climate model that is used to model the climate,
SEB and Surface Mass Balance of Antarctica. We describe the history of
RACMO2 model development and present the specific choices made for
the simulations used in this thesis.

2.1 Surface Energy Balance

The Surface Energy Balance (SEB) equation for an infinitesimally thin sur-
face layer of ice or snow is given by:

SW ↓ +SW ↑ +LW ↓ +LW ↑ +𝑄S + 𝑄L + 𝑄G + 𝑄R = M

SWnet + LWnet + 𝑄S + 𝑄L + 𝑄G = M , (2.1)

19
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20 Chapter 2. Methods

Figure 2.1 Schematic overview of the SEB.

in which by convention, positive fluxes are directed towards the surface
(Fig. 2.1). SWnet and LWnet are the net short-wave (solar) and long-wave
(terrestrial) radiation fluxes. Both of these are composed of two compo-
nents: SWnet = SW↓ + SW↑, with SW↓ the incoming solar radiation and
SW↑ the reflected solar radiation. The albedo 𝛼 is the shortwave reflection
coefficient of the surface (for SW↓>0): 𝛼 = −SW↑

SW↓ . Similarly, LWnet =LW↓
+ LW↑, where LW↓ is the long-wave radiation emitted by the atmosphere
and LW↑ is the long-wave radiation emitted by the surface.

𝑄S and 𝑄L are the turbulent fluxes of sensible and latent heat. These en-
ergy fluxes represent the vertical turbulent transport of heat andmoisture
towards or away from the surface. The sensible heat flux is the result of
warm (cold) air exchanging heat with the surface, providing (extracting)
energy to (from) the surface. This flux depends among others on the tem-
perature gradient between the air and the surface. The latent heat flux for
freezing conditions is associated with sublimation or deposition, which
depends on the gradient of specific humidity. As the surface is fully sat-
urated, sublimation occurs most of the time, extracting energy from the
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2.1 Surface Energy Balance 21

surface. In humid circumstances, deposition of ice onto the surface can
occur.

𝑄S and 𝑄L are given by

𝑄S = −𝜌𝑐𝑝 (𝑤′𝜃′)
s

(2.2)

𝑄L = −𝜌𝐿 (𝑤′𝑞′)
s

(2.3)

respectively. An overbar ( ) indicates a time average, the subscript
‘s’ denotes surface values, and a prime (′) indicates the turbulent fluctu-
ations, i.e. the deviations from the time average which equal zero on aver-
age. 𝜌 is the density of air, 𝑐𝑝 is the specific heat capacity of air at constant
pressure, 𝐿 is the latent heat of vaporisation or sublimation, dependent
on the surface temperature 𝑇s, 𝑤 is the vertical wind velocity, 𝜃 is the po-
tential temperature and 𝑞 is the specific humidity. Potential temperature

is defined as 𝜃 = 𝑇 (𝑝R
𝑝 )

− 𝑅d
𝑐𝑝 , where 𝑇 is air temperature, 𝑝 is pressure,

𝑝R = 1000hPa is a reference pressure and 𝑅d ≈ 287 J kg−1 K−1 is the gas
constant of dry air.

𝑄G is the subsurface conductive heat flux, the result of heat conduction
in the snow/ice layers. To calculate 𝑄G, we solve the heat-diffusion equa-
tion:

𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡 = 𝜕

𝜕𝑧 (𝑘eff
𝜕𝑇
𝜕𝑧 + SWpen) + 𝑞ref , (2.4)

where 𝑞ref is the heat generated by refreezing, SWpen is the amount of
short-wave radiation that penetrates the surface, and 𝑘eff is the effective
conductivity of the snowpack. A subsurface temperature profile is calcu-
lated by solving Eq. (2.4), and the ground-heat flux is then given by

𝑄G = 𝑘eff
𝜕𝑇
𝜕𝑧 ∣

𝑧=0
. (2.5)

In summer and during daytime, the surface is typically warmer than the
subsurface, causing a negative QG; in winter and during the night, the
surface is typically colder than the subsurface, leading to a positive QG.

𝑄R is the energy provided to the surface by liquid precipitation. As the air
temperature in Antarctica is almost always below 0∘C, there is very little
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liquid precipitation and therefore, this term is neglected. Finally, M is the
amount of energy available for surface melt, constrained by

M =
⎧{
⎨{⎩

0 if 𝑇s < 273.15K
> 0 if 𝑇s = 273.15K ,

(2.6)

with 𝑇s the surface temperature. As the surface is a snow or ice surface,
𝑇s cannot exceed 273.15K, the melting point of ice.

2.2 Modelling the SEB

Only the radiation terms SWnet and LWnet of Eq. (2.1) can be measured
directly. Therefore, the first step is to express the other terms as a function
of surface temperature 𝑇s. After rewriting, an iterative procedure is used
to find the value of 𝑇s for which the SEB equation (Eq. 2.1) is closed within
an accuracy of 0.01K. If this value were to exceed 273.15K, 𝑇s is set to this
value and excess energy is available for surface melt (M).

2.2.1 Radiation fluxes

Although it is possible to usemeasured LW↑, it is preferable to use this ob-
servation to evaluate the SEBmodel. Therefore, we assume the surface to
radiate as a black body and use the Stefan-Boltzmann relation to calculate
LW↑ as:

LW ↑= −𝜖𝜎𝑇4
s , (2.7)

where 𝜎 = 5.67 ⋅ 10−8Wm−2 K−4 is the Stefan-Boltzmann constant and
𝜖 is the long-wave emissivity of the surface. Comparing modelled to mea-
sured LW↑ provides a direct way to evaluate the performance of themodel
when 𝑇s < 0∘C (Van den Broeke et al., 2005a). As the long-wave radia-
tion sensor is elevated above the surface, the measured LW↑ is not exclu-
sively emitted by the surface but also partly by the air between the surface
and the sensor. Equation (2.7) nonetheless provides a sufficiently accu-
rate way to calculate 𝑇s from measured LW↑ (see e.g. Fig. 3.4). We set
𝜖 = 1 in this thesis, which is a reasonable approximation: observations of
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Figure2.2Solar spectrumat the surface of theAntarctic Plateau for clear-
sky and cloudy circumstances (Brandt and Warren, 1993).

snow/ice surface emissivity yield values between 0.95–1 (Wiscombe and
Warren, 1980; Hori et al., 2006; Keck et al., 2017).

Similarly, it is possible to directly use measured net short-wave radiation.
However, short-wave radiation sensors are susceptible to rime formation
and tilting of the observation mast (Van den Broeke et al., 2004c). This
mainly affects the upward-facing sensor. To minimise this effect, we use
an adapted value of SW↓. For each timestep, we first calculate a 24-hour
running mean albedo. We then use this value to recalculate SW↓ from
measured SW↑.
Optionally, the model also simulates the penetration of short-wave ra-
diation into the surface. This is modelled following Brandt and Warren
(1993), in which the flux of radiation at depth 𝑧 + 𝛥𝑧 is related to the flux
at depth 𝑧 as:

𝐹 ↓ (𝑧 + 𝛥𝑧) = 𝐹 ↓ (𝑧) exp(𝑘𝜆𝛥𝑧) , (2.8)

where 𝑘𝜆 is the wavelength-dependent extinction coefficient. The model
makes use of 118 spectral bands. For each band, the amount of short-
wave radiation is determined from observed SW↓ and the solar spectrum
(Fig. 2.2). The associated extinction coefficients are calculated from a
look-up table, compiled using Mie scattering theory (Warren, 1984), de-
pending on layer density 𝜌 and effective snow grain size 𝑟e.
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2.2.2 Turbulent fluxes

Eddy covariances can be measured directly by sonic anemometers and
Lyman-𝛼 sensors, but these are costly anddifficult to operate for longer pe-
riods in harsh conditions as encountered on theAntarctic ice sheet,mainly
because of their high energy consumption (Bintanja, 2000; Van As et al.,
2005). To circumvent this, we determine the turbulent fluxes by using
the bulk method (Denby and Greuell, 2000), which is based on Monin-
Obukhov similarity theory (Monin and Obukhov, 1954). This method hy-
pothesises that turbulent fluxes can be expressed in terms of turbulent
scales of velocity (𝑢∗), potential temperature (𝜃∗) and humidity (𝑞∗):

𝑄S = −𝜌𝑐𝑝𝑢∗𝜃∗ (2.9)

𝑄L = −𝜌𝐿𝑢∗𝑞∗ . (2.10)

The turbulent scales are related to the gradients of horizontal wind speed
𝑢, 𝜃 and 𝑞 according to the flux-profile relations (Denby andGreuell, 2000):

𝜅𝑧
𝑢∗

𝜕𝑢
𝜕𝑧 = 𝜙m(𝜁) (2.11)

𝜅𝑧
𝜃∗

𝜕𝜃
𝜕𝑧 = 𝜙h(𝜁) (2.12)

𝜅𝑧
𝑞∗

𝜕𝑞
𝜕𝑧 = 𝜙q(𝜁) , (2.13)

where 𝑧 is themeasurement height above the surface, 𝜅 is the VonKármán
constant (𝜅 = 0.4) and 𝜁 = 𝑧

𝐿MO
is a dimensionless height based on the

Monin-Obukhov length:

𝐿mo = 𝑢2
∗

𝜅𝑔
𝑇 (𝜃∗ + 𝑇 1−𝜖

𝜖 𝑞∗)
, (2.14)

where 𝑇 is air temperature, 𝑔 is the acceleration of gravity and here 𝜖 is the
ratio of the gas constant of dry air over the gas constant of moisture (𝜖 ≈
0.622). The functions𝜙m, 𝜙h and𝜙q are stability functions formomentum,
heat andmoisture, respectively. Integration of Eqs. (2.11)–(2.13) between
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two measurement levels 𝑧1 and 𝑧2 yields:

𝜅(𝑢(𝑧2) − 𝑢(𝑧1))
𝑢∗

= ln
𝑧2
𝑧1

− 𝜓m(𝜁2) + 𝜓m(𝜁1) (2.15)

𝜅(𝜃(𝑧2) − 𝜃(𝑧1))
𝜃∗

= ln
𝑧2
𝑧1

− 𝜓h(𝜁2) + 𝜓h(𝜁1) (2.16)

𝜅(𝑞(𝑧2) − 𝑞(𝑧1))
𝑞∗

= ln
𝑧2
𝑧1

− 𝜓q(𝜁2) + 𝜓q(𝜁1) , (2.17)

where𝜓 ≡ ∫𝜁
0 (1 − 𝜙(𝜁 ′))d ln(𝜁 ′). The turbulent fluxes obtainedwith this

method compare well to direct observations of the eddy fluxes (Van den
Broeke et al., 2005b; Van Tiggelen et al., 2020).

For unstable conditions (𝜁 < 0), the vertically integrated stability func-
tions of Dyer (1974) are used:

𝜓m = 2 ln(1 + 𝑥
2 ) + ln(1 + 𝑥2

2 ) − 2 arctan 𝑥 + 𝜋
2 (2.18)

𝜓h = 𝜓q = 2 ln(1 + 𝑥2

2 ) , (2.19)

with 𝑥 = (1 − 16𝜁)1/4. For stable conditions (𝜁 > 0), the vertically inte-
grated stability functions of Holtslag and De Bruin (1988) are used:

𝜓m = − [(0.7𝜁) + 0.75 (𝜁 − 5
0.35) exp (−0.35𝜁) + 0.75 5

0.35] (2.20)

and 𝜓h = 𝜓q = 𝜓m.

We take the surface as the lowest of the two measurement levels in Eqs.
(2.15)–(2.17). The lower level is equal to the roughness lengths 𝑧0,𝑖: the
heights at which the wind (𝑧0,m), humidity (𝑧0,q) and temperature (𝑧0,h)
are assumed to obtain their respective surface values. This gives the fol-
lowing boundary conditions: 𝑢(𝑧0,m) = 0, 𝜃(𝑧0,h) = 𝑇s+

𝑔𝑧0,h
𝑐𝑝

and 𝑞(𝑧0,q, 𝑇)
= 𝑞sat(𝑇s).

The roughness length for momentum 𝑧0,m can be calculated from wind
speed measurements at two heights using Eq. (2.15), but it can also be
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Table 2.1 Coefficients for Eq. (2.21), taken from Andreas (1987).

Re∗ ≤0.135 0.135<Re∗ <2.5 2.5≤Re∗ ≤1000
Heat
𝑏0,h 1.25 0.149 0.317
𝑏1,h – -0.55 -0.565
𝑏2,h – – -0.183
Moisture
𝑏0,q 1.61 0.351 0.396
𝑏1,q – -0.628 -0.512
𝑏2,q – – -0.18

used as a free tuning parameter in the SEB model. In this thesis, we pre-
scribe 𝑧0,m and use it to derive the other roughness lengths following the
expressions by Andreas (1987):

ln(
𝑧0,𝑖
𝑧0,m

) = 𝑏0,𝑖 + 𝑏1,𝑖 lnRe∗ + 𝑏2,𝑖 (lnRe∗)2 , (2.21)

where 𝑧0,𝑖 is either 𝑧0,h or 𝑧0,q, the coefficients 𝑏𝑗,𝑖 are presented in Table

2.1 and Re∗ = 𝑢∗𝑧0,m
𝜈 is the roughness Reynolds number, in which 𝜈 is the

kinematic viscosity of air.

This approach enables us to calculate the turbulent fluxes from the single-
level AWS observations of temperature, wind speed and humidity.

2.2.3 Ground-heat flux

To determine the ground-heat flux, we first have to calculate the subsur-
face temperature profile fromEq. (2.4). To achieve this, amultilayer snow
model is coupled to the SEBmodel, which consists of snow and ice layers,
each with thickness d𝑧, temperature 𝑇, density 𝜌, grain size 𝑟e and liquid
water content 𝑓liq (see Fig. 2.1). The model incorporates densification of
snow and firn, percolation and refreezing of meltwater, and penetration
of short-wave radiation. Themodel is initialised with 70 layers, with layer
thickness ranging from 1 cm at the top to 2m at the bottom, in this case at
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25m below the surface. The bottom layer is kept at a constant prescribed
temperature.

Snow densification is parameterised according to a semi-empirically de-
rived equation following Arthern et al. (2010), which is in turn based on
Herron and Langway (1980):

𝜕𝜌
𝜕𝑡 = 𝐶 ̇𝑏𝑔(𝜌i − 𝜌)𝑒

( −𝐸c
𝑅𝑇s

+ 𝐸g
𝑅𝑇s

)
, (2.22)

with ̇𝑏 the average annual accumulation, 𝑔 the acceleration of gravity, 𝜌i =
917 kgm−3 the density of ice, 𝐸c = 60 kJmol−1 and 𝐸g = 42.4 kJmol−1
are constant activation energies, 𝑅 = 8.314 Jmol−1 K−1 is the ideal gas
constant, 𝑇s is the surface temperature, 𝑇s is the annual average surface
temperature, and

𝐶 =
⎧{
⎨{⎩

0.07 for 𝜌 ≤ 550 kgm−3

0.03 for 𝜌 > 550 kgm−3 .
(2.23)

When rain or meltwater enters the snowpack, it can either refreeze or per-
colate downwards. Refreezing is only possiblewhen the layer temperature
is below the melting point of ice, and when sufficient pore space is avail-
able, i.e. when the layer density has not yet reached 𝜌i. If no refreezing
can occur, the meltwater will remain in the layer if the layer has not yet
reached its maximum capillary water retention. This irreducible water
content is calculated as (Coléou and Lesaffre, 1998; Schneider and Jans-
son, 2004):

𝜃mi = 0.0143𝑒3.3022𝑛 (2.24)

𝑛 = 𝜌i − 𝜌
𝜌i

,

where 𝑛 is the porosity, i.e. the available pore space in the firn. If there
is more water available in the layer than what can be stored, the surplus
of water percolates downwards to the next layer, where the procedure is
repeated. This is called the tipping-bucket method (see e.g. Ligtenberg
et al., 2011). If water cannot refreeze anywhere, for example because the
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Figure 2.3 Dependence of surface albedo of pure, dry snow on different
grain sizes, solar zenith angle (a) and cloud optical thickness (b), accord-
ing to Eqs. (2.26)–(2.29).

entire column is at the melting point, the residual meltwater runs off. In
reality, this meltwater can form melt ponds or meltwater streams on the
ice surface, transporting mass away from the glacier or ice sheet. In the
model, however, runoff is assumed to take place immediately, and the
mass is removed instantaneously from the snowpack.

2.2.4 Albedo parameterisation

In order to explicitly quantify the snowmelt–albedo feedback, we use the
albedoparameterisationbyKuipersMunneke et al. (2011b), which is based
onGardner andSharp (2010). In this parameterisation, the surface albedo
𝛼 depends on snow grain size 𝑟e, the solar zenith angle 𝜃, cloud optical
thickness 𝜏 and impurity concentration in the snow 𝑐:

𝛼 = 𝛼S + d𝛼𝑢 + d𝛼𝜏 + d𝛼𝑐 , (2.25)

where 𝛼S is the base albedo calculated from 𝑟e, and d𝛼𝑢, d𝛼𝜏 and d𝛼𝑐 are
the modifications due to the solar zenith angle 𝜃 (𝑢 = cos 𝜃), cloud optical
thickness and the snow impurities, respectively. The terms in Eq. (2.25)
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are calculated as

𝛼S = 1.48 − 1.27048𝑟0.07
e (2.26)

d𝛼𝑢 = 0.53𝛼S(1 − 𝛼𝑐)(1 − 0.64𝑥 − (1 − 𝑥)𝑢)1.2 (2.27)

d𝛼𝑐 = max(0.04 − 𝛼S,
−𝑐0.55

0.16 + 0.1085𝑟−0.5
e + 4.232𝑐0.6𝑟0.25

e
) (2.28)

d𝛼𝜏 = 0.1𝜏𝛼1.3
𝑐

(1 + 1.5𝜏)𝛼S , (2.29)

where 𝑥 = min(√𝜏/3𝑢, 1) and 𝛼𝑐 = 𝛼S + d𝛼𝑐. Figure 2.3 shows the depen-
dence of surface albedo on 𝑟e, 𝜏 and 𝑢. In Antarctica, it is customary to set
𝑐 = 0 as the snow impurity concentration is very low (Warren and Clarke,
1990; Grenfell et al., 1994; Bisiaux et al., 2012).

The snow grain size is given by

𝑟e(𝑡) = [𝑟e(𝑡 − 1) + d𝑟e,dry + d𝑟e,wet]𝑓o + 𝑟e,0𝑓n + 𝑟e,r𝑓r , (2.30)

where d𝑟e,dry and d𝑟e,wet describe the grain metamorphisms for dry and
wet snow, 𝑟e,0 and 𝑟e,r are the grain sizes of new and refrozen snow, and 𝑓o,
𝑓n and 𝑓r are the fractions of old, new and refrozen snow respectively. Wet
snow metamorphism is parameterised according to Brun et al. (1989):

d𝑟e,wet
d𝑡 =

𝐶𝑓 3
liq

4𝜋𝑟2
e

, (2.31)

where𝐶 = 4.22⋅10−13m3 s−1 and 𝑓liq is the liquid water content. Dry snow
metamorphism is given by (Kuipers Munneke et al., 2011b):

d𝑟e,dry
d𝑡 = ⎛⎜

⎝

d𝑟e,dry
d𝑡

⎞⎟
⎠0

( 𝜂
(𝑟e − 𝑟e,0) + 𝜂)

1/𝜅
, (2.32)

where (d𝑟e,dry
d𝑡 )

0
, 𝜂 and 𝜅 are obtained from a look-up table (Flanner and

Zender, 2006).
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In Chapter 3 we use the method of Kuipers Munneke et al. (2011b), which
takes multiple layers into account. In this method, the contribution of 𝑛
snow layers is considered by calculating specific albedos 𝛼𝑖 for all snow
layers separately, and combining these to a total albedo 𝛼 as:

𝛼 = 𝛼1 +
𝑛

∑
𝑖=2

(𝛼𝑖 − 𝛼𝑖−1) exp⎛⎜⎜
⎝

−
𝑖−1
∑
𝑗=1

𝛥𝑧𝑗/𝑧⋆
⎞⎟⎟
⎠

. (2.33)

Thismethod assumes the contribution of layer 𝑖 decays exponentially with
depth (Oerlemans andKnap, 1998). 𝑧⋆ is a depth scale that determines the
influence of lower layers on the total albedo. Following Kuipers Munneke
et al. (2011b), we take 𝑧⋆ = 1 cm and we take the upper 10 cm of snow into
account.

In Chapter 5 we use the regional climate model RACMO2, which uses
the implementation of Gardner and Sharp (2010). Although this method
does not consider a multilayer snow albedo, there is a modification to d𝛼𝑐
(Eq. 2.28) to account for two layers:

d𝛼′
𝑐 = (𝛼btm𝑐 − 𝛼topS ) + 𝐴 (𝛼top𝑐 − 𝛼btm𝑐 ) , (2.34)

where 𝛼top and 𝛼btm denote the albedos of the first and second layer, re-

spectively, and 𝐴 = min [1, 2.1𝑧1.35(1−𝛼topS )−0.1𝑐−0.13], in which 𝑧 is the top

layer thickness. However, for a layer thickness 𝑧 < 1
2.1 m, this factor is

always equal to 1, i.e. d𝛼′
𝑐 = d𝛼𝑐 and so the second layer is not taken into

account.

2.3 Automatic weather stations

In order to use the SEB model described above, we need observations of
several near-surface variables. In 2019, 57 automatic weather stations
were operational on the Antarctic ice sheet (Fig. 2.5), but only a very lim-
ited number of themmeasure all the required quantities. Most of the Ant-
arctic weather stations do not measure the full radiation balance, i.e. in-
coming and outgoing short-wave and long-wave radiation fluxes.
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The Institute for Marine and Atmospheric Research Utrecht (IMAU) has
operated a total of 35AutomaticWeather Stations (AWS) in several glaciat-
ed regions: Greenland, Svalbard, Iceland, Norway, the Alps and Antarc-
tica. Not all of these stations were operational simultaneously. The first
station was deployed in 1994 on the Morteratsch glacier in Switzerland
(Fig. 2.4a) and this station is still operational. In the same season, the
first station was deployed in Greenland, while the first station in Antarc-
tica started operations one year later. As of 2020, 12 AWS are still op-
erational, most of which are located in Greenland. The station on the
Morteratsch glacier now covers the longest time series of all IMAU-AWS
(Reijmer, 2020, personal communication).

The first IMAU-AWS type (T1) measured temperature, wind speed, short-
wave radiation and instrument height (sensor information is provided in
Table 4.1). However, in order to fully model the SEB, it is also necessary
to measure relative humidity and long-wave radiation. Therefore, a new
type was introduced (T2) which included humidity and long-wave radia-
tion sensors (VandenBroeke et al., 2004c). A final upgrade to typeT3 con-
sisted of adding solar cells as an energy source, in addition to the lithium
batteries that are also used in the T1 and T2 stations.

In the cold, harsh climate of Antarctica, several difficulties arise for car-
rying out such automatic meteorological observations. To save energy,
IMAU has chosen not to artificially ventilate the instruments. Thismostly
affects the air temperature and humidity measurements, as these sensors
are susceptible to heating by solar radiation. Active ventilation maintains
a constant airflow around the sensor, which limits this effect. Van den
Broeke et al. (2005a) show that this can lead to errors in the tempera-
ture measurements of up to 10K for the T1 stations. T2 and T3 stations
use improved shielding, and therefore typically have errors <1K. At very
low temperatures (<-20∘C), the maximum relative humidity that can be
measured by the humidity sensor decreases strongly; we use the method
of Anderson (1994) to correct this. The low temperatures in Antarctica
can furthermore cause rime formation on the sensors (Fig. 2.4b), which
can affect the sonic height ranger and radiation sensors (Van den Broeke
et al., 2004c). Furthermore, the wind speed and wind direction sensors
can freeze up in riming conditions.
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Figure 2.4 Left image: AWS on the Morteratsch glacier, Switzerland,
June 2016, photo by Stan Jakobs. Right image: rime formation on AWS
9, Antarctic ice sheet, photo by Wim Boot (IMAU).

In the ablation zone, the sinking surface does not allow for fixing the AWS
to the ice surface. Therefore, the AWS consists of a central mast with one
or more crossbars, to which the instruments are attached. From the cen-
tralmast, four legs spread outwards; on an ice surface, these legsmelt into
the ice surface, locking them in place. During the melt season in an abla-
tion zone, theAWSmoves down as the ice surfacemelts, remaining largely
in the same place and upright. The AWS can become tilted when the sur-
face melts inhomogeneously, which mainly affects reflected short-wave
radiation measurements (Wang et al., 2016). As described in Sect. 2.3,
this problem is mitigated by recalculating SW↓ from measured SW↑, us-
ing the 24-hour running mean albedo (Van den Broeke et al., 2004c).

Measurements are taken every 5 (T1) or 6min (T2/T3), which are aver-
aged over two-hourly (T1 and early T2), one-hourly (T2) or half-hourly
(T3) intervals. These averages are stored locally and also transmitted over
the Argos satellite system; the live data of the operational AWS can be
found on the IMAU website1. Approximately once every year an AWS is
visited, dug out if necessary, sensors swapped and the memory card re-
placed.

In-situ measurements are the first and foremost method to obtain infor-
mation about local weather phenomena. Although the AWSs have a rela-

1For example, data from Antarctic weather stations on
https://www.projects.science.uu.nl/iceclimate/aws/antarctica.php.
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tively short data time series, ranging from2–25 years, the data canbeused
to quantify the SEB and the SMB, and to study atmospheric processes in
detail. Moreover, in-situ observations are indispensable for evaluating
and validating other techniques, such as climate models and remote sens-
ing. In Chapter 4 we present a benchmark dataset of Antarctic surface
melt using IMAU-AWS and use it to evaluate RACMO2 and validate satel-
lite data.

2.3.1 NeumayerStationand theBaselineSurfaceRadiationNetwork

Themajor advantage of an AWS, the fact that it is automatic, is also itsma-
jor drawback: it is rarely visited. Station tilt, rime formation and freeze-
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Figure 2.6 Neumayer Station on the Ekström ice shelf. Photo by Felix
Riess, licensed under CC BY-SA 3.0 de.

up of the wind speed sensor can temporarily cause unreliable or missing
data. Furthermore, because of the rare visits, it is not always clear there
is something wrong with the AWS. These issues can bemitigated by using
weather stations that transmit the data or are visited regularly, which can
therefore provide higher quality datasets.

Neumayer Station is a year-round staffed scientific base on the Ekström
ice shelf inDronningMaudLand, EastAntarctica (Fig. 2.6). Ameteorolog-
ical observatory is located close to the base and is visited daily, resulting in
high-quality meteorological and radiation measurements. These data are
used in Chapter 3 in a case-study to determine the surface energy balance
and snowmelt–albedo feedback at one location in Antarctica.

The weather station at Neumayer is part of the Baseline Surface Radi-
ation Network (BSRN), a global network of artificially ventilated, high-
quality radiation observations, coordinated by the Alfred Wegener Insti-
tute (AWI) in Bremerhaven, Germany. Its goal is to provide a uniformand
consistent dataset of Earth surface radiation measurements, with high
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precision (<5Wm−2). The BSRN network currently consists of 64 sta-
tions, covering 80∘Nto90∘S.Neumayer Station provides the longest avail-
able time series of the BSRN in Antarctica.

2.4 Regional climate models

A disadvantage of weather stations is the fact that the data they provide
are limited in time and space: only in a handful of locations, stations have
been erected and data are available, but always for just a limited period
of time (see Fig. 2.5). In order to understand and study the climate of
the entire Antarctic ice sheet for longer time periods, we can use climate
models for a physics-based interpolation of AWS data in time and space.

Climate models are operated either on a regional or on a global scale, and
can incorporate different components of the climate system. An atmo-
sphericmodel only considers the atmosphere, and uses prescribed bound-
ary conditions for e.g. sea-surface temperatures. In a coupled atmosphere-
ocean model, a separate model simulates ocean processes, and feedbacks
between the atmosphere and ocean are explicitly taken into account. Even
more complexmodels consider feedbacks between all climate components,
in so-called Earth system models.

A global model has the advantage that it does not need lateral boundary
conditions: the modelled components are allowed to evolve freely. How-
ever, because of this large horizontal scale, global models are usually run
at relatively coarse resolutions, and many processes are parameterised
rather than solved explicitly.

On the other hand, a regional climatemodel covers only a part of the globe,
which allows it to be run at higher resolution. As a result, it can use fewer
parameterisations or more sophisticated parameterisations. The draw-
back is that it requires lateral and often also upper/lower boundary condi-
tions, which constrain the interior solutions. These boundary conditions
are usually taken from global models.
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2.4.1 RACMO2

Throughout this thesis, we use the regional climate model RACMO2 to
simulate the climate of Antarctica and surface processes on the Antarctic
ice sheet. RACMO2 has been developed by the Royal Netherlands Meteo-
rological Institute (KNMI) (Lenderink et al., 2003). This section provides
an overview of the development of RACMO2 over the past several years,
with emphasis on the polar version used throughout this thesis.

RACMO2 combines the dynamical part of a numerical weather prediction
model, HIRLAM (Undén et al., 2002), with the physics parameterisations
of a global model, IFS (ECMWF, 2009). The dynamical part solves the
conservation equations of momentum, heat and moisture in the atmo-
sphere on the prescribed model grid. RACMO2 is a hydrostatic model,
which means that vertical accelerations are neglected. This is a reason-
able assumptionwhen using a relatively coarsemodel grid (>5 km), as the
highest vertical accelerations are encountered in convective clouds, which
are usually smaller than that. In the era of constantly increasing compu-
tational power and thusmodel resolution, at resolutions higher than 5 km
this hydrostatic approximation is no longer valid and one has to resort to
a computationally more expensive non-hydrostatic model (Van de Berg
et al., 2020).

Thephysics part of themodel simulates processes that act on scales smaller
than the horizontal and vertical model resolutions. As these cannot be
calculated explicitly, parameterisations are used for e.g. cloud formation,
precipitation and boundary-layer turbulence. This part of RACMO2 has
received regular updates over the years, following updates of the physics
parameterisations of IFS. The upgrade from RACMO2.0 to RACMO2.1
mainly involved changes in the cloud schemes and near-surface wind and
temperature calculations (VanMeijgaard et al., 2008); this version also in-
cluded an update of the dynamical core. From RACMO2.1 to RACMO2.3,
major modifications were implemented concerning deep convection and
the improved representation of turbulent mixing in the boundary layer
(Van Meijgaard et al., 2012). These consecutive updates have gradually
improved the performance of RACMO2 in simulating the climate of the
Antarctic and Greenland ice sheets (VanWessem et al., 2014a; Noël et al.,
2015, 2018b; Van Wessem et al., 2018).
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Apart from these general modifications, which are also implemented in
the model used by the KNMI, IMAU has developed a polar version of
RACMO2. Reijmer et al. (2005) replaced the single-layer snow model
with multiple snow layers coupled to the existing soil layers, and used a
new parameterisation for the roughness length that was more suitable for
use over glaciated areas. Furthermore, they improved the albedo parame-
terisation by including temperature dependency in the albedo calculation.
Ettema et al. (2009) further improved the snow model by detaching it
from the soil layers, and introducing ice layers with multiple snow and
firn layers on top. This allowed for a more detailed treatment of subsur-
face snow processes such as densification andmeltwater percolation. Kui-
persMunneke et al. (2011b) introduced a new albedo parameterisation, in
which the surface albedo is related to the snow grain size. The snow grain
size is calculated as a function of water content, snowfall rate, snowmelt
rate, and temperature and density profiles of the snowpack. A final addi-
tion to the polar version wasmade by Lenaerts et al. (2012), who included
a drifting-snow scheme that calculates the amount of snow that is trans-
ported and sublimated by wind. This affects accumulation and ablation
patterns across the ice sheet.

Smaller adjustments have since been made to RACMO2.3, leading to the
polar-specific versionRACMO2.3p2 (Noël et al., 2018b;VanWessemet al.,
2018). Themain change concerned delaying the onset of precipitation, al-
lowing moisture to be advected farther onto the ice sheet interior. This
resolved a bias present in RACMO2.3p1 and earlier, in which too much
precipitation was deposited on the ice sheet margins. Further model ad-
justments concerned recalibration of the drifting snow scheme and using
the albedo scheme (Kuipers Munneke et al., 2011b) for superimposed ice
instead of using the bare ice albedo. This model version is used through-
out this thesis and is usually referred to as RACMO2.

The development of RACMO2 is still ongoing. Van Dalum et al. (2019)
introduced a spectral albedo scheme, replacing the parameterisation by
Kuipers Munneke et al. (2011b). Van Dalum et al. (2020) show that the
updated albedo scheme yields a better representation of the Greenland
ice sheet albedo. Furthermore, a new physics parameterisation upgrade
is underway, incorporating the parameterisations from amore recent ver-
sion of the IFS (Van Wessem, personal communication, 2020).
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Figure 2.7 Model domain of RACMO2 covering the AIS at 27 km reso-
lution. The border indicates the relaxation zone, where boundary condi-
tions are applied.

In this thesis, RACMO2 is run on the Antarctic domain shown in Fig. 2.7,
at 27 km resolution grid and using 40 vertical atmospheric layers, for the
time period 1979–2018. It is forced at its lateral boundaries by the ERA-
interim reanalysis product of the ECMWF (Dee et al., 2011). This reanal-
ysis is the result of assimilating all available observations to obtain the
global state of the atmosphere, using a weather model to dynamically in-
terpolate between the observations. Furthermore, RACMO2 uses upper-
air relaxation (Van de Berg and Medley, 2016). As RACMO2 does not
simulate ocean processes, sea surface temperature and sea ice cover are
prescribed from the reanalysis product. A comprehensive evaluation of
RACMO2 in Antarctica can be found in Van Wessem et al. (2018). Apart
from Antarctica, RACMO2 is also used to simulate the climate of Green-
land, theCanadianArctic, Svalbard and thePatagonian ice fields (Lenaerts
et al., 2014; Noël et al., 2018a,b, 2020a).
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3. SMAF at Neumayer

We use 24 years (1992-2016) of high-quality meteorological observations
at Neumayer Station, East Antarctica, to force a surface energy balance
model. Themodelled 24-year cumulative surfacemelt at Neumayer totals
1154mm water equivalent (w.e.), with only a small uncertainty (±3mm
w.e.) from random measurement errors. Results are more sensitive to
the chosen value for the surface momentum roughness length and new
snow density, yielding a range of 900–1220mmw.e. Melt at Neumayer
occurs only in themonths November to February, with a summer average
of 50mmw.e. and large interannual variability (𝜎=42mmw.e.). This is a
small value compared to an annual average (1992–2016) accumulation of
415±86mmw.e. Absorbed shortwave radiation is the dominant driver of
temporal melt variability at Neumayer. To assess the importance of the
snowmelt–-albedo feedback we include and calibrate an albedo parame-
terisation in the surface energy balancemodel. We show that, without the
snowmelt–albedo feedback, surface melt at Neumayer would be approx-
imately 3 times weaker, demonstrating how important it is to correctly
represent this feedback in model simulations of surface melt in Antarc-
tica.

3.1 Introduction

TheAntarctic ice sheet (AIS) containsmore than 25million km3 of ice, suf-
ficient to raise global mean sea level by almost 60m if melted completely
(Fretwell et al., 2013). Between 1992 and 2017, the AIS lost mass at an
accelerated rate, contributing 7.6 ± 3.9mm to global sea level (Shepherd

This Chapter is published as “Quantifying the snowmelt–albedo feedback at Neu-
mayer Station, East Antarctica”, The Cryosphere, 13, 1473–1485, 2019, doi:10.5194/tc-
13-1473-2019.
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et al., 2018). This mass loss is mainly observed in coastal West Antarc-
tica and the Antarctic Peninsula (AP), and is caused by glaciers that ac-
celerated after their buttressing ice shelves had thinned or disintegrated
(Wouters et al., 2015; Turner et al., 2017).

The interaction between meltwater and firn, the intermediate product be-
tween snow and glacier ice, is hypothesised to play an important role in
ice-shelf disintegration (Kuipers Munneke et al., 2014). If the firn layer
contains enough air, as is the case for most of the AIS, meltwater can per-
colate downwards and refreeze (Ligtenberg et al., 2014). If the storage
capacity of the firn layer is reduced, surfacemeltwater can flow laterally to-
wards the ice-shelf edge (Bell et al., 2017), be stored englacially (Lenaerts
et al., 2017) or form ponds on the ice-shelf surface (Kingslake et al., 2017).
In all cases, meltwater can accumulate in crevasses, thereby increasing
the hydrostatic pressure in the crevasse tip, causing it to penetrate far-
ther down. When a crevasse reaches the bottom of the ice shelf or a basal
crevasse, part of the ice shelf disintegrates, a process called hydrofractur-
ing (Van der Veen, 2007).

Hydrofracturing has been identified as a potential precursor of rapid loss
of Antarctic ice, accelerating sea level rise (DeConto and Pollard, 2016).
In combination with enhanced ocean swell under low sea-ice conditions
(Massom et al., 2018), hydrofracturing likely caused the disintegration of
Larsen B ice shelf in the AP in 2002 (Rignot et al., 2004; Scambos et al.,
2004). In July 2017, a large iceberg calved fromLarsen C ice shelf, but it is
unclear whether this signifies a further southward progression of ice-shelf
destabilisation in the AP (Hogg and Gudmundsson, 2017).

Improving our predictive capabilities of future ice-shelf stability, AISmass
loss and associated sea level rise, thus requires a thorough understanding
of the surfacemelt process on Antarctic ice shelves. In contrast tomeltwa-
ter occurrence, which is readily observed from space (Picard et al., 2007;
Tedesco, 2009; Luckman et al., 2014), observational estimates of surface
melt rates on Antarctic ice shelves are rare; they have been obtained lo-
cally through explicit modelling of the surface energy balance (SEB) (Van
den Broeke et al., 2010b; Kuipers Munneke et al., 2012b, 2018). In turn,
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Figure 3.1 Map of the Antarctic continent, the red cross indicates the
location of Neumayer Station. Imagery ©2016 DigitalGlobe, Inc.

these enabled continent-wide melt rate estimates using calibrated satel-
lite products based on backscatter strength of radio waves (Trusel et al.,
2013, 2015).

These studies invariably demonstrate that inmost parts of Antarctica,melt
currently is a weak and intermittent process. In this melt regime, the pos-
itive snowmelt-albedo feedback plays a decisive role: when snow melts,
meltwater may refreeze in the cold snowpack, resulting in considerably
larger grains (∼1mm) than new snow or snow that has been subjected
to only dry compaction (∼0.1mm). Larger snow grains reduce backward
scattering of photons into the snowpack, increasing the probability of ab-
sorption, reducing the surface albedo especially in the near-infrared (Wis-
combe and Warren, 1980; Gardner and Sharp, 2010). This further en-
hances absorption of solar radiation andmelt. For pure, uncontaminated
snow, the strength of the snowmelt-albedo feedback depends on multiple
factors, e.g. the intensity and duration of the melt and the frequency and
intensity of snowfall events, which provide new snow consisting of smaller
grains. We therefore expect the snowmelt-albedo feedback to be spatially
and temporally variable on Antarctic ice shelves.

Most studies on the snowmelt-albedo feedback address the removal of
(seasonal) snow and the appearance of dark soil or water (Perovich et al.,
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2002; Hall, 2004; Flanner et al., 2007; Qu and Hall, 2007), leading to
further warming of the air/water. These studies commonly express the
melt-albedo feedback in terms of air/water temperature sensitivity. Our
aim is to quantify the impact on the melt rate of the darkening but not
the disappearance of snow, a process addressed by far fewer studies (Box
et al., 2012; Van As et al., 2013). To that end, we implement a snow
albedo parameterization (Gardner and Sharp, 2010; Kuipers Munneke
et al., 2011b) in an SEB model, which is then calibrated using observa-
tions and used to study the sensitivity ofmelt rates to snowproperties that
influence snow albedo. We use 24 years of high-quality in situ observa-
tions (König-Langlo, 2017) from the German research station Neumayer
(Fig. 3.1) to calculate the SEB and melt rate. We investigate the effects of
measurement uncertainties and model settings on the modelled cumula-
tive amount of surface melt. We then analyse the main drivers of surface
melt and themagnitude of the snowmelt-albedo feedback at Neumayer by
switching on/off the feedback process in the albedo parameterisation.

The SEBmodel is explained in Sect. 3.2.1, followed by a description of the
albedo parameterisation in Sect. 3.2.2. The meteorological data used to
force the SEB model are described in Sect. 3.2.3. The results section is
split into two parts; in Sect. 3.3 we present and discuss the SEB and melt
rate that are obtained using the observed albedo. In Sect. 3.4 the albedo
parameterisation is used instead and the snowmelt-albedo feedback is
quantified and discussed. Finally, the results are discussed in Sect. 3.5.

3.2 Methods

3.2.1 Surface energy balance model

The one-dimensional energy balance model is a further development of
the models presented by Reijmer et al. (1999), Reijmer and Oerlemans
(2002), VandenBroeke et al. (2005a) andKuipersMunneke et al. (2012b);
here only the main features are described. The energy balance of an in-
finitesimally thin surface layer (the ‘skin’ layer) is defined as:

M = SW ↓ +SW ↑ +LW ↓ +LW ↑ +𝑄S + 𝑄L + 𝑄G , (3.1)
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where positive fluxes are defined to be directed towards the surface. SW↓
and SW↑ are the incoming and reflected shortwave radiation, LW↓ and
LW↑ are the downward and upward longwave radiation, 𝑄S and 𝑄L the
turbulent sensible and latent heat fluxes and𝑄G is the conductive subsur-
face heat flux. We neglect latent energy from rain. M is the energy used
to melt snow or ice, and is non-zero only when the surface has reached
the melting point of ice (𝑇s = 273.15K). Throughout this paper, melt and
accumulation amounts are expressed in terms of mm water equivalent
(mmw.e.), which equals kgm−2.

In order to calculate 𝑄G and allow for densification, meltwater percola-
tion and refreezing, a snow/firn model is used, initialised with 70 lay-
ers. The layer thickness varies from 1 cm at the top to 2m at the bot-
tom (25m depth). We impose a no-energy flux boundary condition at
the lowermost model level. New snow density is parameterised following
the expression of Lenaerts et al. (2012), which relates it to the prevail-
ing surface temperature (𝑇s) and 10m wind speed (𝑉10m) and imposes
a lower limit of new snow density 𝜌s,0. Meltwater percolation is based
on the tipping-bucket method (e.g. Ligtenberg et al., 2011), allowing for
immediate downward transport (within a single time step of 10 s) of re-
maining water if a layer has attained its maximum capillary retention, as
modelled using the expressions of Schneider and Jansson (2004). Melt-
water refreezing increases the density and temperature of a layer. At the
bottom of the firn layer, the meltwater is assumed to run off immediately,
i.e. the model does not allow for slush/superimposed ice formation or lat-
eral water movement. Turbulent fluxes are calculated following the ‘bulk’
method, which is based onMonin-Obukhov similarity theory (see e.g. Van
denBroeke et al. (2006) for relevant equations) between a singlemeasure-
ment level (2m for temperature and humidity, 10m for wind) and the sur-
face, assuming the latter to be saturated with respect to ice and using the
stability functions according to Dyer (1974) for unstable and Holtslag and
De Bruin (1988) for stable conditions.

Subsurface penetration of shortwave radiation is calculated using a spec-
tralmodel (KuipersMunneke et al., 2009), based on the parameterisation
byBrandt andWarren (1993), which is in turn based on the two-stream ra-
diation model of Schlatter (1972). The impact on modelled melt and the
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quantification of the snowmelt-albedo feedback is discussed in the rele-
vant sections.

The terms inEq. (3.1) are either based on observations or can be expressed
as a function of the skin temperature 𝑇s. The SEB is solved iteratively by
looking for a value of 𝑇s that closes the SEB to within 0.005K between
iterations: if 𝑇s > 273.15K, it is reset to 273.15K and excess energy is
used for surface melt M. To evaluate model performance, the modelled
value of 𝑇s is compared to observed 𝑇s calculated from LW↑, using Stefan-
Boltzmann’s law for a longwave emissivity 𝜖 = 1:

LW ↑= 𝜎𝑇4
s , (3.2)

where 𝜎 = 5.67 ⋅ 10−8Wm−2 K−4 is the Stefan-Boltzmann constant.

Surface roughness lengths for momentum, heat and moisture are related
through the expression of Andreas (1987):

ln( 𝑧0∗
𝑧0,m

) = 𝑎1 + 𝑎2 ln (Re∗) + 𝑎3 ln (Re∗)2 , (3.3)

where 𝑧0∗ represents either 𝑧0,h or 𝑧0,q, the roughness lengths for heat
and moisture respectively, 𝑎1, 𝑎2 and 𝑎3 are coefficients determined by
Andreas (1987) for various regimes of the roughness Reynolds number
Re∗ = 𝑢∗𝑧0,m

𝜈 with kinematic viscosity 𝜈 and friction velocity 𝑢∗.

3.2.2 Albedo parameterisation

Because the shortwave radiation sensor faces the sky and includes a sig-
nificant direct component, measured SW↓ suffers from relatively large un-
certainties owing to poor sensor cosine response, sensor tilt and/or rime
formation (Smeets et al., 2018). In order to improve the accuracy of ob-
served net shortwave radiation used in the SEB calculations (Sect. 3.3),
we calculate SWnet based on SW↑, which is diffuse and hence much less
sensitive to these errors. To further decrease the impact of these errors,
we use a 24-hour moving average albedo, as described in Van den Broeke
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et al. (2004b). In Sect. 3.4, inwhich albedo is parameterised to studymelt-
albedo feedbacks, for consistency we use measured SW↑ in combination
with parameterised albedo to estimate SWnet.

In Sect. 3.4, the parameterised surface albedo 𝛼 is described as a base
albedo 𝛼𝑆, modified by perturbations describing the effect of changing so-
lar zenith angle 𝜃 (d𝛼𝑢), the cloud optical thickness 𝜏 (d𝛼𝜏) and the con-
centration of black carbon in the snow (d𝛼𝑐) (Gardner and Sharp, 2010;
Kuipers Munneke et al., 2011b):

𝛼 = 𝛼S + d𝛼𝑢 + d𝛼𝜏 + d𝛼𝑐 . (3.4)

For Antarctica, we neglect the impact of impurities in the snow (d𝛼𝑐 = 0);
d𝛼𝑢 and d𝛼𝜏 both depend on the base albedo 𝛼S, d𝛼𝑢 in addition depends
on the solar zenith angle (𝑢 = cos 𝜃), and d𝛼𝜏 on the cloud optical thick-
ness 𝜏:

d𝛼𝑢 = 0.53𝛼𝑆(1 − 𝛼𝑆)(1 − 0.64𝑥 − (1 − 𝑥)𝑢)1.2 (3.5)

d𝛼𝜏 = 0.1𝜏(𝛼𝑆 + d𝛼𝑐)1.3

(1 + 1.5𝜏)𝛼𝑆
, (3.6)

where 𝑥 = min(√𝜏
3𝑢 , 1).

The base albedo depends on the snow grain size 𝑟𝑒 (in m):

𝛼S = 1.48 − 1.27048𝑟0.07
e , (3.7)

in which the snow grain size 𝑟e on time step 𝑡 is parameterised as

𝑟e(𝑡) = [𝑟e(𝑡 − 1) + d𝑟e,dry + d𝑟e,wet]𝑓o + 𝑟e,0𝑓n + 𝑟e,r𝑓r . (3.8)

Here, d𝑟e,dry and d𝑟e,wet describe the metamorphism of dry and wet snow
respectively, 𝑓o, 𝑓n and 𝑓r are the fractions of old, new and refrozen snow,
and 𝑟e,0 and 𝑟e,r are the grain sizes of new and refrozen snow.

Dry snow metamorphism is parameterised following Kuipers Munneke
et al. (2011b)

d𝑟e,dry
d𝑡 = (d𝑟e

d𝑡 )
0

( 𝜂
(𝑟e − 𝑟e,0) + 𝜂)

1/𝜅
, (3.9)
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Figure 3.2 (a) Downward longwave radiation versus air temperature.
The red lines are quadratic fits of the upper and lower 5 percentile bound-
aries. The longwave-equivalent cloud cover is determined by linear inter-
polation between these bounds. (b)Optical thickness versus cloud cover.
The red line resembles the best fit to a function 𝜏 = 𝑐1 (𝑒𝑐2𝑁𝜖 − 1), the
shaded area indicates the 95% uncertainty range.

where 𝑟e,0 is the new snow grain size, and the coefficients (d𝑟e
d𝑡 )

0
, 𝜂 and 𝜅

are obtained froma look-up table. This look-up table is compiled based on
simulations with the SNICAR model (Flanner and Zender, 2006), which
calculates the snow metamorphism resulting from temperature gradient
metamorphism. d𝑟e,wet is a function of the snow grain size 𝑟e itself and the
liquid water content 𝑓liq (Brun et al., 1989):

d𝑟e,wet
d𝑡 =

𝐶𝑓 3
liq

4𝜋𝑟2
e

, (3.10)

where 𝐶 is a constant (4.22 ⋅ 10−13m3 s−1). The fractions 𝑓o, 𝑓n and 𝑓r are
derived from the snow/firnmodel, and the grain sizes of new and refrozen
snow are constants; the method for determining their values from a tun-
ing exercise is described in Sect. 3.4.1.

To determine cloud optical thickness 𝜏, an empirical relation between 𝜏
and the longwave-equivalent cloud cover 𝑁𝜖 is used following Kuipers
Munneke et al. (2011a):

𝜏 = 𝑐1 (exp(𝑐2𝑁𝜖) − 1) , (3.11)
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with fitting parameters 𝑐1 and 𝑐2. 𝑁𝜖 is determined using a method de-
scribed by Kuipers Munneke et al. (2011a) which relates hourly values
of downward longwave radiation LW↓ to near-surface air temperature
𝑇2m as illustrated in Fig. 3.2a. Red lines indicate quadratic fits through
the upper and lower 5 percentile of the data, assuming to represent fully
cloudy and clear conditions, respectively. 𝑁𝜖 is obtained by linearly inter-
polating between these upper and lower bounds, yielding values between
0 and 1. Hourly values for cloud cover are then used to obtain values
for 𝜏 (Fig. 3.2b). The values used for the fit parameters 𝑐1 = 5.404 and
𝑐2 = 2.207 (both dimensionless) differ somewhat from Kuipers Munneke
et al. (2011a), who used daily values for the fit.

3.2.3 Observational data

The SEBmodel is forced with data from themeteorological observatory at
the German research station Neumayer, situated on the Ekström ice shelf
(König-Langlo, 2017). The observatory has been operational since 1981,
and was relocated in 1992 and 2009. In 2016, its location was 70∘40’S,
8∘16’W (Fig. 3.1). The observatory is one of only four Antarctic stations
–and the only one situated on an ice shelf– that is part of the Baseline Sur-
face Radiation Network (BSRN), a global network of stations with high-
quality (artificially ventilated) radiation observations, coordinated by the
Alfred Wegener Institute (AWI).

We use hourly averages of 2m temperature (𝑇2m) and specific humidity
(𝑞2m), 10m wind speed (𝑉10m), surface pressure (𝑝) and radiation fluxes
for the period April 1992–January 2016 (24 years) to force the SEBmodel;
their uncertainty ranges are provided in Table 3.1. Approximately 4.1% of
the data points contained at least onemissing variable, whichmostly come
from daily performed visual inspection of the data. To obtain a continu-
ous data set, all missing data were replaced: pressure, relative humidity,
wind speed, temperature and longwave radiation were simply linearly in-
terpolated. In case of shortwave radiation, themissing value was replaced
by imitating the average daily cycle of the two preceding days. As themea-
surement station is visited and maintained every day, the impact of rime
formation is limited, as is the tilt of the observation mast, resulting in a
high-quality meteorological data set.
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Table 3.1 Listing of used measurement variables and their associated
measurement errors.

Variable Neumayer errors
𝑉10m max(0.5 m/s, 5%)
SW↓ 5 W/m2

SW↑ 5 W/m2

LW↓ 5 W/m2

LW↑ 5 W/m2

𝑇2m 0.1∘C
RH2m 5%
𝑝 0.5 hPa

Accumulation observations are only available from stake measurements,
provided byAWI,whichwere performedweekly for the periodApril 1992–
January 2009. As timing of precipitation is important for correctly sim-
ulating the effects of new snow on snow albedo, we combined the stake
observations with precipitation predicted by the regional atmospheric cli-
mate model RACMO2.3p2 (Van Wessem et al., 2018) to obtain realistic
timing of precipitation in between stake observations, as well as for the
post-2009 period. The amount of precipitation modelled by RACMO2
was scaled such that themodelled surface height changes agree with stake
measurements; this required a 15.3% upward adjustment of themodelled
precipitation flux.

Local near-surface climate

Neumayer station is located on an ice shelf ∼20km from Halvfarryggen
ice rise to the southeast, ∼100 km from the ice-shelf break (grounding
line) to the south,∼20km fromopenwater/sea ice to the north and∼5 km
to open water/sea ice to the east. As a result, Neumayer experiences rel-
atively mild conditions without significant impact from katabatic winds
but with a pronounced influence of synoptic low-pressure systems pass-
ing mainly from west to east in the south Atlantic Ocean to the north of
the station.

The seasonal cycles of 2m temperature, 10m wind and 2m specific hu-
midity are presented in Fig. 3.3a. Summer temperatures around -4∘C and
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Figure 3.3 (a) Seasonal cycles of 2m temperature (red, left axis), 10m
wind speed (blue, right axis) and 2m specific humidity (green, right axis).
Shaded areas indicate the standard deviations of monthly means. (b)
Same as (a) formelt (black), net shortwave radiation (red), net longwave
radiation (green), sensible heat (blue), latent heat (magenta) and ground
heat (yellow).

winter temperatures around -25∘C imply a substantial (>20K) seasonal
temperature amplitude based on monthly mean values. This is in line
with the formation of a surface-based temperature inversion in winter, a
phenomenon that is representative for the flat ice shelves as well as the in-
terior ice domes and in contrast to the topographically steeper escarpment
zone, where the quasi-continuous mixing by katabatic flow limits the for-
mation of such an inversion (Van den Broeke, 1998). As expected from
the strong link to the air temperature through the Clausius-Clapeyron re-
lation and a high annualmean relative humidity of 82% (relative to either
water or ice, depending on the air temperature) because of the proximity
of a saturated snow surface and the ocean, the seasonal cycle of 𝑞2m closely
follows that of temperature.

3.3 Results: surface energy balance and melt

3.3.1 SEB model performance and uncertainties

There are several SEBmodel parameters for which the exact values or for-
mulations are unknown, e.g. the surface roughness length for momentum
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Figure 3.4 Daily values of modelled versus measured 𝑇s for the parame-
ter settings used in this study: 𝑧0,m = 1.65mm, 𝜌s,0 = 280 kgm−3.

𝑧0,m, the density of new snow 𝜌𝑠, the stability functions (required to cal-
culate the turbulent scales) and the effective conductivity, which couples
the magnitude of 𝑄G to the temperature gradient in the snow. We esti-
mated the impact of observational and model uncertainties on modelled
melt by running the model 600 times while randomly varying all hourly
observations within the specifiedmeasurement uncertainty ranges (Table
3.1) and using multiple expressions for the heat conductivity and stability
functions. Model performance is quantified by comparing modelled with
observed 𝑇s and assessing the changes in modelled 24-year cumulative
melt. Note that in this section, the albedo based on observations is used
to obtain SWnet.

The choice of expressions for the stability functions and heat conductiv-
ity did not significantly impact the modelled amount of melt (total within
30mmw.e. or 2.7%, not shown). The model outcome is more sensitive to
the choice of surface roughness length for momentum 𝑧0,m and the lower
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limit of density of new snow 𝜌s,0: when 𝑧0,m is varied between 0.5mm and
50mm and 𝜌s,0 between 150 and 500kgm−3, the cumulative amount of
surface melt over the 24-year period varies between 900–1220mmw.e.,
with higher melt values for smaller values of 𝑧0,m and 𝜌s,0. Optimal values
in terms of simulated 𝑇s are 𝑧0,m = 1.65mm and 𝜌s,0 = 280 kgm−3

, result-
ing in a 𝑇s bias of 0.01K and an RMSD of 0.79K (Fig. 3.4). We use these
values in the remainder of this study.

Figure 3.5a and b show modelled 24-year cumulative melt and annual
melt (Mar–Feb) at Neumayer, combined with uncertainties associated
with model parameters. The annual mean values for year 𝑋 are obtained
by averaging monthly values for March of year 𝑋 until February of year
𝑋 + 1. The total melt amounts to 1154mmw.e., with a small uncertainty
associated with measurement uncertainties (1𝜎 ≈ 3mmw.e., i.e. 0.3%).
The adopted method to estimate this uncertainty has its limitations, as
measurement errors are probably autocorrelated: if a measurement at
one time is disturbed in some way, it is probably disturbed in a similar
way at the next time step. Therefore, this result could be interpreted as a
lower bound of the uncertainty range, which is supported by the larger un-
certainty estimates (∼15%) by Van den Broeke et al. (2010b), who applied
a constant systematic error which can be interpreted as an upper bound
on the modelled uncertainty range. This also explains why the model out-
come is much more sensitive to different values of 𝑧0,m, as these runs ef-
fectively introduce a systematic error between the true (unknown) value
and the chosen value. Furthermore, this approach assumes the true value
to be constant, which likely is an oversimplification (Smeets and Van den
Broeke, 2008).

The sensitivity of modelled cumulative melt to 𝑧0,m is somewhat unex-
pected. Following Eq. (3.3) both 𝑧0,h and 𝑧0,q decrease for increasing 𝑧0,m;
in combination with the bulkmethod this acts to dampen the effect of 𝑧0,m
on the magnitude of the turbulent fluxes. Our interpretation of this result
is that decreasing 𝑧0,m and 𝜌s,0 leads to a decrease of the turbulent fluxes
as well as the ground heat flux𝑄G. This reduces the efficiency with which
heat is removed from the surface, in turn allowing more energy to be in-
vested in melt. The obtained value of 𝑧0,m = 1.65mm is high compared to
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Figure 3.5 Effect of model uncertainties on (a) cumulative melt and (b)
seasonal melt. The shaded area indicates the 1𝜎 range due to model un-
certainties (changing 𝑧0,m and 𝜌s,0 between their respective values). The
vertical grey patches in (a) indicate Nov–Feb of each season. Note that
(b) ends earlier than (a) because the observations do not cover the 2015–
16 melt season entirely.

the average value of 𝑧0,m = 0.1mm found during a field campaign at Neu-
mayer in 1982 (König, 1985) but it is not uncommon for snow surfaces
(Amory et al., 2017).

Measured values of 𝑇s in excess of the melting point in Fig. 3.4 only oc-
curred in the first 6 seasons; from 1998–99 onwards they were removed
by additional post-processing. These measurements mainly reflect uncer-
tainties in the adopted unit value of longwave emissivity and in measured
LW↑, e.g. from sensor window heating (Smeets et al., 2018) and the fact
that the downward facing radiation sensor also measures longwave radia-
tion emitted by the relatively warm air between the surface and the sensor.

3.3.2 Surface energy balance

Annual (Mar–Feb)mean values of near-surfacemeteorological quantities
and SEB components are presented in Table 3.2, with seasonal cycles of
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Table 3.2Mean annual values and interannual variability (calculated as
standard deviations of monthly means) of meteorological variables and
SEB components. For precipitation and melt, total annual values are
given.

Variable Yearly mean Variability
𝑇2m (K) 257.1 0.7
𝑇s (K) 256.0 0.8
𝑞2m (g kg−1) 1.1 0.1
𝑉10m (m s−1) 8.9 0.6
𝑝 (hPa) 981.6 2.0
SWnet (Wm−2) 20 2
SW↓ (Wm−2) 127 3
SW↑ (Wm−2) 107 2
LWnet (Wm−2) -28 3
LW↓ (Wm−2) 218 5
LW↑ (Wm−2) 246 4
𝑄S (Wm−2) 14.5 2.7
𝑄L (Wm−2) -6.3 1.2
𝑄G (Wm−2) 0.7 0.4
M (Wm−2) 0.5 0.4
Precipitation (mmw.e.) 415 86
Melt (mmw.e.) 50 42

SEB components presented in Fig. 3.3b. These show that the summer-
time SEB is dominated by the radiation fluxes; despite the high albedo of
the snow surface, SWnet is the dominant heat source for the skin layer,
whereas LWnet extracts energy from the surface, most efficiently so in
summer when the surface is heated by the sun. In summer,𝑄L becomes a
significant heat loss in the SEB (sublimation), preventing strong negative
𝑄S (convection). The seasonal cycle of 𝑄G is small, indicating a small net
transport of heat away from the surface in summer and towards the sur-
face in winter. The net annually integrated amount is less than zero as a
result of the refreezing of meltwater, warming the subsurface snow layers.

Statistically significant and previously unreported trends over the full 24-
year period (not shown) are detected in LW↑ (−0.28 ± 0.14Wm−2 yr−1)
and𝑄S (+0.21±0.07Wm−2 yr−1). Both of these are a result of wintertime
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trends. LW↑ is linked directly to 𝑇s, which shows a statistically insignifi-
cant negative trend (−0.029 ± 0.026Kyr−1), which in magnitude exceeds
the negative trend in 𝑇2m (−0.0045 ± 0.02Kyr−1; assuming a normal dis-
tribution, the probability that the negative trend in 𝑇s is greater in magni-
tude than the trend in 𝑇2m is 0.76). As a result, the air temperature gra-
dient near the surface has increased, enhancing 𝑄S. The negative trend
in 𝑇s originates from a decrease in LW↓ (−0.26 ± 0.17Wm−2 yr−1), which
is in turn driven by a slight decrease in cloud cover (−0.003 ± 0.001 yr−1).
This is suggested independently by the decrease in average winter humid-
ity (−0.004 ± 0.002 g kg−1 yr−1). These findings agree with Herman et al.
(2013) and Kuipers Munneke et al. (2011a), who determined from satel-
lite observations that summer cloud cover has decreased over that part of
coastal Antarctica in the period 1979–2011.

3.3.3 Melt season

Melt occurs at Neumayer from November until February (Fig. 3.6), but
is highly variable from year to year. The mean annual amount of melt is
50mmw.e. with an interannual variability of 42mmw.e. and a range of
2mmw.e. in 1999–2000 to 176mmw.e. in 2012–13. Most melt occurs
in December and January and the surface only sporadically reaches the
melting point in February. Only in 2007 didmelt occur in November, and
no melt occurs outside these four months.

The cumulative melt occurring at Neumayer shows step-wise increases
(Fig. 3.5a), which represent the peakedmelt seasons, inwhichmelt occurs
on average on 18±10 days. The uncertainty in the number of melt days
due to the chosen values of 𝑧0,m and 𝜌s,0 is relatively small compared to the
interannual variability in melt totals (Fig. 3.6), implying that this choice
does not significantly affect the modelled melt duration, but it does affect
the total melt.

To investigate the link betweenmelt and climate, we compare the two sum-
mers with the highest (2003–04 and 2012–13, on average 145mmw.e.)
and lowest (1999–2000and2014–15, on average 4mmw.e.) melt amounts.
Figure 3.7 shows the meteorological and SEB components for these years,
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Figure 3.6Average number ofmelt days permonth at Neumayer. The in-
ner error bars (with larger caps) indicate the 1𝜎 uncertainty range result-
ing from the runs performed with different settings for roughness length
𝑧0 and lower limit of new snow density 𝜌s,0 (Sect. 3.3.1). The outer error
bars (with smaller caps) indicate the 1𝜎 range of the interannual variabil-
ity.

averaged over December and January. The largest differences are found
in 𝑇2m (+2.3K) and SWnet (+17Wm−2); based on the measurement un-
certainties (Table 3.1), these differences are significant. In cold summers,
the low 𝑇2m corresponds to a stronger temperature inversion (𝑇2m − 𝑇s),
more longwave cooling, less sublimation and a larger 𝑄S. SW↓ and LW↓
show almost no difference between high and low melt seasons; therefore,
the difference in SWnet cannot be caused by a change in cloud cover and
is likely caused solely by surface albedo, which suggests an important role
for the snowmelt-albedo feedback. This will be elaborated upon in the
next section. Finally, the direction of 𝑄G is reversed; in high melt years,
the surface is warmed from belowwhile in lowmelt years the surface loses
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heat to the subsurface. More refreezing of meltwater in high melt years
warms the near surface snow layers, which in turn leads to a conductive
heat flux towards the surface.

Using the subsurface radiation model of Kuipers Munneke et al. (2009),
the influence of subsurface penetration of shortwave radiation is estimat-
ed. Its inclusion increases the modelled cumulative amount of melt by
13%, from 1154mmw.e. to 1326mmw.e. The absorbed shortwave radia-
tion heats the subsurface layers, but the heat cannot be transported away
as effectively as would happen at the surface by turbulent fluxes and long-
wave radiation. This leads to an increase in total melt.

The findings presented in this section are in good agreement with Van
den Broeke et al. (2010b), who used a similar approach to calculate the
SEB at Neumayer, but used a lower value for 𝑧0,m = 0.32mm and a higher
snow density that was assumed constant with depth (420 kgm−3 in their
study versus 280 kgm−3 in this study). Compared to melt estimates from
Larsen C ice shelf, obtained through a similar modelling approach by Kui-
persMunneke et al. (2012b), melt at Neumayer is weak. Owing to itsmore
northerly location, on Larsen C ice shelf an annual (2009–2011) average
melt energy of 2.8Wm−2 is obtained, compared to the 2009–2011 annual
average of 0.7Wm−2 obtained at Neumayer; furthermore, in November
and February melt occurs much more frequently on Larsen C ice shelf.

3.4 Results: the snowmelt-albedo feedback

The snowmelt-albedo feedback is a well-known phenomenon, but has not
before been quantified for Antarctica. The feedback occurs after the rapid
growth of snow grains whenmeltwater penetrates into the subsurface and
refreezes. Because a photon on average travels farther through snow with
large particles than innew snowwith smaller particles, the probability of it
being absorbed is increased, effectively lowering the surface albedo (Gard-
ner and Sharp, 2010). Even without melt, albedo decreases when snow
ages, following grain growth from dry snow metamorphism, but this is a
much slower process which mainly depends on temperature gradients in
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Figure 3.7 Average values of some SEB components (a) and (b) and
some meteorological variables (c) for December and January in the
years with the highest (2003–04 and 2012–13, in light grey) and lowest
(1999–2000 and 2014–15, in dark grey) amount of melt, as identified in
Sect. 3.3.3. Note that SW↓, SW↑, LW↓ and LW↑ are scaled by a factor of
10 in (a) for clarification.
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the snow, favouring moisture transport onto larger grains. Precipitation
of new, fine-grained snow has been shown to inhibit the albedo decrease
by metamorphism on the Antarctic plateau (Picard et al., 2012).

To quantify the snowmelt-albedo feedback at Neumayer, we need to be
able to switch on and off the albedo dependency on melt-driven grain
growth. To that end, we implemented an albedo parameterisation in the
SEB model, as described in Sect. 3.2.2. Because no data on grain size are
available from Neumayer, we optimised the albedo model performance
by maximising the correspondence between 1) modelled and observed
hourly SW↑, and 2) the total melt obtained from the calculations based
on observed albedo (Sect. 3.4.1). We compare SW↑ instead of the albedo
itself because by doing so the hourly values are naturally weighted with its
contribution to SWnet and hence its importance for the SEB. We then per-
form several runs with different processes switched on and off affecting
the surface albedo to investigate the importance of the snowmelt-albedo
feedback for melt at Neumayer (Sect. 3.4.2).

3.4.1 Optimising the albedo parameterisation

The albedo parameterisation, and especially the expression for snow grain
size (Eq. (3.8)) contains several parameters that are not well constrained,
such as new snow grain size 𝑟e,0 and refrozen snow grain size 𝑟e,r. These
parameters were varied within reasonable ranges to optimise the results:
new snow grain size between 0.04mm and 0.3mm, refrozen snow grain
size between 0.1mm and 10mm. The best comparison with observed
albedo was achieved when using the look-up table for dry snowmetamor-
phism d𝑟e,dry corresponding to a grain size of 0.055mm.

The first step in optimising the parameterisation was to split the summer
season into two parts, the ‘dry’ and the ‘wet’ season. The respective starts
of the dry and wet seasons are the first day on which the sun rises more
than 15∘ above the horizon and the first day that surface melt occurs. The
wet season ends when the sun no longer rises higher than 15∘. For the dry
season, we varied the dry snow metamorphism factor and the new snow
grain size to best match observed SW↑. This resulted in a new snow grain
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Figure 3.8 Seasonal cycle of modelled average grain size in the upper
7 cm for the period 2000–2014. The grain size is expressed in terms of
specific surface area (SSA = 3

𝜌𝑖𝑟𝑒
) rather than grain size itself, to allow for

a comparison with Fig. 6 of Libois et al. (2015). The vertical grey patches
indicate Nov–Feb of each season.

size of 0.25mm. This value is then used in the second step, in which the
refrozen snow grain size 𝑟e,r is varied to best match the modelled cumu-
lative melt using observed albedo. This was achieved for a refrozen snow
grain size of 1.45mm.

This value for refrozen snowgrain size is compatiblewith the typical largest
grains in dry metamorphosed snow of O(1mm), and which Kuipers Mun-
neke et al. (2011b) used as a lower limit for refrozen snow grains. Li-
bois et al. (2015) and Picard et al. (2016) present observations of snow
grain sizes on the Antarctic plateau during field campaigns in 2012–13
and 2013–14 as well as estimates from satellite observations. On the pla-
teau, summer temperatures are comparable to Neumayer winter temper-
atures. Libois et al. (2015) report summertime snow grain size estimates
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Figure 3.9Measured versusmodelled daily average incoming shortwave
radiation (SW↓). The modelled SW↓ is obtained by dividing the hourly
measured SW↑ by the hourly modelled albedo.

of approximately 0.11mm (Fig. 6 in their study, reported as a specific sur-
face area SSA = 3

𝜌𝑖𝑟𝑒
, where 𝜌𝑖 is the density of ice and 𝑟𝑒 is the snow grain

size). In our study, wintertime snow grain sizes approach 0.21mm. The
difference is expected as the plateau is generally much colder than Neu-
mayer. The seasonal cycle of modelled average specific surface area in the
upper 7 cm (Fig. 3.8) is comparable to the one presented in Libois et al.
(2015), although the wintertime values are probably too low. For the pur-
pose of this study however, the accurate representation of surface albedo
during winter is less relevant as there is no shortwave radiation in winter.

When the adopted albedo values are combined with the observations of
SW↑, the model adequately reproduces the incoming shortwave radiation
(Fig. 3.9, bias = +0.93Wm−2, RMSD = 7.3Wm−2), providing confidence
in the modelled albedo.
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3.4.2 Magnitude of the snowmelt-albedo feedback

Three experiments with the SEBmodel were carried out in addition to the
original run (𝑅0) which uses the measured albedo:

• 𝑅1: the average measured albedo (0.84, determined by adding all
SW↓ and SW↑ for all measurements when the Sun is higher than
15∘ above the horizon and taking the ratio between the two) is pre-
scribed for the entire period;

• 𝑅2: the full albedo parameterisation is used;
• 𝑅3: refrozen snow does not contribute to the changing snow charac-
teristics, i.e. 𝑓r = 0 in Eq. (3.8).

Figures 3.10a and b show time series of modelled cumulative and sea-
sonal surfacemelt for the four experiments. Experiment𝑅1 underpredicts
melt in most seasons, yielding a mean annual amount of surface melt of
39±27mmw.e. yr−1 (compared to 50±42mmw.e. yr−1 for experiment𝑅0).
More melt was modelled in the 1995–96 melt season, which was charac-
terised by frequent precipitation events and cloudy conditions, keeping
observed albedo higher than the long-term mean. Because the albedo pa-
rameterisation (used in experiment 𝑅2) has been calibrated to match ob-
served albedo, experiment 𝑅2 adequately reproduces the amount of sea-
sonal melt (50 ± 34mmw.e. yr−1), although melt in e.g. the 2012 melt
season is underestimated. Run 𝑅3 represents the situation in which the
snowmelt-albedo feedback has been switched off, leading to significantly
underpredicted melt (21 ± 16mmw.e. yr−1).

Defining the strength of the snowmelt-albedo feedback (SMAF) as the ra-
tio between the total seasonal surface melt in experiments 𝑅2 and 𝑅3, we
obtain an average value of 2.6, with a range of 1.3 (1996–97) to 4.8 (1993–
94, see Fig. 3.10c). The effect of subsurface penetration of shortwave radi-
ation on this result is estimated by repeating the above experiments with
inclusion of the radiation penetration model of Kuipers Munneke et al.
(2009). This yielded an average SMAF of 2.3, ranging from 1.5 (2005–
06) to 3.2 (2002–03). The main difference between the two experiments
is the reduced interannual variability: including penetration of shortwave
radiation does not yield SMAF values larger than 3.5. Shortwave radia-
tion penetration heats the subsurface, causing subsurface melt which is
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Figure 3.10 (a) Time series of modelled cumulative amount of melt for the run with measured albedo (𝑅0, dark
orange), a constant albedo of 0.84 (𝑅1, green), a run in which refrozen snow does impact snow grain size (𝑅2, blue)
and a run in which snow grain size is not influenced by refrozen snow (𝑅3, purple). (b) Same as (a) but for seasonal
amount of melt. (c) Ratio of modelled surface melt between blue and purple lines in (a) and (b) (runs 𝑅2 and
𝑅3 respectively). The grey area indicates the uncertainty coming from the uncertainty in the determination of 𝜏
(Fig. 3.2b), ±5Wm−2 measurement uncertainty in SW↑ and the inclusion of shortwave radiation penetration.
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less affected by the snowmelt-albedo feedback because the radiative flux
is smaller in the subsurface. Therefore, the ‘extreme’ years in the sense of
SMAF are less distinct in the experiment with shortwave radiation pene-
tration. The effect of shortwave radiation penetration is included in the
uncertainties indicated in Fig. 3.10c. Combining this with the uncertain-
ties in observed SW↑ and the determination of 𝜏 (Fig. 3.2b) leads to uncer-
tainties in the determination of the SMAF of typically 15%, with a range
of 4% (1995–96) to 32% (1993–94).

A weak positive correlation was found between SMAF and SW↓ (𝑅2 =
0.15, 𝑝 = 0.07); if SW↓ increases,more energy is available at the surface for
melting, which is then in turn further intensified by SMAF. Another weak
negative correlation was found between SMAF and summer precipitation
(𝑅2 = 0.13, 𝑝 = 0.1); snowfall inhibits SMAF as it effectively ‘resets’ the
surface albedo as was also shown by Picard et al. (2012) in a dry region.

Only few studies report on the snowmelt-albedo feedback concerning the
darkening of snow rather than disappearance of it. Box et al. (2012) pro-
vide relationships between anomalies of seasonal 𝑇2m and SWnet (Fig. 5
and 12 of Box et al. (2012)). They find a negative relationship for accu-
mulation regions, i.e. lower 2m temperatures are associated with smaller
SWnet. No such relationship is found for Neumayer (not shown).

3.5 Conclusions

In this study, we used 24 years of high-quality meteorological and radia-
tion observations from the BSRN station Neumayer, situated on Ekström
ice shelf, East Antarctica, to force a surface energy balance model. The
primary goal was to calculate the amount of melt at Neumayer and to in-
vestigate the importance of the snowmelt-albedo feedback. Model per-
formance was evaluated based on the difference between modelled and
measured surface temperature, and themodelledmelt was tested formea-
surement and model parameter uncertainties.

We found that measurement uncertainties, when considered random in
time, do not significantly impact modelled melt at Neumayer over the full
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24-year period (<0.5% difference). However, melt amount and model
performance are sensitive to the values chosen for the surface roughness
length for momentum 𝑧0,m and lower limit of new snow density 𝜌s,0, thus
accuratemeasurements of these valueswould further improve futuremod-
elling studies. Our results confirm that melt at Neumayer is an intermit-
tent process, occurring on average on only 18 days each summer, totalling
50mmw.e. and with an interannual variability of 42mmw.e. Melt occurs
mainly in December and January, sporadically in February and only once
melt was modelled in November. Significant and previously unreported
trends were found in the net longwave radiation (decreasing) and the sen-
sible heat flux (increasing), but these are unrelated to the melt at Neu-
mayer as they mainly occur in winter and are attributed to a decrease in
cloud cover.

Themain difference between high and lowmelt years was found to be sur-
face albedo, implying an important role for the snowmelt-albedo feedback
(SMAF). We quantified SMAF by implementing and tuning an albedo pa-
rameterisation in the SEB model, which includes the effects of snowfall
and wet and dry snow metamorphism on albedo. The albedo parame-
terisation adequately reproduces the seasonal variability in snow grain
size, compared to measurements on the Antarctic Plateau (Libois et al.,
2015). Our derived wintertime snow grain sizes at Neumayer are some-
what smaller than the satellite-derived summertime snow grain sizes at
the Antarctic Plateau (Libois et al., 2015) owing to the lower temperatures
on the plateau. Our main finding is that SMAF on average enhances sur-
face melt at Neumayer by a factor of 2.6 ± 0.8.

Weak correlationswere found of SMAFwith summertime SW↓ andprecip-
itation (0.1 < 𝑅2 < 0.2). To assess how the importance of the snowmelt-
albedo feedback varies spatially and temporally, the next step in this re-
search will be applying this method to other sites in Antarctica and a re-
gional climate model (Van Wessem et al., 2018).
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4. Evaluation of RACMO2

Surface melt on the coastal Antarctic ice sheet (AIS) determines the via-
bility of its ice shelves and the stability of the grounded ice sheet, but very
few in situmelt rate estimates exist to date. Here we present a benchmark
dataset of in situ surface melt rates and energy balance from nine sites
in the eastern Antarctic Peninsula (AP) and coastal DronningMaud Land
(DML), East Antarctica, seven of which are located on AIS ice shelves. Me-
teorological time series from eight automatic and one staffed weather sta-
tion (Neumayer), ranging in length from 15 months to almost 24 years,
serve as input for an energy-balance model to obtain consistent surface
melt rates and energy-balance results. We find that surface melt rates ex-
hibit large temporal, spatial and process variability. Intermittent summer
melt in coastal DML is primarily driven by absorption of short-wave radi-
ation, while non-summermelt events in the eastern AP occur during föhn
events that force a large downward directed turbulent flux of sensible heat.
We use the in situ surfacemelt rate dataset to evaluatemelt rates from the
regional atmospheric climatemodel RACMO2and validate amelt product
from the QuikSCAT satellite.

4.1 Introduction

For most of the Antarctic ice sheet (AIS), the near-surface climate is too
cold to allow for widespread or continuous summer melting, such as oc-
curs in the lower ablation zone of theGreenland ice sheet (Bell et al., 2018).
Therefore, in most of Antarctica, surface melting is an intermittent pro-
cess, associated with warm and moist air advection (Scott et al., 2019).

This Chapter is published as “A benchmark dataset of in situ Antarctic surface
melt rates and energy balance”, Journal of Glaciology, 66(256), 291–302, 2020,
doi:10.1017/jog.2020.6.

65



i
i

“output” — 2021/2/4 — 22:52 — page 66 — #86 i
i

i
i

i
i

66 Chapter 4. Evaluation of RACMO2

An exception is the Antarctic Peninsula (AP), where the relatively mild
summer climate allows for more extensive melt episodes (Kuipers Mun-
neke et al., 2012a; Barrand et al., 2013; Luckman et al., 2014), while on
the east side of the AP föhn events cause episodic surfacemelt throughout
the year (Kuipers Munneke et al., 2018; Wiesenekker et al., 2018).

Most meltwater refreezes in the cold firn, and runoff currently represents
a negligible contribution to AIS mass balance (Van Wessem et al., 2018).
In spite of this, meltwater lakes are widespread on the AIS (Kingslake
et al., 2017; Bell et al., 2017; Stokes et al., 2019), and have the potential to
influence its dynamical evolution. On ice shelves in the eastern AP, firn
saturation and meltwater ponding have been associated with ice-shelf hy-
drofracturing (Banwell et al., 2013; Kuipers Munneke et al., 2014). Ice
shelves buttress the glaciers that feed them; therefore, ice-shelf disinte-
gration causes glacier acceleration (Scambos et al., 2004), which in turn
leads to grounded ice loss and sea level rise.

Trusel et al. (2015) suggest a melt rate threshold for ice-shelf viability of
725mmw.e. yr−1, but with considerable uncertainty associated with firn
conditions, basalmelt rates and ice-shelf stress regimes. As ice shelves are
present along ∼74% of the margins of the AIS (Bindschadler et al., 2011),
the developments in the AP could serve as an analogue for future ice-shelf
disintegration and ice-sheet destabilisation elsewhere in Antarctica when
the climate continues to warm, with different roles for local and large-
scale atmospheric circulation and ice dynamics (Nicolas and Bromwich,
2014; Fürst et al., 2016; Reese et al., 2018). That is why a robust quan-
tification and understanding of contemporary Antarctic surface melt is
essential for improving future predictions of AIS mass loss and sea level
rise (Trusel et al., 2015; DeConto and Pollard, 2016).

Nevertheless, very few studies exist that directly and robustly quantify in-
situ surface melt rates in Antarctica. Themain reason is that this requires
accurate measurements, not only of near-surface climate variables (pres-
sure, wind speed, temperature and humidity) but also incoming and out-
going shortwave and longwave radiation fluxes. Only then can the surface
energy balance (SEB) be closed and the energy available for surface melt
be quantified (e.g. Reijmer and Oerlemans, 2002; Van den Broeke et al.,
2006; Kuipers Munneke et al., 2012b).
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0 20 40 75 150 250 400 750

Snowmelt [mm w.e. yr 1]
Figure 4.1 Locations and identifiers of used automatic weather stations
in the Antarctic Peninsula (yellow triangles) and Dronning Maud Land
(blue dots). Neumayer station is denoted with an N (blue dot). Back-
ground colours represent period-average annual melt amounts (1979–
2017) as simulated by the regional atmospheric climate model RACMO2
(VanWessem et al., 2018). The thin black line represents the 10mheight
contour (∼ shelf edge), the thick black line represents the 150m height
contour (∼ grounding line), grey lines indicate 500m height intervals.

Apart from the remoteness and the harsh climate, in-situ observations
in Antarctica are also hindered by accumulating snow, which buries the
instruments if they are not regularly raised. Hence, very few Automatic
Weather Stations (AWS) or even staffedmeteorological stations on the ice
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sheet are equipped with radiation sensors (Kuipers Munneke et al., 2014,
2018). The prime long-term (1981-present) site is Neumayer station, lo-
cated on Ekström ice shelf in Dronning Maud Land (DML), which is part
of the Baseline Surface Radiation Network and therefore also provides
high-quality radiationmeasurements. Furthermore, it has the added ben-
efit of being situated on the ice shelf, rather than on ice-free rock with
very different surface characteristics (VandenBroeke et al., 2005a, 2010b;
König-Langlo and Loose, 2007; Jakobs et al., 2019).

To circumvent the scarcity of suitable in-situ observations, several alterna-
tive methods have been developed to assess Antarctic surface melt rates.
Temperature–index models rely solely on air temperature records and as-
sume melt to occur when air temperature exceeds 0∘C while adopting an
index that couples the air temperature to surface melt rate. This method
has proven valuable to obtain longer-term regional estimates for Antarctic
surfacemelt patterns (Van denBroeke, 2005; Barrand et al., 2013; Leeson
et al., 2017), but lacks a physical basis and properly constrained parame-
ters (Wake andMarshall, 2015); for instance, it does not explicitly resolve
the snowmelt–albedo feedback, which has the potential to enhance melt
rates threefold in Antarctic regions with intermittent melt (Jakobs et al.,
2019). Remote sensing provides a valuable tool for the direct, continent-
wide observation of surfacemelt bymeasuring surface brightness temper-
atures (Picard et al., 2007) and by the attenuation of radar waves in the
presence of liquid water in the near-surface snow (Trusel et al., 2012). By
correlating satellite signal attenuation to in-situ surface melt, continent-
wide maps of summer melt totals can be obtained (Trusel et al., 2013). Fi-
nally, surface melt rates can be modelled using (regional) climate models
(King et al., 2015; Kuipers Munneke et al., 2017; VanWessem et al., 2018;
Donat-Magnin et al., 2019). These models generally perform adequately,
but suffer from climate biases and limited resolution that smoothens the
topography, especially in topographically steep regions such as the AP
and the relatively steep escarpment zone in DML, East Antarctica. This
smoothing results in biases in temperature, wind speed and surface melt
(Van Wessem et al., 2014a).

All of these methods depend on in-situ observations of melt rates for cali-
bration (temperature–indexmodels, satellite melt rate), validation (satel-
lite melt detection) or evaluation (climatemodels). That is why building a
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benchmark dataset of consistently derived in-situ Antarctic melt rate ob-
servations is crucial. As of today, most studies that have explicitly quan-
tified the SEB and melt rate in Antarctica were restricted to a single lo-
cation, for example Larsen C ice shelf in the AP (Kuipers Munneke et al.,
2012b; King et al., 2015, 2017), Berkner Island (Reijmer et al., 1999) or
glaciers situated on islands close to the AP (e.g. Bintanja, 1995; Jonsell
et al., 2012; Falk et al., 2018). While these studies provide important in-
formation about surfacemelt and its temporal variability, their spatial cov-
erage remains limited.

Here we present a benchmark dataset of Antarctic surface melt rates and
energy balance from one staffed research station (Neumayer) and eight
Automatic Weather Stations (AWS). All sites are located in the Atlantic
sector of Antarctica, ranging from the eastern Antarctic Peninsula (AP) to
Dronning Maud Land (DML, Fig. 1). Although some individual results
from Neumayer and three AWS have been published before (e.g. Van den
Broeke et al., 2010b; Kuipers Munneke et al., 2012b, 2018; King et al.,
2015, 2017; Wiesenekker et al., 2018; Jakobs et al., 2019), this study ex-
pands on previous work by updating the time series, using a single surface
energy balance (SEB) model framework to process all station data and de-
termine uncertainties in a consistent manner. Subsequently, we use the
resulting in-situmelt data to assess the validity of simplified temperature–
index models, evaluate Antarctic surface melt from the regional climate
model RACMO2 and validate the QuikSCAT satellite melt product.

In the next section we describe the instruments used on the weather sta-
tions and introduce the SEB model. Next, we present the dataset and dis-
cuss its main characteristics including annual averages and seasonal and
daily variability. We proceed to use the new dataset to calibrate, evaluate
and validate alternative Antarctic melt products, followed by conclusions.

4.2 Methods

4.2.1 Automatic weather stations

Since 1995, the Institute forMarine and Atmospheric Research of Utrecht
University (IMAU) has deployed and maintained 19 automatic weather
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stations (AWS) inAntarctica. As ofNovember 2019, four of theseAWSare
still operational. The stations have technically evolved from Type 1 (T1)
to Type 3 (T3) (Table 4.1, see also Smeets et al., 2018). Here we only use
data of T2 and T3 AWS as these measure the full radiation balance, i.e. in-
coming and reflected broadband shortwave radiation, SW↓ and SW↑, and
downward and upward broadband longwave radiation, LW↓ and LW↑. In
addition, the AWSmeasure near-surface air temperature (𝑇), wind speed
(WS), wind direction (WD), relative humidity (RH), instrument height
(𝐻), air pressure (𝑝) and snow temperature (𝑇sn) at various depths. Spec-
ifications of the used sensors are presented in Table 4.1.

The stations sample every sixminutes, after which 2-hourly (T2, until Jan-
uary 2001), hourly (T2, from January 2001 onwards) or half-hourly (T3)
means are calculated, stored locally and transmitted through the Argos
satellite system. The AWS are powered by lithium batteries, while T3 sta-
tions in addition use solar cells. The temperature/humidity and radiation
sensors are not ventilated because of energy considerations, which may
negatively affect their performance. The magnitude of the resulting er-
ror depends on the amount of incoming and reflected solar radiation, the
wind speed and the type of radiation shield used (Van den Broeke et al.,
2004c). Bintanja (2000) and Van As et al. (2005) show that, based on
a comparison with ventilated instruments, the radiation error does not
exceed the sensor accuracy listed in Table 4.1 for the T2 stations.

Due to the low temperatures encountered at several sites, some of the sen-
sors are operated outside of their range of operational specifications. This
mostly affects the relative humidity and longwave radiation observations.
The relative humidity observations are corrected based on the method de-
scribed by Anderson (1994) and Van den Broeke et al. (2004a). The ac-
curacy of the radiation sensors, which are affected by icing/riming, tilt,
low sun angles and window heating offset, is discussed in Van den Broeke
et al. (2004c). They conclude that with an accuracy of 5% for the daily
averages, the radiation sensors perform better than their specifications;
we follow their methods to check for rime formation. To reduce net short-
wave radiation errors on sub-daily time scales, we calculate a 24h running
mean albedo, which is then applied to the reflected shortwave radiation
to obtain incoming and net shortwave radiation fluxes. For all variables,
erroneous values were removed by automated and manual detection.
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Table 4.1 Sensors used on the different type of automatic weather sta-
tions. EADT =Estimated Accuracy for Daily Totals. For technical details
of the observations at Neumayer the reader is referred to König-Langlo
and Loose (2007) and Jakobs et al. (2019).

Sensor Station Sensor Type Range Accuracy
type

Atmospheric T2 Vaisala PTB101B 600–1060hPa ±4hPa
pressure T3 Freescale Xtrinsic MPL3115A2 200–1100hPa ±0.4 hPa
Air temperature T2 Vaisala HMP35AC -80–56∘C ±0.3∘C

T3 NTC thermistor -60–40∘C <0.1∘C
Relative humidity T2 Vaisala HMP35AC 0–100% ±2% (RH<90%)

3% (RH>90%)
T3 Sensirion SHT35 0–100% ±1.5%

Wind speed T2/3 Young 05103 0–60ms−1 ±0.3ms−1

Wind direction T2/3 Young 05103 0–360∘ ±3∘

Pyranometer T2 Kipp and Zonen CNR1 305–2800nm ±10% EADT
0–2000Wm−2

T3 Kipp and Zonen CNR4 300–2800nm ±10% EADT
0–2000Wm−2

Pyrradiometer T2 Kipp and Zonen CNR1 5–50𝜇m ±10% EADT
-250–250Wm−2

T3 Kipp and Zonen CNR4 4.5–42𝜇m ±10% EADT
-250–250Wm−2

Sonic height T2 Cambell SR50 0.5–10m 0.01m or 0.4%
ranger T3 MaxBotix HRXL MaxSonar WRS 0.5–5m <1%

We use data of four AWS on ice shelves in the eastern AP and four in
Dronning Maud Land (DML), East Antarctica (indicated in Fig. 4.1). Fur-
thermore, we use data of Neumayer Station, located on Ekström ice shelf
in DML (König-Langlo, 2017) (also indicated in Fig. 4.1). The Neumayer
meteorological observatory is operated by the Alfred Wegener Institute
and is part of the Baseline Surface Radiation Network, a global network
of artificially ventilated, high-quality radiation observations, with instan-
taneous individual broadband fluxes more accurate than 5Wm−2 (see
König-Langlo and Loose (2007) for technical specifications and Jakobs
et al. (2019) for measurement accuracies). The same variables are mea-
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Table 4.2 Overview of AWS used in this study: locations, elevations and
period of operation (see also Fig. 4.1). Except for AWS 5 and 11, all sta-
tions are located on ice shelves (denoted by IS).

Station name Latitude (∘S) Longitude (∘E) Elevation (ma.s.l.) Time period Geographical location
Dronning Maud Land

Neumayer 70.63 -8.26 17 Apr 92 – Jan 16 Ekström IS
AWS 4 72.75 -15.48 35 Dec 97 – Dec 02 Riiser-Larsen IS
AWS 5 73.1 -13.17 ∼360 Feb 98 – Feb 14 Aboa/Wasa stations
AWS 11 71.17 -6.8 ∼690 Jan 07 – Jan 19 Halvfarryggen ice rise
AWS 19 70.95 26.27 ∼50 Dec 14 – Feb 16 Roi Baudouin IS

Antarctic Peninsula
AWS 14 67.02 -61.5 ∼50 Jan 09 – Jun 15 Larsen C IS
AWS 15 67.57 -62.15 ∼50 Jan 09 – May 14 Larsen C IS
AWS 17 65.93 -61.85 ∼50 Feb 11 – Mar 16 Larsen B IS (remnant)
AWS 18 66.4 -63.73 ∼70 Nov 14 – Sep 18 Cabinet Inlet, Larsen C IS

sured atNeumayer as by theAWSexcept for the sonic height ranger, which
is not present at Neumayer. Instead, height changes aremeasured at Neu-
mayer by weekly stake measurements.

Table 4.2 provides station names, locations, altitudes and observation pe-
riod of the stations used in this study. AWS4was located on the flat Riiser-
Larsen ice shelf, AWS 5 was located inland of the grounding line in the
steep escarpment zone, dominated by katabatic winds (Van den Broeke
et al., 1999; Van Wessem et al., 2014a). Neumayer is located on Ekström
ice shelf, which is prone to low-pressure systems passing north of the sta-
tion. This results in frequent strong synoptically-forced easterly winds,
advecting warm moist air (Herman et al., 2013). AWS 11 was located rel-
atively close to Neumayer but on an ice rise; its higher elevation leads to
significantly less surface melt. AWS 19 was located close to the ground-
ing line on the Roi Baudouin ice shelf, where föhn winds occur frequently
(Lenaerts et al., 2017). In the AP, AWS 18 is also prone to frequent föhn
events, located close to the grounding line just east of the AP mountain
range (Kuipers Munneke et al., 2018; Wiesenekker et al., 2018). Farther
from the grounding line on the flat ice shelf, AWS 14 and 15 are affected
much less by föhn winds. AWS 17 was located more to the north on Scar
Inlet, the Larsen B remnant. Because of the northerly location, it experi-
enced more melt than AWS 14 and 15.
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4.2.2 Surface Energy Balance model

Surface melt energy is calculated by solving the Surface Energy Balance
(SEB) equation:

𝑀 = SW ↓ +SW ↑ +LW ↓ +LW ↑ +𝑄S + 𝑄L + 𝑄G

= SWnet + LWnet + 𝑄S + 𝑄L + 𝑄G , (4.1)

inwhich SWnet andLWnet are the net short- and longwave radiation fluxes,
𝑄S and𝑄L are the turbulent fluxes of sensible and latent heat,𝑄G the con-
ductive subsurface heat flux, and 𝑀 the energy available for surface melt
respectively. By convention, positive fluxes are directed towards the sur-
face. The turbulent fluxes 𝑄S and 𝑄L are calculated using the flux-profile
method between the measurement level and the surface, using Monin-
Obukhov similarity theory with the stability functions from Dyer (1974)
for unstable conditions and those from Holtslag and De Bruin (1988) for
stable conditions. Energy added through liquid precipitation is neglected
as rainfall is rare in Antarctica.

𝑀 is zero when the surface temperature 𝑇s is below the freezing point
(273.15K). 𝑇s is derived by assuming the energy balance equation to be
valid for an infinitesimally thin surface layer (skin layer). To that end, all
terms in Eq. (4.1), apart from SWnet and LW↓, are expressed as a function
of 𝑇s after which Eq. (4.1) is solved iteratively for 𝑇s so that the SEB is
closed. A more detailed description of the model can be found in Reijmer
et al. (1999).

The snowpack is initialised with 70 layers of varying thickness: 1 cm at
the top, gradually increasing to 2m at 25m. The lowest layer is kept at a
constant, prescribed temperature: the annually averaged air temperature.
Layer thickness can vary as a result of dry snow densification, meltwa-
ter refreezing and mass changes by sublimation or deposition. Meltwater
percolation is modelled with the tipping-bucket method (e.g. Ligtenberg
et al., 2014), in which meltwater is assumed to percolate downwards in-
stantaneously when a layer has reached its maximum capillary retention,
which is parameterised following Schneider and Jansson (2004). Short-
wave radiation penetration into the subsurface is calculated using a spec-
tral model from KuipersMunneke et al. (2009), based on Schlatter (1972)
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and Brandt and Warren (1993). Temperature and specific humidity are
recalculated to 2m values and wind speed to 10m values using Monin-
Obukhov similarity theory.

For all stations, we use the same constant value for surface momentum
roughness length 𝑧0,m of 1.65mm, following Jakobs et al. (2019). Cur-
rently, insufficient data are available to make 𝑧0,m time-dependent across
the stations in a consistent manner. The surface roughness lengths for
moisture and heat are calculated using the expressions of Andreas (1987).
The density of new snow is determined for each station separately by run-
ning the model multiple times and minimising the difference between
modelled 𝑇s and observed 𝑇s derived from LW↑. The sensitivity to dif-
ferent choices for 𝑧0,m, new snow density and the inclusion of shortwave
radiation penetration are used to estimate the uncertainty in the deter-
mined heat fluxes and surface melt rates following the method outlined
in Jakobs et al. (2019).

4.3 Results

4.3.1 Annual means and seasonal cycles

Table 4.3 lists annual (July–June) totals (snowmelt, sublimation) and av-
erage values of climatological variables and SEB components for the nine
sites. Surface melt and sublimation rates are expressed in mmw.e. yr−1,
which is equal to kgm−2 yr−1. Uncertainties in 𝑄S, 𝑄L, 𝑄G, 𝑀, snow-
melt and sublimation are derived from sensitivity experiments (following
Jakobs et al., 2019), the other uncertainties are derived from measure-
ment uncertainties (Table 4.1). The large uncertainty in 𝑄G is a result of
taking radiation penetration into account; when it is accounted for, energy
that would have been provided to the surface by SW↓ is instead absorbed
in the subsurface, which is eventually provided to the surface through𝑄G.

The table shows that in general, stations on the eastern AP ice shelves ex-
perience typically an order of magnitude more melt than those in DML
(Table 4.3), mainly driven by the difference in annual average net radia-
tion Rnet (≡ SWnet+LWnet). Although SW↓ is slightly larger in the AP, the
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higher precipitation amounts increase the surface albedo sufficiently to re-
sult in an SWnet similar to what is observed inDML.However, the warmer
air on the eastern AP ice shelves increases LW↓, resulting in a larger Rnet.
Subsequently, the larger𝑄G is a result of refreezing that occurs in the sub-
surface snow layers. Refreezing raises the subsurface temperature, and
keeps it close to the melting point after melt events.

Figure 4.2 shows the seasonal cycles of monthly average 2m temperature,
specific humidity and 10m wind speed (top row), the radiation balance
(middle row) and the SEB components (bottom row) for AWS 14, 5 and
Neumayer. These three locations were selected because of their relatively
long observation period, which demonstrates that they represent three
distinct climate regions: the eastern AP ice shelves (AWS 14, left column)
and for DML an inland and coastal ice shelf location (AWS 5 and Neu-
mayer, centre and right). The shading in Fig. 4.2 indicates the standard
deviations of the monthly means.

A comparison of the seasonal cycles shows that the highest summer near-
surface temperatures are observed in the eastern AP, owing to its more
northerly location and exposure to milder maritime air masses. In win-
ter, an interesting result is that AWS 5 and Neumayer, located in DML,
experience higher temperatures than the eastern AP. This is caused by
stronger wintertimewinds at the DML stations, typically 8–10ms−1 (Van
den Broeke et al., 2004b), compared to 4ms−1 at AWS 14 (Kuipers Mun-
neke et al., 2012b; King et al., 2015). The climate of AWS 5, which is lo-
cated in the escarpment zone, is characterised by katabatic winds that ef-
ficiently mix relatively warm air from aloft towards the surface, prevent-
ing the formation of a strong surface-based temperature inversion and
leading to warming of the surface and near-surface air (Van den Broeke
et al., 1999; Van Wessem et al., 2014a). At Neumayer, the ice-shelf sur-
face is nearly flat and the resulting katabatic forcing is weak. Here, the
higher wind speeds are synoptic in nature, owing to the vicinity of the At-
lantic climatological low-pressure system and the associated passage of
low-pressure systems to the north of the station (Herman et al., 2013). In
contrast, AWS 14, also located on a flat ice shelf, is under the influence
of cold air that is transported by barrier winds along the spine of the AP
(Turner et al., 2002); in combination with the relatively low wind speeds,
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Table 4.3 Annual (Jul–Jun) values of climatological variables and SEB components for AWS and Neumayer station.
*The values of AWS19 are averages of Jan–Dec, as there is no full Jul–Jun period available for that station. The top
row indicates whether the station is located in Dronning Maud Land (DML) or the Antarctic Peninsula (AP), the
third row indicates the period of observation (mm/yy–mm/yy). Uncertainties in 𝑄S, 𝑄L, 𝑄G, 𝑀 (melt energy), SM
(snowmelt) and SU (sublimation) are derived from sensitivity experiments (following Jakobs et al., 2019), the other
uncertainties are derived from measurement uncertainties (Table 4.1).

DML AP
Variable Neumayer AWS 4 AWS 5 AWS 11 AWS 19* AWS 14 AWS 15 AWS 17 AWS 18

4/92–1/16 12/97–12/02 2/98–2/14 1/07–1/19 12/14–2/16 1/09–6/15 1/09–5/14 2/11–3/16 11/14–9/18
𝑇2m (K) 257.1 ± 0.1 254.4 ± 0.3 257.1 ± 0.3 256.0 ± 0.3 259.0 ± 0.3 257.6 ± 0.3 257.4 ± 0.3 258.8 ± 0.4 260.9 ± 0.3
𝑞2m (g kg−1) 1.1 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.0 ± 0.0 1.2 ± 0.0 1.3 ± 0.0 1.3 ± 0.0 1.3 ± 0.0 1.5 ± 0.0
WS10m (m s−1) 8.9 ± 0.6 6.4 ± 0.4 8.1 ± 0.4 9.6 ± 0.4 9.9 ± 0.4 4.5 ± 0.4 4.6 ± 0.4 4.8 ± 0.4 3.6 ± 0.4
SW↓ (Wm−2) 128 ± 5 123 ± 27 130 ± 29 127 ± 28 140 ± 28 130 ± 29 128 ± 29 138 ± 31 134 ± 30
SW↑ (Wm−2) -107 ± 5 -107 ± 24 -108 ± 24 -109 ± 25 -117 ± 25 -112 ± 25 -114 ± 25 -115 ± 26 -122 ± 27
SWnet (Wm−2) 20.4 ± 0.4 16 ± 4 22 ± 5 18 ± 4 23 ± 4 19 ± 4 15 ± 3 24 ± 5 17 ± 4
LW↓ (Wm−2) 218 ± 5 222 ± 15 205 ± 15 214 ± 15 214 ± 15 242 ± 15 240 ± 15 238 ± 15 240 ± 15
LW↑ (Wm−2) -246 ± 5 -237 ± 15 -241 ± 15 -237 ± 15 -258 ± 15 -254 ± 15 -248 ± 15 -257 ± 15 -268 ± 153
LWnet (Wm−2) -28 ± 4 -24 ± 10 -39 ± 10 -27 ± 10 -39 ± 10 -20 ± 10 -20 ± 10 -18 ± 10 -19 ± 10
Rnet (Wm−2) -8 ± 3 -8 ± 14 -17 ± 15 -9 ± 14 -16 ± 14 -1 ± 14 -5 ± 13 6 ± 15 -2 ± 13
𝑄S (Wm−2) 14.2 ± 0.8 10 ± 1 21 ± 2 12.3 ± 0.7 20.4 ± 0.7 3.7 ± 0.1 7.6 ± 0.5 0.8 ± 0.6 10 ± 1
𝑄L (Wm−2) -6.4 ± 0.3 -2.1 ± 0.3 -5 ± 1 -3.9 ± 0.2 -5.3 ± 0.2 -3.0 ± 0.1 -2.6 ± 0.2 -6.9 ± 0.2 -7.2 ± 0.5
𝑄G (Wm−2) 1 ± 8 0 ± 7 0 ± 9 0 ± 6 3 ± 6 2 ± 7 2 ± 5 4 ± 7 4 ± 4
𝑀 (Wm−2) -0.5 ± 0.1 -0.2 ± 0.4 -0.1 ± 0.1 -0.1 ± 0.0 -2.1 ± 0.2 -2 ± 3 -2 ± 2 -4 ± 4 -5 ± 4
SM (mmw.e. yr−1) 50 ± 3 14 ± 6 34 ± 7 7 ± 2 196 ± 2 213 ± 13 139 ± 12 405 ± 9 451 ± 32
SU (mmw.e. yr−1) 71 ± 3 23 ± 4 50 ± 15 40 ± 2 59 ± 2 33.5 ± 0.9 29 ± 3 76 ± 3 81 ± 5
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Figure 4.2 Seasonal cycles (based onmonthlymeans) of near-surface climate, surface
radiation and surface energy balance for AWS 14 (left column), AWS5 (centre column)
and Neumayer (right column). The top panels show the seasonal cycles of 2m tem-
perature, 10m wind speed and 2m specific humidity. The middle panels show the
seasonal cycles of upward and downward broadband radiation fluxes, as well as net
radiation, and the bottom panels show the seasonal cycles of the SEB components.
The shading indicates the standard deviations of the monthly means, based on the
available period. December and January are repeated for clarity. Note that these av-
erage seasonal cycles are derived using data from different time periods (see Table
4.2). Output for the same period from RACMO2 are shown with dashed lines.

this enables the formation of a strong surface-based temperature inver-
sion, which keeps the climate of Larsen C ice shelf relatively cold in winter
(Marshall and King, 1998).

The seasonal cycles of the radiation balance (Fig. 4.2, middle row) show
that the minimum in LW↓ is shifted by 1–2 months with respect to SW↓.



i
i

“output” — 2021/2/4 — 22:52 — page 78 — #98 i
i

i
i

i
i

78 Chapter 4. Evaluation of RACMO2

This is a result of the delay in atmospheric heating in response to slow am-
bient warming. Net radiation is strongly negative in winter and becomes
weakly positive in summer, when in spite of the high surface albedo, ab-
sorbed shortwave radiation exceeds the longwave energy loss. Further-
more, as a result of the longer polar night at AWS 5 and Neumayer, the
net radiation flux is negative for a longer period than at AWS 14. As stated
above, strong winds at AWS 5 and Neumayer enhance 𝑄S, increasing the
surface temperature and therewith longwave radiation heat loss (Van den
Broeke et al., 2010b; Jakobs et al., 2019). As a result, net radiation at AWS
14 is∼ 10Wm−2 higher in summer and∼ 20Wm−2 higher in winter com-
pared to AWS 5 and Neumayer. The resulting annual mean net radiation
flux is almost zero at AWS 14, while it is negative at AWS 5 and Neumayer
station. At AWS 17, annual net radiation is positive. The reason for this
is twofold: at this site, regular melting decreases surface albedo; owing
to the dry climate, the albedo is not frequently reset by fresh snow, thus
increasing SWnet. Secondly, the absence of katabatic winds over the flat
ice shelf reduces turbulent heating of the surface, limiting longwave heat
losses.

The seasonal cycles of all SEB components (Fig. 4.2, bottom row) show
how the differences in surface climate impact surface energy exchange
and melt rate. In winter, the high wind speeds at sites AWS 5 and Neu-
mayer result in larger𝑄S, heating the surface and cooling the atmosphere.
This results in additional longwaveheat loss, leading tomorenegativewin-
tertime net radiation (Van den Broeke et al., 2010b; Jakobs et al., 2019).
This process is much weaker at AWS 14, where wind speeds are low year-
round. In summer at AWS 14, 𝑄S becomes negative, indicating the pres-
ence of a (daytime) weakly convective boundary layer (Kuipers Munneke
et al., 2012b; Välisuo et al., 2014; King et al., 2015). This is a result of the
regular occurrence of melt at this site: it lowers the albedo through wet
snow metamorphism, enhancing SWnet and creating negative surface-to-
air temperature gradients before melting starts. Surface warming is fur-
ther enhanced through 𝑄G, which increases significantly in response to
warming of the subsurface snow when meltwater refreezes. As melt rates
are small at AWS 5 and Neumayer, these effects are weaker there. At all
three stations, sublimation (𝑄L) becomes the largest source of heat loss
in summer, when temperatures are sufficiently high to allow for signifi-
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cant surface-to-air specific humidity gradients. At AWS 14, 𝑄L becomes
weakly positive in winter, indicating deposition of atmospheric moisture
(rime formation) at the surface (Kuipers Munneke et al., 2012b; Välisuo
et al., 2014; King et al., 2015).

At all stations, average summermelt energy is typically small, and all SEB
components are important in determining its magnitude. To look at the
surface melt process in more detail, the following section discusses two
case studies, using the full temporal resolution of the dataset.

4.3.2 Two case studies: meteorological drivers of surface melt

The high temporal resolution of the dataset provides an opportunity to
investigate surface melt and its drivers more closely. Figure 4.3 contrasts
two melt events in DML (AWS 4 and AWS 5, 27-31 December 1998, left)
and on Larsen C ice shelf in the eastern AP (AWS 14 and AWS 18, 7-13
April 2015, right). Note that the AP AWS store data at hourly intervals,
while AWS4 and 5 stored data at a two-hourly time resolution. AWS4was
situated on the flat Riiser-Larsen ice shelf and AWS 5 85 km to the ESE,
just off the shelf on the grounded ice sheet, but still close to sea level. At
this small distance, they experience similar daily cycles. In this relatively
cold part of Antarctica, surfacemelt is intermittent and only occurs during
daytime in summer, when insolation is strong enough to raise the surface
temperature to the melting point.

The selected midsummer period (27–31 December 1998) for AWS 4 and
5 represents a radiation-dominated melt event typical for this location;
these daily cycles during the midnight sun are dominated by the net ra-
diation flux being positive when solar radiation is sufficiently large and
negative otherwise (Fig. 4.3a and b). Melt occurs when net radiation be-
comes significantly positive (∼ 50Wm−2) and surface heat sinks (convec-
tion, sublimation, subsurface heat conduction) are not strong enough to
prevent the surface from reaching the melting point.

While both stations experience roughly similar meteorological conditions
(Fig. 4.4a–d), melt does not necessarily occur simultaneously at the two
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Figure 4.3 High-resolution time series of SEB components for AWS 4
and 5 in Dronning Maud Land (a and b, 27–31 Dec 1998, 2 h resolution)
and AWS 14 and 18 in the Antarctic Peninsula (c and d, 7–13 Apr 2015,
1 h resolution). Note the different vertical axes (a and b compared to c
and d).

locations. For example, on 28 December 1998 melt occurred at AWS 4
but not at AWS 5; on this day, a lower relative humidity and a higher
wind speed at AWS 5 enabled stronger sublimation, removing sufficient
energy from the surface to prevent surface melt. Note that Rnet was sim-
ilar at both stations: the higher cloud cover at AWS 4 reduced SWnet but
increased LWnet, which effectively cancelled each other.

Conversely, two days later on 30 December 1998, melt occurred at AWS
5 but not at AWS 4, with higher winds and surface cooling by sublimation
this time occurring over the ice shelf. We conclude that surface melt in
coastal DML is the result of a delicate balance between daytime surface
heat sources and heat sinks, and highly sensitive to differences in cloud
cover, atmospheric humidity and wind speed.
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Figure 4.4 Time series of 𝑇2m, 𝑇s, WS10m and RH2m for AWS 4 and 5
(a–d) and AWS 14 and 18 (e–h) for the same periods as in Fig. 4.3.

On Larsen C ice shelf, surface melt also occurs in non-summer months
and even during the polar night. Under the influence of strong circum-
polar westerlies, föhn winds can develop at the lee (eastern) side of the
south-north oriented spine of theAP (Elvidge et al., 2014; King et al., 2017;
Kuipers Munneke et al., 2018). During these events, warm and dry air
reaches the ice shelf at the foot of the mountains. Turton et al. (2018)
and Wiesenekker et al. (2018) show that föhn events at AWS 18 between
November 2014 and December 2016 occur 14% of the time. Even in mid-
winter, 2m air temperatures can reach values as high as 10∘C, while rela-
tive humidity decreases to values below 50%.

AWS 14 and 18 are both located on Larsen C ice shelf in the eastern AP
(Fig. 4.1). AWS 18 is located in Cabinet Inlet, one of themain contributing
ice streams of the Larsen C ice shelf. AWS 14 is located ∼120 km SE of
AWS 18, in the middle of the ice shelf and significantly closer to the ice-
shelf edge. The spine of the AP causes the occurence of frequent föhn
events at AWS 18 (see e.g. Kuipers Munneke et al., 2018; Wiesenekker
et al., 2018); owing to its location farther from the mountain range, these
events are less frequent and less severe at AWS 14 (Turton et al., 2018).
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Figures 4.3c–d and4.4e–h show the SEBandnear-surface climate at AWS
14 and 18, for a six-day period in April 2015. This event was chosen be-
cause of the short overlap between the two stations’ observational record,
resulting in this event as one of the few events registered by both sta-
tions. During this period, a well-developed and long-lasting föhn event
was registered at AWS 18, with air temperatures as high as 8.5∘C. Sur-
face melt occurred continuously for 60h, from ∼8 April 10:00 until ∼10
April 21:00, with a cumulative melted mass of 37 kgm−2. The most im-
portant energy source was 𝑄S, reaching peak hourly averaged values of
150Wm−2, aided by the strong winds (11–12ms−1) and the large temper-
ature gradient between the warm air and the melting surface, which can-
not adjust its temperature further upwards. Relative humidity remained
as low as 40%, characteristic of föhn winds, leading to significant subli-
mation with peak hourly average values of 75Wm−2. Without this heat
sink, cumulative melt would have been ∼44% higher. At AWS 14, owing
to its location farther from the AP spine, the föhn effect is significantly
less pronounced, with above-freezing air temperatures occurring only to-
wards the end of the episode and cumulativemelt totalling 2 kgm−2, 5.4%
of that at AWS 18. At AWS 14, the surface temperature remained below
freezing for most of the period, with 𝑄G gradually increasing indicating
warming of the snowpack by𝑄S and LWnet, resulting in some surfacemelt
in the final hours of the föhn event. This shows that AP föhn events and
the associated melt are spatially highly heterogeneous, and tend to peak
in intensity and duration at the foot of the AP mountains.

4.4 Evaluation of other surface melt products

4.4.1 Temperature–index models

Temperature–indexmodels are usedwhere radiation observations are not
available. By relating surface melt rates to air temperature, an estimate
of the former can be determined solely from temperature observations.
Typically, these models relate period-total melt amounts to the period-
sum of daily 𝑇 − 𝑇c when 𝑇 > 𝑇c, where 𝑇c is a freely chosen threshold
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temperature (usually 𝑇c = 0∘C) and 𝑇 is the daily average air tempera-
ture (usually at 2m) (see e.g. Braithwaite, 1995; Hock, 2003; Van den
Broeke et al., 2010a). The proportionality constant between daily aver-
age 𝑇 − 𝑇c and daily melt amount is the degree day factor (DDF), ex-
pressed in mmd−1 K−1. Commonly used values for DDF are in the range
3–8mmd−1 K−1 (Hock, 2003).

Applying this method to all stations with 𝑇c = 0∘C yields DDFs between
3.3mmd−1 K−1 (AWS 18) and 55.6mmd−1 K−1 (AWS 19). The results
indicate that DDF is spatially highly variable, with an average value of
26.6mmd−1 K−1 for DML stations and 5.9mmd−1 K−1 for eastern AP
shelf stations. The very high degree day factors for DML are caused by
the intermittent nature of the melt, giving rise to frequent melt days for
which average daily temperatures do not exceed 0∘C (see also Fig. 4.4).

The variability in the DDF over larger areas was also shown by Van den
Broeke et al. (2010a) for the Greenland ice sheet. As 𝑇 is the daily aver-
age air temperature, melt days on which daily average 𝑇 < 0∘C are not
recognised as melt days, which results in a significant amount (72.5% in
terms of total melt) of melt events not being accounted for. This effect is
most pronounced in DML, where only 7.6% of the melt days have a daily
average 𝑇 > 0∘C, compared to 34.7% on eastern AP ice shelves.

By choosing 𝑇c < 0∘C, e.g. when𝑇c is set to -10∘C (following Van den Broe-
ke et al., 2010a), all melt events are accounted for; however, the correla-
tion coefficient between predicted and observed daily melt 𝑅2 decreases
from 0.36 to 0.33, further lowering the validity of this method. This sim-
ple application of the in-situ melt rate dataset shows that continent-wide
estimates for surface melt cannot be based solely on temperature records
and a positive-degree day method.

4.4.2 RACMO2

We compare the in-situ surface melt rates to the output of the polar ver-
sion of the Regional Atmospheric Climate MOdel (version RACMO2.3p2,
fromnowonRACMO2), which is developed at IMAU in collaborationwith
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Figure 4.5 In-situ versus (a,b) RACMO2-modelled and (c) QuikSCAT-
derived yearly (Jul–Jun) melt. AWS are indicated by station numbers
and Neumayer by N. (a) shows all stations, (b) focuses on DML stations
for clarity. Correlation coefficients are (a) 0.83, (b) 0.51 and (c) 0.92.
The error bars for RACMO2 (a,b) and QuikSCAT (c) are empirically
determined by calculating the relative deviation from each observation
and taking the average; this average relative deviation is then imposed
on each model melt point. The errors of the in-situ melt values are de-
rived from a parameter uncertainty study with the SEBmodel (similar to
Jakobs et al., 2019).
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the Royal Netherlands Meteorological Institute (KNMI). The model com-
bines the dynamics of the regional model HIRLAM (Undén et al., 2002)
with the physics parameterisations of ECMWF-IFS (ECMWF, 2009), as-
suming hydrostatic balance and using 40 vertical levels. It is interactively
coupled to a multilayer snow model that calculates melt, refreezing, per-
colation and runoff of meltwater (Ettema et al., 2010). It furthermore in-
cludes a snow albedo scheme based on snow grain size evolution (Kuipers
Munneke et al., 2011b; Van Angelen et al., 2012) as well as a drifting snow
scheme that simulates the redistribution and sublimation of suspended
snow particles (Lenaerts et al., 2012). We refer the reader to VanWessem
et al. (2014a) and VanWessem et al. (2014b) for more technical details of
RACMO2.

Here we use the latest gridded 27 km product spanning the period 1979–
2017 and covering the entire continent (Fig. 4.1). The model run is forced
at the lateral boundaries and in the upper atmosphere by the ERA-interim
reanalysis product (Dee et al., 2011). Previous studies have evaluated
RACMO2 for temperature, wind speed and SEB components in Antarc-
tica; Van Wessem et al. (2018) showed that RACMO2 reproduces surface
temperatures and net shortwave radiation with high accuracy (𝑅2 > 0.9),
and turbulent fluxes, net longwave radiation and wind speed with fair ac-
curacy (𝑅2 > 0.5). The RACMO2 melt product has not been compared to
in-situ melt data but only to QuikSCAT data, which showed a correlation
of 𝑅2 = 0.81 and a bias of -15Gt yr−1 for the entire AIS (∼13% of average
annual snowmelt) (VanWessem et al., 2018). Furthermore, RACMO2has
been evaluated in terms of SEB components (King et al., 2015) and Sur-
face Mass Balance (Kuipers Munneke et al., 2017).

Here, we compare the RACMO2 surface melt rates to the in-situ melt rate
dataset (Fig. 4.5). The RACMO2 error bars are empirically determined
by calculating the relative deviation from each observation and taking the
average; this average relative deviation is then imposed on each model
melt point. The errors of the in-situ melt values are derived from a pa-
rameter uncertainty study with the SEB model (similar to Jakobs et al.,
2019). The result that deviates most from the baseline run is assumed to
represent the uncertainty. Figure 4.5 presents annual (Jul–Jun) surface
melt rates for (a) all stations and (b) DML stations only, and shows good
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Figure 4.6Time series of in-situmelt rate (dark orange), RACMO2 (blue)
and QuikSCAT (green). The two in-situ melt values for AWS 19 (bot-
tom right) cover only the summermonthsDec–Feb andNov–Jan respec-
tively, and therefore do not fully capture the melt seasons.

correlation (𝑅2 = 0.83). On average RACMO2 somewhat underestimates
melt (bias=-7.3mmw.e. yr−1). When both regions are considered sepa-
rately the correlation weakens, with 𝑅2 = 0.59 for stations located on the
ice shelves in the eastern AP, and 𝑅2 = 0.51 for stations in DML.

Figure 4.6 presents time series of annual melt (1979–2017) from Quik-
SCAT (green), discussed in the next section, RACMO2 (blue) and the in-
situ melt rates (dark orange) for the nine observational sites. The shading
indicates the uncertainty based on the SEB-model parameter uncertainty
tests. The figure shows that surface melt is extremely variable from year
to year. We also note that the interannual variability significantly exceeds
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the uncertainty of the in-situ melt rate. Although at some locations the
difference between the in-situ surface melt and RACMO2 is substantial
(e.g. AWS 15), the average annual melt amount and its interannual vari-
ability are similar (𝑝 < 0.01 in Fig. 4.5a). Elevation differences between
the nearest grid point in RACMO2 and the actual station elevation do not
explain these differences: performing a linear regression ofmodelledmelt
on elevation does not significantly improve the overall result (not shown).

Figure 4.2 compares observed seasonal SEB cycleswithRACMO2 (dashed
lines). Qualitatively, the modelled seasonal cycles compare well to the
observed ones. The lag in LWnet compared to SWnet is represented well
by the model, as well as average and month-to-month variations in wind
speed. As the fluxes are generally small, minor differences in one flux can
have large implications for the total SEB. At AWS 14,modelledwinter tem-
peratures are∼ 4∘C higher than observed. As a result, wintertime𝑄S and
LW↓ are larger and LW↑ is more negative because of the higher surface
temperature. At AWS 5, modelled temperatures are slightly lower than
observed. Furthermore, modelled SW↑ is larger in summer, indicating a
higher modelled surface albedo. As a result, Rnet is lower throughout the
summer season. LW↑ is less negative, indicating a lower surface temper-
ature, which leads to a greater surface-to-air temperature gradient and
larger 𝑄S. At Neumayer, RACMO2 models higher winter temperatures,
leading to larger 𝑄S in winter. The modelled surface albedo is higher in
summer, as SW↑ is larger. As a result, modelled Rnet is lower in summer,
leading to slightly less surface melt. The possibility to perform such de-
tailed SEB comparisons underlines the usefulness of the in-situ SEB and
melt data.

4.4.3 QuikSCAT

As a final application we present a comparison of our melt dataset with
satellite-derived melt amounts. Trusel et al. (2013) present 1999–2009
annual (Jul–Jun) continent-wide maps of cumulative surface melt at 8–
10 km effective resolution. It is based on data from the SeaWinds radar
scatterometer onboard the QuikSCAT satellite. The detection of liquid
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water in the snowpack relies on the high dielectric constant of liquid wa-
ter compared to snow. As a result, radar backscatter is greatly reduced in
the presence of liquid water, which is detectable even at small amounts
in the snowpack. The method used by Trusel et al. (2013) calibrates sea-
sonally summed reductions in radar backscatter during melt with in-situ
melt products fromAWSacross Antarctica. AWS 14, 15 andNeumayer are
among the stations thatwere used for the calibration, stations ofwhich the
meteorological data are also part of this study.

Figure 4.5c compares annual surface melt rates from QuikSCAT (1999–
2009) with the in-situ melt rates. Unfortunately, the overlap in time pe-
riod available for QuikSCAT and our dataset is limited, resulting in data
from only 4 stations available for the comparison. Data from Neumayer
are dominating the comparison, which shows a good correlation (𝑅2 =
0.92). Note that since data from Neumayer were used to calibrate Quik-
SCAT, these results are not independent. If theNeumayer values are omit-
ted from Fig. 4.5c, the correlation coefficient increases (𝑅2 = 0.98) but the
slope becomes significantly smaller than one. Figure 4.5c furthermore
shows that all in-situ surface melt rates for AWS 4, 5 and 11 are higher
than those from QuikSCAT. As melt is intermittent in DML, it is possible
that somemelt events occur between consecutive passes of the QuikSCAT
satellite. As melt amounts are low at AWS 4, 5 and 11, this affects the
QuikSCAT signal more strongly at those sites than at Neumayer.

The QuikSCAT surface melt estimates are displayed in green in Fig. 4.6,
allowing for a direct comparison with the in-situ and RACMO2 annual
melt rates. Unfortunately, there is little temporal overlap between the
QuikSCAT data and the in-situ observations. Nevertheless, Fig. 4.6 shows
that the interannual variability as observed and as modelled by RACMO2
are similar, adding confidence to the long-term continent-wide melt esti-
mates of RACMO2.

4.5 Summary and conclusions

This paper presents a benchmark dataset of consistent, in-situ Antarctic
SEB and surface melt rates at five locations in coastal Dronning Maud
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Land (DML) and four locations in the eastern Antarctic Peninsula (AP),
at high temporal resolution (1–2h).

Uncertainties in the in-situ surface melt and energy balance calculations
are based on SEBmodel parameter uncertainty (Jakobs et al., 2019). The
results show that DML and the eastern AP have very different melt cli-
mates. In the relatively cold climate of DML, melt is driven by absorp-
tion of solar radiation, with melt occurrence and rate determined by a
delicate balance between processes that add (absorption of shortwave ra-
diation) and remove (sublimation) heat from the surface. Melt is more
extensive in space and time on the ice shelves in the eastern AP, owing to
their more northerly location and frequent föhn events (e.g. Turton et al.,
2018;Wiesenekker et al., 2018). These föhn events can lead to continuous
melting for multiple days, even outside summer, but our analysis shows
that continuousmelt is confined to the foot of the APmountains and does
not extend far onto the ice shelf.

Despite the relatively short time series of the in-situ melt rates and SEB,
they are powerful tools to calibrate/validate/evaluate othermelt products
such as temperature–index models, regional climate models and satellite
products. We show that temperature index models are unsuitable to esti-
mate melt rates in the intermittent melt climate of coastal Antarctica. On
the other hand, seasonal melt rates from the QuikSCAT satellite (Trusel
et al., 2013) and the regional climate model RACMO2 (VanWessem et al.,
2018) agree generally well with the in-situ data. Although at some loca-
tions surface melt is not reproduced properly by RACMO2, for example
at AWS 19 (Fig. 4.5), the correlation with the entire dataset is very high
(𝑅2 = 0.83 in Fig. 4.5a), providing confidence in the performance of these
melt products.

These pilot applications demonstrate the value of consistently derived in-
situ surfacemelt and energy balance products from theAntarctic ice sheet,
and stress the urgent need for similar observations fromother coastal Ant-
arctic sites.
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5. SMAF in Antarctica

Surface melt is an important process for the stability of ice shelves, and
therewith the Antarctic ice sheet. In Antarctica, absorption of solar ra-
diation is mostly the largest energy source for surface melt, which is fur-
ther enhanced by the snowmelt–albedo feedback (SMAF): refrozen snow
has a lower albedo than new snow, which causes it to absorb more solar
radiation, further increasing the energy available for surface melt. This
feedback has previously been shown to increase surface melt by approx-
imately a factor of 2.5 at Neumayer Station in East Antarctica. In this
study, we use a regional climate model to quantify SMAF for the entire
Antarctic ice sheet. We find that it is most effective on ice shelves in East
Antarctica, and is less important in the Antarctic Peninsula and on the
Ross and Filchner-Ronne ice shelves. We identify a relationship between
SMAF and average summer air temperatures, and find that SMAF is most
important around 265±2K. On a sub-seasonal scale, we identify several
parameters that contribute to SMAF: the length of dry periods, the time
between significant snowfall events and snowmelt events, and prevailing
temperatures. We then apply the same temperature-dependency of SMAF
to the Greenland ice sheet and find that it is potentially active in a nar-
row band around the ice sheet, and finally discuss how the importance of
SMAF could change in a warming climate.

5.1 Introduction

The Antarctic ice sheet (AIS) contains approximately 26 million km3 of
ice, equivalent to a globalmean sea level change of 58m (Morlighem et al.,

This Chapter is published as “Spatial variability of the snowmelt–albedo feed-
back in Antarctica”, Journal of Geophysical Research: Earth Surface, 2021,
doi:10.1029/2020JF005696.
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2020). In recent years, accelerated mass loss from the AIS has been ob-
served; Shepherd et al. (2018) report a mass loss rate of 109±56Gt yr−1

over the period 1992–2017. The highest mass loss is observed in West
Antarctica, as a result of the thinning and disappearing of ice shelves, the
floating extensions of the grounded ice sheet. Ice shelves are present along
∼74% of the AIS (Bindschadler et al., 2011), buttressing the grounded
ice sheet. They experience basal melt through ocean–ice heat exchange
(Pritchard et al., 2012; Massom et al., 2018), as well as surface melt by en-
ergy exchange at the ice-shelf surface (Van den Broeke, 2005; Kingslake
et al., 2017).

The recent collapse of Larsen A and B ice shelves on the east side of the
Antarctic Peninsula (AP) was preceded by extensive surface melt, induc-
ing hydrofracturing (Van den Broeke, 2005; Glasser and Scambos, 2008).
On the west side of the AP, break-up events onWilkins ice shelf have been
associated with increased basal melt rates, leading to changes in buoyant
forces (Braun et al., 2009; Padman et al., 2012). Ice-shelf thinning and
break-up have both been associated with the acceleration of its feeding
glaciers (Scambos et al., 2004; Rott et al., 2011), causing the high mass
loss rates in coastal West Antarctica and the AP (Wouters et al., 2015;
Turner et al., 2017). Ice-shelf stability is thus crucial for the future mass
balance of the AIS. Because both basal and surfacemelt are expected to in-
crease in awarming climate also for themore southerly ice shelves (Trusel
et al., 2015), a proper representation of ice-shelf melt processes is essen-
tial in climate modeling.

In this paper we focus on surface melt processes. Weather stations, satel-
lites and climate models have been used to estimate surface melt rates on
Antarctic ice shelves (Bromwich et al., 2013; Trusel et al., 2015; Van Kam-
penhout et al., 2017; Van Wessem et al., 2018; Agosta et al., 2019; Sou-
verijns et al., 2019). In-situ observations show that in the cold climate of
Antarctica, insolation is usually the most important energy source for sur-
face melt (Van den Broeke et al., 2005a; Jonsell et al., 2012; King et al.,
2015; Jakobs et al., 2020). The absorption of solar radiation is in turn en-
hanced by the snowmelt–albedo feedback (SMAF) (Jakobs et al., 2019):
when snow melts, meltwater percolates into the subsurface snow layers
where it can refreeze. As refrozen snow consists of larger snow grains than
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new snow, it reduces the backward scattering of photons (Wiscombe and
Warren, 1980), i.e. it has a lower albedo. As a result, the surface absorbs
more incoming solar radiation, leading to more surface melt, represent-
ing a positive feedback. Therefore, it is crucial for climate models to use
a snow albedo parameterisation that includes this melt–albedo feedback
(Cullather et al., 2014; Van Dalum et al., 2019; Alexander et al., 2019).

In a previous study, we used high-quality meteorological observations
from Neumayer Station, located on Ekström ice shelf in East Antarctica,
to quantify the effect of SMAF on surface melt rates (Jakobs et al., 2019).
We used a surface energy balance (SEB) model that includes a grain-size-
dependent albedo parameterisation, and found that on average, SMAF en-
hanced surface melt (1992–2016) at Neumayer Station by a factor of 2.5,
but with significant interannual variability. The current study aims to ex-
tend our previous work to the entire AIS, using the regional climatemodel
RACMO2. This climate model is specifically developed to simulate polar
climates and has been extensively evaluated (Van Wessem et al., 2018;
Jakobs et al., 2020). Its albedo parameterisation makes it well-suited to
study SMAF at the continental scale.

In the next section, we introduce the climate model RACMO2 and de-
scribe the albedo parameterisation used. In Section 5.3 we present a map
of SMAF in Antarctica (Section 5.3.1), discussing its spatial variability as
well as the interannual variability at different locations (Section 5.3.2).
We identify regions in Antarctica that are most affected by SMAF (Sec-
tion 5.4.1) and present local case studies on a daily timescale to identify
conditions where SMAF is largest (Section 5.4.2). In Section 5.4.3, we
comment on the potential importance of SMAF in Greenland, and how
SMAF will affect surface melt in the future on both ice sheets, followed by
conclusions in Section 5.5.

5.2 Methods

5.2.1 Model descriptions

The regional climate model RACMO2 is developed by the Royal Nether-
landsMeteorological Institute (KNMI). It is a hydrostaticmodel that com-
bines the dynamics of theHighResolution Limited AreaModel (HIRLAM,
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Undén et al. (2002)) with the physics parameterisations of the Integrated
Forecast System (IFS, versionCY33r1) of theEuropeanCentre forMedium-
Range Weather Forecast (ECMWF) (ECMWF, 2009).

For this study, we use the latest polar version (RACMO2.3p2, from now
on referred to as RACMO2), which has been specifically developed for use
over glaciated regions (Reijmer et al., 2005; Van Wessem et al., 2018).
The atmosphere is representedby40vertical levels and themodel is forced
by the ERA-Interim reanalysis product at its lateral boundaries as well
as in the upper atmosphere (Van de Berg and Medley, 2016). The atmo-
spheric component is coupled to a multilayer snow model (Ettema et al.,
2010), which allows formeltwater percolation, refreezing and runoff. Fur-
thermore, RACMO2 uses an albedo parameterisation in which the albedo
depends on snow grain size (Gardner and Sharp, 2010; Kuipers Munneke
et al., 2011b) and a drifting-snow scheme that simulates horizontal trans-
port of snow by near-surface winds (Lenaerts et al., 2012).

Van Wessem et al. (2018) compared the output of RACMO2 with in-situ
measurements of surface temperature, radiation fluxes, turbulent fluxes
and wind speed. They found that RACMO2 yields reliable estimates of
surface temperatures and net short-wave radiation (𝑅2 > 0.9), and per-
forms adequately in modeling turbulent fluxes, net long-wave radiation
and wind speed (𝑅2 > 0.5). They furthermore found a good correlation
(𝑅2 = 0.81) of surface melt rates with the results from the QuikSCAT
satellite. Jakobs et al. (2020) showed that RACMO2 reproduces surface
melt rates with reasonable accuracy: compared to in-situ melt estimates
from (automatic) weather stations in the AP and Dronning Maud Land,
RACMO2 slightly underestimates surface melt rates (bias=-7.3mmw.e.
yr−1) but overall, the agreement is good (𝑅2 > 0.8).

RACMO2 solves the surface energy balance (SEB) equation, which de-
scribes the energy exchange between the surface, the sub-surface and the
atmosphere and determines the amount of energy available for surface
melt:

M = Rnet + 𝑄S + 𝑄L + 𝑄G , (5.1)

where Rnet is net radiation, the sum of net short-wave and net long-wave
radiation, 𝑄S and 𝑄L are the turbulent fluxes of sensible and latent heat,
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respectively, and 𝑄G is the surface value of the subsurface heat flux. M
is the energy available for surface melt, which is equal to 0 when the sur-
face temperature is below the melting point of ice (273.15K). In an itera-
tive procedure, the surface temperature is determined so that the SEB is
closed. If this temperature would exceed 273.15K, it is forced to this value
and excess energy is available for surface melt.

The turbulent fluxes 𝑄S and 𝑄L are determined using Monin-Obukhov
similarity theory, which relates the fluxes to the near-surface gradients of
wind speed, potential temperature and humidity (see e.g. Van den Broeke
et al. (2005b)). The subsurface heat flux𝑄G = 𝑘 𝜕𝑇

𝜕𝑧 , where 𝑘 is the effective
thermal conductivity of the snow/ice and 𝜕𝑇

𝜕𝑧 the temperature gradient in
the near-surface snowpack. The snowmodel solves the heat-conductivity
equation to obtain the subsurface temperature profile and therewith 𝑄G
(Ettema et al., 2010):

𝜌𝑐p
𝜕𝑇
𝜕𝑡 = − 𝜕

𝜕𝑧 (𝑘 𝜕𝑇
𝜕𝑧 ) + 𝑞refr , (5.2)

where 𝑞refr is the energy released by the refreezing of meltwater per unit
time per area. Penetration of short-wave radiation is not considered in
this version of RACMO2.

This version ofRACMO2uses the albedo parameterisation ofGardner and
Sharp (2010), in which the albedo is described as a base value 𝛼S with
modifications due the solar zenith angle 𝜃 (d𝛼𝑢), the cloud optical thick-
ness 𝜏 (d𝛼𝜏) and the concentration of black carbon in the snow (d𝛼𝑐). The
impact of snow impurities is assumed negligible for Antarctica and thus
d𝛼𝑐=0 (Warren and Clarke, 1990; Grenfell et al., 1994; Bisiaux et al., 2012;
Marquetto et al., 2020)).

The base albedo 𝛼S is given by (Gardner and Sharp, 2010):

𝛼S = 1.48 − 1.27048𝑟0.07
e , (5.3)

where 𝑟e is the snow grain size, in turn parameterised as

𝑟e(𝑡) = [𝑟e(𝑡 − 1) + d𝑟e,dry + d𝑟e,wet] 𝑓o + 𝑟e,0𝑓n + 𝑟e,r𝑓r , (5.4)
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where d𝑟e,dry and d𝑟e,wet describe grain growth due to dry and wet snow
metamorphism, respectively. 𝑟e,0 and 𝑟e,r denote the grain sizes of new
and refrozen snow, set to constant values of 𝑟e,0 = 54mm (Kuipers Mun-
neke et al., 2011b) and 𝑟e,r = 1000mm (Van Wessem et al., 2018). 𝑓o, 𝑓n
and 𝑓r are the fractions of old, new and refrozen snow. Equations for d𝛼𝑢,
d𝛼𝜏 , d𝑟e,dry and d𝑟e,wet can be found in Gardner and Sharp (2010).
Gardner and Sharp (2010) consider the effect of the second snow layer by
changing the modification due to black carbon concentration (d𝛼𝑐):

𝑑𝛼′
𝑐 = (𝛼btm𝑐 − 𝛼topS ) + 𝐴 (𝛼top𝑐 − 𝛼btm𝑐 ) , (5.5)

where top and btm indicate the top and bottom layers respectively, and 𝐴
is a factor dependent on 𝛼topS and the top-layer thickness 𝑧. However, as
we set 𝑐 = 0, the second layer is not taken into account. This approach
is different from Kuipers Munneke et al. (2011b) and Jakobs et al. (2019),
whousedmore than two layers to calculate the surface albedo, irrespective
of the value of 𝑐.

5.2.2 Quantifying SMAF

To quantify the effect of SMAF in Antarctica, we performed two simula-
tions with RACMO2 at 27 km horizontal resolution for the period 1979–
2018: a baseline run 𝑅0 in which the full albedo parameterisation is used
as described above, and a sensitivity run 𝑅1, in which the contribution of
refrozen snow to snow grain size, and hence surface albedo, is disabled
by setting 𝑓r = 0 in Eq. (5.4). The same approach was used by Jakobs
et al. (2019) to quantify SMAF at Neumayer Station in East Antarctica.
The term ‘period-average’ is used throughout this article, referring to the
period 1979–2018.

There are several ways to quantify SMAF. The most robust definition is
SMAFt, the ratio of the total (‘t’) cumulative amounts of surfacemelt in𝑅0
and 𝑅1 over the entire period available (in this study 1979–2018). We use
this measure to interpret the spatial variability of SMAF and e.g. its cor-
relation with period-average temperature. SMAF can also be determined
on a seasonal (‘s’) basis, i.e. the ratio of seasonal (in this study Jul–Jun)
melt in 𝑅0 and 𝑅1, and is denoted by SMAFs. Time series of SMAFs are
used to study the interannual variability of SMAF and the connection to
the SEB.
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Figure 5.1 (a)Relationship between surface melt rate and SMAFs. Each
dot represents one season with at least 10mmw.e. for all grid points
within the model domain. (b) Period-average seasonal surface melt ver-
sus SMAFs standard deviation for all grid points with period-average sea-
sonal surface melt ≥ 5mmw.e.

5.3 Results

5.3.1 Spatial distribution of SMAF

Since SMAF is defined as the ratio of surfacemelt in two different runs, we
first present the relation between seasonal surface melt rates and SMAFs
in Fig. 5.1a, for seasons with at least 10mmw.e. of surface melt, for each
model grid cell. The figure shows that the highest SMAFs values occur in
low-melt regions, while in high-melt regions SMAFt is close to 1. It fur-
thermore shows that melt is not the only driver of SMAFs. In this section
we study the spatial distribution of SMAF and surface melt; in Sect. 5.4
we then discuss possible other drivers of SMAF.

To identify the regions where SMAF is most important, we first need to
know the spatial distribution of surface melt in Antarctica. This is pre-
sented in Fig. 5.2a, with the highest values occurring on both sides of the
AP, locally exceeding 300mmw.e. yr−1. Extreme values (>500mmw.e.
yr−1) occur on small islands north of the AP. The highest surface melt
rates in East Antarctica are found on Shackleton ice shelf (indicated in
Fig. 5.2c with an ‘S’), due to its northerly location. The lowest values are
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found on the Ross and Filchner-Ronne ice shelves. The absolute increase
in seasonal average melt because of SMAF (𝑅0 − 𝑅1) is shown in Fig. 5.2b.
A pattern similar to Fig. 5.2a emerges, with the highest values in the AP
and on Shackleton ice shelf, but also in coastal Dronning Maud Land and
the Amundsen Sea sector.

Figure 5.2c shows the resulting SMAFt, ranging from 1 to ∼2.8, for lo-
cations with at least 5mmw.e. of period-average seasonal surface melt.
The highest values are found in coastal Dronning Maud Land and the
Amundsen Sea sector; these locations have relatively low seasonal surface
melt rates, combined with an increase because of SMAF that is relatively
large. Lower values are found in low-melt regions such as on the Ross
and Filchner-Ronne ice shelves, and high-melt regions such as the north-
ern AP. These patterns are discussed in more detail in Sect. 5.4.1, but first
we consider the temporal variability of SMAFs.

5.3.2 Temporal variability of SMAF

For six locations, indicated by blue dots in Fig. 5.2c, time series of seasonal
snow melt for both runs (𝑅0 and 𝑅1) are presented in Fig. 5.3. The ratio
between these two yields the seasonal SMAFs value; indicated in top-right
are SMAFt and the average and standard deviation of SMAFs. The aver-
age of SMAFs is greater than SMAFt; this is a result of the lower limit of
SMAFs, which is by definition 1. Especially in low-melt regions, summers
with high SMAFs have a larger effect on its average than on SMAFt.

These locationswere selected to illustrate the different SMAF regimes. On
Larsen C ice shelf (Fig. 5.3f), SMAF leads to an increase in surface melt
by a relatively constant factor every year, characterised by a low standard
deviation of SMAFs. This is different from e.g. Amery ice shelf (Fig. 5.3c),
where SMAFs varies strongly fromyear to year (high standard deviation of
SMAFs). For the other locations, the standard deviation ranges between
these extremes. Note that Larsen C and King Baudouin ice shelves have
significant melt events outside of the summer months, because of regu-
lar Föhn events (Lenaerts et al., 2017; Wiesenekker et al., 2018). These
are however not sensitive to SMAF, as they are not driven by short-wave
radiation but rather by turbulent heat fluxes.
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Figure 5.2 (a) Period-average seasonal surface melt rates modelled by
RACMO2, with the full albedo parameterisation (run 𝑅0). (b) Differ-
ence in average seasonal surface melt rates between runs 𝑅0 and 𝑅1. (c)
SMAFt for all grid points with period-average seasonal surface melt ≥
5mmw.e. Blue dots indicate sites for which Fig. 5.3 presents time series
of surface melt: Ekström (E), King Baudouin (B), Amery (A), Totten (T),
Getz (G) and Larsen C (C) ice shelves. Shackleton ice shelf is indicated
with an S.
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Figure 5.3 Time series of seasonal surface melt rates at various ice
shelves around the Antarctic ice sheet (see Fig. 5.2c). Melt in 𝑅0 is in-
dicated with a solid line, in 𝑅1 with a dashed line; the ratio between the
two gives the seasonal SMAFs value. Numbers in the top right corner are
SMAFt, the average of SMAFs and its standard deviation.

Figure 5.1b shows a decrease of SMAFs interannual variability with in-
creasing melt. In low-melt regions (< 100mmw.e. yr−1), melt is highly
intermittent and the albedo remains generally high. If melt occurs, the
albedo decreases significantly and surfacemelt increases relatively strong-
ly, yielding large SMAFs values. In contrast, high-melt regions have a
lower surface albedo to start with due to the higher prevailing tempera-
tures; the albedo-lowering effect of melt is therefore less influential and
melt is only slightly enhanced, leading to low SMAFs values and variabil-
ity.

Figures 5.1 and 5.2 present the relationship between surface melt and
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SMAF. However, these figures also suggest there are more drivers deter-
mining SMAF. These are the subject of Sect. 5.4.1, where we identify cli-
matic regions where SMAF is most active. Section 5.4.2 focusses on how
SMAF is related to the SEB on a daily timescale, for different regimes.

5.4 Discussion

5.4.1 Climatic drivers of SMAF

To understand the spatial patterns in Fig. 5.2c, we investigated the rela-
tionship between SMAFt and several quantities: summer (Nov–Feb) air
temperature, summer precipitation and seasonal surface melt rate. The
most discernible pattern is observed in the correlation with temperature,
which is therefore used below to describe large-scale climate drivers of
SMAFt. Precipitation and surface melt are used to discuss SMAF on a
sub-seasonal scale in Sect. 5.4.2.

Figure 5.4 presents the relation between SMAFt and mean summer air
temperature. It shows that the highest SMAFt values are found in re-
gions with an average summer air temperature of ∼265K (defined as 𝑇c),
where SMAFt reaches an average value of 1.9. This pattern is not very
sensitive to the chosen period; it is similar if the time period is limited to
an arbitrary 10-year or 20-year period throughout the total period (not
shown). Its shape suggests a ‘peak bandwidth’ rather than a single peak
value. Therefore, in the following we consider a 2K bandwidth around 𝑇c,
i.e. 𝑇c = 265 ± 2K.

In regionswith temperatures above or below𝑇c, SMAFt gradually decreas-
es to 1. In the colder regions (𝑇 < 263K), surface melt rates are generally
low (mostly< 30mmw.e. yr−1) and SMAF only moderately enhances sur-
face melt (∼40–50%). In warmer regions (𝑇 > 267K), such as the AP,
SMAF is also less important for surface melt; due to the relatively mild
conditions, the contribution of turbulent heat fluxes is more important
to melt energy than absorption of short-wave radiation. This causes melt
events that are less affected by the surface albedo, limiting the influence
of SMAF. This is discussed in more detail in Sect. 5.4.2.
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Figure 5.4 SMAFt as a function of binned (0.5K) Nov–Feb average air
temperature for all grid points with period-average seasonal surfacemelt
of at least 5mmw.e (black dots, lines indicate the standard deviation;
the three rightmost dots have no lines because there is only 1 data point
within the temperature bin). Right axis The shading indicates the
normalised distribution of average summer air temperature for all grid
points with period-average seasonal surface melt of at least 5mmw.e. in
Antarctica (orange, Nov–Feb) and in Greenland (green, accumulation
zone only, May–Aug).

Figure 5.5 shows the spatial distribution of the deviation of average sum-
mer air temperature from 𝑇c in Antarctica (Fig. 5.5a) and Greenland (Fig.
5.5b, discussed in Sect. 5.4.3). The Ross, Filchner-Ronne and Amery ice
shelves extend far to the south and are the coldest areas which experi-
ence surface melt in Antarctica, with average summer air temperatures
of 260K and lower. These ice shelves represent the left tail of the tem-
perature–SMAFt relation (Fig. 5.4), where SMAF has a limited effect on
surface melt rates. The AP is the warmest region of Antarctica, with av-
erage summer air temperatures of 270K and higher. It is located in the
right tail of the temperature–SMAFt relation, where surface melt is semi-
continuous, mainly driven by high air temperatures, and SMAF is also of
limited importance for surface melt rates.

The remaining, smaller ice shelves in East and West Antarctica experi-
ence average summer air temperatures around 𝑇c, displayed in white in
Fig. 5.5a, with the 2K bandwidth indicated with red contours. This indi-
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Figure 5.5 Temperature deviation from 𝑇c ≡ 265K, the temperature
at which SMAF plateaus (see Fig. 5.4), for Antarctica (a) and Green-
land (b). Blue areas indicate regions where SMAF will become increas-
ingly importantwhen air temperatures rise. White areas indicate regions
where SMAF is now enhancing surfacemelt themost. Red areas indicate
regions where air temperatures / melt are too high for an optimal SMAF.
Black dots indicate the 2K bandwidth around 𝑇c, the green contour in
(b) indicates the ice-sheet margin.

cates that SMAF is currently significantly (∼doubling) enhancing surface
melt on ice shelves all around the AIS. In this high-SMAF regime, surface
melt is an intermittent process; the meteorological circumstances that fa-
vor SMAF are identified in the next section.

5.4.2 SMAF and its connection to the SEB

To investigate SMAF and its drivers more closely, we compare summers
with different SMAF values at four locations: King Baudouin ice shelf,
Ross ice shelf, Larsen C ice shelf and Amery ice shelf (see Fig. 5.2c for
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locations). These locations were selected because they represent differ-
ent SMAF regimes: moderate temperature, strong SMAF (King Baudouin,
Fig. 5.6), high temperature, weak SMAF (Larsen C, Fig. 5.7), low temper-
ature, weak SMAF (Ross, Fig. 5.8), and low temperature, strong SMAF
(Amery, Fig. 5.9).

Figure 5.6 showsmelt-season time series for a location on King Baudouin
ice shelf, located in coastal Dronning Maud Land, (indicated by ‘B’ in
Fig. 5.2c) in amoderate-temperature, strong-SMAF region (Fig. 5.5a). Fig-
ure 5.3b has shown that in this location, SMAFs experiences a large inter-
annual variability. Figure 5.6 shows daily cumulative surface melt (a,e),
precipitation (b,f), the surface energy balance components (SEB, c,g) and
temperature and albedo (d,h) for experiments 𝑅0 and 𝑅1 (see Sect. 5.2.2).
In the melt season 2002–03, around 15 Dec, a melt episode occurs im-
mediately after a strong precipitation event (Fig. 5.6a and b). Because of
refreezing, the albedo drops from 0.9 to∼0.75 (Fig. 5.6d). As nomore sig-
nificant snowfall events follow, the albedo remains low for the remainder
of the season, resulting in significantly elevated SWnet values (Fig. 5.6c)
and a prolonged period of surface melt in 𝑅0. The surface albedo is not re-
set to that of new snow until the end of the melt season. As grain growth
by refreezing is inactive in 𝑅1, the decrease in albedo after the melt event
is smaller; it stabilises at ∼0.82. As the surface now reflects more solar
radiation, SWnet is significantly lower and melt ceases after the first melt
event following the precipitation event. In 𝑅0 melt totalled ∼70mmw.e.
during this season, while in 𝑅1 it totalled only 8mmw.e., yielding a high
SMAFs value of 8.5 (Fig. 5.6a).

At the same location but two seasons later (2004–05), a similar dry period
occurred (Fig. 5.6e-h). Contrary to 2002–03, melt did not start immedi-
ately after the last significant snowfall event. Rather, the albedo decreases
steadily because of dry snow metamorphism in both 𝑅0 and 𝑅1. Before
the first melt of the season, the albedo had decreased to ∼0.82 in both
runs. Similar to 2002–03, the albedo decreasesmore in𝑅0 than in𝑅1 dur-
ing the melt event. However the effect of SMAF is now less pronounced
than in 2002–03 because the albedo was already lowered, making the ad-
ditional contribution of refrozen snow less important. The difference in
SWnet is therefore also smaller, as well as the difference in surface melt
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Figure 5.6 Time series of daily totals of (a,e) surface melt, (b,f) pre-
cipitation, (c,g) fluxes of surface energy balance components, and (d,h)
average temperature and surface albedo, during the summer of 2002–03
(a–d) and 2004–05 (e–h) at King Baudouin ice shelf, Dronning Maud
Land, East Antarctica (see Fig. 5.2c, indicated by B). In all panels solid
lines indicate 𝑅0 and dashed lines indicate 𝑅1.
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Figure 5.7 Same as Fig. 5.6 for Larsen C ice shelf, Antarctic Peninsula
(see Fig. 5.2c, indicated by C).



i
i

“output” — 2021/2/4 — 22:52 — page 107 — #127 i
i

i
i

i
i

5.4 Discussion 107

rates throughout the season. The total 2004–05 surface melt amounts
are ∼200mmw.e. in 𝑅0 and ∼80mmw.e. in 𝑅1, giving a SMAFs of 2.5
(Fig. 5.6e).

Figure 5.7 shows results for a location on Larsen C ice shelf in the AP (in-
dicated by ‘C’ in Fig. 5.2c), a region that experiences relatively high sur-
face melt rates and higher temperatures than King Baudouin ice shelf,
due to its more northerly location. Melt is enhanced by SMAF most ef-
ficiently between 15 Dec 2007 and 1 Jan 2008, during a prolonged dry
period (Fig. 5.7e and f). The subsequent difference in albedo (Fig. 5.7h)
resulted in significantly more absorption of solar radiation during this pe-
riod (Fig. 5.7g) while temperatures were high enough to sustain surface
melt. The absence of such a dry period in 2002–03 prevented SMAF from
affecting surface melt as efficiently. Furthermore, the air temperature is
close to themelting point throughout the season, which allowed sustained
surface melt in both 𝑅0 and 𝑅1 runs. In the end, SMAF enhanced surface
melt by only ∼30% compared to ∼140% in 2007–08, which again un-
derlines the importance of dry periods for the effectiveness of SMAF. The
effect is considerably smaller than on King Baudouin ice shelf (Fig. 5.6)
because of the higher temperature on Larsen C, which allows for surface
melt to proceed even in the absence of SMAF (𝑅1). This also explains the
smaller interannual variability that is observed in Fig. 5.3f.

Figure 5.8 shows results for a location on Ross ice shelf, the largest ice
shelf in Antarctica (see Fig. 5.2c). Due to its southerly location, tempera-
tures are significantly lower than on King Baudouin ice shelf and, there-
fore, melt is more intermittent and less extensive. Although in 2007–08
(Fig. 5.8e-h) the air temperature occasionally reaches the melting point,
sustained melt does not occur. Melt is limited to short melt events during
which SMAF is unable to enhance surfacemelt over a longer period. How-
ever, becausemelt energies are so low, small absolutemelt differences still
induce a significant SMAFs value for this season. In another year (2002–
03), there was one significant melt event without any melt enhancement
because of SMAF (Fig. 5.8a). Figure 5.8c shows that during themelt event,
both SWnet and LWnet are approaching zero, indicating heavily overcast
conditions. Melt energy is for an important part provided by𝑄S, which is
insensitive to surface albedo. As a result, SMAF did not enhance surface
melt during this event.
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Figure 5.8 Same as Fig. 5.6 for Ross ice shelf (see Fig. 5.2c).
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Figure 5.9 Same as Fig. 5.6 for Amery ice shelf, Dronning Maud Land
(see Fig. 5.2c, indicated by A).
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Figure 5.9 shows daily melt, precipitation, SEB, temperature and albedo
for a location on Amery ice shelf, East Antarctica (indicated by ‘A’ in Fig.
5.2c), which experiences relatively low average temperatures for its lati-
tude. The first season (panels a–d) represents the high-SMAF summer
2004–05 without a prolonged dry period; even the precipitation event on
30 Dec was not able to sufficiently reset the surface albedo. During this
event,melt continued because of the persistent high temperature andwith
it high𝑄S. As a result the new snowwas quickly removed from the surface.
The difference in SWnet in the following days is sufficient to cause high
SMAFs. In the summer of 2005–06 (panels e–h) an even higher SMAFs
occurs, resulting froma long dry episode. A remarkably large difference in
air temperature is observed (Fig. 5.9h) during the persistent melt episode
in 𝑅0 which is absent in 𝑅1. This is caused by persistently higher surface
temperatures, following larger SWnet and refreezing.

These examples show the different meteorological circumstances that can
lead to different SMAF values. The moderate-temperature regions have
the highest SMAFt values, because SMAF causes the albedo to be lowered
sufficiently such that enhanced absorption of solar radiation causes con-
tinuous melt, which is absent in 𝑅1. In warm regions, even in cases when
the albedo is higher, melt continues in 𝑅1 (see Fig. 5.7d). Finally, in cold
regions, sustained melt does not occur because of the low temperatures.
Melt is limited to single-day melt events instead, rendering SMAF unable
to enhance surface melt for a prolonged period, resulting in small SMAFs
and SMAFt values.

These examples illustrate that especially prolonged dry periods in tem-
perate summer climates enable SMAF to greatly enhance summer melt
amounts, due to the lack of snowfall resetting the surface albedo. Quan-
tifying the correlation between dry periods and SMAFs remains difficult.
The exact timing of precipitation and early melt events is equally impor-
tant: when dry snow metamorphism has already lowered the surface al-
bedo before surface melt starts, SMAF is strongly reduced.

We conclude that, in order to properly simulate the Antarcticmelt climate,
a climate model must accurately represent surface albedo, precipitation
timing and intensity, and air and snow temperature.
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5.4.3 Outlook: Greenland and the future

The shaded areas in Fig. 5.4 indicate the normalised distributions of tem-
perature for all grid points with period-average seasonal surfacemelt of at
least 1mmw.e. in Antarctica (orange) and in Greenland (green, accumu-
lation zone only). The Ross, Filchner-Ronne and Amery ice shelves corre-
spond to the left peak of this distribution, where the impact of SMAF on
surface melt rates is limited (Sect. 5.4.1). The right peak of this tempera-
ture distribution represents the remaining ice shelves alongEast andWest
Antarctica. The higher temperatures are a result of their more northerly
location than theRoss, Filchner-Ronne andAmery ice shelves. This shows
that in the current climate, themajority ofmelt points fall in a regimewith
moderate SMAF, with only few locations significantly above 𝑇c.

In a warmer climate, the distributions in Fig. 5.4 will shift towards the
right. The East Antarctic ice shelves, located in the right peak of the or-
ange distribution, will slowly become less affected by SMAF. On the other
hand, the Ross, Filchner-Ronne and Amery ice shelves, which are in the
left peak of this distribution, will gradually be exposed to higher SMAF
values. As SMAF will become more important on these ice shelves, sur-
face melt will increase relatively more strongly in these regions than for
example on coastal Dronning Maud Land ice shelves. This might nega-
tively affect the stability of the ice shelves through processes such as in-
creased firn saturation, increased ice temperatures and hydrofracturing,
and therewith affects the future of the AIS (Trusel et al., 2015).

The temperature distribution ofmelt points inGreenland is shown in green
shading in Fig. 5.4 (accumulation zone only). The absence of large, flat ice
shelves results in large differenceswith the distribution of Antarctica. The
bulk of the Greenland distribution is centered around 260K, which repre-
sents the high and flat interior accumulation zone. Figure 5.10 shows the
melt–temperature relation for Antarctica and Greenland (accumulation
zone only), relating the period-average summer melt and summer tem-
perature (Nov–Feb for Antarctica, May–Aug for Greenland). The Green-
land curve seems to be an extension of the Antarctica curve, suggesting
that when temperatures increase in the southern hemisphere, the Ant-
arctic melt climate will increasingly resemble the contemporary Green-
land melt climate. Note also that the temperature–SMAF relationship
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Figure 5.10 Period-average summer air temperature versus average sea-
sonal surface melt for Greenland (green, accumulation zone only) and
Antarctica (orange) for all grid points with period-average seasonal sur-
face melt of at least 5mmw.e. Summer is defined as Nov–Feb in Antarc-
tica and May–Aug in Greenland.

(Fig. 5.4) is not very sensitive to the time period for which it is calculated
(not shown). This suggests that this relationship might also be applicable
to Greenland. In order to assess how SMAF might affect surface melt in
Greenland, we therefore apply the temperature–SMAF relationship to the
Greenland temperature distribution.

Figure 5.5b shows the temperature deviation from 𝑇c for Greenland. Sim-
ilar to Fig. 5.5a, white areas indicate the regions where SMAF is currently
most optimal for enhancing surface melt, red areas are too warm for a
strong SMAF, and blue areas are currently too cold. In the current cli-
mate and based on our results from the AIS, it shows that SMAF is active
in a large part of the interior ice sheet in southern Greenland, and a nar-
row band in themiddle-elevated accumulation zone around the rest of the
ice sheet. In a warming climate, the SMAF region will migrate inland, cor-
responding to a right-ward shift of the green temperature distribution in
Fig. 5.4. This leads to a rapid increase of the area being affected by SMAF
when air temperatures over Greenland continue to rise.
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5.5 Conclusions

In this study we investigate the spatial and temporal variability of the
snowmelt–albedo feedback (SMAF) on the Antarctic ice sheet (AIS). This
is done by performing two simulations with the regional atmospheric cli-
mate model RACMO2, covering the period 1979–2018. This model uses a
parameterisation that relates the surface albedo to the grain size of snow;
by disabling the contribution of refrozen snow to albedo lowering, this al-
lows us to explicitlymodel the effect of SMAFon surfacemelt. One simula-
tion is performed with the full albedo parameterisation (𝑅0), in the other
simulation this refrozen-snow contribution is disabled (𝑅1). Following
Jakobs et al. (2019), we define SMAF as the ratio of cumulative surface
melt between these two simulations, a value of 1 indicating no effect, a
value of X indicating that melt is enhanced X-fold because of SMAF.

We find that SMAF is spatially highly variable on the AIS, ranging from
values close to 1 in cold, low-melt regions such as the Ross and Filchner-
Ronne ice shelves, to values up to 3 in coastal Dronning Maud Land (Fig.
5.2). Relating SMAFt to average summer (Nov–Feb) air temperature re-
veals a maximum around 265K (𝑇c, Fig. 5.4). Many Antarctic ice shelves
are located in the temperature regime where SMAF is currently optimal,
except for the three largest ice shelves (Ross, Filchner-Ronne and Amery),
which are too cold, and the entire Antarctic Peninsula (Fig. 5.5a), which
is too warm.

Investigating the link between SMAF and the surface energy balance re-
veals that the timing of significant snowfall events with respect to surface
melt is important. Seasonal SMAF is highest when melt occurs immedi-
ately after the last snowfall event at the onset of the melt season and in
the absence of significant precipitation throughout the remainder of the
season. The reason is that in this case the surface albedo is not reset to the
new-snow value and enhanced melt occurs continuously. When snowfall
is not immediately followed by surface melt, the surface albedo is low-
ered by dry snowmetamorphism. The effect of refrozen snow on seasonal
albedo is subsequently much smaller than in the previous example, and
therefore SMAF is less important.
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In cold regions such as the Ross ice shelf, the air temperature is gener-
ally too low to accommodate continuous surface melt. When surface melt
occurs, it is mostly constrained to a single melt day; as a result, SMAF
is not able to significantly enhance surface melt. On Larsen C ice shelf,
located in the mild AP, the air temperature is normally high enough to
facilitate near-continuous surface melt; SMAF does enhance surface melt
but it does not determine whether surface melt continues or ceases. This
is contrary to moderate-temperature locations, where SMAF can be the
determining factor for the start and continuation of surface melt.

Although a large part of Antarctica is currently too cold for an optimal
SMAF, which occurs at ∼ 265K, rising temperatures in the future could
expose even the largest ice shelves to a strong increase in surface melt be-
cause of SMAF. Applying the same threshold to the Greenland ice sheet
shows that a large part of southern Greenland is in the SMAF-sensitive
temperature regime (Fig. 5.5b), indicating that SMAF is an important dri-
ver for surface melt in that area.
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6. Conclusions and outlook

6.1 Conclusions

The aimof this thesis is to quantify the importance of the snowmelt–albedo
feedback (SMAF) for melt at the surface of the Antarctic ice sheet (AIS).
This positive feedback occurswhenmeltwater refreezes in thenear-surface
snow layers. This causes the albedo to drop, allowing the surface to absorb
more energy, which further enhances surfacemelt (Fig. 6.1). Surfacemelt
is important for the stability of ice shelves, which buttress the grounded
ice sheet, slowing down its flow into the ocean. Properly understanding
SMAF and its effect on surface melt is necessary to further the develop-
ment of the simulation of surface melt processes in climate models.
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Figure 6.1 Surface albedo in RACMO2 during the 2002–03 melt season
on King Baudouin ice shelf in East Antarctica. The solid line represents
a simulation in which SMAF is active, the dashed line represents a simu-
lation in which it is disabled.

We first quantified SMAF on a local scale, using meteorological observa-
tions from Neumayer Station in East Antarctica (Chapter 3). This station
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Figure 6.2 Temporal variabilty of SMAF at Neumayer.

was chosen because it is the only station on the AIS with long-term accu-
rate radiation observations, which are necessary for robust surface melt
calculations. These data were used to force a Surface Energy Balance
(SEB) model, in order to calculate surface melt rates. The SEBmodel pre-
dicts an average seasonal melt rate of 50mmw.e. yr−1 at Neumayer, with
considerable interannual variability. This variability is mainly driven by
differences in absorbed solar radiation, which hints that SMAF plays an
important role in the surface melt process.

To test this, we expanded the SEBmodel with an albedo parameterisation
based on snow grain size. Next, we define SMAF as the ratio between sur-
face melt rates obtained from two simulations: one that includes the feed-
back mechanism, and one in which it is disabled. We found that SMAF
enhances surface melt at Neumayer by a factor of 2.6, but also exhibits
significant interannual variability (Fig. 6.2).

As an intermediate step towards producing amap of SMAF over the entire
AIS, we evaluated surface melt rates in the regional atmospheric climate
model RACMO2 (Chapter 4). Using meteorological observations from
nine automatic weather stations in Antarctica in combination with the
data from Neumayer, we used the same SEB model to calculate surface
melt rates for these ten locations on or close to Antarctic ice shelves. We
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Figure 6.3 Comparison of in-situ melt rates and RACMO2-modelled
melt rates.

identified two types of surface melt events: radiation-driven and turbu-
lence-driven. Turbulence-driven melt events mostly occur in the Antarc-
tic Peninsula (AP), where the local topography causes Föhn winds. These
transport warm, dry air onto the eastern AP ice shelves, enhancing tur-
bulence-drivenmelt. On the other hand, radiation-drivenmelt events are
most common on ice shelves in East Antarctica. On these ice shelves, tem-
peratures are relatively low and solar radiation is the main driver of sur-
face melt.

Using these data, we found that RACMO2 adequately reproduces the Ant-
arctic melt climate (Fig. 6.3). Although on average RACMO2 slightly un-
derestimates surface melt rates, the interannual variability is reproduced
accurately. A comparison with themelt product of the QuikSCAT satellite
provides further confidence in the surfacemelt ratesmodelled byRACMO2.

In Chapter 5, the spatial variability of SMAF in Antarctica was determined
by performing two simulations with the regional climate model RACMO2
at 27 km resolution for the period 1979–2018. We found that SMAF is
largest on East Antarctic ice shelves, where it enhances surface melt rates
typically by a factor of 2.5 (Fig. 6.4). In the AP and on the Ross, Filchner-
Ronne and Amery ice shelves, SMAF plays a smaller role. We found a
relationship between SMAF and average summer air temperature, which
shows that SMAF peaks at 265±2K.
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Figure 6.4 Spatial variability of period-average (1979–2018) SMAF in
Antarctica, modelled by RACMO2 at 27 km horizontal resolution.

To further increase our understanding of SMAF, we investigated climatic
drivers of SMAF and the SEB on a sub-seasonal timescale for four loca-
tions. We found that SMAF is sensitive to the occurrence of dry periods
during the summer season, the time between the last significant snowfall
event and the onset of the melt season, and the average prevailing tem-
peratures. During dry periods, the feedback is not interrupted by snow-
fall events that reset the surface albedo, causing relatively high SMAF val-
ues for that season. If snowfall is immediately followed by surface melt,
the high albedo of the fresh snow layer is quickly lowered by SMAF, again
causing a high SMAFvalue. In awarm summer, surfacemelt is also driven
by turbulent fluxes and long-wave radiation rather than the absorption of
solar radiation. As these fluxes are largely independent of surface albedo,
SMAF is smaller at such locations.

In this thesis, we provide the first robust estimates of SMAF in Antarctica,
and its spatial and temporal variability. As SMAF is capable of enhanc-
ing surface melt by a factor of 3, a proper representation of snow albedo
in climate models is necessary to obtain realistic surface melt estimates.
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Moreover, because of the dependency of SMAF on the sub-surface snow-
pack, precipitation and temperature, a climate model should also have
proper representations of these processes and variables. Although cur-
rently SMAF is largest on the most northerly located East Antarctic ice
shelves, there are indicators that SMAF will become a significant factor
on the largest, more southerly Antarctic ice shelves (Ross and Filchner-
Ronne) when the climate continues to warm. Finally, we briefly discussed
the current impact of SMAF on surface melt on the Greenland ice sheet.

6.2 Outlook

6.2.1 Antarctica’s future climate and Greenland

For the first time, SMAF has been estimated in time and space over the
Antarctic ice sheet. The most obvious next step is to carry out a similar
experiment for Greenland. The Greenland ice sheet (GrIS) does not have
large ice shelves, but in contrast to the AIS, the main contributor to ice-
sheet mass loss is meltwater being transported away from the ice sheet.
Thus, surface snowmelt already has a direct influence on current ice sheet
mass loss. A dedicated Greenland simulation can tell us which locations
are most affected by SMAF, and subsequently which areas are most sen-
sitive to an increase of surface melt. Furthermore, a SMAF–temperature
relationship can be established from a dedicated Greenland simulation,
which can either confirm or reject the assumptionmade in Sect. 5.4.3 that
the same SMAF–temperature relationship holds for both Greenland and
Antarctica, and potentially other glaciated regions such as Svalbard or the
Canadian Arctic.

We also assumed in Sect. 5.4.3 that the temperature–SMAF relationship
holds in a warmer climate. The observed relationship showed no change
when calculated for separate 10- and 20-year intervals, but also no sig-
nificant temperature increase has been observed in those years in Ant-
arctica (Fig. 1.3). A dedicated RACMO2 simulation into the future can
shed light on this assumption as well. It can furthermore reveal whether
some parts of Antarctica are especially susceptible to atmospheric warm-
ing, which could lead to other regions becoming vulnerable to SMAF than
highlighted in Chapter 5.
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6.2.2 RACMO2 improvements

From the sub-seasonal case studies in Sect. 5.4.2, we learned that SMAF
is partly dependent on precipitation timing and the duration of dry peri-
ods. Van Wessem et al. (2018) point out that the cloud scheme and the
parameterisation of precipitation in RACMO2 still require further devel-
opment. Currently, precipitation is assumed to reach the surface in the
same time step and grid column where it is formed. This assumption is
acceptable when using a model at a low resolution, because in that case
most precipitation will not be transported out of the grid box within the
time step. However, when the climatemodel is run at a higher spatial reso-
lution, the fraction of precipitation that is transported out of the grid box
before it reaches the surface, will also increase. An update of RACMO2
to incorporate the physics parameterisations from a later version of the
ECMWF Integrated Forecast System is currently underway. This update
includes a prognostic precipitation scheme, in which snow is tracked over
multiple grid boxes before it reaches the surface. A more sophisticated
precipitation scheme could also improve the snowfall rates in RACMO2:
the model is known to favour frequent small snowfall events over less-
frequent, larger events (Van de Berg, 2020, personal communication).

In order to properly model SMAF, the near-surface snow layers must be
represented well in the model. The tipping-bucket scheme for meltwater
percolation, used in both RACMO2 and the SEB model, is a reasonable
approximation when studying large-scale processes. However, SMAF de-
pends on near-surface grain-size evolution, which is sensitive to water
percolation and refreezing, and it is unknown how sensitive the obtained
SMAF estimates are to the choice of these parameterisations. One could
for example use a more sophisticated snow model such as SNOWPACK
(Steger et al., 2017), or implement a more physical parameterisation of
meltwater percolation (Van de Berg, 2020, personal communication).

Furthermore, during experiments carried out for Chapter 3, we noticed
that radiation penetration can be an important process for the grain size
evolution. However, RACMO2 currently does not consider radiation pen-
etration. Van Dalum et al. (2019) introduced a new spectral snow albedo
scheme that includes radiationpenetration and amore sophisticated grain-
size evolutionmodel. This upgrade has been shown to improve the albedo
product of RACMO2 in Greenland (Van Dalum et al., 2020).
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6.2.3 Towards a non-hydrostatic climate model on an adaptive grid

Because of the ever-increasing computational power of high-performance
computing facilities, it is becoming more feasible to run climate models
at a higher resolution. However, when using model grids finer than 5 km,
new physical limitations come into play. Themost apparent of these is the
hydrostatic approximation, in which vertical accelerations are neglected.
As mentioned in Sect. 2.4, this is usually a reasonable approximation at
low resolutions, but at higher resolutions, vertical accelerations can no
longer be neglected. If higher resolutions are deemed necessary in cli-
mate modelling of the AIS, a transition to a non-hydrostatic model such
as HCLIM becomes inevitable (Mottram et al., 2017).

The geography of the AIS however does not require a high resolution for
the entire ice sheet. The centre of the ice sheet is relatively flat, and the
added benefit of high-resolution modelling probably does not outweigh
the costs of increased computational time. This can be mitigated by not
employing the same grid over the entire domain, but rather an adaptive
grid. In locations where important topographical features are poorly re-
solved, the horizontal resolution can be increased, while in the flat ice-
sheet interior, a lower resolution can be maintained.
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