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Summary	
	

Atmospheric	 processes	 control	 hydrological	 processes	 (e.g.	 precipitation),	 and	 cryospheric	

processes	 (e.g.	 the	glacier	 surface	energy	balance),	 and	are	key	 to	understanding	our	 changing	

climate	 (e.g.	 weather	 extremes).	 However,	 atmospheric	 processes	 in	 high	 mountain	

environments	are	not	well	understood,	as	measurements	are	scarce	due	to	the	inaccessibility	of	

the	terrain,	while	operational	models	and	remote	sensing	products	have	too	coarse	a	resolution	

to	resolve	the	complex	topography.	Atmospheric	modelling	therefore	plays	an	important	role	in	

improving	the	understanding	of	the	water	cycle	at	high	altitude	and	in	complex	terrain.		 		

	

The	main	objective	of	this	thesis	is	to	advance	the	knowledge	of	high-altitude	climate	dynamics,	

from	 micro	 to	 synoptic	 scales,	 with	 a	 special	 focus	 on	 high-altitude	 precipitation	 and	 the	

interaction	 between	 the	 atmosphere,	 the	 extreme	 topography	 and	 the	 cryosphere	 in	 High	

Mountain	Asia.	The	objective	 is	achieved	by	analysing	four	cases	at	different	spatial	resolutions	

with	 a	 variety	 of	 atmospheric	 model	 codes.	 The	 MicroHH	 model	 code	 is	 used	 for	 turbulent	

resolving	simulations	to	investigate	turbulent	fluxes	on	a	debris-covered	glacier.	The	WRF	model	

code	 is	used	 to	 investigate	 the	effect	of	 surface	boundary	conditions	and	 to	perform	a	climate	

assessment	for	the	Central	Himalayas	and	Karakoram	region.	Finally,	a	large	ensemble	of	the	EC-

EARTH	model	 runs	 is	used	to	 investigate	weather	extremes	 in	High	Mountain	Asia	 for	different	

climates.			

	

At	 the	 micro-scale	 the	 effect	 of	 turbulent	 fluxes	 on	 the	 surface	 energy	 balance	 of	 a	 debris-

covered	 glacier	 is	 unravelled	 by	 DNS	 (Direct	 Numerical	 Simulation)	 at	 1m	 resolution	 with	 the	

novel	MicroHH	model	code.	The	effects	of	surface	properties	of	debris	on	the	spatial	distribution	

of	micro	meteorological	variables,	such	as	wind	fields,	moisture	and	temperature	are	investigated	

with	 sensitivity	 tests.	 Subsequently,	 how	 these	 properties	 drive	 the	 turbulent	 fluxes	 and	

eventually	 the	 conductive	 heat	 flux	 for	 a	 debris-covered	 glacier	 are	 investigated.	 Results	 show	

that	 turbulent	 fluxes	 can	 decrease	 the	 energy	 available	 for	 melt	 at	 the	 debris	 surface	 during	

daytime	 by	 40%	 and	 act	 as	 a	 sink	 of	 energy,	 while	 on	 ice	 cliffs	 turbulent	 fluxes	 enhance	 the	

energy	for	melt	by	51%	and	are	therefore	a	contributor	to	melt.	As	a	result,	ice	cliffs	become	-	in	

combination	with	low	albedo	-	melt	hot	spots.			

	

At	catchment	scale	the	effects	of	spatial	resolution	on	patterns	of	precipitation,	wind	speed	and	

temperature	 are	 studied	with	 the	WRF	model	 and	 compared	 to	measurements.	 The	 effects	 of	
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spatial	 resolution,	 spin-up	 time	 and	 land	 use	 on	 near-surface	 meteorological	 variables,	 are	

studied.	 It	 is	shown	that	modelling	at	sub-kilometre	scale	results	 in	more	realistic	amounts	and	

patterns	 of	 precipitation	 in	 complex	 terrain.	 This	 suggests	 that	 future	 modelling	 studies	 in	

complex	 terrain	 should	 consider	 sub-kilometre	 grids	 or	 parameterizations	 in	 order	 to	 more	

accurately	 resolve	 local	 meteorological	 variability.	 The	 sensitivity	 of	 these	 meteorological	

variables	to	spin-up	time	is	larger	in	summer	than	during	winter,	and	is	not	linear.	The	impact	of	

land	 use	 on	 precipitation	 is	 more	 pronounced	 during	 the	 summer.	 This	 is	 through	 the	 way	 it	

affects	the	latent	heat	flux.	

	

Glaciers	In	the	Karakoram	and	Kunlun	Shan	ranges	are	in	equilibrium	or	even	gaining	mass,	which	

is	in	sharp	contrast	with	the	negative	mass	balances	in	the	rest	of	High	Mountain	Asia.	At	regional	

scale,	meteorological	drivers	of	 this	Karakoram	anomaly	are	 investigated	by	a	novel	multi-year	

high-resolution	comparative	study	with	WRF.	The	accumulation	and	melt	dynamics	differ	by	 its	

contrasting	 seasonal	 and	 altitudinal	 distribution	 of	 snowfall	 and	 surface	 energy	 balance	

components.	Glaciers	 in	 the	Karakoram	are	more	sensitive	 to	 long-wave	 radiation	 from	clouds,	

and	summer	snow	events	are	 important	drivers	of	 the	surface	energy	balance	because	of	 their	

effect	 on	 the	 surface	 albedo.	 It	 is	 shown	 that	 the	 understanding	 of	 glacier	 mass	 balance	

anomalies	 requires	 quantification	 and	 insight	 into	 subtle	 shifts	 in	 the	 energy	 balance	 and	

accumulation	 regimes	 at	 high	 altitude,	 and	 that	 the	 sensitivity	 of	 glaciers	 to	 climate	 change	 is	

regionally	variable.	

	

A	regional	assessment	in	High	Mountain	Asia	of	climate	indicators	at	 large	scale	 is	addressed	in	

relation	to	temperature	and	precipitation	(positive	degree	days,	accumulated	precipitation,	pre-	

and	 post-	 monsoon	 precipitation),	 their	 sensitivity	 to	 temperature	 change	 and	 the	 change	 in	

return	periods	of	extreme	 temperature	and	precipitation	 in	a	 climate	 that	has	warmed	 first	by	

2°C	 and	 then	 by	 3°C.	 Data	 is	 analysed	 for	 three	 large	 (2000	 year)	 ensembles	 of	 present	 day	

climate	and	 for	both	a	2°C	 and	3°C	warmer	world	produced	with	 the	EC-EARTH	model.	 Strong	

seasonal	and	regional	differences	 in	 temperature	and	precipitation	change	exist	between	a	2°C	

and	3°C	warmer	world.	A	2°C	warmer	world	shows	a	fairly	homogeneous	response,	while	distinct	

differences	between	 regions	are	present	 in	a	3°C	warmer	world.	Differences	between	wet	and	

dry	seasons	are	amplified	in	monsoon-dominated	regions	with	drier	winters	and	wetter	monsoon	

periods	 in	 the	 future	 compared	 to	 present-day	 climate.	 The	 return	 periods	 of	 extreme	

temperature	 and	 precipitation	 events	 decrease	 in	 a	 warmer	 climate,	 and	 in	 general	 low-

frequency	events	change	more	than	less	frequent	events.	Overall,	the	largest	changes	in	climate	

indicators	can	be	found	in	the	Hindu	Kush	and	Himalaya.	East	Himalaya	is	by	far	the	most	affected	
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region,	where	changes	in	7	out	of	8	climate	indicators	are	greater	than	anywhere	in	HMA.		The	

increase	in	weather	extremes	will	affect	the	number	and	intensity	of	natural	hazards.	Our	results	

are	of	great	importance	for	climate	change	adaptation	strategies	in	HMA.	

	

Computational	 advances	 open	 opportunities	 to	 model	 weather	 and	 climate	 at	 very	 high	

resolution.	However,	two	main	challenges	remain:	how	to	combine	high-resolution	insights	into	

coarser	 resolution	 models	 and	 how	 to	 establish	 the	 direct	 coupling	 with	 glacio-hydrological	

models.	 High-resolution	models	 can	 now	 be	 used	 as	 a	 stand-alone,	 operational	model	 or	 as	 a	

validation	 tool	 for	 coarser	models.	 Future	 research	 should	 focus	 on	 the	 benefits	 of	 very	 high-

resolution	models	compared	to	coarser	models	and	an	ideal	resolution	and	complexity	should	be	

found	for	different	purposes.	Additionally,	the	increase	in	computational	power	enables	the	use	

of	large	ensemble	modelling	to	gain	insight	into	the	uncertainty	of	the	outcomes.	In	order	to	also	

gain	insight	into	model	uncertainty,	unity	in	the	set-up	of	future	large	ensembles	is	preferred.		

	

This	 thesis	shows	that	atmospheric	modelling	 is	a	valuable	 tool	 to	 investigate	 the	current	state	

and	future	fate	of	cryospheric	features	 in	mountainous	environments.	Advances	 in	atmospheric	

modelling	are	seen	to	play	an	important	role	in	improving	the	understanding	of	the	water	cycle	in	

high	altitudes	and	complex	terrain.	Future	research	should	aim	for	a	more	 integrated	approach	

between	meteorology,	glaciology	and	hydrology.	This	will	result	in	a	better	interpretation	of	the	

impacts	 of	 climate	 change	 on	 the	 hydrological	 cycle	 and	 on	 cryospheric	 change.	 This	 would	

improve	our	understanding	of	current	climate,	advance	climate	and	hydrological	projections	for	

the	 future,	 and	 would	 directly	 benefit	 the	 quality	 of	 climate	 change	 adaptation	 strategies	 in	

mountainous	environments.		
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Samenvatting	
	
Atmosferische	 processen	 hebben	 grote	 invloed	 op	 hydrologische	 processen	 (bv.	 neerslag),	

cryosferische	processen	(bv	de	energiebalans	van	het	gletsjeroppervlak)	en	zijn	essentieel	om	het	

veranderende	 klimaat,	 bijvoorbeeld	 extreme	 weersomstandigheden,	 te	 begrijpen.	 Echter,	 de	

atmosferische	 processen	 in	 hooggebergten	 worden	 momenteel	 nog	 niet	 volledig	 begrepen,	

omdat	metingen	 schaars	 zijn	 vanwege	 de	 ontoegankelijkheid	 van	 het	 gebied;	 en	 operationele	

modellen	 en	 satelliet	 producten	 een	 te	 grove	 resolutie	 hebben	 om	 de	 complexe	 topografie	

representatief	weer	te	geven.	Atmosferisch	modelleren	speelt	daarom	een	belangrijke	rol	in	het	

verbeteren	van	het	begrijpen	van	de	waterkringloop	op	grote	hoogte	en	in	complex	terrein.	

	

Het	belangrijkste	doel	van	dit	proefschrift	is	om	de	kennis	over	klimaatdynamica	op	grote	hoogte	

te	 vergroten	 van	 de	micro-	 tot	 de	mesoschaal,	 met	 speciale	 aandacht	 voor	 neerslag	 op	 grote	

hoogte	 en	 de	 interactie	 tussen	 de	 atmosfeer,	 de	 extreme	 topografie	 en	 de	 cryosfeer	 in	 het	

Aziatisch	 hooggebergte.	 Dit	 doel	 wordt	 bereikt	 door	 vier	 cases	 met	 verschillende	 ruimtelijke	

schalen	te	analyseren	met	verschillende	atmosferische	modellen.	De	MicroHH-modelcode	wordt	

gebruikt	om	 turbulente	 fluxen	op	een	puingletsjer	 te	onderzoeken.	De	WRF-modelcode	 	wordt	

gebruikt	 om	 het	 effect	 van	 randvoorwaarden	 te	 onderzoeken	 en	 om	 te	 analyseren	 welke	

meteorologische	 variabelen	 van	 belang	 zijn	 voor	 de	 aangroei	 en	 smelt	 van	 gletsjers	 in	 twee	

klimatologisch	 contrasterende	 valleien	 in	 de	Himalaya	 en	 Karakoram	 respectievelijk.	 	 Tenslotte	

wordt	 gebruik	 gemaakt	 van	 een	 groot	 ensemble	 van	 runs	 met	 het	 EC-EARTH-model	 om	 het	

voorkomen	 van	 extreme	 weersomstandigheden	 in	 het	 Aziatisch	 hooggebergte	 onder	

verschillende	(toekomstige)	klimaten	te	onderzoeken.	

	

Op	microschaal	wordt	het	effect	van	turbulente	fluxen	op	de	energiebalans	van	een	puingletsjer	

ontrafeld	door	deze	te	simuleren	met	DNS	(Direct	Numerical	Simulation)	op	een	resolutie	van	1	

meter	met	MicroHH.	De	effecten	van	de	eigenschappen	van	puin	op	de	ruimtelijke	verdeling	van	

meteorologische	 variabelen,	 zoals	 windvelden,	 vocht	 en	 temperatuur	 worden	 onderzocht	met	

gevoeligheidstesten.	 Vervolgens	wordt	 onderzocht	 hoe	 die	 turbulente	 fluxen	 de	 netto	 energie	

balans	beïnvloeden.	Onze	resultaten	tonen	aan	dat	turbulente	fluxen	de	energie	die	beschikbaar	

is	voor	smelt	aan	het	oppervlak	overdag	met	40%	kan	verminderen	en	daarom	kan	fungeren	als	

een	bron	van	energie,	terwijl	turbulente	fluxen	op	ijskliffen	deze	energie	juist	met	51%	versterken	

en	daarom	bijdragen	aan	een	versnelde	smelt.	Het	 resultaat	 is	dat	 ijskliffen	 -in	combinatie	met	

hun	lage	albedo-	smelt	hotspots	zijn.	
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Op	 vallei-schaal	 zijn	 de	 effecten	 van	 de	 ruimtelijke	 resolutie,	 spin-up	 tijd	 en	 landgebruik	 op	

ruimtelijke	patronen	in	neerslag,	windsnelheid	en	temperatuur	bestudeerd	met	het	WRF-model	

en	 vergeleken	 met	 observaties.	 Aangetoond	 is	 dat	 atmosferisch	 modelleren	 op	 sub-kilometer	

schaal	 resulteert	 in	 realistischere	neerslaghoeveelheden	en	 -patronen	 in	complex	 terrein	en	dit	

suggereert	 dat	 toekomstige	modelstudies	 rekening	 zouden	moeten	 houden	met	 een	 resolutie	

kleiner	dan	1	kilometer	om	de	 lokale	meteorologische	variabiliteit	nauwkeurig	op	te	 lossen.	De	

gevoeligheid	van	meteorologische	variabelen	op	de	spin-up	tijd	 is	groter	 in	de	zomer	dan	 in	de	

winter	 en	 is	 niet	 lineair.	 Landgebruik	 beïnvloedt	 voornamelijk	 de	 neerslaghoeveelheden	 in	 de	

zomer	doordat	dit	de	latente	warmtestroom	rechtstreeks	beïnvloed.	

	

In	de	Karakoram-	en	Kunlun	Shan-regios	zijn	gletsjers	in	evenwicht	of	neemt	de	massa	zelfs	toe,	

wat	 in	 contrast	 staat	 met	 het	 massaverlies	 van	 gletsjers	 in	 de	 rest	 van	 het	 Aziatisch	

hooggebergte.	 Op	 regionale	 schaal	 zijn	 meteorologische	 factoren	 van	 dit	 afwijkende	 gedrag	

onderzocht	met	een	meerjarige,	hoge	resolutie	simulatie	van	WRF.	Ik	laat	zien	dat	de	accumulatie	

en	smeltdynamiek	van	gletsjers	in	de	Karakoram	verschillen	door	de	contrasterende	seizoens-	en	

hoogteverdeling	van	sneeuwval	en	door	verschillen	 in	energiebalans	componenten.	Gletsjers	 in	

de	Karakoram	zijn	gevoeliger	voor	langgolvige	straling	van	wolken	en	tevens	voor	sneeuwval	in	de	

zomer,	omdat	sneeuw	het	oppervlakte	albedo	verhoogt	en	daarom	de	energie	beschikbaar	voor	

het	smelten	verlaagt.	In	deze	thesis	wordt	aangetoond	dat	om	afwijkingen	in	de	massabalans	van	

gletsjers	te	begrijpen,	kwantificering	van	en	inzicht	in	subtiele	veranderingen	in	de	energiebalans	

en	 accumulatie	 regimes	 op	 grote	 hoogte	 vereist	 is	 en	 dat	 de	 gevoeligheid	 van	 gletsjers	 voor	

klimaatverandering	regionaal	variabel	is.	

	

Op	 meso-schaal	 is	 een	 regionale	 analyse	 van	 klimaatindicatoren	 gedaan	 voor	 het	 Aziatisch	

hooggebergte	 met	 betrekking	 tot	 temperatuur	 en	 neerslag	 (positieve	 graaddagen,	

geaccumuleerde	 neerslag,	 (pre-	 en	 post-)	 moesson	 neerslag),	 hun	 gevoeligheid	 voor	

temperatuurverandering	 en	de	 verandering	 van	de	herhalingstijd	 van	 extreme	 temperatuur	 en	

neerslag	 in	 een	 2	 en	 3	 °C	warmer	 klimaat.	 Drie	 grote	 ensembles	 van	 2000	 jaar	 in	 het	 huidige	

klimaat	 en	 in	 een	 2	 °C	 en	 3	 °C	 warmere	 wereld,	 gemaakt	 met	 het	 EC-EARTH-model	 zijn	

geanalyseerd.	Er	bestaan	sterke	seizoensafhankelijke	en	regionale	verschillen	in	temperatuur-	en	

neerslagverandering	 tussen	 een	 2	 °C	 en	 3	 °C	 warmere	 wereld.	 Veranderingen	 in	 een	 2	 °C	

warmere	wereld	zijn	vrijwel	homogeen,	terwijl	duidelijke	verschillen	tussen	regio's	aanwezig	zijn	

in	 een	 3	 °C	warmere	wereld.	 In	moesson	 gedomineerde	 regio's	worden	 de	 huidige	 verschillen	

tussen	 natte	 en	 droge	 seizoenen	 versterkt	 door	 een	 nog	 drogere	 winter	 en	 juist	 nattere	

moessonperiode	in	de	toekomst.	
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De	 herhalingstijd	 van	 extreme	 temperatuur-	 en	 neerslaggebeurtenissen	 wordt	 korter	 in	 een	

warmer	 klimaat,	 en	 in	 het	 algemeen	 veranderen	 zeldzame	 gebeurtenissen	 meer	 dan	 de	

frequentere	gebeurtenissen.	De	grootste	veranderingen	in	klimaatindicatoren	zijn	te	vinden	in	de	

Hindu	 Kush	 en	 Himalaya.	 De	 oostkant	 van	 de	 Himalaya	 laat	 het	 sterkste	 effect	 zien,	 en	 de	

veranderingen	 van	 zeven	 van	 de	 acht	 klimaatindicatoren	 zijn	 in	 deze	 regio	 het	 grootst	 in	

vergelijking	 met	 alle	 andere	 regio’s	 het	 Aziatisch	 hooggebergte.	 De	 toename	 in	 extreme	

weersomstandigheden	zal	het	aantal	en	de	intensiteit	van	natuurlijke	rampen	beïnvloeden.	Onze	

resultaten	 zijn	 daarom	van	 groot	belang	 in	de	 adaptatiestrategieën	 voor	 klimaatverandering	 in	

Azië.	

	

De	 toename	 in	 computerrekenkracht	 biedt	 kansen	 om	 het	weer	 en	 klimaat	 op	 een	 zeer	 hoge	

resolutie	 te	 modelleren.	 Er	 blijven	 echter	 twee	 grote	 uitdagingen	 bestaan:	 hoe	 deze	 hoge-

resolutie-inzichten	geïntegreerd	kunnen	worden	 in	modellen	met	een	grovere	 resolutie	en	hoe	

deze	 direct	 gekoppeld	 kunnen	 worden	 aan	 glacio-hydrologische	 modellen.	 Hoge-

resolutiemodellen	kunnen	momenteel	gebruikt	worden	als	een	op	zichzelf	staand,	operationeel	

model	 of	 als	 validatietool	 voor	 de	 grovere	 resolutie	modellen.	 Toekomstig	 onderzoek	moet	 de	

voordelen	van	hoge-resolutiemodellen	in	vergelijking	met	grovere	modellen	vaststellen	zodat	de	

ideale	 resolutie	 en	 complexiteit	 gevonden	 kan	 worden	 voor	 verschillende	 modeldoeleinden.	

Hiernaast	maakt	de	toename	van	rekenkracht	het	mogelijk	om	grote	model	ensembles	te	creëren	

om	 inzicht	 te	 krijgen	 in	 de	 onzekerheid	 van	 de	 uitkomsten.	 Om	 ook	 inzicht	 te	 krijgen	 in	 de	

modelonzekerheid	zouden	toekomstige	ensembles	met	andere	klimaatmodellen	dezelfde	set-up	

up	moeten	hebben.			

	

Dit	 proefschrift	 laat	 zien	 dat	 atmosferisch	 modelleren	 een	 waardevolle	 toevoeging	 is	 om	 de	

huidige	toestand	en	toekomstige	veranderingen	van	de	cryosfeer	 in	bergachtige	omgevingen	te	

onderzoeken.	Vooruitgang	in	atmosferische	modellering	speelt	daarom	een	belangrijke	rol	bij	het	

verbeteren	 van	 het	 begrip	 van	 de	 waterkringloop	 op	 grote	 hoogte	 en	 in	 complex	 terrein.	

Toekomstig	 onderzoek	 zou	 moeten	 streven	 naar	 een	 meer	 geïntegreerde	 benadering	 tussen	

meteorologie,	glaciologie	en	hydrologie	zodat	de	hydrologische	cyclus	beter	begrepen	wordt	en	

cryosferische	veranderingen	als	gevolg	van	klimaatverandering	beter	 in	kaart	worden	gebracht.	

Dit	 zou	 ons	 begrip	 van	 het	 huidige	 klimaat	 vergroten;	 de	 klimaat-	 en	 hydrologische	 projecties	

voor	 de	 toekomst	 verbeteren;	 en	 adaptatiestrategieën	 ondersteunen	 om	 de	 gevolgen	 van	

klimaatverandering	in	bergachtige	gebieden	het	hoofd	te	bieden.	
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A	 quarter	 of	 the	 earth’s	 surface	 is	 covered	 by	mountains	 (Kapos	 et	 al.,	 2000),	 supplying	 fresh	

water	 to	 1.6	 billion	 people	 worldwide	 (Immerzeel	 et	 al.,	 2020).	 Fresh	 water	 is	 unevenly	

distributed	 across	 the	 planet,	 with	 problems	 of	 distribution	 and	 sharing	manifesting	 for	more	

than	 5000	 years	 (Gleick,	 1993).	 Water	 conflicts	 are	 now	 getting	 ever	 more	 common	 as	 fresh	

water,	 a	primary	basic	need,	becomes	even	 scarcer.	Water	 is	 therefore	also	 called	 the	new	oil	

(Robins	and	Fergusson,	2014).	Water	regions	are	generally	not	bounded	by	national	borders,	and	

this	complicates	geopolitical	negations	(Gleick,	1993).	Examples	are	reduced	water	availability	in	

downstream	areas	by	upstream	damming,	water	extraction	or	water	pollution	(i.e.	Lundqvist	and	

Falkenmark,	2000).		

	

Although	the	height	of	the	largest	mountain	peak	on	earth	(Mount	Everest,	8.8	km)	is	not	even	

0.1%	of	the	earth’s	radius	(6371	km),	mountains	have	a	profound	influence	on	the	global	climate.	

This	is	because	the	bulk	of	the	planet’s	atmospheric	mass	(75%)	is	located	in	the	lowest	layer	of	

the	 earth’s	 atmosphere	 (the	 troposphere),	 and	 contains	 99%	 of	 the	 total	 water	 vapour.	 The	

thickness	of	 this	 layer	varies	dependent	on	 its	geographical	 location	but,	globally	averaged,	 the	

troposphere	is	13	kilometres	thick	and	thus	of	the	same	order	of	magnitude	as	the	elevations	in	

high-altitude	mountain	ranges.	

	

Mountains	 are	 generally	 defined	as	 “substantial	 elevations	of	 the	Earth's	 crust	 above	 sea	 level	

which	 result	 in	 localized	 disruptions	 to	 climate,	 drainage,	 soils,	 plants	 and	 animals”	 (Goudie,	

1985).	 The	 earth’s	 major	 mountain	 ranges	 have	 a	 typical	 longitudinal	 dimension	 of	 1000	

kilometres	(e.g.	the	Alps,	Andes,	Himalayas,	and	the	Rockies)	which	act	as	natural	flow	barriers.	



10				|				Introduction	

Mountains	 generate	 precipitation	 as	 they	 force	 the	 air	 mass	 upwards,	 decreasing	 the	 water	

holding	capacity	of	air.	This	results	in	climatic	regions	that	are	often	bounded	by	mountain	ranges	

with	wet	climates	often	found	on	the	windward	slopes	of	the	mountains,	while	dry	climates	can	

be	found	 in	the	 lee	of	mountain	ranges.	A	clear	example	of	this	 is	the	tropical	climate	 in	Nepal	

and	 the	 arid	 Tibetan	 Plateau	 in	Asia.	 The	 distinction	 between	 the	 two	 climatic	 zones	 is	 clearly	

visible	on	satellite	imagery.	The	orientation	of	mountains	in	relation	to	the	main	wind	direction	is	

important	in	defining	a	clear	distinction	between	the	climatic	regions.	

	

Mountain	ranges	both	precipitate	moisture	and	have	a	 large	water	buffering	capacity	-	and	are	

therefore	often	referred	to	as	water	towers	(Immerzeel	et	al.,	2020;	Viviroli	et	al.,	2007).	Water	

can	be	stored	at	high	altitudes	in	solid	form	as	glaciers,	snow	and	permafrost	or	in	liquid	form	as	

ground	 water.	 Stored	 water	 will	 be	 released	 back	 to	 the	 hydrological	 cycle	 at	 different	 time	

scales.	 Glaciers,	 for	 example,	 provide	 water	 in	 dry	 seasons	 (Marzeion	 et	 al.,	 2014)	 while	

permafrost	can	persist	for	decades	(Hiyama	et	al.,	2013).		

	

1.1. Background	and	importance	of	glaciers	in	HMA		

The	High	Mountains	of	Asia	 (HMA)	contain	 roughly	one	hundred	thousand	glaciers	with	a	 total	

glacier	area	of	almost	100.000	km2	(RGI	Consortium,	2017).	After	Greenland	and	Antarctica	this	is	

the	largest	reservoir	of	stored	fresh	water	and	therefore	HMA	is	often	referred	to	as	Third	Pole	

(Qiu,	2008).	Glaciers	in	HMA	provide	fresh	water	to	ten	major	rivers	in	this	region	and	800	million	

people	are	dependent	on	 its	water	 resources	 for	 food	supply,	energy	generation	and	domestic	

use	(Pritchard,	2019).	This	water	use	is	projected	to	increase	due	to	both	population	growth	and	

an	increase	in	welfare	and	living	standards	(Wester	et	al.,	2019)		

	

Climate	change	will	affect	glaciers	and	therefore	water	availability	by	changing	the	accumulation	

and	ablation	through	changes	in	precipitation	and	in	temperature.	This	immediately	stresses	the	

need	for	an	interdisciplinary	approach	involving	both	the	atmospheric	and	cryospheric	sciences	to	

properly	understand	and	predict	the	cryospheric	response	to	climate	change.		

	

For	 rivers	 dependent	 on	 glacier	 runoff,	 melting	 glaciers	 are	 projected	 to	 first	 increase	 river	

discharge	through	 increased	melt	water,	 followed	by	a	 future	reduction	 in	river	discharge	once	

this	melt	 has	 resulted	 in	 a	decrease	 in	 glacier	 volume	 (Huss	 and	Hock,	 2018;	 Immerzeel	 et	 al.,	

2013;	Shea	et	al.,	2015).	In	rivers	less	dependent	on	glacier	runoff,	changes	in	pre-monsoon	and	

monsoon	precipitation	will	be	major	drivers	of	changes	 in	future	river	runoff	(Lutz	et	al.,	2014).	

High	Mountain	Asia	is	a	region	of	high	interest	due	to	the	population	density	in	combination	with	
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a	high	vulnerability	 to	climate	change.	A	detailed	understanding	of	 the	behaviour	of	glaciers	 in	

HMA	is	required	to	plan	adaptations	to	climate	change.		

	

1.2. Climate	of	HMA	

High	 Mountain	 Asia	 includes	 the	 mountain	 ranges	 of	 the	 Himalaya,	 Karakoram,	 Pamir,	 Hindu	

Kush,	 Tien	 Shan,	 and	 the	 Tibetan	 Plateau.	 These	 mountain	 ranges	 influence	 the	 climate	 at	

different	scales.	The	synoptic	scale	circulations	define	the	general	climate	but	smaller	catchment-

scale	and	micro-scale	processes	define	the	final	and	local	climate	(Barros	et	al.,	2004).	The	main	

feedbacks	between	the	topography	and	climate	are	discussed	in	the	following	paragraphs.	

	

	
	

Figure	1.1:	Overview	of	the	main	mountain	ranges,	climate	systems	and	rivers	in	High	Mountain	

Asia	(Markus,	2020)	

1.2.1.	Synoptic	scale	

At	 the	 synoptic	 scale	 the	 climate	 is	 dominated	 by	Westerly	winds	 and	 by	 the	 Indian	monsoon	

(Figure	1.1).	The	importance	of	the	Westerlies	decreases	to	the	East,	while	that	of	the	monsoon	

decreases	to	the	West	(Bookhagen	and	Burbank,	2010).	Westerlies	have	a	seasonal	shift	(south-
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north	movement)	and	varying	 intensity	 (Kuang	and	Zhang,	2005).	 In	 the	Karakoram	up	 to	 two-

third	of	the	precipitation	falls	as	snow	during	winter	(Hewitt,	2005),	while	in	the	Himalayas	80%	

of	the	precipitation	falls	during	summer	(Ghosh	et	al.,	2009).	

	

The	monsoon	 starts	 in	 June	 and	 transports	warm	and	moist	 air	 northwards	 from	 the	 equator,	

leading	 to	high	 temperatures	and	high	precipitation	amounts	 from	 June	 to	September.	This	air	

interacts	 with	 the	 two-step	 topography	 and	 results	 in	 two	 precipitation	 geographical	 peaks	

corresponding	to	the	topography	(Bookhagen	and	Burbank,	2010).	Consequently,	there	is	a	clear	

south-north	decrease	in	precipitation,	where	regions	north	of	the	orographic	barriers	receive	very	

little	precipitation.	The	accumulated	annual	precipitation	at	the	foot	of	the	Himalayas	can	be	over	

3	metres,	 while	 at	 the	 Tibetan	 Plateau	 this	 is	 generally	 less	 than	 0.5	metres	 (Maussion	 et	 al.,	

2014).		

	

1.2.2.	Catchment	scale	

Valleys	are	of	great	importance	in	the	transport	of	water	vapour	up	to	the	higher-elevated	parts	

of	High	Mountain	Asia,	acting	as	a	conduit	in	the	supply	of	precipitation	to	these	higher	altitudes	

(Bookhagen	 and	 Burbank,	 2010).	 Catchment-scale	 processes	 (order	 of	 tens	 of	 kilometres)	 are	

mainly	driven	by		solar	radiation	and	topography.	During	the	day	the	sun	heats	the	surface	and	

causes	air	to	rise	(slope	winds	or	anabatic	winds),	while	during	the	night	radiative	cooling	causes	

air	to	descend	down	the	slopes	(katabatic	winds;	see	Figure	1.2).	The	term	katabatic	wind	is	also	

often	used	to	describe	smaller	scale	downward	glacier	winds,	which	generally	develop	during	the	

day	 and	 are	 caused	 by	 the	 cold	 ice	 surface	 that	 cools	 the	 atmosphere.	 Valley	winds	 are	more	

developed	and	occur	 in	a	thicker	 layer	(20-200m)	than	found	for	night-time	katabatic	winds	(3-

100m).	This	is	because	stable	stratification	restrains	turbulent	exchange	between	the	surface	and	

atmosphere	(Zardi	and	Whiteman,	2013).	

	

	
Figure	1.2:	Typical	day	time	and	night	time	valley-circulations	(Markus,	2020)	
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At	the	valley	scale	the	topography	plays	an	important	role	with	the	air	forced	upwards	due	to	the	

valley-circulations,	causing	clouds	to	form	(Figure	1.2).	Variation	in	cloud	cover	and	precipitation	

can	lead	to	differences	in	local	climate	within	a	catchment,	potentially	causing	relatively	dry	and	

wet	 areas	 between	 or	 within	 catchments.	 The	 local	 climate	 may	 influence	 the	 glacier	 mass	

balance	directly	by	affecting	 the	snow	accumulation	and	surface	energy	balance	and	should	be	

carefully	considered	when	making	glacier	mass	balance	projections	 	 	

1.2.3.	Micro-scale	

Small-scale	meteorological	processes	regulate	micro-scale	climate	 (in	 the	order	of	metres)	such	

as	heat	transport	between	the	surface	and	atmosphere	caused	by	turbulence.	Turbulence	can	be	

represented	 by	 eddies	 and	 can	 be	 measured	 with	 an	 eddy	 covariance	 system	 taking	 high	

frequency	measurements	of	horizontal	and	vertical	wind	speeds,	air	pressure,	temperature	and	

humidity.	With	these	measurements	the	sensible	and	latent	heat	flux	can	be	determined.	Surface	

characteristics	 influence	 the	 heat	 exchange	 between	 the	 surface	 and	 atmosphere.	 Surface	

roughness,	 surface	 type	 and	 surface	 moisture	 are	 examples	 of	 factors	 that	 influence	 the	

microclimate	of	an	area.	

	

In	 summary,	 synoptic	 scale	 processes	 provide	 the	boundary	 conditions	 for	 radiation,	wind	 and	

moisture.	Valley	scale	processes	drive	the	local	weather	through	the	heating	and	cooling	of	the	

surface,	the	development	of	valley	winds,	and	the	formation	of	clouds	due	to	the	rising	of	warm	

air.	 At	 the	micro	 scale	 the	 surface	 energy	 balance	 is	 influenced	 by	 turbulent	 processes,	which	

depend	on	the	surface	temperature,	roughness	and	moisture	conditions.	To	gain	a	holistic	insight	

in	 mountain	 weather	 patterns	 and	 how	 they	 interact	 with	 the	 cryosphere,	 it	 is	 essential	 to	

address	all	three	scales	and	their	interactions.	

	

1.3.	Glaciers	in	HMA		

1.3.1.	Glacier	types	

Mountain	glaciers	are	characterized	by	two	different	surface	types:	clean	ice	glaciers	and	debris-

covered	 glaciers.	 In	 the	 case	 of	 clean	 ice	 glaciers,	 glacier	 ice	 is	 directly	 exposed	 to	 the	

atmosphere,	while	debris	on	top	of	the	glacier	tongue	forms	the	connection	between	the	ice	and	

atmosphere.	This	debris	originates	 from	erosion	and	deposition	of	 the	 surrounding	 terrain	and	

varies	from	silt	to	large	boulders	(Miles	et	al.,	2017;	Van	Woerkom	et	al.,	2019).	The	main	effect	

of	 this	 debris	 is	 a	 higher	 surface	 temperature	which	 influences	 the	 surface	 energy	 balance	 by	

emitting	 more	 longwave	 radiation	 and	 also	 receiving	 extra	 longwave	 radiation	 from	 its	

surrounding	terrain	(Steiner	et	al.,	2015).	Debris	also	increases	the	surface	roughness,	enhancing	
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the	 energy	 exchange	 between	 the	 surface	 and	 atmosphere.	 Additionally,	 debris	 comprises	 an	

unsaturated	surface	that	influences	the	conduction	of	heat	through	the	debris	material.		

	

Debris	decreases	the	glacier’s	albedo	and	thus	increases	the	absorption	of	solar	radiation.	A	thin	

layer	 of	 debris	 enhances	 the	melt	 rate,	while	 in	 the	 case	 of	 a	 thick	 debris	 layer	 the	 insulating	

effects	 are	 dominant	 and	 lead	 to	 decreased	 melt	 (Östrem,	 1959).	 However,	 more	 recent	

observations	 show	 similar	 thinning	 rates	 for	 both	 clean	 ice	 and	 debris-covered	 glaciers	 (e.g.	

Gardelle	 et	 al.,	 2013;	 Kääb	 et	 al.,	 2012;	 Nuimura	 et	 al.,	 2017).	 This	 phenomenon	 has	 been	

referred	 to	 as	 the	 ‘debris-cover	 anomaly’	 (Pellicciotti	 et	 al.,	 2015).	 Two	 explanations	 are	

proposed;	 first,	 the	 emergence	 velocity	 of	 debris-covered	 glacier	 tongues	 is	 lower,	 which	 can	

result	 in	 similar	 thinning	 rates	 even	 with	 lower	 melt	 rates	 (Anderson	 and	 Anderson,	 2016).		

Secondly,	supra-glacial	features	such	as	ice	cliffs	and	ice	ponds	can	accelerate	glacier	melt	(Buri	

and	Pellicciotti,	2018;	Immerzeel	et	al.,	2014a;	Miles	et	al.,	2018;	Sakai	et	al.,	2000;	Steiner	et	al.,	

2019).	

1.3.2.	Glacier	surface	energy	balance	

A	glacier	is	in	steady	state	when	the	accumulation	is	equal	to	the	ablation.	Melt	(M),	is	the	main	

ablation	component,	and	is	driven	by	a	positive	surface	energy	flux,	which	can	be	approximated	

by:	

	

! = !!"_!" − !!"_!"# + !!"_!" − !!"_!"# + !! + !! 	 	 	 	 	 Eq.		1	

	

Where	QSW_in	and	QSW_out	are	the	shortwave	incoming	and	outgoing	radiation	respectively,	QLW_in	

and	QLW_out	the	longwave	incoming	and	outgoing	radiation,	QH	the	sensible	heat	flux,	and	QL	the	

latent	 heat	 flux.	 Modelling	 or	 measuring	 the	 spatio-temporal	 variation	 in	 the	 glacier	 surface	

energy	 balance	 components	 gives	 insight	 in	 the	 total	 glacier	 surface	 energy	 balance	 and	 the	

importance	 of	 specific	 terms.	 The	 surface	 energy	 balance	 is	 an	 important	 component	 in	 the	

understanding	of	atmospheric	exchange	processes	over	complex	terrain	(De	Wekker	et	al.,	2018).	

The	complexity	of	the	specific	individual	components	varies	with	resolution	and	will	be	discussed	

in	relevant	individual	chapters	in	this	thesis.	

1.3.3.	Karakoram	anomaly	

The	Karakoram	anomaly	is	the	phenomenon	of	 irregular	behaviour	of	glaciers	 in	the	Karakoram	

region,	where	glaciers	are	stable	or	slightly	gaining	in	mass,	in	contrast	to	diminishing	glaciers	in	

other	parts	of	HMA	(Figure	1.3).	The	Karakoram	anomaly	was	firstly	described	by	Hewitt	(2005)	
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and	later	confirmed	by	larger	scale	geodetic	studies	(Brun	et	al.,	2017;	Gardelle	et	al.,	2012;	Kääb	

et	al.,	2012)	that	extended	the	Karakoram	region	to	the	Eastern	Pamir	Kunlun	Shan	region.		

	

Several	explanations	have	been	proposed	 for	 the	Karakoram	anomaly,	 including	a	difference	 in	

glacier	response	(Sakai	and	Fujita,	2017)	and	change	in	climatic	forcing.	The	latter	includes	more	

winter	precipitation	(Forsythe	et	al.,	2017),	a	change	in	seasonality	(Kapnick	et	al.,	2014),	summer	

cooling	 (Fowler	 and	 Archer,	 2005)	 and	 intensified	 irrigation	 that	 enhances	 local	 circulation	

patterns	(de	Kok	et	al.,	2018).	See	Farinotti	et	al.	(2020)	for	a	recent	overview.	

A	 disadvantage	 of	 geodetic	 or	 observational	 studies	 is	 that	 they	 quantify	 only	 glacier	 surface	

height	changes	and	devote	limited	attention	to	the	actual	drivers	of	this	change.	Meteorological	

observations	 show,	 for	 example,	 a	 cooling	 in	 summer	 -	 but	 this	 can	 also	 be	 a	 result	 of	 the	

Karakoram	anomaly	due	to	more	snow	and	an	expanded	glacier	surface,	instead	of	a	direct	driver	

of	the	glacier	surface	increase	(Fowler	and	Archer,	2006).	

	

It	is	unknown	whether	this	anomalous	behaviour	is	temporary	or	systematic;	this	can	be	studied	

with	 atmospheric	 modelling.	 More	 generally,	 in	 order	 to	 improve	 our	 understanding	 of	 the	

cryospheric	response	to	climate	change,	we	need	to	gain	further	insight	into	several	atmosphere-

cryosphere	 feedbacks	 at	 different	 scales.	 Atmospheric	 modelling	 studies	 may	 provide	 these	

necessary	insights.	

	
Figure	 1.3:	 Glacier	 surface	 elevation	 changes	 in	 HMA	 over	 the	 period	 2001-2016	 (Brun	 et	 al.,	

2017)	
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1.4.	Climate	change	in	HMA	

1.4.1.	Observed	changes	

HMA	is	sensitive	to	climate	change.	During	the	last	decades	HMA	temperatures	have	risen	faster	

than	 the	 global	 average	 (Liu	 and	 Chen,	 2000),	 a	 phenomena	 known	 as	 elevation	 dependent	

warming	 (Pepin	 et	 al.,	 2015).	 Possible	 causes	 are:	 snow	 albedo	 and	 surface-based	 feedbacks;	

water	vapour	changes	and	latent	heat	release;	surface	water	vapour	and	radiative	flux	changes;	

surface	heat	loss	and	temperature	change;	and	aerosols	(Pepin	et	al.,	2015).		

	

Currently,	 glaciers	 in	 HMA	 are	 retreating	 rapidly	 and	 under	 1.5	 degrees	 of	 global	 warming,	

compared	 to	 preindustrial	 greenhouse	 gas	 concentration	 and	 temperature	 levels,	 36%	 of	 the	

glacier	 ice	 volume	 would	 be	 lost	 (Kraaijenbrink	 et	 al.,	 2017).	 This	 has	 large	 implications	 for	

regional	 water	 supply,	 and	 therefore	 regional	 water	management.	 In	 the	 near	 future,	 a	 small	

increase	 in	 river	 flow	 during	 the	 summer	months	 is	 expected	 together	 with	 increased	 flow	 in	

other	 seasons,	 while	 in	 the	 more	 distant	 future	 a	 decrease	 in	 summer	 flow	 and	 a	 stronger	

increase	 in	 flows	 in	other	months	can	be	expected	as	 the	glaciers	diminish	 (Lutz	et	al.,	2016a).	

Extreme	river	discharge	are	projected	to	occur	more	often	and	 intensify,	which	may	have	 large	

implications	for	floods	in	the	Indus	region	(Lutz	et	al.,	2016b).	

1.4.2.	Projected	changes	

The	 Indus	 Basin	 strongly	 depends	 on	 glacier	melt	 water	 and	 downstream	water	 demands	 are	

high.	60%	of	the	total	 irrigation	requirement	 in	the	 Indus	basin	originates	from	mountain	snow	

and	glacier	melt	during	the	pre-monsoon	(Biemans	et	al.,	2019).	Lutz	et	al.	 (2016a)	show	water	

availability	 projections	 in	 year	 2100	 to	 range	 from	 -15%	 to	 +60%;	 this	 is	 mainly	 caused	 by	

uncertainties	in	precipitation	in	this	region	as	a	consequence	of	climate	change.		

	

The	 CMIP5	models	 project,	 on	 average,	 slightly	wetter	 summers	 in	 the	 Himalaya	 and	Hindu-

Kush	Himalaya	in	the	21st	century,	while	winter	precipitation	is	projected	to	remain	statistically	

stable	(Palazzi	et	al.,	2015).	However	predicting	future	climate	in	HMA	is	not	straightforward	and	

current	climate	models	find	it	difficult	to	simulate	the	climate	in	HMA	because	of	the	role	played	

by	 various	 processes	 at	 different	 scales	 (Iacono	 et	 al.,	 2008;	 Palazzi	 et	 al.,	 2015).	 First,	 global	

circulation	models	are	of	too	coarse	a	resolution	(±50-100km)	to	resolve	the	steep	topography,	

resulting	 in	 an	 underestimation	 of	 orographic	 lifting	 and	 consequent	 incorrect	 location	 of	

precipitation	 (Christensen	et	 al.,	 2007).	 Second,	 parameterizations	of	 unresolved	processes	 are	

key	to	the	correct	simulation	of	the	climate.	Convective	processes,	for	example,	are	identified	as	

a	major	limitation	in	future	projections	of	GCMs,	since	different	atmospheric	scales	are	involved	
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in	 this	process	 (Stevens	and	Bony,	2013).	 The	existing	 convection	parameterization	 schemes	 in	

GCMs	are	 the	main	 source	of	uncertainty	when	 simulating	precipitation,	 and	all	 have	different	

complexity	and	physical	assumptions	(classes	of		hydrometeors,	using	single	or	double	moments;	

Arakawa,	2004).	

	

1.5.	Precipitation	products	over	HMA	

Unravelling	climate	dynamics	at	high-altitude,	and	precipitation	patterns	 in	particular,	 is	one	of	

the	 largest	 quests	 in	 understanding	 greater	Himalayan	hydrology	 (Immerzeel	 et	 al.,	 2015).	 The	

main	 input	 for	 hydrological	 models	 is	 precipitation	 data,	 and	 existing	 data	 sets	 have	 strong	

limitations	 in	 mountainous	 areas.	 Immerzeel	 et	 al.	 (2015)	 found,	 for	 example,	 that	 the	 water	

balance	 in	 HMA	 can	 only	 be	 closed	 if	 the	 local	 precipitation	 is,	 on	 average,	 double	 what	 was	

previously	thought.	 Identifying	the	best	precipitation	product	in	HMA	is	not	possible	due	to	the	

lack	of	field	observations,	the	complex	topography,	and	different	meteo-climatic	regimes	(Palazzi	

et	al.,	2013).		

	

For	highly	heterogeneous	regions,	such	as	HMA,	a	coarse	model	resolution	or	coarse	input	data	is	

unable	to	simulate	hydrology	or	climate	adequately,	as	many	processes	are	misrepresented.	So,	

for	example,	the	smoothing	of	the	topography	results	in	both	too	little	precipitation	and	a	shift	in	

precipitation	 patterns	 (Cannon	 et	 al.,	 2017).	 Additionally,	 coarse	 scale	 surface	 inputs	 (e.g.	

temperature,	soil	moisture)	cannot	represent	glaciers	and	their	feedbacks	(Kotlarski	et	al.,	2010).			

	

Surface	(point)	observations	to	validate	precipitation	datasets	are	generally	sparse	in	HMA,	while	

these	are	almost	entirely	absent	in	the	western	HMA.	Point	observations	are	sparse,	provide	very	

limited	spatial	coverage,	and	are	generally	of	low	data	quality.	Snow	measurements	are	especially	

sparse	 (and	 therefore	uncertain),	 due	 to	 the	undercatch	of	 snow,	 and	 the	occurrence	of	 snow	

bridging	 on	 pluviometers	 (Groisman	 and	 Legates,	 1994;	 Thériault	 et	 al.,	 2012).	 In	 a	 few	 well-

equipped	 research	 catchments	 in	 the	 Himalayas,	 a	 relatively	 dense	 network	 of	meteorological	

stations	 (automatic	 weather	 stations,	 pluviometers,	 tipping	 buckets)	 and	 hydrological	 stations	

(runoff	 measurements)	 can	 be	 found	 (Immerzeel	 et	 al.,	 2014;	 Salerno	 et	 al.,	 2015).	 In	 2019,	

National	Geographic	installed	the	highest	AWS	(8400m)	on	Earth	on	Mount	Everest.	This	was	in	

order	to	get	more	 insight	 into	high-altitude	meteorology	and	 is	exceptional	 in	 that	 it	offers	 the	

possibility	of	measuring	the	sub-tropical	jet	stream	at	this	altitude	(National	Geographic,	2019).	

	

Reanalysis	data	sets	use	satellite	observations	for	data	assimilation.	 In	HMA	the	reanalysis	data	

set	 ERA-Interim	 (Dee	 et	 al.,	 2011)	 is	 often	 used,	 since	 precipitation	 amounts	 have	 the	 best	
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agreement	of	 current	 available	 reanalyses	with	observations	or	 satellite	precipitation	data	 sets	

(Palazzi	et	al.,	2013).	ERA-Interim	over-estimates	precipitation	when	compared	to	other	gridded	

data	sets	and	satellite	products,	yet	 it	 is	 in	closest	agreement	with	observations.	 It	 is	 likely	that	

the	satellite	data	sets	have	problems	with	 the	detection	of	 snow.	ERA-Interim	was	 replaced	by	

the	higher	resolution	ERA5	data	set	in	2019	(ECMWF,	2019).	Its	higher	resolution	has	meant	that	

precipitation	 patterns	 and	 amounts	 are	 now	 better	 resolved	 than	 they	were	when	 using	 ERA-

Interim.	 A	 inter-comparison	 study	 by	 Copernicus	 (2017)	 shows	 that	 ERA5	 gives	 increased	

precipitation	amounts	in	steep	terrain	in	High	Mountain	Asia	when	compared	to	ERA-Interim	and	

is	therefore	even	more	distinct	than	ERA-Interim.	

	

Besides	reanalysis	data	sets,	several	other	types	of	gridded	precipitation	data	sets	are	available:	

1.	rain-gauge	based	collections	(CRU,	APHRODITE,	GPCC),	2.	satellite	data	sets	(TRMM),	3.	a	rain-

gauge	 and	 satellite	 combined	 product	 (GPCP),	 and	 4.	 data	 output	 from	 climate	 models.	 A	

disadvantage	of	all	gridded	data	sets	is	the	coarse	spatial	resolution,	which	is	only	useful	for		large	

scale	studies	(Palazzi	et	al.,	2013).		

	

1.6.	Atmospheric	modelling	over	HMA	

As	observations	are	scarce	and	only	provide	information	for	a	single	point,	modelling	becomes	a	

necessary	 tool	 to	 obtain	 spatial	 data,	 especially	 in	 heterogeneous	 terrain.	 Model	 resolution	

generally	 is	 a	 trade-off	 between	 the	 scale,	 the	 desired	 simulation	 period	 and	 the	 amount	 of	

computational	 time.	 The	 model	 resolution	 needs	 to	 be	 appropriate	 to	 resolve	 the	 process	 of	

interest.	 For	 example,	 to	 model	 large-scale	 circulation	 a	 resolution	 in	 the	 order	 of	 tens	 of	

kilometres	 is	 needed	 and	 to	model	 valley-scale	 processes	 in	 the	 order	 of	 kilometres.	 It	 is	 not	

appropriate	 to	model	 the	East	 Indian	monsoon	at	100-metre	 resolution,	or	 to	model	 turbulent	

fluxes	with	a	general	circulation	model.		

	

General	 circulation	 models	 (GCM’s)	 are	 among	 the	 most	 coarse	 climate	 models	 that	 couple	

atmosphere,	cryosphere	and	land	surface	models,	and	solve	fluid	dynamic	equations	globally	in	a	

three-dimensional	grid	 (see	Figure	1.4).	Sub-grid	processes,	such	as	convection	are	represented	

by	parameterizations.	The	higher	the	resolution,	the	more	processes	are	resolved	explicitly	in	the	

model	 and	model	outcomes	 rely	 less	on	parameterizations.	Direct	numerical	 simulations	 (DNS)	

are	located	at	the	other	end	of	the	spectrum	and	fully	solve	the	Navier-Stokes	equations	without	

the	 need	 for	 parameterizations.	 Between	 GCM’s	 and	 DNS	 many	 other	 types	 of	 models	 are	

present	with	 different	 degrees	 of	 sub-grid	 parameterizations	 (i.e.	 regional	 climate	models	 and	

nested	 weather	 models).	 A	 standard	 method	 to	 represent	 sub-grid	 processes	 in	 coarser	
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resolution	models	is	not	straightforward	and	corresponding	uncertainties	are	unknown	(Maraun	

et	al.,	2010).		

Small-scale	 processes	 cannot	 be	 represented	 accurately	 in	 large-scale	 atmospheric	 models,	

because	many	of	these	processes	take	place	at	a	smaller	scale	than	the	model	grid	resolution	and	

it	 is	 computationally	 too	 expensive	 to	 run	 at	 a	 higher	 spatial	 resolution.	 Examples	 are	 the	

representation	of	cloud	convection	or	turbulences,	which	are	too	expensive	to	resolve	explicitly.	

Parameterizations	 obtained	 from	higher	 resolution	 data	 are	 used	 to	 quantify	 the	 behaviour	 at	

coarser	scale	(e.g.	temperature	lapse	rates,	occurrence	or	formation	of	cloud	presence).		

	

	

	

	

	

	

	

	

Figure	1.4:		GCM	model	grid	overview	and	representation	of	sub-grid	processes		(ECMWF,	2017).	

One	way	of	obtaining	high-resolution	data	from	coarse	resolution	data	is	through	the	application	

of	dynamical	or	statistical	downscaling.	Statistical	downscaling	uses	the	relation	between	 large-

scale	 meteorological	 variables,	 such	 as	 pressure,	 with	 local	 variables,	 such	 as	 wind	 speed,	 to	

downscale	 coarse	 resolution	 runs.	 Dynamical	 downscaling	 is	 the	 method	 of	 forcing	 a	 higher	

resolution	model	with	coarser	resolution	data	at	its	boundaries	in	order	to	simulate	the	climate	at	

higher	resolution.	This	is	often	done	with	regional	models	that	are	forced	by	global	(coarse)	data.	

A	 limitation	 is	 that	 this	 is	 computationally	 expensive	 when	 smaller	 scales	 become	 important,	

whereas	 the	 smallest	 scales	 (e.g.	 turbulence)	 still	 need	 to	 be	 parameterized.	 High-resolution	

modelling	 at	 different	 scales	 is	 therefore	 important	 in	 understanding	 the	 importance	 of	 small-

scale	processes	and	how	to	incorporate	these	into	coarser	resolution	models.	

	

High-resolution	atmospheric	(and	other)	models	also	need	high-quality	and	high-resolution	input	

data.		However,	the	effect	of	the	quality	of	surface	boundary	conditions	is	poorly	known	and	the	

effect	 of	 correct	 land	 use	 classification	will	 be	 investigated	 in	 this	 thesis.	 In	 this	 thesis	 several	

models	will	 be	used	 to	 simulate	 the	weather	 at	 different	 scales	 in	HMA.	 EC-EARTH	 is	 used	 for	
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region-wide	 analysis,	 WRF	 for	 catchment	 modelling,	 and	 MicroHH	 for	 micro-scale	 modelling.	

These	models	are	briefly	discussed	below:	

1.6.1.	EC-EARTH	

EC-EARTH	is	a	global	Earth	system	model	(Hazeleger	et	al.,	2012)	based	on	the	numerical	weather	

prediction	 system	 of	 the	 ECMWF	 (European	 Centre	 for	Medium-Range	Weather	 Forecasts).	 It	

includes	 an	 interactive	 atmosphere,	 ocean	 and	 sea	 ice	 coupling	 (including	 the	 poles).	 The	

atmospheric	model	 is	 run	 on	 1.125	 degrees	 spatial	 resolution	 and	 has	 62	 vertical	 atmospheric	

layers	 (Hazeleger	 et	 al.,	 2012),	with	 its	 lowest	model	 level	 at	 30	meter	 above	 the	 surface.	 EC-

EARTH	is	part	of	the	Coupled	Model	Intercomparison	Project	Phase	5	and	6	(Taylor	et	al.,	2012).	It	

is	used	extensively	for	various	climate	topics	and	the	simulated	climate	shows	good	agreement	in	

HMA	(Palazzi	et	al.,	2013).	

1.6.2.	WRF	

WRF,	 the	Weather	 and	 Research	 and	 Forecasting	 model	 (Skamarock	 et	 al.,	 2008),	 is	 an	 open	

access	 numerical	weather	 prediction	model.	 It	 contains	 several	 schemes	 for	 surface,	 planetary	

boundary	 layer,	 radiation,	 cumulus	 and	microphysics,	 which	 can	 be	 selected	 by	 the	 user.	 The	

model	can	run	at	any	desired	spatial	resolution	and	has	options	for	data	nudging.	Data	nudging	is	

a	 form	 of	 data	 assimilation	 and	 is	 often	 used	 in	 weather	 models	 by	 relaxation	 of	 the	 model	

outcome	 to	 observations	 (Hoke	 and	 Anthes,	 1976).	 WRF	 has	 been	 used	 in	 HMA	 at	 different	

scales.	Maussion	et	al.	(2014)	designed	the	High	Asia	Reanalysis	(HAR)	data	set	with	WRF	at	30km	

and	 10km	 resolution.	 They	 showed	 that	 dynamical	 downscaling	 of	 coarse	 data	 sets	 reveals	

regional	dynamics	and	 is	 important	 for	 the	 formation	of,	 for	example,	precipitation.	At	 smaller	

scales	 (1km)	 Collier	 and	 Immerzeel	 (2015)	 investigated	 the	 spatial	 and	 seasonal	 patterns	 of	

meteorological	 fields	 over	 the	 Langtang	 catchment.	 Many	 other	 studies	 exist	 and	 show	 this	

model	is	a	useful	tool	to	investigate	catchment-scale	meteorology	(i.e.	Cannon	et	al.,	2016;	Collier	

et	al.,	2013;	Mölg	and	Kaser,	2011;	Norris	et	al.,	2018).	Insight	from	high-resolution	atmospheric	

data	input	will	improve	the	local	accuracy	of	impact	studies	(Collier	and	Immerzeel,	2015;	Potter	

et	al.,	2018).		

1.6.3.	MicroHH	

MicroHH	 is	 designed	 for	 Direct	 Numerical	Modelling	 (DNS)	 and	 Large-Eddy	 Simulation	 (LES)	 of	

turbulent	flows	in	the	atmosphere	based	on	computational	fluid	dynamics	code	(Heerwaarden	et	

al.,	 2017).	 DNS	 explicitly	 solves	 all	 length	 scales	 in	 the	 atmospheric	 flow,	 while	 LES	 uses	

parameterizations	 for	 the	 smallest	 length	 scales	 in	 the	 atmosphere	 and	 is	 therefore	

computationally	less	expensive	than	DNS.	This	model	can	resolve	flows	from	several	centimetres	

to	several	hundreds	of	metres.	It	has	been	used	successfully	in	the	modelling	of	katabatic	flows	
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and	nocturnal	 low-level	 jets	 (Fedorovich	 and	 Shapiro,	 2009;	Umphrey	et	 al.,	 2017).	 This	model	

has	 recently	 been	 adjusted	 to	 cater	 for	 heterogeneous	 surface	 boundary	 conditions	 (surface	

temperature	and	surface	specific	humidity)	and	allows	for	inhomogeneous	terrain,	both	of		which	

features	are	of	great	importance	for	(debris-covered)	glacier	modelling	in	HMA.		

1.6.4.	Glacier	representation	in	atmospheric	models	

Glaciers	affect	the	atmosphere	through	surface	temperature,	albedo	and	roughness.	Due	to	their	

distinct	properties,	clean	ice	glaciers	and	debris-covered	glaciers	affect	the	overlying	atmosphere	

in	very	different	ways.	Clean	ice	glaciers	generally	have	a	colder	surface	than	the	atmosphere,	a	

high	albedo,	and	low	roughness	length.	These	properties	have	a	positive	effect	on	air	stability	and	

limit	ice-atmosphere	turbulent	exchange.	The	surface	of	debris-covered	glaciers	is	quite	different	

in	 that	 they	 are	 covered	 with	 lower	 albedo	 rocks	 and	 boulders,	 which	 warm	 during	 day	 and	

normally	become	warmer	than	the	atmosphere.	This	enhances	the	instability	of	the	air	above	the	

glacier	and,	together	with	the	higher	surface	roughness,	causes	increased	turbulent	exchange	and	

mixing	of	the	atmosphere.	

	

In	atmospheric	models,	glaciers	are	generally	modelled	implicitly	by	the	land-surface	model.	Each	

glacier	pixel	is	defined	by	a	(fixed)	surface	temperature,	albedo	and	moisture	content.	Depending	

on	the	complexity	of	the	model	the	depth	and	characteristics	of	the	soil	layer	may	also	be	taken	

into	 account	 (i.e.	 ECMWF,	 2007;	 Heerwaarden	 et	 al.,	 2017;	 Skamarock	 et	 al.,	 2008).	 The	most	

advanced	method	to	model	glaciers	in	an	atmospheric	model	is	to	couple	an	atmospheric	model	

to	a	physically-based	climatic	mass	balance	(CMB)	modelling	system	such	that	it	includes	glacier	

CMB	 feedbacks	 to	 the	atmosphere	 (Collier	 et	 al.,	 2013).	 This	 ensures	 two-way	 coupling	effects	

between	 the	 glacier	 surface	 and	 atmosphere.	 A	 disadvantage	 of	 this	 framework	 is	 that	 this	

specific	 model	 coupling	 needs	 to	 be	 updated	 manually	 for	 every	 new	 version	 of	 either	 the	

atmospheric	or	glacier	model.		

	

In	 MicroHH	 the	 surface	 temperature,	 surface	 specific	 humidity,	 and	 the	 topography	 of	 the	

domain	define	the	surface	conditions.	In	WRF,	the	NOAH-MP	scheme	is	used	as	the	land-surface	

scheme	(in	this	thesis).	 In	this	scheme	clean	ice	glaciers	have	an	albedo	of	0.70,	a	soil	moisture	

availability	 of	 95%,	 surface	 emissivity	 95%,	 roughness	 length	 of	 0.001	 m,	 and	 surface	 heat	

capacity	of	9	1030	Jm-3K-1.	Debris	is	not	represented	in	the	WRF	model.	In	the	case	of	EC-EARTH,	

clean	 ice	 glaciers	 and	 snow	 areas	 are	 based	 on	 the	 Global	 Land	 Cover	 Characteristics	 (GLCC;	

Loveland	 et	 al.,	 2000)	 data	 set.	 The	 glacier	 class	 is	 defined	 as	 a	 vegetation-free	 gridcell	with	 a	

surface	 roughness	 length	of	1.3	10-3	 (momentum)	and	1.3	10-4	 (heat),	and	with	albedo	 ranging	

between	0.5	and	0.85	depending	on	the	snow	age	(ECMWF,	2007).	
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1.7.	Research	objective	and	thesis	outline	

From	the	above	it	is	evident	that	there	are	a	number	of	major	research	challenges	regarding	the	

understanding	of	the	weather	and	climate	dynamics	in	HMA.	At	the	smallest	scales	this	relates,	

for	example,	to	the	interaction	between	a	glacier	surface	and	the	atmosphere.	At	the	catchment	

scale	 understanding	 how	 large-scale	 circulation	 interacts	 with	 the	 steep	 terrain,	 and	 how	

precipitation	 is	 formed	and	distributed,	 is	a	major	challenge.	Within	the	HMA	region,	 there	are	

strong	 differences	 in	 the	 drivers	 of	 the	 mass	 balance,	 e.g.	 the	 energy	 balance	 and	 snowfall.	

Quantifying	 these	 regional	 differences	 can	 provide	 important	 clues	 in	 explaining	 anomalous	

glacier	behaviour	in	HMA.	Finally,	in	the	longer	term	and	at	the	largest	scale,	little	is	known	about	

how	 climate	 change	 may	 impact	 weather	 extremes.	 Atmospheric	 modelling	 can	 make	 an	

important	contribution	to	overcoming	these	challenges	at	different	spatial	scales.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	1.5:	Overview	of	scales	and	corresponding	models	used	in	this	thesis.	

	



Introduction				|				23	

In	 Figure	 1.5	 the	 different	 scales	 and	models	 used	 in	 this	 thesis	 are	 shown	 conceptually.	 It	 is	

shown	that	processes	which	occur	at	the	smallest	spatial	scales	coincide	with	shortest	time	scales	

and	that	processes	which	occur	at	large	spatial	scale	have	the	longest	time	scales.	For	example,	

turbulence	 is	a	phenomenon	 in	 the	order	of	metres	and	seconds,	while	climate	variations	 take	

place	over	 thousands	of	 kilometres	and	have	a	 time	 span	of	multiple	 years.	 Each	of	 the	 scales	

mentioned	 in	 Figure	 1.5	 can	 be	 best	 resolved	 by	 tailored	 model	 codes	 or	 models,	 which	 are	

indicated	by	the	coloured	rectangles.	

	

In	 this	 thesis	 I	 aim	 to	 address	 the	 above-mentioned	 research	 gaps	 to	 better	 understand	 how	

climate	controls	key	glacio-hydrological	processes	in	high-altitude	catchments	at	different	scales.	

Here,	the	focus	is	on	high-altitude	precipitation	and	glacier	melt	dynamics.	The	main	objective	of	

this	thesis	is:	

	

To	advance	the	knowledge	of	high-altitude	climate	dynamics	from	micro	to	synoptic	scales,	

with	a	special	focus	on	high-altitude	precipitation	and	the	interaction	between	the	

atmosphere,	cryosphere	and	extreme	topography.	

	

I	have	selected	four	case	studies,	ranging	from	micro	to	synoptic	scales,	on	which	I	elaborate	in	

this	thesis.	The	corresponding	research	questions	are:	

1. How	do	turbulent	fluxes	drive	the	energy	exchange	on	debris-covered	glaciers?	

The	contribution	of	debris-covered	glaciers	to	the	hydrological	budget	is	largely	unknown.	

In	order	to	quantify	glacier	melt,	first	the	glacier	surface	energy	balance	should	be	known	

in	more	detail.	A	Direct	Numerical	Simulation	 (DNS)	performed	on	Lirung	glacier	at	1	m	

spatial	resolution	allows	us	to	investigate	micro-scale	processes	and	feedbacks	on	debris.	

The	 effect	 of	 a	 heterogeneous	 topography,	 surface	 temperature	 and	 surface	 specific	

humidity	on	turbulent	fluxes	and	subsequently	on	the	conductive	heat	flux	is	determined,	

and	the	surface	energy	balance	then	quantified.		

	

2. What	 is	 the	 orography-climate	 interaction	 at	 catchment	 scale,	 and	 how	 do	 boundary	

conditions	influence	the	outcome?		

As	current	precipitation	data	sets	lack	detailed	information	due	to	their	coarse	resolution,	

ERA-Interim	data	is	dynamically	downscaled	with	the	WRF	model	to	500	metres	to	assess	

the	 interaction	 between	 valley	 scale	 circulation	 patterns	 and	 atmosphere-cryosphere	

feedbacks.	 A	 specific	 focus	 is	 given	 to	 the	 effect	 of	 topography	 on	 spatial	 precipitation	
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patterns	 at	 catchment	 scale,	 along	 with	 the	 effects	 of	 surface	 boundary	 conditions	 on	

local	meteorological	conditions.	

	

3. What	are	the	meteorological	drivers	of	the	Karakoram	anomaly?	

In	 order	 to	 understand	 the	 anomalous	 behaviour	 of	 glaciers	 in	 the	 Karakoram	 and	

Kunlun	Shan	region,	the	WRF	model	is	set	up	for	two	contrasting	regions	in	the	central	

Himalaya	 and	 Karakoram	 at	 1	 km	 resolution.	 The	 seasonal	 differences	 are	 explored	

and	the	mechanisms	of	the	differences	in	surface	energy	balance	are	discussed.		

	

4. How	does	climate	change	influence	the	(regional)	meteorological	extremes	in	HMA?	

Weather	extremes	will	change	due	to	climate	change,	however	detailed	analyses	are	

absent	 in	 HMA.	 A	 large	 model	 ensemble	 of	 2000	 members	 allows	 us	 to	 explicitly	

model	extreme	events,	and	to	perform	a	thorough	analysis	on	glacier	climate	change	

indicators,	such	as	melt	days	and	winter	precipitation.		

	

These	 research	 questions	 focus	 on	 specific	 clear	 gaps	 in	 the	 glaciological	 and	 atmospheric	

research	in	HMA.	A	full	chapter	is	dedicated	to	each	of	the	four	research	questions	(chapters	2	to	

5).	 In	 Chapter	 6	 the	 results	 of	my	 research	 are	 synthesized	 and	 put	 into	 broader	 perspective,	

including	recommendations	for	future	research.	
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2	
	

Using	3D	turbulence-resolving	simulations	to	understand	
the	impact	of	surface	properties	on	the	energy	balance	of	

a	debris-covered	glacier		
	

	

	

Debris-covered	 glaciers	 account	 for	 almost	 one	 fifth	 of	 the	 total	 glacier	 ice	 volume	 in	 High	

Mountain	 Asia,	 however	 their	 contribution	 to	 the	 total	 glacier	melt	 remains	 uncertain	 and	 the	

drivers	controlling	this	melt	are	still	largely	unknown.	Debris	influences	the	properties	(e.g.	albedo,	

thermal	conductivity,	roughness)	of	the	glacier	surface	and	thus	the	surface	energy	balance	and	

glacier	melt.	In	this	study	we	have	used	sensitivity	tests	to	assess	the	effect	of	surface	properties	

of	 debris	 on	 the	 spatial	 distribution	 of	 micro-meteorological	 variables	 such	 as	 wind	 fields,	

moisture	and	temperature.	Subsequently	we	investigated	how	those	surface	properties	drive	the	

turbulent	fluxes	and	eventually	the	conductive	heat	flux	of	a	debris-covered	glacier.	We	simulated	

a	debris-covered	glacier	(Lirung	Glacier,	Nepal)	at	a	1	m	resolution	with	the	MicroHH	model,	with	

boundary	conditions	retrieved	from	an	automatic	weather	station	(temperature,	wind	and	specific	

humidity)	 and	 UAV	 flights	 (digital	 elevation	 map	 and	 surface	 temperature).	 The	 model	 was	

validated	using	eddy	covariance	data.	A	sensitivity	analysis	was	then	performed	to	provide	insight	

into	how	heterogeneous	surface	variables	control	the	glacier	microclimate.	Additionally,	we	show	

that	ice	cliffs	are	local	melt	hot	spots,	and	that	turbulent	fluxes	and	local	heat	advection	amplify		

	

Chapter	published	as:		 	

P.N.J.	 Bonekamp,	 C.C.	 van	 Heerwaarden,	 J.F.	 Steiner,	 W.W.	 Immerzeel,	 2020,	 Using	 3D	

turbulence-resolving	 simulations	 to	understand	 the	 impact	of	 surface	properties	on	 the	energy	

balance	of	a	debris-covered	glacier,	The	Cryosphere,	14,1611-1632	
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spatial	 heterogeneity	 on	 the	 surface.	 The	 high	 spatial	 variability	 of	 small-scale	 meteorological	

variables	 suggests	 that	 point	 based	 station	 observations	 cannot	 be	 simply	 extrapolated	 to	 an	

entire	glacier.	These	outcomes	should	be	considered	 in	 future	studies	 for	a	better	estimation	of	

glacier	melt	in	High	Mountain	Asia.			

	

2.1.	Introduction	

Glaciers	 in	High	Mountain	Asia	 (HMA)	 act	 as	 a	 fresh	water	 supply	 for	millions	 of	 people	 living	

downstream,	and	this	supply	will	change	due	to	global	warming	(Lutz	et	al.,	2013;	Wester	et	al.,	

2019).	Debris-covered	glaciers	account	for	18%	of	the	total	glacier	ice	volume	in	High	Mountain	

Asia,	however	the	exact	melt	processes	of	these	glaciers	are	still	unknown	and	their	contribution	

to	the	total	glacier	melt	remains	uncertain	(Kraaijenbrink	et	al.,	2017).		

	

Debris-covered	glacier	surfaces	differ	from	clean	ice	glaciers	-	with	surface	temperatures	that	can	

exceed	the	melting	point	considerably,	a	higher	topographic	variability	and	the	possibility	of	an	

unsaturated	surface.	Debris	influences	the	surface	energy	balance	and	therefore	glacier	melt	by	

influencing	 the	 properties	 (e.g.	 albedo,	 thermal	 conductivity)	 of	 the	 glacier	 surface	 (Reid	 and	

Brock,	2010).	Due	to	the	albedo	effect	glacier	ablation	is	generally	enhanced	by	debris	thickness	

smaller	than	a	few	centimetres,	while	it	decreases	exponentially	with	thickening	debris	due	to	ice	

insulation	(Östrem,	1959).		

	

The	 energy	 exchange	 between	 the	 (debris-covered)	 glacier	 surface	 and	 atmosphere	 is	

determined	 by	 small-scale	meteorological	 conditions,	 rather	 than	 large-scale	weather	 patterns	

(Sauter	and	Galos,	2016).	Heterogeneous	surface	conditions	affect	the	microclimate	resulting	in	

large	 spatial	 differences	 in	 energy	 balance	 components	 (Reid	 and	 Brock,	 2010).	 For	 example,	

daytime	surface	temperatures	can	range	between	melting	point	(ice	and	water)	and	27.5	°C	due	

to	 inhomogeneous	 surface	 heating	 and	 variable	 debris	 thickness	 (Kraaijenbrink	 et	 al.,	 2018;	

Steiner	and	Pellicciotti,	2016)	and	the	surface	roughness	length	ranges	from	~0.005	m	(gravel)	to	

~0.5	m	 (boulders;	Miles	 et	 al.,	 2017).	 Local	melt	 hot	 spots	 generally	 exist	 on	 the	 surface	 of	 a	

debris-covered	glacier	in	the	form	of	ice	cliffs	and	supraglacial	ponds	(Buri	et	al.,	2016a;	Miles	et	

al.,	 2016),	 causing	 highly	 heterogeneous	 ablation	 rates.	 However,	 it	 is	 not	 entirely	 understood	

how	those	ice	cliffs	and	ponds	form,	evolve	and	disappear.	While	the	cut-and-closure	of	englacial	

drainage	systems	is	 likely	to	be	an	important	driver	(Benn	et	al.,	2017;	Miles	et	al.,	2017b),	and	

the	interaction	between	cliffs	and	ponds	is	an	important	process		(Miles	et	al.,	2017b;	Steiner	et	

al.,	2019),	heterogeneous	meteorological	 forcing	over	 the	debris	surface	may	also	play	a	major	

role	(Buri	and	Pellicciotti,	2018).	The	influence	of	spatial	variability,	and	especially	with	respect	to	
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turbulent	exchange	in	the	atmosphere	has,	however,	not	previously	been	investigated.		
	

Currently	 there	 are	 several	 methods	 to	 model	 the	 melt	 of	 a	 debris-covered	 glacier	 spatially,	

including	a	multilayer	energy	balance	model	(Fyffe	et	al.,	2014;	Reid	and	Brock,	2010)	as	well	as	

specifically	for	surface	features	on	debris	cover	(Buri	et	al.,	2016b;	Miles	et	al.,	2018)	and	a	fully	

coupled	atmosphere-glacier	mass	balance	model	 (Collier	 et	 al.,	 2013),	with	 the	 latter	 including	

two-way	debris-atmosphere	feedbacks.	However	these	approaches	remain	limited	in	their	scope	

as	 they	 cannot	 adequately	 address	 the	 spatial	 and	 temporal	 distribution	 of	 surface	 and	

meteorological	 variables.	 This	 is	 because	 atmospheric	 field	 observations	 on	 debris-covered	

tongues	are	limited	to	only	a	few	field	locations	in	the	Himalaya	(Lejeune	et	al.,	2013;	Ragettli	et	

al.,	2013;	Rounce	et	al.,	2015;	Steiner	et	al.,	2018),	the	Karakoram	(Mihalcea	et	al.,	2008)	and	the	

Tien	Shan	 (Yao	et	al.,	2014).	All	of	 these	studies	cover	 relatively	short	 time	spans	 ranging	 from	

days	to	multiple	months.	Extrapolating	point	measurements	remains	a	challenge	when	it	comes	

to	debris-covered	glaciers,	as	measurements	from	a	single	weather	station	are	not	representative	

of	 the	 complex,	 inhomogeneous	 terrain.	 In	 a	 situation	where	 there	 is	 large	 spatial	 variation,	 a	

high-resolution	 modelling	 approach	 can	 give	 important	 new	 insights	 into	 the	 coupling	 and	

interaction	between	the	surface	and	the	atmosphere	(Mott	et	al.,	2014).	
	

Turbulent	 fluxes	 can	 play	 a	 substantial	 role	 in	 the	 surface	 energy	 balance	 of	 debris-covered	

glaciers	(Rounce	et	al.,	2015;	Steiner	et	al.,	2018).	These	fluxes	are	often	calculated	using	the	bulk	

method,	where	the	sensible	and	latent	heat	fluxes	are	related	to	the	temperature	and	moisture	

gradients	between	the	atmosphere	and	surface	respectively.	However,	the	bulk	method	assumes	

atmospheric	 stability	 and	 a	 constant	 surface	 roughness,	which	 is	 not	 valid	 over	 debris-covered	

glacier	surfaces	(Steiner	et	al.,	2018).	Steiner	et	al.	(2018)	found,	for	example,	that	bulk	methods	

overestimate	turbulent	heat	fluxes.	

	

High-resolution	 turbulent	 resolving	 simulations	 offer	 a	 means	 of	 gaining	 insight	 into	 the	

microclimate	of	a	debris-covered	glacier	(i.e.	wind,	humidity	and	temperature	fields).	Turbulence	

can	 be	 simulated	 by	 two	 techniques:	 LES	 (Large	 Eddy	 simulations)	 and	 DNS	 (Direct	 Numerical	

simulations).	The	difference	between	these	simulations	is	the	treatment	of	the	smallest	scales	in	

the	 flow;	 LES	 uses	 a	 sub-grid	 parameterization	 while	 DNS	 resolves	 these	 explicitly.	 DNS	 at	

atmospheric	 viscosity	 is	 computationally	 unfeasible.	 It	 is,	 however,	 not	 always	 necessary	 to	

resolve	all	scales,	as	many	flow	characteristics	become	independent	of	the	Reynolds	number	at	

much	larger	values	for	the	viscosity	than	that	of	the	atmosphere.	In	this	paper,	we	build	on	this	

property	 (see	Appendix	A).	One	 could	also	 refer	 to	 this	 approach	as	 ‘LES	with	a	 constant	eddy	

viscosity’.		
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Large-eddy	 simulations	 (LES)	 studies	 have	 been	 conducted	 for	 clean-ice	 glaciers,	 focussing	 on	

katabatic	 winds	 and	 sensible	 heat	 fluxes	 (e.g.	 Axelsen	 &	 Dop	 2009;	 Axelsen	 &	 van	 Dop	 2009;	

Sauter	&	Peter	Galos	2016).	LES	often	implies	a	simplification	of	reality,	such	as	a	flat	terrain	and	

horizontally	 homogeneous	 meteorological	 conditions	 (Axelsen	 and	 Dop,	 2009),	 though	

simulations	can	give	insight	into	fundamental	processes.	LES	ignores	the	smallest	length	scales	of	

turbulence	and	can	be	used	if	the	behaviour	of	those	scales	can	be	described	as	a	function	of	the	

resolved	 structures	 in	 the	 simulation.	 In	order	 to	also	 resolve	 the	 smallest	 length	 scales,	direct	

numerical	simulation	(DNS)	should	be	used.		

	

Both	DNS	and	LES	have	advantages	and	drawbacks	 for	the	simulation	of	atmospheric	 turbulent	

flows.	 Generally,	 it	 is	 assumed	 LES	 represents	 high	 Reynolds	 numbers	 well,	 while	 DNS	 is	 only	

correct	if	all	scales	in	the	flow	are	resolved.	However,	as	shown	by	Moin	and	Mahesh,	(1998),	it	is	

in	 many	 cases	 unnecessary	 to	 resolve	 the	 flow	 up	 to	 the	 Kolmogorov	 scale,	 as	 many	 of	 the	

statistics	of	turbulent	flows	become	independent	of	the	Reynolds	number	at	Reynolds	numbers	

far	less	than	the	atmospheric	Reynolds	number	This	is	proven	for	convective	boundary	layers	in	

the	 atmosphere	 (Heerwaarden	 and	Mellado,	 2016),	 turbulent	 channel	 flow	 (e.g.	Moser	 et	 al.,	

1999;	 Schultz	 and	 Flack,	 2013),	 Ekman	 flow	 (Spalart,	 2009),	 and	 stable	 atmospheric	 boundary	

layers	(Ansorge	and	Mellado,	2016).	Additionally,	Dimotakis,	(2000)	has	delivered	clear	guidelines	

on	estimating	whether	turbulence	is	fully	developed.	We	are	converging	to	that	situation	in	this	

study	as	we	show	that	only	a	marginal	part	of	the	total	variance	is	missed	and	the	most	relevant	

results	are	independent	of	the	Reynolds	number.	

	

Applying	LES	combined	with	wall	models	in	complex	terrain	is	questionable.	The	Monin-Obukhov	

Similarity	Theory	(MOST)	that	is	used	to	compute	the	interaction	with	the	wall	has	already	been	

demonstrated	 invalid	 over	 simple	 slopes	 (Nadeau	et	 al.,	 2013).	Wall	modelling	on	 the	 faces	 of	

non-horizontal	 objects	 is	 an	 unsolved	 challenge,	 as	 all	 assumptions	 of	 the	MOST	 break	 down.	

With	no	alternative	 is	available,	MOST	 is	often	used	nonetheless.	The	consequences	of	 this	are	

potentially	 harder	 to	 estimate	 and	 interpret	 than	 those	 of	moderate	 Reynolds	 numbers	 in	 the	

application	of	DNS.	

	

The	 drivers	 of	 heterogeneous	melt	 patterns	 on	 debris-covered	 glaciers,	 and	 the	 role	 turbulent	

fluxes	play,	are	not	well	understood.	 In	 this	 study	 the	 impact	of	 surface	properties	 (roughness,	

surface	 temperature	 and	 surface	moisture)	 of	 debris	 on	 the	 spatial	 distribution	 of	 small-scale	

meteorological	variables,	 such	as	wind	 fields,	moisture	and	 temperature,	and	subsequently	 the	

turbulent	 fluxes	 and	 conductive	heat	 flux,	 is	 investigated	 for	 the	 Lirung	Glacier	 (Nepal)	 using	a	
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DNS	model	with	constant	eddy	viscosity	and	a	spatial	resolution	of	~1	m.	Observational	data	are	

used	 as	 boundary	 conditions,	which	 include	 a	 high-resolution	DEM	 (digital	 elevation	map)	 and	

thermal	 imagery,	retrieved	from	UAV	(unmanned	aerial	vehicle)	 flights.	We	show	the	 impact	of	

heterogeneous	 surface	 conditions	 and	 we	 show	 that	 turbulent	 fluxes	 are	 an	 important	

contributor	to	the	energy	balance	of	ice	cliffs.	This	is	the	first	high-resolution	study	for	a	debris-

covered	 glacier	 that	 investigates	 the	 effects	 of	 debris	 on	 meteorological	 variables	 using	 a	

turbulent	 fluxes	 resolving	 model.	 This	 study	 improves	 our	 understanding	 of	 the	 processes	 of	

debris-glacier	melt,	and	will	 lead	to	a	better	understanding	of	the	contribution	of	debris	glacier	

melt	to	current	river	discharges,	and	how	this	will	change	in	future.	
	

2.2.	Methods	

2.2.1.	Study	area	

Lirung	Glacier	is	a	debris-covered	glacier	in	the	Langtang	catchment	located	50	kilometres	North	

of	 Kathmandu	 (Nepal;	 Figure	 2.1).	 The	 Langtang	 catchment	 has	 an	 area	 of	 approximately	 560	

km2,	of	which	30%	is	glacierized.	One	fourth	of	all	the	Langtang	glaciers	are	debris-covered.	Lirung	

Glacier	itself	 is	3.5	km	long	and	on	average	500	m	wide	(Immerzeel	et	al.,	2014a)	and	ranges	in	

elevation	 from	 4000	 m	 to	 7132	 m	 a.s.l..	 The	 surface	 is	 highly	 heterogeneous	 and	 debris	 is	

composed	 of	 a	 range	 of	 textures	 from	 silt	 to	 gravel	 to	 boulders	 (Miles,	 2017).	 The	 average	

gradient	of	the	tongue	is	approximately	two	degrees	and	debris	thickness	ranges	from	0.1	to	2.0	

m	 (McCarthy	 et	 al.,	 2017).	 This	 area	 is	 influenced	 during	 the	 summer	 months	 by	 the	 Indian	

summer	monsoon,	which	provides	70%	of	the	annual	precipitation.	(Immerzeel	et	al.,	2014b).	The	

winters	 are	 relatively	 dry	 and	 precipitation	 generally	 occurs	 only	 during	 a	 few	 cyclonic	 events	

(Bonekamp	et	al.,	2019;	Collier	and	Immerzeel,	2015).		
	

2.2.2.	Field	measurements	

AWS	data	on	the	glacier	(Figure	2.1)	 is	used	for	model	validation	(air	temperature,	wind	speed,	

relative	humidity	and	 incoming	and	outgoing	short-	and	 longwave	radiation).	For	 this	 study	we	

only	use	the	measurements	between	10:30	–	11:30	LT	on	12	October	2016	(10-minute	average;	

Steiner	 et	 al.	 (2018)).	 The	 sensible	 and	 latent	 heat	 fluxes	 are	 derived	 from	 high	 frequency	

measurements	 (10	 Hz)	 of	 fluctuations	 in	 temperature,	 humidity	 and	 wind	 speed	 with	 the	

IRGASON	 eddy	 covariance	 (EC)	 system	 (5-minute	 average).	 The	 footprint	 of	 the	 EC-system	

depends	on	its	sensor	orientation,	wind	speed	and	direction	(Steiner	et	al.,	2018)	and	complicates	

the	 direct	 comparison	 between	 measurements	 and	 simulation.	 We	 used	 the	 footprint	 as	

described	in	Steiner	et	al.	(2018)	and	determined	the	weighted	contribution	of	each	model	pixel	

within	the	footprint	area	to	the	flux	observation	at	the	AWS	site	to	ensure	a	fair	comparison	with	

the	measurements.		
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Figure	 2.1:	 Lirung	Glacier	with	 the	microHH	domain	 (red	 contour)	 and	 the	 location	of	 the	AWS	

(blue	point).	The	background	image	is	a	Planet	image	from	9	December	2018	(Planet	Team,	2017).	

The	inset	shows	the	Langtang	catchment	(red)	and	its	location	in	Nepal.			
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Figure	 2.2:	 Boundary	 conditions	 used	 in	 MicroHH:	 the	 DEM	 (A),	 surface	 temperature	 (B)	 and	

surface	specific	humidity	(C).	Black	lines	(A-C)	indicate	the	locations	of	the	vertical	cross	sections	

used	in	Figure	2.5-2.7.	The	vertical	cross	section	used	in	Figure	2.9	is	a	subset	of	the	cross	section	

(x=500-660,	 y=102).	 Its	 start	 and	 end	 points	 are	 indicated	 by	 small	 vertical	 lines.	 Red	 points	

indicate	the	locations	used	in	Figure	2.8	(1=dry	debris,	2=wet	debris,	3=ice	cliff	and	4=AWS).	

	

The	high	resolution	DEM	is	based	on	the	structure-from-motion	workflow	using	optical	 imagery	

retrieved	on	9	October	2016	(13:00	LT)	and	resampled	to	1	m	resolution	for	further	use	(Figure	

2.2A)	(Immerzeel	et	al.,	2014a;	Kraaijenbrink	et	al.,	2016).	A	resolution	of	1	metre	is	the	highest	

possible	 spatial	 resolution	we	could	achieve	given	 the	 constraints	of	 computational	power	and	

input	data.	In	Appendix	A	we	show	that	the	spatial	resolution	of	1	metre	is	sufficient	to	capture	

the	characteristics	of	the	flow	and	that	increasing	the	resolution	will	not	improve	the	information	

derived.	 The	 surface	 temperature	 (12	 October	 2016	 11:00	 LT)	 was	 retrieved	 with	 the	 UAV	

thermal	infrared	camera	and	is	bias	corrected	(Kraaijenbrink	et	al.,	2018).	We	use	only	a	subset	of	

the	UAV	data	in	this	research,	since	the	domain	is	constrained	by	the	intersect	of	the	optical	and	

thermal	 flight	 extent,	 and	 the	 domain	 should	 be	 rectangular	 in	 the	 model.	 The	 DEM	 of	 the	

domain	 is	 detrended,	 rotated	 to	 the	main	wind	 direction,	 and	 smoothed	 at	 the	 boundaries	 in	

order	 to	 connect	 the	 outer	 left	 pixels	 with	 the	 outer	 right	 pixels	 of	 the	 domain	 to	 allow	 for	

periodic	 boundaries.	 Periodic	 boundary	 conditions	 presume	 that	 the	 fluxes	 exiting	 the	 domain	

are	used	as	 influx	 in	 the	next	 time	 step.	 This	 allows	us	 to	 investigate	processes	 and	 feedbacks	

solely	 in	the	domain,	as	 larger	forcings	are	excluded.	We	include	only	the	glacier	surface	 in	the	

domain	and	not	the	surrounding	moraines.	The	final	extent	of	the	domain	is	660x361	m,	the	final	

detrended	 topography	 ranges	 from	 0	 to	 57	metres,	 and	 the	 surface	 temperature	 ranges	 from	

273.1	 K	 (ice	 cliff	 at	 melting	 point)	 to	 302.2	 K	 with	 an	 average	 of	 282.2	 K.	 The	 corresponding	

potential	 temperature	 is	 331.3	 K.	 In	 total	 2%	 of	 the	 domain	 is	 covered	 with	 ice	 cliffs	 and	 is	

representative	for	glaciers	in	the	Langtang	catchment	as	the	ice	cliff	glacier	average	is	found	to	be	

between	1.4	and	3.4%	(Steiner	et	al.,	2019).		
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2.2.3.	Model	

The	 MicroHH	 model	 (Heerwaarden	 et	 al.,	 2017)	 is	 a	 computational	 fluid	 dynamics	 model	

designed	 to	 simulate	 turbulent	 flows	 in	 the	 atmosphere	 through	 direct	 numerical	 simulation	

(DNS)	and	 large	eddy	 simulation	 (LES).	We	use	MicroHH	as	a	DNS	model	with	a	 constant	eddy	

viscosity,	which	effectively	renders	a	LES	with	the	most	primitive	eddy	viscosity	model	possible.	

MicroHH	can	be	run	in	parallel	and	is	made	for	efficient	computations.	The	configuration	of	the	

model	 makes	 allowance	 for	 heterogeneous	 surface	 boundary	 conditions	 such	 as	 topography,	

surface	 temperature	 and	 surface	 specific	 humidity.	 We	 give	 a	 brief	 description	 of	 the	 model	

below.	More	details	can	be	found	in	Heerwaarden	et	al.	(2017).	

	

MicroHH	 solves	 the	 conservation	 equations	 of	 mass,	 momentum	 and	 energy	 under	 the	

Boussinesq	 approximation.	 The	model	 assumes	 constant	 density	with	 altitude,	 thus	 simplifying	

the	 governing	 equations	 substantially.	 The	 conservation	 of	 mass	 is	 thereby	 reduced	 to	 the	

conservation	of	volume	in	Einstein	summation:		

	
!!!
!!!

= 0,		 (	1	)	

	

ui	are	components	of	the	velocity	vector	(!, !,!)	and	!! 	is	the	position	of	the	vector	(!,!, !).	The	
thermodynamics	 are	 a	 relation	 between	 fluctuations	 of	 virtual	 potential	 temperature	 (!!!)	and	
density	(!′)	under	the	Boussinesq	approximation	by:		

	
!!!
!!!

=  − !!
!!
	,	 (	2	)	

	

with	 !!! 	the	 reference	 virtual	 potential	 temperature	 and	 ρ0	 the	 reference	 density.	 The	

conservation	of	momentum	is	formulated	as:	

	

!!!
!" = −!!!!!!!!

− 1
!!
!"!
!"!

+ !!!!
!!!
!!!

+ ! !
!!!
!!!!

+ !!  ,	
(	3	)	

	

	

where	δ	is	the	Kronecker	delta,	ν	the	kinematic	viscosity,	g	the	gravity	constant	(9.81	m	s-2)	and	Fi	

the	external	forces	originating	from,	for	example,	large	scale	forcings.	We	used	moist	dynamics	in	

our	simulations	and	this	 implies	that	the	 liquid	water	potential	temperature	!! 	is	the	conserved	
variable	in	the	energy	conservation	equation.		
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!! ≈ ! − !!
!! !

 !! , 		 (	4	)	

	

with	Lv	the	latent	heat	of	vaporization	(2.5	106	kJ	kg-1),	cp	the	specific	heat	of	dry	air	(1002	kJ	kg-1),	

ql	the	cloud	liquid	water		specific	humidity	and	Π	the	Exner	function:		

	

Π = !
!!!

!! !!,	

	

(	5	)	

	

with	p	the		actual	pressure,	p00	the	reference	pressure	(1000	hPa)	and	Rd	the	gas	constant	for	dry	

air	(287.058	J	kg-1	K-1).	

The	conservation	of	energy	is	defined	by:		 	

	

!!!
!" = − 1

!!
!!!!!!!
!"!

+ !!
!!!!
!!!!

+ !!!
!!!!!!

 ! .	 (	6	)	

	

	

The	density	of	dry	air	(ρ0)	is	measured	via	the	eddy	covariance	system	and	is	set	to	0.75	kg	m-3,	

!!is	 the	 thermal	 diffusivity	 for	 heat,	 and	 chosen	 commensurate	with	 the	 Reynolds	 number	 in	

order	to	stay	close	to	the	Prandtl	number	of	the	atmosphere	(Section.	2.4),	and	Q	the	external	

heat	source	or	sink.	T0	is	the	reference	temperature	profile.	

	

MicroHH	 provides	 output	 of	 the	 3D	 variables	 (total	 specific	 moisture,	 liquid	 potential	

temperature	and	the	u	and	v	components	of	the	wind)	at	desired	cross	sections	parallel	along	the	

axes	 x,y,z.	 The	 accumulated	 temperature	 (thlflux)	 and	 moisture	 fluxes	 (qtflux)	 are	 given	 at	 the	

surface	of	a	grid	cell	and	should	be	divided	by	the	surface	area	of	that	cell	to	obtain	the	flux	in	W	

m-2.	Therefore	the	fluxes	are	converted	to	a	sensible	heat	flux	(SHF)	and	latent	heat	flux	(LHF)	by:		

	

!"# = ! ∙ !ℎ!!"#$ ∙  !!	,		 (	7	)	

	

and		

	

!"# = ! ∙ !"!"#$ ∙  !!	,	 (	8	)	

	

where	 thlflux	 and	 qtflux	 are	 the	 diffusive	 fluxes	 perpendicular	 to	 the	 surface	 and	 are	 directly	

dependent	on	the	temperature	and	moisture	gradient	between	the	surface	and	the	atmosphere.	

	



	
34		  |				Chapter	2 

2.2.4	Boundary	conditions	

The	bottom	boundary	condition	for	the	velocity	components	is	set	to	a	Dirichlet	no-slip	condition	

(zero	velocity	at	this	interface)	and	the	top	boundary	condition	is	a	Neumann	free	slip	condition	

(velocity	gradient).		Random	noise	is	added	to	the	flow	in	order	to	add	turbulence	and	is	applied	

to	 the	 wind	 vectors	 u	 and	 v	 with	 an	 amplitude	 of	 0.1	 m	 s-1.	 Preferably	 the	 viscosity	 of	 the	

atmosphere	 is	 used	 in	 the	 simulations,	 however,	 this	 is	 not	 computationally	 feasible	 in	 our	

simulations.	Therefore	we	chose	 the	 lowest	possible	eddy	viscosity	and	checked	the	 results	 for	

convergence	(Section	2.4).	The	Prandtl	number	(!/!!,	2	and	1.2	for	the	two	Reynolds	numbers),	

is	chosen	such	that	it	remains	close	to	the	value	of	the	atmosphere	(0.71).	This	approach	follows	

earlier	direct	numerical	simulation	studies	of	the	atmosphere	(e.g.	Van	Heerwaarden	et	al.,	2014;	

Mellado,	2012).	In	the	vicinity	of	unity,	the	flow	characteristics	are	insensitive	to	the	exact	value	

of	the	Prandtl	number	(Ahlers	et	al.,	2009).	A	second	order	spatial	discretization	scheme	is	used.	

A	buffer	zone	of	 the	upper	hundred	metres	 is	used	 for	numerical	 stability	and	the	state	values	

decrease	 exponentially	 to	 the	 top	 boundary.	 The	 boundary	 conditions	 at	 the	DEM	 surface	 are	

Dirichlet	 boundary	 conditions	 and	 can	be	prescribed	 spatially	 for	 specific	 humidity	 and	 surface	

temperature.	In	our	experiments	the	surface	temperature	is	set	to	values	measured	by	the	UAV.	

The	specific	humidity	is	not	measured	spatially	by	the	UAV,	although	the	spatial	variability	of	the	

relative	 humidity	 (RH)	 is	 made	 dependent	 on	 the	 topography	 to	 indicate	 dry	 higher	 elevated	

areas	and	wetter	depressions	by:		

	

!" =  !"! − 0.26 ∙ DEM,	 (	9	)	

	

with	RH0=85%	at	the	lowest	point	and	RH=70%	at	the	highest	point	of	the	DEM	-	and	an	average	

of	q=8.6	g	kg-1.	This	approximation	follows	the	reasoning	that	melt	water	entrained	in	the	debris	

accumulates	in	depressions.	Additionally,	finer	grained	debris	from	wash	outs	tends	to	be	found	

in	depressions,	resulting	in	a	higher	surface	retention	capacity.	At	the	site	location	of	the	AWS	the	

relative	humidity	(measured	at	3.1	m)	is	66%	and	with	this	relationship	we	assume	the	surface	is	

everywhere	moister	than	the	atmosphere.	The	relative	humidity	at	the	AWS	location	during	the	

morning	 varied	 from	 54%	 to	 100%	 over	 time,	 which	 is	 typical	 of	 	 general	 diurnal	 variability	

(Steiner	et	al.,	2018).	We	assume	a	spatially	constant	saturation	vapour	pressure	in	the	domain,	

based	on	the	air	temperature	measured	by	the	AWS.	Using	Tetens’	Formula:		

	

!! = 0.61078 ∙ !
!".!"⋅!
(!!!"#.!),	 (	10	)	

	

we		calculated	the	spatial	variable	specific	humidity	as:	
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! = !"
!""% ⋅ 0.622

!!
! .		

(	11	)	

	

In	 order	 to	 implement	 the	 DEM	 in	 MicroHH,	 ghost	 cells	 below	 the	 surface	 are	 included	 for	

interpolation	at	 the	surface	 following	the	 immersed	boundary	 technique	as	described	by	Tseng	

and	 Ferziger	 (2003).	 This	method	 allows	 for	 fast	 computation	 and	 senses	 the	 presence	 of	 the	

boundary	 condition	 of	 the	 extrapolated	 values	 below	 the	 complex	 surface.	 The	 ghost	 cells	

themselves	 are	 excluded	 from	 all	 analysis	 and	 are	 only	 needed	 for	 model	 performance.	 The	

lateral	boundary	conditions	are	periodic,	such	that	air	flowing	out	of	one	side	of	the	domain	will	

enter	on	the	opposite	side	and	act	as	a	lateral	boundary	condition.	The	domain	can	therefore	be	

interpreted	as	an	infinite	iteration	of	the	prescribed	domain.		

	

2.2.5.	Vertical	profile	

MicroHH	is	initialized	with	vertical	profiles	of	liquid	potential	temperature	 !!!
!" ,	specific	humidity	

!"
!" 	and	 wind  !"

!" .	 The	 large-scale	 pressure	 force	 is	 prescribed	 by	 the	 geostrophic	 flow	

components	Ug	and	Vg.	Profiles	of	 the	wind	vectors	are	 taken	 from	ERA-INTERIM	data	at	12:00	

UTC,	 since	 this	 profile	 best	 matched	 the	 observations	 and	 are	 interpolated	 in	 the	 lowest	 100	

metres	to	the	surface	values	measured	by	the	AWS.	The	profiles	of	liquid	potential	temperature	

and	 specific	humidity	are	 taken	as	 constant	with	height,	with	 the	value	measured	at	 the	AWS,	

since	MicroHH	is	highly	sensitive	to	these	initial	vertical	profiles	and	varying	them	did	not	lead	to	

improvement	 of	 the	 simulation	 of	 the	 latent	 and	 sensible	 heat	 flux.	 The	 ERA-INTERIM	profiles	

contain	 a	 temperature	 and	 moisture	 bias	 at	 the	 surface	 when	 compared	 to	 the	 AWS	

measurements	 and,	 in	 order	 to	 get	 realistic	 profiles,	 we	 interpolated	 the	 lower	 part	 of	 the	

atmosphere	to	the	AWS	value.	However,	this	would	imply	a	strong	contrast	between	low	air	and	

air	 at	 several	 hundreds	 of	metres.	We	 found	 that	 after	 the	mixing	 of	 the	 atmosphere,	 strong	

gradients	 and	 biases	 appeared	 in	 the	 simulations.	We	 therefore	 assumed	 constant	 profiles	 for	

temperature	and	specific	humidity	rather	than	adjusted	ERA-INTERIM	profiles,	and	that	the	spin	

up	time	(1	hour)	is	sufficient	to	acquire	temperature	and	specific	humidity	profiles	that	represent	

the	prescribed	surface	properties.	

	

2.2.6	Experiments	

In	total	seven	experiments	were	designed	to	investigate	the	effects	of	surface	roughness,	surface	

temperature	and	surface	moisture	on	turbulent	fluxes,	wind	and	temperature	fields	on	a	debris-

covered	 glacier.	 These	 experiments	 were	 chosen	 to	 determine	 the	 separate	 effects	 of	

topography,	 surface	 temperature	 and	 surface	 specific	 humidity	 on	 the	 surface	 energy	balance.	
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The	 experiments	 are	 listed	 in	 Table	 2.1.	 The	 first	 two	 columns	 indicate	 the	 name	 and	 the	

description	 of	 the	 experiments	 respectively,	 and	 the	 last	 three	 columns	 define	 which	 surface	

boundary	 conditions	are	used.	 	 If	 a	number	 is	 given,	 this	means	 the	 surface	 is	homogeneously	

forced	 with	 that	 value.	 Spatially	 variable	 measured	 values	 are	 available	 for	 the	 DEM	 and	 for	

surface	 temperature,	 and	 this	 is	 indicated	 with	 real	 in	 Table	 2.1.	 A	 DEM	 of	 0	 indicates	 no	

topography	 input	 is	used	and	 that	 the	surface	 is	 flat	and	homogeneous.	 In	 the	 last	experiment	

(REAL)	all	variables	are	prescribed	spatially.	A	specific	humidity	of	8.6	g	kg	-1	and	surface	potential	

temperature	of	313.3	K	are	the	averages	of	the	measured	spatial	fields.	

	

Table	 2.1:	 Overview	 of	 experiments	 done	 with	 MicroHH.	 The	 DEM	 indicates	 the	 boundary	

condition	used	for	the	topography	(0	means	no	DEM,	½	DEM	is	the	original	DEM	halved	in	height,	

real	 is	 the	 spatially	 measured	 value),	 Ts	 is	 the	 surface	 potential	 temperature	 (313.3	 K	 is	 a	

homogeneous	value,	real	is	the	spatially	measured	value),	qs	is	the	surface	specific	humidity	(8.6	g	

kg-1	is	a	homogeneous	value;	the	choice	for	the	relative	humidity	range	is	described	in	Section.	2.4)	

	

Experiment	 Description	 DEM	 Ts	 					qs	

HOMflat	 Homogeneous	

glacier	

0	 313.3	K	 8.6	g	kg-1	

HOM1/2DEM	 ½	DEM	 ½	DEM	 313.3K	 8.6	g	kg-1	

HOMDEM	 Roughness	effects	 real	 313.3	K	 8.6	g	kg-1	

HETT	 Ts	effects	‘normal’	 real	 real		 8.6	g	kg-1	

HETqdry	 qs	dry	 real	 313.3	K	 Spatially	RH=70-75%	

HETqmoist	 qs		wet	 real	 313.3	K	 Spatially	RH=70-85%	

REAL	 “Reality”	 real	 real	 Spatially	RH=70-85%	

	

Our	 experiments	 are	 representative	 for	 the	meteorological	 conditions	 on	 12	October	 2016,	 at	

11:00	LT,	assuming	this	is	a	static	state	over	the	time	period	examined.	For	each	experiment	we	

have	 output	 for	 one	 hour	 (without	 considering	 spin	 up)	 and	we	 consider	 these	 results	 as	 the	

range	of	possible	outcomes	at	11:00	LT.		

	

With	the	HOMflat	HOM1/2DEM	and	HOMDEM	experiments	we	quantify	the	sensitivity	of	the	turbulent	

fluxes	 to	 the	 topography.	 The	 HETT	 experiment	 will	 reveal	 the	 effects	 of	 a	 spatially	 variable	

surface	 temperature	 compared	 to	 a	homogeneous	 surface	 temperature	 (HOMDEM).	 The	HETqdry	

and	HETqmoist	 experiments	 are	 aimed	 to	 reveal	 the	 influence	 of	 heterogeneous	 surface	 specific	

humidity	 when	 compared	 to	 a	 homogeneous	 value	 (HOMDEM);	 this	 will	 show	 the	 differences	
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between	a	relatively	dry	and	a	moist	debris	layer.	In	the	REAL	experiment	all	effects	are	combined	

and	 will	 be	 compared	 to	 HOMflat	 and	 HOMDEM	 so	 as	 to	 also	 give	 an	 understanding	 of	 the	

combined	effects.	

	

The	extent	of	 the	domain	 is	660x331x500	(x,y,z)	metres.	 	672x384x480	grid	points	are	used,	so	

the	 spatial	 resolution	 is	 approximately	 1	 metre.	 The	 number	 of	 grid	 points	 is	 determined	 by	

thenumber	 of	 nodes	 used	 on	 the	 Cartesius	 cluster	 (www.surfsara.nl).	 One	 run,	 on	 1024	

processors,	typically	takes	10.5	hours	to	complete.	

	

2.2.7	Conductive	flux		

The	surface	energy	balance	determines	how	much	energy	is	left	at	the	surface	that	can	be	used	

to	 heat	 up	 the	 debris	 or	 melt	 ice.	 The	 conductive	 flux	 (Qc)	 is	 the	 energy	 flux	 into	 the	 debris	

(Nicholson	and	Benn,	2006,	2012).	This	can	be	quantified	by:	

	

Qc	=	QSW+QLW+QL	+	QH	,	 (	12	)	

	

where	Qsw	 and	QLW	 are	 net	 shortwave	 and	 longwave	 radiation,	 and	QL	 and	QH	 the	 latent	 and	

sensible	heat	flux	respectively.	QSW	is	the	sum	of	the	direct	incoming	(Is),	diffuse	radiation	(Ds)	and	

reflected	shortwave	radiation	from	surrounding	terrain	(Dt)	multiplied	by	(1-albedo).	A	constant	

value	 of	 0.18	 is	 used	 for	 the	 surface	 albedo	 of	 both	 the	 debris	 and	 the	 ice	 cliffs.	 This	 was	

measured	 by	 the	 AWS	 and	 is	 in	 the	 range	 of	 the	 expected	 albedo	 for	 ice	 cliffs	 on	 the	 Lirung	

Glacier	(Steiner	et	al.,	2015).	Ds	is	calculated	as:		

	

Ds=VskdI0,	 (	13	)	

	

where	Vs	is	the	sky-view	factor,	kd	the	diffuse	fraction	and	I0	the	shortwave	radiation	measured	by	

the	 AWS.	 The	 shortwave	 radiation	 reflected	 by	 the	 surrounding	 terrain	 is	 calculated	 with	 the	

albedo	(α)	as:	

	

Dt=αI0(1-Vs).	 (	14	)	

	

QLW	is	calculated	as:					

		

QLW	=VlLWin+LWd-LWout			 (	15	)			
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where	Vl	is	the	sky-view	factor	for	longwave	radiation,	LWin	the	incoming	longwave	radiation,	LWd	

the	 longwave	 radiation	 emitted	 by	 surrounding	 debris,	 and	 LWout	 the	 outgoing	 longwave	

radiation	related	to	the	surface	temperature	Ts:		

	

LWout=εdσTs4	,		 (	16	)	

	

with	 an	 emissivity	 (εd)	 of	 0.95	 and	 σ	 the	 Stefan	 Boltzmann	 constant.	 LWin	 is	 taken	 to	 be	

homogeneous	as	measured	by	the	AWS	(hourly	average)	and	the	longwave	radiation	emitted	by	

surrounding	debris	is	calculated	spatially	as:		

	

LWd=Vdεd	σTs4	,	 (	17	)	

	

where	Vd	is	the	debris-view	factor	(see	Steiner	et	al.	2015	for	details).		
	

The	latent	and	sensible	heat	fluxes	are	calculated	as	stated	in	Section	2.2.3.	This	method	assumes	

the	debris	is	in	steady	state	and	no	heating	or	cooling	of	the	debris	occurs	during	that	period.	All	

fluxes	 are	 defined	 as	 positive	 towards	 the	 surface	 except	 for	 the	 conductive	 heat	 flux.	 All	

averages	 and	 standard	deviations	 discussed	 in	 this	 paper	 are	 spatial	 averages,	 unless	 specified	

otherwise.		
	

2.3.	Results	and	discussion	

2.3.1	Spatial	distribution	of	LHF	and	SHF	

Seven	experiments	are	performed	(Table	2.1)	where	key	parameters	that	control	turbulent	heat	

fluxes	 are	 varied	 in	 order	 to	 investigate	 the	 relative	 importance	 of	 topography,	 humidity	 and	

surface	 temperature.	 In	 Figures	 2.3	 and	 2.4	 the	 average	 surface	 turbulent	 fluxes	 and	 spatial	

variability	are	shown	for	all	experiments.	The	effects	of	the	experiments	can	be	subdivided	into	

effects	of	surface	roughness	(HOMflat,	HOM1/2DEM	and	HOMDEM),	spatial	temperature	(HETT),	and	

surface	specific	moisture	(HETqdry	and	HETqmoist).		

	

2.3.1.1.	Surface	roughness	

The	 effect	 of	 surface	 roughness	 on	 the	 SHF	 and	 LHF	 is	 evident	 (Figure	 2.3	 A-F).	 The	 turbulent	

fluxes	 are	 intensified	 with	 increasing	 variability	 in	 topography,	 since	 increasing	 the	 surface	

roughness	is	directly	related	to	the	surface	roughness	length	and	the	generation	of	turbulence.	
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Figure	 2.3:	 2D	 plots	 of	 average	 variables	 SHF	 (left	 panels)	 and	 LHF	 (right	 panels)	 for	 each	

experiment	 in	 the	 same	order	as	presented	 in	Table	2.1	 (rows).	Elevation	 increases	 from	 left	 to	

right	and	the	main	wind	direction	is	from	left	to	right.	
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A	homogeneous	topography	therefore	results	only	in	small	spatial	differences	in	turbulent	fluxes	

(HOMflat,	 5	 and	 2	W	m-2	 for	 SHF	 and	 LHF	 respectively).	 Including	 a	 real	 topography	 (HOMDEM)	

results	in	more	variation	of	the	turbulent	fluxes	(64	and	30	W	m-2	for	SHF	and	LHF	respectively)	

with	lowest	fluxes	at	higher	locations	and	the	highest	fluxes	in	the	depressions.	This	is	caused	by	

the	combination	of	an	accumulation	of	heat	and	moisture	 in	 the	 topographic	depressions,	 and	

homogeneous	 surface	 temperature	 and	 specific	 humidity,	 resulting	 in	 high	 temperature	 and	

moisture	gradients.	

	

2.3.1.2.	Surface	temperature	

The	 spatially	 variable	 temperature	 (HETT)	 has	 the	 largest	 impact	 on	 the	 SHF	 (Figure	 2.3G).	

Prescribing	 the	 surface	 temperature	 heterogeneously	 (HETT)	 impacts	 the	 surface	 vertical	

temperature	gradient	and	is	therefore	extremely	important	for	the	SHF.	The	LHF	is	less	variable	in	

space	 when	 including	 only	 spatial	 heterogeneous	 surface	 temperatures.	 This	 is	 because	 the	

surface	temperature	pattern	 is	partly	 inversely	related	to	the	topography	and	the	LHF	 is	driven	

primarily	 by	 the	 moisture	 gradient.	 Cold	 surfaces	 are	 now	 located	 at	 the	 lowest	 parts	 of	 the	

domain,	 where	 it	 was	 warmer	 in	 HOMDEM,	 and	 LHF	 is	 positively	 related	 to	 temperature.	

Additionally,	the	spatial	variability	of	the	SHF	 increases	from	64	to	193	W	m-2,	while	the	spatial	

variability	 in	 the	 LHF	 does	 not	 change	 much	 (30	 vs	 23	 W	 m-2).	 Further	 to	 this,	 due	 to	 the	

heterogeneous	temperatures,	positive	sensible	heat	fluxes	are	present	at	the	locations	where	the	

surface	is	colder	than	the	atmosphere.	This	is	particularly	important	in	understanding	the	energy	

balance	of	ice	cliffs	and	ponds	(Section	2.3.5).	

	
Figure	2.4:	Violin	plots	to	show	spatial	variability	of	time	average	fluxes	(95%	confidence	interval)	

within	the	domain	for	the	SHF	(grey)	and	LHF	(blue).	The	numbers	indicate	the	domain	average	(μ)	

and	standard	deviation	(σ).	Fluxes	pointing	towards	the	surface	are	positive.	
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2.3.1.3.	Surface	specific	humidity	

The	surface	 specific	humidity	has	 the	greatest	effect	on	 the	LHF.	The	assumption	of	dry	debris	

(HETqdry)	results	in	an	average	LHF	of	-42	W	m-2.	The	LHF	for	moist	debris	is	-73	W	m-2,	indicating	

the	important	impact	of	surface	moisture	on	the	LHF.	A	higher	surface	specific	humidity	results	in	

more	evaporation	under	the	same	conditions,	given	the	increase	in	the	vertical	moisture	gradient	

at	the	surface.	Moistening	the	surface	(HETqwet)	results	in	less	extreme	differences	spatially	in	the	

LHF,	 since	 both	 experiments	 include	 saturated	 areas	 at	 the	 locations	 where	 the	 real	 surface	

temperature	 is	0	degrees	Celsius.	Moistening	 the	surface	will	 increase	 the	atmospheric	 specific	

humidity	and,	since	the	relative	humidity	is	fixed	for	the	cliffs	at	100%	in	both	experiments,	the	

variability	in	specific	humidity	decreases.	Interesting	is	the	high	LHF	on	the	leeward	side	of	the	ice	

cliff	where	the	wind	transports	the	moisture	originating	from	the	ice	cliff	over	the	domain.	Note	

that	the	main	wind	flow	is	from	left	to	right	-	see	Figure	2.3.	

	

2.3.1.4.	Spatial	variation	of	elevation,	surface	temperature	and	specific	humidity	

Including	spatial	variation	in	specific	humidity	and	surface	temperature	(REAL)	does	not	affect	the	

average	turbulent	fluxes	much	when	compared	to	homogeneous	conditions	(HOMDEM).	However	

the	spatial	variability	 is	nearly	doubled	for	the	sensible	heat	flux	and	tripled	for	the	 latent	heat	

flux	(Figure	2.4).		

	

If	we	assume	REAL	as	the	truth,	the	sensible	and	latent	heat	fluxes	will	be	underestimated	by	9%	

and	 8%	 respectively	 when	 ignoring	 the	 topography	 (HOMflat).	 Assuming	 both	 homogeneous	

surface	temperature	and	specific	humidity	 (HOMDEM)	 results	 in	an	overestimation	of	the	SHF	of	

3%	and	an	underestimation	of	4%	of	the	LHF	(Figure	2.4).		

	

Increasing	 the	 surface	 roughness	has	 a	 larger	 effect	on	domain-averaged	 turbulent	 fluxes	 than	

the	 inclusion	 of	 spatial	 variations	 for	 surface	 temperature	 or	 specific	 humidity.	 However,	

prescribing	the	surface	temperature	and	specific	humidity	has	the	greatest	impacts	on	the	spatial	

distribution	of	the	SHF	and	LHF	and	results	in	a	high	spatial	variability.	So,	for	glacier	tongue-wide	

averages,	area-averaging	of	 the	 input	variables	 is	 justifiable,	but	 if	one	 is	 interested	 in	detailed	

spatial	patterns	of	melt	it	becomes	questionable.	

	

2.3.2.	Vertical	distribution	of	temperature,	wind	and	specific	humidity	

In	Figures	2.5,	2.6	and	2.7	cross	sections	and	vertical	profiles	of	all	experiments	are	shown	for	the	

wind	speed,	specific	humidity	and	potential	temperature	respectively	for	the	lowest	100	metres	

of	the	domain.	Increasing	the	surface	roughness	(HOM1/2DEM	and	HOMDEM)	leads	to	more	mixing	
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of	heat	and	moisture	in	the	atmosphere,	due	to	the	higher	associated	surface	roughness	length.	

The	topography	has	a	direct	influence	on	the	wind	speed	close	to	the	surface;	in	depressions	the	

wind	speed	is	low	and	at	high-elevations	the	wind	speed	increases.	Due	to	the	differences	in	wind	

speed,	 the	 mixing	 of	 heat	 and	 moisture	 is	 also	 spatially	 heterogeneous	 close	 to	 the	 surface.	

Moisture	 and	 heat	 accumulates	 in	 depressions,	 but	wind	mixes	 these	 regularly	 into	 the	 lower	

atmosphere.		

	

The	 vertical	 profiles	 are	 an	 average	 of	 all	model	 grid	 points	 above	 the	 surface.	 The	mixing	 of	

variables	extends	higher	into	the	atmosphere	when	the	real	topography	is	included.	In	the	REAL	

experiment,	mixing	occurs	to	an	altitude	of	40-60	metres	above	the	surface,	while	this	is	only	20-

30	metres	 in	HOMflat.	On	a	 larger	 scale	 it	 is	established	 that	debris	 influences	 the	near-surface	

atmosphere	 (Collier	 et	 al.,	 2015).	 We	 show	 that	 the	 micro-scale	 meteorology	 is	 also	 strongly	

affected	 by	 debris,	 influencing,	 for	 example,	 the	 local	 temperature	 and	 moisture	 lapse	 rates.	

Heterogeneous	surface	temperatures	allow	negative	surface	temperatures	at	 ice	cliffs,	resulting	

in	reversed	temperature	gradients	close	to	the	surface	(HETT	and	REAL;	Figure	2.7).	

	

The	surface	roughness	causes	local	differences	in	wind	speeds,	especially	where	there	are	large	

elevation	differences	over	a	small	horizontal	range.	This	is,	for	example,	visible	above	the	ice	cliff	

(x=510-600	m),	where	the	wind	gradient	decreases	towards	the	bottom.	This	 is	confirmed	with	

station	 observations,	 where	 higher	 located	 stations	 measure	 consistently	 higher	 wind	 speeds	

than	at	 lower	 locations.	The	 three	dimensional	 simulation	approach	used	quantifies	 the	 spatial	

differences	 in	 wind	 speed.	 In	 local	 depressions	 accumulation	 of	 heat	 and	moisture	 frequently	

occurs,	and	this	is	further	amplified	when	including	heterogeneous	surface	specific	humidity	and	

temperature.	 If	 the	accumulated	heat	and	moisture	are	 regularly	 removed	by	cold	and	dry	air,	

these	heterogeneous	differences	create	 local	hot	spots	of	SHF	and	LHF.	 	Surface	roughness	can	

therefore	be	seen	to	play	an	important	role	and	can	alter	the	conductive	flux	into	the	debris.	At	

locations	 where	 the	 air	 is	 stagnant,	 fluxes	 are	 attenuated	 since	 gradients	 in	 moisture	 and	

temperature	between	the	surface	and	atmosphere	gradually	decrease	with	the	accumulation	of	

heat	and	moisture.	Of	particular	interest	are	the	locations	where	the	specific	surface	humidity	is	

high	and	temperature	low,	such	as	ice	cliffs.	We	take	a	more	detailed	look	at	these	supraglacial	

features	in	Section	2.3.5.	
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Figure	2.5:	Cross	sections	(left	and	middle	columns)	and	average	vertical	profile	(right	columns)	of	

the	wind	speed	for	all	experiments	presented	in	the	same	order	as	in	Table	2.1.	The	location	of	the	

cross	sections	is	shown	in	Figure	2.2.		
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Figure	2.6:	As	in	Figure	2.5	but	here	for	the	specific	humidity.	
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Figure	2.7:	As	in	Figure	2.5	but	for	the	potential	temperature.	
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2.3.3	Spatial	analysis	

In	Figure	2.8	the	possible	range	of	the	SHF	and	LHF	are	plotted	for	four	locations:	dry	debris	(A),	

wet	debris	(B),	an	ice	cliff	(C)	and	the	location	of	the	AWS	(D).	The	exact	locations	are	indicated	in	

Figure	2.2.	The	simulations	represent	a	static	state	at	11:00	LT	and	we	interpret	the	results	as	a	

possible	range	of	outcomes	for	that	state.	Turbulent	fluxes	can	vary	greatly	at	one	location,	since	

they	depend	on	 the	 instantaneous	 turbulent	conditions.	This	means	 the	variability	of	 turbulent	

fluxes	is	large,	even	with	constant	surface	boundary	conditions.		 		

	

	
	

Figure	2.8:	Box	plots	to	show	variability	in	possible	outcomes	at	four	different	locations:	dry	debris	

(A+E),	wet	debris	(B+F),	 ice	cliff	(C+G;	all	three	points	are	taken	as	average	of	9	grid	points)	and	

AWS	 location	 (weighted	 average	 over	 the	 footprint;	 D+H),	 for	 all	 experiments	 (Table	 2.1).	

Observations	(Obs)	of	the	SHF	and	LHF	are	shown	in	Figure	D	and	H.	For	all	simulations	the	last	

hour	 of	 simulation	 data	 is	 taken	 and	 is	 resampled	 to	 a	 5	 minute	 average.	Measurements	 are	

averaged	over	5	minutes.	The	time	period	taken	from	the	AWS	is	10:30-11:30	LT.		

	

2.3.3.1	Debris	

For	 comparison	 between	 dry	 and	 moist	 debris,	 two	 locations	 are	 chosen	 where	 both	 surface	

temperatures	are	291	K	in	the	REAL	experiment.	Surface	moisture	for	the	dry	and	wet	debris	for	

HETdry	 are	 8.0	 and	 8.1	 g	 kg-1,	 and	 for	 HETqmoist	 8.5	 and	 9.0	 g	 kg-1	 respectively.	 Attributing	 the	

differences	in	fluxes	between	wet	and	dry	debris	to	surface	moisture	is	not	straightforward	since	
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the	 spatial	 distribution	 of	 surface	moisture	 is	 dependent	 on	 the	DEM	 (dry	 debris	 is	 located	 at	

higher	elevated	parts,	while	moist	debris	 is	 located	at	depressions).	 In	addition	the	surrounding	

grid	 points	 influence	 the	 turbulent	 fluxes.	 	 Dry	 debris	 is	 generally	 located	 in	 areas	 exposed	 to	

higher	wind	speeds	and	surface	roughness,	while	 the	opposite	holds	 for	wet	debris.	The	SHF	 is	

more	 sensitive	 to	 surface	 temperature	 for	 dry	 debris	 than	 for	 wet	 debris,	 and	 in	 the	 REAL	

experiment	the	LHF	 is	approximately	10	times	as	high	over	wet	debris	compared	to	dry	debris.	

Turbulent	fluxes	have	different	sensitivities	to	surface	temperature	and	moisture,	indicating	that	

the	 sensitivities	 are	 different	 in	wet	 and	 dry	 climates.	 As	 a	 result	 surface	 boundary	 conditions	

should	be	chosen	carefully	for	simulations.	

	

The	LHF	over	dry	debris,	when	domain	averaged	(with	its	spatial	standard	deviation)	in	the	REAL	

case,	is	lower	(qs<8.4	g	kg-1,	34±17	W	m-2)	than	over	wet	debris	(qs>8.8	g	kg-1,	117+52	W	m-2).	This	

is	caused	by	less	moisture	availability.	The	SHF	over	wet	debris	(-237	±	247	W	m-2,	excluding	ice	

cliffs)	is	considerably	higher	than	over	dry	debris	(-135.3±161	W	m-2)	and	is	caused	by	the	location	

of	the	wet	debris	 in	the	depressions,	where	there	is	an	accumulation	of	heat	that	increases	the	

vertical	temperature	gradient	as	discussed	in	Section	2.3.2.		

	

2.3.3.2.	Ice	cliff	

The	surface	conditions	at	an	ice	cliff	are	different	to	those	of	the	surrounding	debris	surface.	This	

is	because	the	surface	is	at	(or	around)	melting	point	and	the	near-surface	air	is	saturated.	As	a	

result	 the	 reversed	 (positive)	 SHF	 is	 the	 most	 pronounced	 difference	 compared	 to	 the	 debris	

surface.	Additionally,	spatially	different	surface	temperatures	result	in	cold	and	warm	eddies	that	

can	pass	over	the	ice	cliff	and	increase	the	variation	in	the	SHF.	The	variation	in	the	LHF	is	mainly	

influenced	by	the	surface	specific	humidity,	since	with	heterogeneous	surface	variables	dry	and	

wet	 eddies	 can	 flow	 over	 the	 saturated	 surface	 causing	 different	 vertical	 moisture	 gradients	

above	the	ice	cliff.	This	is	described	in	more	detail	in	Section	2.3.5.	

	

2.3.3.3	AWS	measurement	comparison	

The	 use	 of	 the	 location	 of	 the	 AWS	 allows	 comparison	 of	 the	 simulations	 to	 actual	

measurements.	However,	while	the	measurements	are	an	average	of	the	footprint	of	the	station	

this	varies	with	 time	and	exceeds	 the	domain	slightly.	We	have	taken	a	weighted	average	over	

the	grid	points	that	are	located	in	the	domain.	The	averaged	measured	SHF	is	49%	lower	than	the	

modelled	SHF;	the	LHF	is	23%	lower.	The	range	between	the	first	and	third	quartile	for	the	LHF	

(SHF)	is	16	(36)	for	the	REAL	case	and	29	(73)	W	m-2	for	the	observations,	showing	that	the	model	

underestimates	 the	 variation.	 The	 ranges	 of	 simulated	 LHF	 overlap	 with	 the	 observed	 range,	
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however	 for	 the	 SHF	 the	 observed	 and	 simulated	 ranges	 do	 not	 overlap.	 The	 comparison	

between	 the	 simulations	 and	 the	 observations	 give	 an	 indication	 of	 the	 model	 performance,	

however	 a	 one-to-one	 comparison	 is	 complex,	 since	 our	 simulations	 are	 an	 idealized	

representation	 of	 the	 reality	 in	 a	 limited	 domain	 and	 exclude	 effects	 of,	 for	 example,	 the	

moraines	or	glacier	at	higher	altitude.	The	disagreement	between	simulated	and	observed	fluxes	

may	also	be	caused	by	the	location	of	the	AWS,	which	is	situated	close	to	the	moraines.		Steiner	

et	al.	(2018)	estimated	the	average	surface	energy	balance	for	Lirung	Glacier	at	the	AWS	location	

to	 be	 ±350	 W	 m-2	 for	 clear-sky	 around	 11:00	 LT,	 while	 in	 REAL	 this	 is	 294.2	 W	 m-2,	 using	 a	

weighted	average	for	the	footprint	of	the	AWS.	However	the	model	domain	averaged	conductive	

flux	is	348.8	W	m-2,	indicating	that	the	model	performs	well	and	within	a	reasonable	range.	

	

2.3.4	Surface	energy	balance	

Figure	 2.9	 shows	 conductive	 flux	 into	 the	 debris	 under	 the	 seven	 simulations.	 Spatial	

heterogeneous	 shortwave	 and	 longwave	 radiation	 fields	 based	 on	 the	 real	 DEM	 are	 used	 as	

inputs.	 The	 LHF	 and	 SHF	 vary,	 depending	 on	 the	 experiments	 to	 isolate	 the	 effects	 of	 the	

individual	 experiments.	 For	 example,	 the	 ice	 cliff	 signal	 in	 Figure	 2.9A	 is	 visible,	 despite	 the	

homogeneous	 surface	conditions	 in	HOMflat	due	 to	 the	 longwave	and	shortwave	 signal	derived	

from	the	real	DEM.	The	energy	 reaching	 the	 ice	below	the	debris	 is	dependent	on	 the	 thermal	

conductivity,	density	and	heat	capacity	of	the	debris.	

	

Table	2.2,	the	average	conductive	flux	averaged	over	the	domain,	 ice	cliff	cells	and	debris	cells	-	

with	standard	deviations.	Ice	cliffs	cover	2%	of	the	domain.	The	standard	deviation	is	based	on	all	

pixel	values	in	the	domain.	

	

	

	

	

	

	

	

	

	

	

	

	 Domain	average	(W	m-2)	 Ice	cliff	average	(W	m-2)	 Debris	average	(W	m-2)	

HOMflat	 391±23	 674±76	 363±191	

HOM1/2DEM	 377±67	 259±111	 378±65	

HOMDEM	 368±102	 210±187	 370.8±98	

HETT	 375±205	 967±193	 365±190	

HETqdry	 389±136	 -142±396	 399±107	

HETqmoist	 358±147	 -81±366	 366±128	

REAL	 368±193	 674±76	 364±191	
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With	 increasing	 surface	 roughness	 	 (HOMflat,	 HOM1/2DEM,	 HOMDEM)	 the	 conductive	 heat	 flux	

becomes	more	variable,	as	is	also	observed	for	the	SHF	and	LHF	separately	in	Figure	2.3.	Locally	it	

is	 important	 to	prescribe	 the	surface	specific	humidity,	e.g.	 for	 ice	cliffs.	A	wetter	environment	

results	in	a	lower	conductive	flux	(HETqdry	and	HETqmoist),	while	a	colder	surface	results	in	a	higher	

conductive	flux	(HETT;	Table	2.2).	The	effect	of	the	surface	temperature	(HETT)	is	larger	than	the	

surface	specific	humidity	(HETqmoist)	and	therefore	the	conductive	flux	of	REAL	is	closely	related	to	

the	signal	imposed	by	the	surface	temperature.		

	

The	 aim	 of	 this	 study	 is	 to	 get	 insight	 in	 the	 spatial	 variable	 conductive	 heat	 flux	 and	 it	 goes	

beyond	the	scope	of	present	study	to	investigate	the	melt	dynamics	of	sub-debris	ice.	However,	

this	 would	 be	 an	 interesting	 field	 of	 future	 research	 and	 in	 order	 to	 do	 this	 spatial	 variable	

observations	 of	 the	 thermal	 conductivity,	 density	 and	 heat	 capacity	 of	 the	 debris	 layer	 are	

needed,	 which	 are	 currently	 unavailable.	 Our	 interpretation	 of	 the	 results	 is	 focused	 on	 the	

surface	energy	balance	and	stops	at	the	debris-atmosphere	interface.	

	

A	heterogeneous	conductive	flux	contributes	to	heterogeneous	melting,	depending	on	the	debris	

thickness.	 For	 example	 in	REAL	 the	 average	 conductive	 flux	 on	 the	 ice	 cliffs	 is	 674±76	W	m-2,	

while	this	is	only	364±191	W	m-2	averaged	over	the	debris.	The	conductive	heat	flux	at	ice	cliffs	

can	 be	 used	 exclusively	 for	 ice	 melt,	 while	 for	 debris	 the	 conductive	 flux	 is	 partly	 used	 to	

penetrate	and	warm	the	debris.	Turbulent	fluxes	decrease	the	energy	available	for	melt	by	39%	

for	the	REAL	case	averaged	over	the	domain.	Over	debris,	turbulent	fluxes	reduce	the	available	

melt	energy	by	40%	and	act	as	a	sink	of	energy,	while	on	ice	cliffs	turbulent	fluxes	enhance	it	by	

51%	and	are	a	contributor	to	melt.	Other	studies	found	that	ice	cliffs	melt	between	5.7	and	13.7	

times	faster	than	 ice	below	surrounding	debris	 (Brun	et	al.,	2016;	Sakai	et	al.,	2002;	Buri	et	al.,	

2016;	Reid	and	Brock,	2014).	Although	those	studies	consider	total	melt	rather	than	the	surface	

energy	balance,	the	pronounced	differences	between	melt	on	ice	cliffs	and	debris	are	in	line	with	

our	research.	

	

The	 surface	 specific	 humidity	 is	 relatively	 uncertain	 and	 the	 range	 used	 in	 the	 experiments	 is	

based	on	scarce	observations.	It	is	spatially	distributed	using	a	simple	relation	with	elevation.	We	

performed	additional	 sensitivity	 tests	of	 two	extreme	cases	of	 a	homogeneous	 surface	 relative	

humidity	of	20%	and	of	85%,	with	the	relative	humidity	at	ice	cliffs	at	100%,	to	quantify	the	effect	

on	the	conductive	heat	flux.	The	domain	averaged	(±spatial	deviation)	conductive	heat	flux	when	

RH=20%	 is	 490±201	W	m-2,	 and	 89±276	W	m-2	when	 RH	 =	 85%.	 This	 indicates	 that	 the	mean	

conductive	 flux	 is	 positive,	 regardless	 of	 the	 surface	 specific	 humidity.	 Secondly,	 if	 the	 surface		
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Figure	 2.9:	 	 Effect	 of	 turbulent	 fluxes	 on	 conductive	 flux	 into	 the	 surface	 for	 all	 experiments.	 A	

positive	flux	means	energy	is	available	to	go	into	the	surface.	
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relative	 humidity	 is	 lower	 than	 the	 atmosphere	 the	 latent	 heat	 flux	 is	 directed	 towards	 the	

surface	and	contributes	 to	 the	conductive	heat	 flux.	The	opposite	occurs	with	a	higher	 relative	

humidity,	which	can	happen	at	ponds	and	ice	cliffs.	Moreover,	the	conductive	heat	flux	decreases	

with	increasing	relative	humidity,	which	shows	the	regulating	effect	of	moisture	on	the		

total	 energy	 budget.	 At	 ice	 cliffs,	 the	 latent	 heat	 flux	 can	 become	 highly	 negative	 if	 the	

atmosphere	is	dry	and	can	even	reverse	the	sign	of	the	conductive	heat	flux.	During	the	monsoon	

season	(summer	months)	the	surface	moisture	will	be	higher	than	over	the	rest	of	the	year,	and	

the	conductive	heat	flux	at	the	surface	will	be	higher	than	in	winter	and	spring.		

	

In	summary,	these	results	show	turbulent	fluxes	can	be	key	in	explaining	of	the	formation	of	ice	

cliffs.	Locations	with	already	thick	debris	(and	hence	higher	surface	temperatures)	do	not	melt	as	

fast	as	the	surrounds	due	to	the	SHF	and	LHF	reducing	the	conductive	flux,	as	well	as	the	general	

insulation	of	the	debris	(Figure	2.9).	A	crest	will	develop,	 introducing	the	topographic	effects	as	

discussed	above.	This	acts	as	a	positive	feedback	and	enhances	the	local	topographic	differences	

on	debris-covered	glaciers.	These	results	show	that	turbulent	 fluxes	can	be	an	additional	driver	

for	 the	 typically	 variable	 topography	 of	 a	 debris-covered	 tongue	 and	 for	 the	 formation	 of	 ice	

cliffs,	along	with	collapsing	channels,	as	has	been	hypothesised	(e.g.	Benn	et	al.,	2012).		
 

2.3.5	Ice	cliff	analysis	

Ice	 cliffs	 on	 debris-covered	 glaciers	 are	 particularly	 interesting	 to	 study	 in	 terms	 of	 turbulence	

given	 their	 steep	 topography,	 anomalous	 surface	 temperature	 and	 moisture	 conditions	

compared	with	the	surrounding	debris.	We	showed	in	the	previous	section	that	on	an	 irregular	

surface,	 local	 hot	 spots	of	 the	 conductive	 flux	 into	 the	 surface	exist,	 amplifying	 the	melt.	 Such	

irregularities	are	likely	to	favour	the	formation	of	ever	deeper	depressions	and	eventually	expose	

ice	cliffs.	Our	simulations	do	not	allow	dynamic	modelling	of	ice	cliff	evolution,	however	we	can	

gain	 insight	 in	 the	 microclimate	 around	 such	 cliffs	 to	 better	 understand	 the	 fundamental	

mechanisms	 of	 ice	 cliff	 melting.	 Three	 dimensional	 modelling	 can	 thus	 provide	 insight	 into	

processes	such	as	advection	of	heat	and	moisture.	

	

In	Figure	2.10	six	vertical	profiles	of	wind	speed,	potential	temperature	and	specific	humidity	over	

an	ice	cliff	are	shown	with	a	time	interval	of	10	seconds.	On	the	leeward	side	of	an	ice	cliff	eddies	

are	generated	by	both	the	thermal	and	moisture	gradients	and	the	topography.	In	the	situation	

we	examine	the	clean	ice	is	on	the	left	side	of	the	local	depression	and	the	dominant	wind	flow	is	

from	the	 left	 to	right.	When	relatively	warm	air	 is	advected	over	the	 ice	cliff	 this	air	cools,	 falls	
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down	(first	column)	and	generates	an	eddy	where	the	accumulated	moisture	is	transported	out	

of	the	depression	and	the	cold	air	is	replaced	by	warmer	air	(columns	2-3).	At	this	point	the	SHF	

and	LHF	are	 intensified,	since	the	moisture	and	temperature	gradients	are	 increased	within	the	

depression.	 Intensification	of	 the	 turbulent	 fluxes	occurs,	 since	warm	air	 from	the	 right	 side	of	

the	depression	is	transported	towards	the	clean	ice	by	the	rotating	eddy	(column	4).	After	such	

an	advection	event	the	ice	will	cool	and	moisten	the	air	in	the	depression.	The	vertical	moisture	

and	temperature	gradients	decrease	 in	time	and	the	SHF	and	LHF	decrease	until	the	process	of	

refreshment	repeats	itself.		

	

	
Figure	2.10:	The	 specific	humidity	 (A-F),	wind	 speed	 (G-L)	and	 temperature	 (M-R)	 for	a	 zoom-in	

around	 an	 ice	 cliff	 (660<x>500	m)	 at	 time=6570-6630	 s	with	 10	 s	 time	 interval.	 The	 black	 line	

indicates	the	topography.	The	surface	boundary	conditions	are	plotted	directly	below	the	surface	

and,	for	clarity,	also	at	y=0.	

	

During	an	advection	event	warm	and	dry	air	 flows	over	 the	 ice	cliff	and	 is	 transported	 into	the	

depression.	 This	 causes	 (temporarily)	 a	 strong	 gradient	 and	 sensible	 heat	 contributes	 to	melt,	

until	 the	 air	 has	 cooled	 down.	 This	 process	 gives	 an	 intensified	melt	 signal	 at	 the	 ice	 cliff	 and	

causes	it	to	deepen	and,	in	this	specific	case,	to	retreat	to	the	left.	This	is	congruent	with	ice	cliff	
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backwasting	found	in	previous	studies	(Reid	and	Brock,	2014;	Steiner	et	al.,	2015).	Similarly,	Mott	

et	al.	(2014)	found	that	net	surface	radiation	over	snow	patches	is	not	the	only	driver	of	energy	

exchange	 between	 the	 surface	 and	 atmosphere	 in	 mountainous	 areas,	 with	 secondary	 flows	

induced	by	surface	heterogeneities	also	being	an	important	driver.	We	hypothesize	that	ice	cliff	

backwasting	can	also	be	related	to	the	main	wind	direction	in	the	domain.	Cliffs	that	are	 in	the	

leeward	 direction	 of	 the	 main	 wind	 direction	 during	 daytime	 receive	 additional	 warm	 dry	 air	

through	the	advection	mechanism,	causing	extra	melt.	

	

Ice	cliffs	typically	have	a	knick-point	shape,	previously	explained	by	differences	in	local	radiation	

(Sakai	et	al.,	2002).	However	this	explanation	ignores	the	extra	amount	of	longwave	radiation	in	

the	depressions	 (Steiner	 et	 al.,	 2015)	 and	does	not	 explain	why	 crests	 generally	 do	not	 flatten	

over	time.	Turbulent	fluxes	are	also	likely	to	play	a	role	in	the	shape	of	the	ice	cliffs	as	a	result	of	

the	vertical	variations	in	wind	speed	induced	by	the	topography.	This	can	be	seen	in	Figure	2.5,	

where	the	wind	speed	decreases	with	depth	at	the	ice	cliff	(x=550m),	and	the	knick-point	of	the	

ice	cliff	is	at	the	location	of	strongest	decline	in	wind	speed.	The	heat	and	moisture	exchange	are	

therefore	strongest	at	the	top	of	the	 ice	cliff	and	 lowest	 in	the	depression,	with	the	main	wind	

flow	being	over	the	depression,	and	not	reaching	the	deepest	parts	of	the	ice	cliff.		

	

2.4.	Sensitivity	to	Reynolds	number	

In	 order	 to	 simulate	 atmospheric	 turbulent	 flows	 there	 are	 two	 options:	 DNS	 and	 LES.	 Both	

options	come	with	advantages	and	drawbacks.	DNS	is	computationally	extremely	expensive	when	

resolving	all	scales	in	the	flow	and	its	use	was	not	possible	in	our	case	study.	An	advantage	of	DNS	

is	that	the	correctness	of	a	simulation	can	be	checked	by	testing	whether	the	results	of	sensitivity	

tests	 converge,	 as	 we	 will	 do	 in	 this	 section.	 With	 LES	 however	 this	 approach	 would	 not	 be	

possible,	 as	 sensitivity	 tests	 can	 be	 evenly	 wrong	 caused	 by	 the	 inappropriate	 surface	 model	

under	high	Reynolds	numbers	in	complex	terrain.	This	means	that	even	when	resolving	all	scales	

in	 the	 flow	 with	 LES	 this	 does	 not	 give	 direct	 confidence	 in	 the	 results	 and	 LES	 does	 not	

outperform	DNS	by	definition.		

	

The	 Reynolds	 number	 (Re)	 is	 a	measure	 for	 the	 flow	 characteristics	 and	 is	 the	 ratio	 between	

inertial	 and	viscous	 forces	 in	a	 fluid	 (Eq.	18).	A	 low	Reynolds	number	would	 indicate	a	 laminar	

flow	and	a	high	Reynolds	number	a	turbulent	flow.		

	

Re= !"!  																																																																																																																															(18)	
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Where	 u	 is	 the	 velocity	 (m/s),	 L	 is	 the	 characteristic	 length	 scale	 (m)	 and	 ν	 is	 the	 kinematic	

viscosity	 (m2	 s-1)	 of	 the	 fluid.	By	decreasing	 the	 kinematic	 viscosity	 the	 fluid	will	 become	more	

turbulent	and	resolve	smaller	scales.	

	

To	 show	 that	 turbulence	 is	 fully	 developed	 in	 our	 study,	 we	 double	 the	 Reynolds	 number	 by	

decreasing	 the	 viscosity	 from	 0.2	 to	 0.11	 m2	 s-1,	 and	 we	 repeated	 the	 REAL	 experiment.	

Computationally	the	run	with	low	viscosity	is	15	times	more	demanding	than	the	high	viscosity	as	

the	viscosity	 is	halved	and	the	number	of	grid	points	 is	doubled	 in	x,	y	and	z.	The	LHF	and	SHF	

have	 the	 same	 patterns	 and	 are	 in	 same	 order	 of	 magnitude	 at	 both	 viscosities	 (Figure	 A1).	

Furthermore,	 the	 averaged	 vertical	 profiles	 of	 potential	 temperature	 and	 specific	moisture	 are	

also	similar,	which	gives	confidence	in	the	use	of	1	metre	resolution	for	this	type	of	simulations	

(Figure	A2).		

	

The	energy	spectrum	of	specific	humidity	is	shown	in	Figure	A3;	energy	spectra	of	other	variables	

(e.g.	 temperature	 and	wind)	 show	 the	 same	pattern.	As	 this	 run	 is	 very	 complex	 and	 far	 from	

idealized,	 comparison	 of	 energy	 spectra	 of	 the	 viscosities	 is	 not	 straightforward.	 The	 energy	

spectra	 are	 derived	 from	 a	 horizontal	 cross	 section	 at	 a	 fixed	 height	 of	 65	metres	 above	 the	

lowest	point	in	the	topography,	implying	that	the	cross	section	is	not	at	a	constant	height	above	

the	surface.	As	a	result,	the	spectrum	contains	not	only	a	signature	of	the	turbulence	but	also	of	

the	 topography.	 The	 peak	 of	 the	 spectrum	 is	 located	 around	 a	 wave	 number	 of	 1,	 which	

corresponds	to	a	wavelength	of	2π/1≈6	metres	and	is	resolved	by	both	experiments.	This	shows	

that	large	structures	are	dominant	in	the	flow	and	small	structures	are	of	minor	importance.	The	

spectra	averages	for	both	experiments	differ,	although	located	in	the	centre	of	the	bandwidth	of	

one	standard	deviation.		

	

The	simulation	at	low	viscosity	naturally	resolves	smaller	scales	than	the	simulation	with	a	higher	

viscosity	 (see	 Equation	18).	 In	 Figure	A3	we	 see	 that	 the	 additional	 variability	 does	only	 add	 a	

small	 amount	 of	 variance	 to	 the	 signal	 and	 is	 therefore	 irrelevant	 for	 the	 flow	 (wave	

numbers>11).	We	therefore	conclude	that	a	viscosity	of	0.2	m2	s-1,	in	combination	with	a	spatial	

resolution	of	1	metre,	is	fine	enough	to	capture	the	bulk	characteristics	of	the	flow	as	well	as	its	

most	important	features.		

	

2.5.	Limitations	

There	 is	 an	 initial	 but	 incomplete	 understanding	 of	micro-meteorological	 processes	 for	 debris-

covered	glaciers	with	highly	variable	surface	temperature	and	moisture	conditions.	 In	particular	
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the	role	that	turbulent	fluxes	have	 in	the	net	conductive	energy	flux	towards	the	 ice	below	the	

debris	 is	 unknown.	 For	 the	 first	 time,	 in	 this	 study,	 a	 3D	 turbulence	 resolving	 high-resolution	

model	was	 used	 to	 gain	 understanding	 of	 these	 local	 processes	 and	 interactions	 between	 the	

surface	and	the	overlying	atmosphere.	We	show	that	such	turbulence-resolving	models	provide	

important	 insights	 into	 these	 processes,	 supporting	 a	 better	 quantification	 of	 debris	 covered	

glacier	melt.	However,	we	identified	a	number	of	limitations	associated	with	data	availability,	the	

model	assumptions	and	computational	constraints,	which	we	discuss	in	the	following	paragraphs.	

	

Information	 about	 surface	 moisture	 on	 debris-covered	 glaciers	 is	 scarce,	 highly	 variable,	 and	

measurement	 is	 difficult.	 Surface	moisture	 is,	 however,	 an	 important	 variable	 in	 assessing	 the	

surface	 energy	 balance	 since	 it	 influences	 the	 latent	 and	 sensible	 heat	 flux	 and	 therefore	 the	

conductive	 heat	 flux	 that	 ultimately	 melts	 the	 ice.	 Studies	 normally	 deal	 with	 the	 limited	

information	 available	 for	 surface	moisture	by	 assuming	 that	 the	debris	 surface	 is	 either	 dry	 or	

fully	 saturated,	 to	 indicate	 the	 range	 of	 outcomes	 (e.g.	 Rounce	 et	 al.	 2015).	 The	 approach	

proposed	 in	 this	 study	 is	 a	 step	 towards	 a	 better	 representation	 of	 surface	 specific	 humidity,	

showing	the	effect	of	a	partly	saturated	surface	and,	furthermore,	a	heterogeneous	distribution	

linked	 to	 the	 DEM.	 In	 reality	 the	 surface	 moisture	 is	 dependent	 on	 the	 surface	 material	 and	

texture,	its	relative	elevation	in	the	domain,	and	the	aspect	of	the	location	(Qiu	et	al.,	2001).	In	

future,	the	spatial	distribution	could	also	be	made	dependent	on	debris	grain	size	rather	than	the	

absolute	height	of	the	topography	in	order	to	make	spatial	patterns	of	surface	specific	humidity	

more	realistic.	During	our	observation	period	no	large	supra-glacial	ponds	were	observed	(Figure	

2.1),	but	surface	conditions	of	ponds	could	also	be	included	in	MicroHH	in	upcoming	studies.	

	

In	 this	 study	we	have	considered	the	conductive	heat	 flux	and	how	this	brings	about	a	gradual	

warming	of	the	debris,	eventually	melting	the	ice	when	the	warming	front	reaches	the	debris-ice	

interface.	How	this	energy	is	partitioned	between	the	warming	of	the	debris	and	melting	depends	

on	the	debris	 thickness,	 the	 type	of	 rock,	 the	 texture	and	the	moisture	content.	Future	studies	

can	couple	a	debris	energy	balance	model	(e.g.	Giese,	2019;	Reid	and	Brock,	2010)	to	MicroHH,	

investigating	 the	 total	 energy	 reaching	 the	 ice,	 its	 timing,	 and	 the	 impact	 of	 debris	 properties	

such	as	thickness,	surface	moisture	and	thermal	conductivity.	

	

One	 of	 our	 experimental	 outcomes	 is	 that	 the	 use	 of	 spatially	 variable	 surface	 boundary	

conditions	 for	 surface	 specific	 humidity	 and	 temperature	 results	 in	 similar	 domain	 averages	 of	

turbulent	surface	fluxes	compared	to	a	constant	surface	temperature	or	specific	humidity.	This	all	

relies	 on	 the	 strong	 assumption	 that	 the	 homogeneous	 value	 (in	 reality	 taken	 from	a	weather	
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station	 measurement)	 is	 representative	 of	 the	 whole	 domain.	 In	 our	 experiments	 the	

homogeneous	 value	 is	 per	 definition	 representative	 for	 the	 domain,	 as	 it	 is	 an	 average	 of	 the	

heterogeneous	values.	The	bias	induced	by	upscaling	point	measurements	is	given	by	comparing	

the	results	of	 the	homogeneous	surface	conditions	 (HOM	experiments)	and	the	heterogeneous	

surface	conditions	(HET	experiments).	This	shows	that	heterogeneity	plays	an	important	role	for	

local	supra-glacial	features	on	a	debris-covered	glacier,	while	domain	averaged	the	effects	to	the	

conductive	heat	flux	are	minor.	In	reality	it	 is	close	to	impossible	to	locate	a	station	so	that	it	 is	

perfectly	 representative	 of	 the	 whole	 domain	 without	 having	 prior	 knowledge	 of	 the	 spatial	

distribution.	This	type	of	high-resolution	modelling	can	therefore	support	the	optimal	selection	of	

sites	for	meteorological	observations	to	ensure	representativity.		

	

High-resolution	modelling	is	a	useful	tool	to	investigate	small-scale	meteorological	processes,	due	

to	 its	explicit	 treatment	of	 turbulent	processes.	The	modelling	 is,	at	 this	 stage,	 still	 conceptual,	

since	not	all	processes	and	feedbacks	are	 included.	 In	this	study	only	a	part	of	Lirung	Glacier	 is	

modelled	and	 the	modelling	excludes	surrounding	 influences	such	as	wind	 flows	caused	by	 the	

lateral	 moraines	 and	 circulations	 in	 the	 valley.	 Due	 to	 the	 high	 spatial	 resolution	 and	

computational	 constraints,	 we	 limited	 the	 simulation	 time	 to	 1	 hour	 and	 the	 simulation	 is	

stationary.		

	

A	 correct	 representation	 of	 debris-covered	 glaciers	 would	 benefit	 climate,	 glacier	 and	

hydrological	models	to	give	a	better	estimation	of	melt	water	contribution	to	river	discharge.	Our	

study	provided	important	insights,	but	also	made	clear	that	turbulence-resolving,	long-term	and	

transient	 simulations	 are	 currently	 not	 feasible.	 Our	 results	 nevertheless	 do	 provide	 a	 greater	

understanding	of	surface	processes	on	debris-covered	glaciers	along	with	parameterizations	that	

can	be	used	in	coarser	resolution	models.	In	order	to	understand	the	small-scale	processes	at	the	

surface-atmosphere	 interface	 on	 a	 debris-covered	 glacier	 we	 need	 high-resolution	 data	 and	

models.		

	

2.6.	Conclusions	

The	 exact	 melt	 processes	 of	 debris-covered	 glaciers	 are	 largely	 unknown	 and	 their	 total	

contribution	to	the	total	glacier	melt	remains	uncertain.	The	surface	of	a	debris-covered	glacier	is	

complex	 due	 to	 its	 topography,	 heterogeneous	 surface	 temperature	 and	 surface	 moisture	 -	

resulting	 in	highly	heterogeneous	micro-meteorological	 conditions.	 In	 this	 study,	we	assess	 the	

effect	of	surface	properties	of	debris	on	the	spatial	distribution	of	micro	meteorological	variables,	

such	as	wind	fields,	moisture	and	temperature	by	sensitivity	tests.	Subsequently	we	investigated	
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how	those	drive	the	turbulent	fluxes	and	eventually	the	conductive	heat	flux	for	a	debris-covered	

glacier.	This	is	the	first	time	an	in-depth	analysis	is	performed	of	micro-meteorological	variables	

above	a	debris-covered	glacier	with	a	 turbulent	 resolving	model	at	high	 resolution	 (~1	m).	This	

has	 offered	 new	 insights	 into	 the	 spatial	 variability	 of	 turbulent	 fluxes	 and	 what	 drives	 these	

differences.	

	

Surface	 roughness	has	 the	 strongest	 impact	on	 the	magnitude	of	 turbulent	 fluxes	and	 leads	 to	

more	 mixing	 at	 higher	 altitudes	 due	 to	 the	 higher	 topographic	 variability.	 Surface	 roughness	

causes	 spatial	differences	 in	wind	 speed,	with	generally	 lower	wind	 speeds	at	 lower	elevations	

due	to	 isolation,	whereby	accumulation	of	heat	and	moisture	 is	possible.	 Increasing	the	surface	

roughness	leads	therefore	to	more	pronounced	spatial	differences	in	turbulent	fluxes.	

	

Heterogeneous	surface	temperature	has	its	primary	impact	on	the	SHF,	this	because	of	the	way	it	

influences	the	temperature	gradient	between	the	surface	and	the	atmosphere.	A	heterogeneous	

surface	specific	humidity	affects	mainly	the	LHF	by	influencing	the	moisture	gradient	between	the	

surface	and	the	atmosphere.	Overall,	 including	heterogeneous	conditions	 lead	 to	higher	spatial	

variability	 and	 a	 larger	 range	 of	 possible	 outcomes.	 The	 variability	 of	 the	 turbulent	 fluxes	 can	

result	 in	 a	 feedback	 effect	 that	 eventually	 leads	 to	 the	 hummocky	 terrain	 typical	 for	 debris-

covered	 tongues	 in	 the	 Himalaya.	 In	 more	 extreme	 cases	 this	 variability	 can	 bring	 about	 the	

formation	of	cliffs,	and	also	of	ponds	in	those	depressions	where	melt	has	been	accelerated.	

	

We	 found	 that	 the	 inclusion	 of	 heterogeneous	 surface	 temperature	 and	 specific	 humidity	 is	

extremely	 important	when	 looking	at	 sub-glacier	 features	 such	as	 ice	 cliffs	as	 these	allow	both	

negative	 and	 positive	 turbulent	 fluxes	 in	 the	 domain.	 The	 microclimate	 around	 an	 ice	 cliff	 is	

influenced	strongly	by	a	combination	of	topographic,	surface	specific	moisture	and	temperature	

effects,	 which	 favour	 high	 sensible	 and	 latent	 heat	 fluxes.	 Additionally	 the	 progression	 and	

persistence	of	ice	cliffs	is	influenced	by	the	main	wind	direction,	since	at	the	leeward	side	of	the	

cliff	 turbulent	 fluxes	 contribute	 to	melt.	 Longer	 high-resolution	 turbulent	 resolving	 simulations	

are	needed	to	investigate	fundamentals	of	small-scale	glacier	features	in	more	detail.		

	

We	show	that	turbulent	fluxes	can	decrease	the	energy	available	for	melt	at	the	debris	surface	by	

40%,	acting	as	an	energy	sink.	In	contrast	on	ice	cliffs	turbulent	fluxes	were	found	to	enhance	the	

available	energy	by	51%,		serving	as	a	contributor	to	melt.	In	combination	with	a	low	albedo	this	

causes	ice	cliffs	to	be	melt	hot	spots.	
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The	use	of	homogeneous	surface	temperature	and	specific	humidity	 is	a	good	alternative	when	

spatial	data	is	lacking	but	only	when	these	values	are	representative	of	the	whole	domain	and	the	

interest	 is	primarily	 in	domain-averaged	outcomes.	 In	general	a	point	measurement	will	not	be	

representative	for	the	whole	domain	and	use	will	result	 in	large	biases	in	atmospheric	variables	

when	upscaling	to	a	larger	area.		

	

Our	results	show	that	high-resolution	turbulent	resolving	models	can	be	used	to	better	quantify	

spatially	 variable	 melt.	 Future	 studies	 could	 couple	 high-resolution	 models	 to	 a	 full	 energy	

balance	model	to	determine	the	energy	reaching	the	ice.	This	work	is	important	for	glacier	mass	

balance	 modelling	 and	 for	 the	 understanding	 of	 the	 evolution	 of	 debris-covered	 glaciers.	 We	

expect	that	these	results	will	be	useful	in	improving	the	representation	of	debris-covered	glaciers	

in	hydrological	and	climatological	models	to	determine	their	contribution	to	glacier	melt.	
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3	
	

The	impact	of	spatial	resolution,	landuse	and	spin-up	time	
on	resolving	spatial	precipitation	patterns	in	the	

Himalayas	
	
	
	
Frequently	used	gridded	meteorological	datasets	poorly	 represent	precipitation	 in	 the	Himalaya	

due	 to	 their	 relatively	 low	 spatial	 resolution	 and	 the	 associated	 representation	 of	 the	 complex	

topography.	Dynamical	downscaling	using	high-resolution	atmospheric	models	may	improve	the	

accuracy	and	quality	of	the	precipitation	fields.	However,	most	physical	parameterization	schemes	

are	designed	for	a	spatial	resolution	coarser	than	1	km.	In	this	study	the	WRF	(Weather	Research	

and	 Forecasting)	 model	 is	 used	 to	 determine	 which	 resolution	 is	 required	 to	 most	 accurately	

simulate	monsoon	and	winter	precipitation,	2-meter	temperature	and	wind	fields	in	the	Nepalese	

Himalayas.	Four	model	nests	are	set	up	with	spatial	resolutions	of	25,	5,	1	and	0.5	km	respectively	

and	 a	 typical	 10-day	 period	 in	 summer	 and	winter	 in	 2014	 are	 simulated.	 The	model	 output	 is	

compared	with	observational	data	obtained	from	automatic	weather	stations,	pluviometers	and	

tipping	buckets	 in	the	Langtang	catchment.	Results	show	that,	despite	 issues	with	the	quality	of	

the	observational	data	due	to	under-catch	of	snowfall,	the	highest	resolution	of	500	meter	does	

provide	the	best	match	with	the	observations	and	gives	the	most	plausible	spatial	distribution	of	

precipitation.	The	quality	of	the	wind	and	temperature	fields	 is	also	improved,	whereby	the	cold	

temperature	 bias	 is	 decreased.	 Our	 results	 further	 elucidate	 the	 performance	 of	 WRF	 at		
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high	 resolution	 and	 demonstrate	 the	 importance	 of	 accurate	 surface	 boundary	 conditions	 and	

spin-up	time	for	simulating	precipitation.	Furthermore,	they	suggest	that	future	modelling	studies	

of	 High	 Mountain	 Asia	 should	 consider	 a	 sub-kilometer	 grid	 for	 accurately	 estimating	 local	

meteorological	variability.	

	

3.1.	Introduction	

High-Mountain	Asia	is	sometimes	referred	to	as	the	Third	Pole,	since	the	region	hosts	the	largest	

reserves	 of	 fresh	water	 stored	 in	 glacier	 and	 snow	 outside	 the	 Polar	 Regions	 (Qiu,	 2008).	 The	

region	contains	approximately	5000	km3	ice	and	supplies	water	for	more	than	1.5	billion	people	

living	downstream,	which	is	approximately	20%	of	the	world	population	(Immerzeel	et	al.,	2010;	

Kraaijenbrink	et	al.,	2017;	Yao	et	al.,	2012).	Monsoonal	precipitation	is	the	largest	contributor	to	

the	 hydrological	 budget	 in	 the	 Himalayas	 (Bookhagen	 and	 Burbank,	 2010).	 The	 amount	 of	

precipitation	 is	 controlled	 by	 the	monsoon	 circulation,	 westerly	 winds	 and	 orographic	 forcing,	

where	the	spatial	distribution	of	precipitation	is	affected	by	terrain	height,	relief	and	aspect,	and	

by	moisture	 availability	 (Whiteman,	 2000).	 However,	 since	 these	 processes	 interact	 with	 each	

other	 and	 play	 a	 role	 at	 different	 scales,	 it	 is	 complex	 to	 model	 precipitation	 in	 this	 region.	

Additionally,	 field	observations,	 particularly	 at	high	altitude,	 are	 scarce	and	model	 validation	 is	

difficult	(e.g.	(Immerzeel	et	al.,	2014,	2015;	Maussion	et	al.,	2014).	

	

Frequently	used	gridded	meteorological	datasets	poorly	represent	precipitation	in	the	Himalaya	

due	 to	 their	 relatively	 low	 spatial	 resolution	and	 the	associated	 representation	of	 the	 complex	

topography	 (Immerzeel	 et	 al.,	 2015).	Dynamical	downscaling	using	high-resolution	atmospheric	

models	has	been	found	to	 improve	the	accuracy	and	quality	of	simulated	meteorological	 fields.	

For	example,	(Dimitrova	et	al.,	2016)	found	that	a	grid	spacing	of	500	meter	is	better	in	capturing	

flows	 in	 complex	 terrain	 than	 a	 2-km	 grid	 spacing.	 In	 theory,	 simulations	 at	 higher	 spatial	

resolution	 better	 resolve	 the	 bottom	 boundary	 forcing	 and	 important	 valley-scale	 processes.	

However,	 in	reality	 increasing	the	spatial	 resolution	does	not	necessarily	 lead	directly	 to	higher	

accuracy	of	the	results	(Zhang	et	al.,	2013),	as	specific	parameterizations	may	not	be	suitable	for	

very	high	resolution.	(Horvath	et	al.,	2012)	showed	that	decreasing	the	grid	spacing	to	1	km	has	

the	 highest	 accuracy	 for	 wind	 speed	 and	 decreasing	 to	 333m	 does	 not	 lead	 to	 better	 results.	

(Collier	and	Immerzeel,	2015)	investigated	the	Langtang	catchment	in	Nepal	with	1-km	resolution	

and	 showed	 the	 importance	 of	 near-kilometer	 grid	 spacing	 for	 capturing	 local	 meteorological	

variability.	 However,	 even	 at	 this	 resolution,	 significant	 biases	 in	 simulated	 precipitation	

remained.	Therefore,	 there	 is	a	need	 to	 investigate	 the	 impact	of	 sub-kilometergrid	 spacing	on	

the	accuracy	of	simulated	meteorological	fields	in	this	region	of	complex	topography.	
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The	meso-scale	 atmospheric	Weather	 Research	 and	 Forecasting	 (WRF)	model	 (Skamarock	 and	

Klemp,	2008)	is	becoming	an	established	tool	for	modelling	mountainous	areas	in	general	and	for	

High	Mountain	Asia,	 specifically.	 Running	WRF	 for	mountainous	 areas	with	high	 resolution	 can	

help	 to	 resolve	 spatial	 variability	of	 atmospheric	 key	 variables	 and	 land-atmosphere	exchanges	

better	than	larger	grid	sizes,	since	heterogeneous	surface	fluxes	and	near-surface	meteorological	

parameters	are	better	resolved	(Talbot	et	al.,	2012).	 	 (Maussion	et	al.,	2014)	showed	that	WRF	

can	 be	 used	 to	model	 different	weather	 systems	 in	 the	Himalaya,	 including	mountain-induced	

orographic	 precipitation	 at	 a	 grid	 spacing	 of	 10	 kilometer.	 (Maussion	 et	 al.,	 2011)	 used	 WRF	

configured	with	a	grid	spacing	down	to	2	km	over	the	Tibetan	plateau	to	simulate	one	month	and	

validated	the	precipitation	with	the	Tropical	Rainfall	Measuring	Mission	(TRMM)	data	set	and	the	

snow	extent	with	the	Moderate	Resolution	Imaging	Spectro	radiometer	(MODIS)	data	set.	Results	

show	 WRF	 simulates	 snow	 and	 rainfall	 for	 that	 period	 in	 reasonable	 agreement	 with	

observations.	However,	previous	studies	with	WRF	have	shown	that	simulations	are	sensitive	to	

the	 spin-up	 time	 (Román-Cascón	 et	 al.,	 2016;	 Wang	 et	 al.,	 2012).	 In	 general,	 numerical	

atmospheric	prediction	models	require	spin-up	time	when	there	is	no	data	assimilation	applied.	

Spin-up	time	allows	the	model	 to	adjust	 from	the	 initial	conditions	 to	a	state	 that	 is	consistent	

with	its	own	numerics	and	physics,	and	to	develop	appropriate	large-scale	circulations	(Jankov	et	

al.,	2007;	Skamarock,	2004).	In	order	to	prevent	instabilities	in	WRF	the	spin-up	should	be	at	least	

12	 hours	 (Jankov	 et	 al.,	 2007)	 and	 depends	 likely	 on	 the	 quality	 of	 the	 model	 input	 and	 the	

condition	of	the	soil	fields	(Kleczek	et	al.,	2014).	The	spin-up	time	influences	the	initial	conditions	

such	 as	 soil	moisture	 content	 and	 therefore	 the	 latent	 heat	 flux,	 which	 influences	 in	 turn	 the	

precipitation.	 In	 addition,	 the	 default	 landuse	 data	 has	 been	 found	 to	 be	 sub-optimal	 for	 the	

central	 Himalayas,	 with	 the	 forested	 area	 in	 the	 Langtang	 catchment	 underestimated	 by	 60%	

(Collier	 and	 Immerzeel,	 2015).	 The	 landuse	 likely	 has	 a	 significant	 effect	 on	 the	model	 results,	

since	it	controls	the	exchange	of	heat	and	momentum	between	the	land	and	air	(e.g.	Cheng	et	al.,	

(2013)).	Therefore,	the	impact	of	the	grid	spacing,	landuse	and	spin-up	time	need	to	be	assessed.	

	

In	this	study,	we	use	the	WRF	model	to	investigate	the	role	of	sub-kilometer	grid	spacing	and	the	

representation	 of	 land	 surface	 heterogeneity	 on	 simulated	 precipitation	 in	 the	 Langtang	

catchment,	located	in	the	Nepalese	Himalaya.	The	aim	of	this	research	is	to	determine	an	optimal	

spatial	 resolution	 for	 modeling	 key	 atmospheric	 variables	 in	 high-altitude	 catchments,	 as	 a	

compromise	 between	 the	 agreement	 with	 observations	 and	 computational	 time.	 We	 also	

investigate	the	effects	of	spin-up	time	and	landuse	on	the	atmospheric	variables	respectively,	by	

testing	a	range	of	starting	dates	for	two	10-day	simulations	during	the	monsoon	and	winter	
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periods,	 and	 by	 introducing	 a	 new	 landuse	 dataset	 in	WRF.	 The	 results	 of	 the	 simulations	 are	

compared	to	observational	data	obtained	from	automatic	weather	stations	(AWS),	pluviometers	

and	tipping	buckets	(TB)	located	in	the	Langtang	catchment.	

	

3.2.	Methods	

3.2.1.	Study	area	

The	 Langtang	 catchment	 is	 located	 in	 central	 Hindu-Kush-Himalaya	 region,	 100	 km	 north	 of	

Kathmandu	(Nepal)	and	has	an	area	of	584	km2	including	140	km2	of	glacier	area,	of	which	40%	is	

debris	 covered	 (Collier	and	 Immerzeel,	2015).	 The	catchment	has	a	 steep	 topographic	gradient	

and	ranges	in	elevation	from	1406	up	to	7180	meter	above	sea	level.	Most	precipitation	events	

occur	during	the	monsoon	period	(June	to	September),	while	in	winter	precipitation	is	produced	

by	 passing	 low-pressure	 systems.	 The	 relation	 between	 precipitation	 and	 topography	 in	 the	

catchment	varies	throughout	the	year	and	depends	on	the	large-scale	circulation	in	combination	

with	mesoscale	orographical	and	thermal	induced	circulation	(Collier	and	Immerzeel,	2015).	

	

Figure	 3.1:	 The	 topography	 and	 locations	 of	 each	 domain	 (left	 panel).	 In	 the	 right	 panel	 the	

topography	 in	D4	and	the	 locations	of	used	measurement	stations	are	shown:	8	tipping	buckets	

(green),	 2	 automatic	weather	 stations	 (red)	 and	 4	 pluviometers	 (blue).	 The	 orange	 point	 is	 the	

place	wereboth	a	tipping	bucket	and	a	pluviometer	are	located.	A	black	edge	means	the	station	is	

used	for	both	the	winter	and	summer	period,	a	red	edge	the	station	is	only	used	for	the	summer	

period.	The	numbers	correspond	to	the	numbers	in	Table	3.1.	The	black	contour	line	is	the	country	

border	of	Nepal	with	China.	
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Table	3.1:	Available	observation	 stations	 for	both	 the	winter	and	summer	event.	W=winter	and	

S=summer	event.	The	automatic	weather	stations	(AWS)	measure	precipitation,	air	temperature,	

relative	 humidity,	 snow	 depth	 and	 wind	 speed,	 the	 pluviometer	 (Pluvio)	 precipitation,	 air	

temperature	and	relative	humidity,	and	tipping	buckets	(TB)	only	precipitation.	

	 	 Station	 W	 S	 Lat	 Lon	 H(m)				

AWS	 1.	 Yala	 ✔	 ✔	 28.23230	 85.60967	 5090	

	 2.	 Kyanging	 ✔	 ✔	 28.21081	 85.56948	 3862	

Pluvio	 3.	 Yala	 ✔	 ✔	 28.22900	 85.59700	 4831	

	 4.	 GangjaLa	 X	 ✔	 28.18625	 85.56961	 4361	

	 5.	 Langshisha	 ✔	 ✔	 28.20265	 85,68619	 4452	

	 6.	 Morimoto	 X	 ✔	 28.25296	 85.68152	 4919	

TB	 7.	 TB2	 ✔	 ✔	 28.16212	 85.43073	 2370	

	 8.	 TB3	 ✔	 ✔	 28.21398	 85.52745	 3539	

	 9.	 TB5	 ✔	 ✔	 28.19558	 85.61304	 3875	

	 10.	 TB7	 ✔	 ✔	 28.23027	 85.55958	 4141	

	 11.	 TB8	 ✔	 ✔	 28.21760	 85.66306	 4312	

	 12.	 TB9	 ✔	 ✔	 28.20265	 85.68619	 4452	

	 13.	 TB14	 ✔	 ✔	 28.20216	 85.64315	 3974	

	 14.	 TB15	 ✔	 ✔	 28.24014	 85.69743	 4617	

	

3.2.2.	Simulation	period	and	measurements	

Since	 different	 meteorological	 processes	 play	 a	 role	 in	 winter	 and	 summer	 we	 selected	 two	

representative	 simulation	 periods	 for	 the	 numerical	 experiments:	 one	 typical	 winter	 period	

including	a	precipitation	event	(10-20	February	2014)	and	one	monsoon	period	(18-28	July	2014).	

These	periods	are	selected	by	checking	the	available	observations	of	precipitation	and	are	found	

to	 be	 representative	 of	 the	 winter	 and	 summer	 respectively	 (i.e.,	 no	 extreme	 events	 when	

looking	at	adjacent	years).	For	the	winter	period	we	selected	the	period	such	that	a	typical	winter	

precipitation	event	 is	 included,	and	 for	 the	 summer	period	we	 selected	a	period	with	a	 typical	

monsoon	daily	rainfall	regime.	The	observation	stations	used	for	validation	of	WRF	for	both	the	

winter	 and	 summer	 period	 are	 listed	 in	 Table	 3.1.	 We	 note	 that	 the	 number	 of	 stations	 is	

different	for	the	observations	of	precipitation,	temperature	and	wind	speed.	See	for	details	and	

quality	checks	of	the	sensors	 (Immerzeel	et	al.,	2014).	Comparison	between	the	measurements	

and	 the	 simulation	 is	 based	 on	 the	 closest	 grid	 point	 to	 the	 coordinates	 of	 the	measurement	

station,	without	correcting	for	differences	between	the	real	and	modelled	elevation.	
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Figure	3.2:	The	default	(left	panel)	and	FAO	(right	panel)	defined	landuse	in	WRF.	

	

3.2.3.	Model	

The	advanced	research	WRF	model	V3.8.1	is	used	for	the	numerical	experiments	described	in	the	

following	section.	This	model	is	a	mesocale	non-hydrostatic	numerical	weather	prediction	model	

and	can	be	used	 for	both	operational	weather	 forecasting	applications	as	well	 for	atmospheric	

research.	 In	 this	 research	 we	 use	 the	 configuration	 of	 (Collier	 and	 Immerzeel,	 2015)	 and	 the	

model	 settings	 are	 listed	 in	 Table	 3.3.	 Four	 nested	 domains	 are	 used	 in	 each	 numerical	

experiment,	configured	with	horizontal	grid	spacings	of	25,	5,	1	and	0.5	kilometer,	which	we	refer	

to	as	D1,	D2,	D3	and	D4,	 respectively	 (Figure	3.1).	 For	D1	and	D2,	2	arcminute	~3700m	at	 the	

equator)	 input	topography	 is	used,	while	 in	D3	and	D4	3	arcsecond	(~90m	at	the	equator)	data	

are	used,	which	are	resampled	to	 the	respective	domain	resolutions	during	 the	pre-processing.	

The	 model	 results	 were	 reproducible	 with	 a	 higher	 number	 of	 vertical	 levels	 (65	 layers)	 and	

indicate	50	vertical	layers	are	sufficient	in	the	experiments.	The	model	configuration	is	the	same	

for	both	the	winter	and	the	summer	periods,	such	that	in	future	studies	multi-annual	model	runs	

can	be	performed	with	a	single	configuration.	The	model	settings	for	these	domains	are	listed	in	

Table	 3.3	 and	 are	 based	 on	 the	 study	 of	 (Collier	 and	 Immerzeel,	 2015)	 and	 several	 additional	

tests.	 Differences	 from	 the	 configuration	 used	 in	 the	 previous	 study	 include	 the	 planetary	

boundary	layer	(PBL)	scheme	and	the	radiation	scheme.	The	YSU	(Yonsei	University)	PBL	scheme	

was	used	 in	all	 four	domains,	since	 it	 includes	an	option	to	correct	the	high	wind	speed	bias	 in	

WRF.	PBL	parameterisations	can	be	used	when	the	scale	of	large	turbulent	eddies	is	much	smaller	

than	 the	 scale	of	 the	 spatial	 grid.	 Between	 the	PBL	 and	 Large	 Eddy	 Simulation	 (LES)	 range	 the	

‘terra	 incognita’	 (Wyngaard,	2004)	 is	 located,	 in	which	the	dominant	 length	scale	of	 the	 flow	 is	

comparable	to	the	grid	spacing	(roughly	between	1km	and	100m).	(Hong	and	Dudhia,	2012)	show	

that	 PBL	 schemes	may	work	 down	 to	 500	meter	 grid	 spacing.	 In	 addition,	 LES	 requires	 a	 grid	

spacing	 smaller	 than	 100	 meters	 to	 resolve	 convective	 boundary	 layer	 eddies	 (Arnold	 et	 al.,	
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2012).	 Therefore,	we	 chose	 to	 include	 a	 PBL	 parameterization	 in	D4.	 As	 forcing	 for	 the	 lateral	

boundaries,	6-hourly	ERA-INTERIM	data	(0.75°x0.75°)	are	used	(Dee	et	al.,	2011)and	we	employ	

one-way	nesting.	

	

Table	3.2:	Overview	of	WRF	configuration.	

Domain	configuration	 	 	

Horizontal	grid	spacing		 25,	5,	1,	0.5	km	 	

Grid	dimensions		 125x105,	111x111,	 	

	 171x171,121x121	 	

Vertical	levels		 50	 	

Time	step		 50,10,1,0.2	seconds	 	

Model	top	pressure		 50	hPa	 	

Nesting	approach		 One	way	 	

Model	physics	 	 	

Microphysics		 Morrison	 (Morrison	et	al.,	2009)	

Planetary	boundary	layer		 YSU	(topo	wind=1)	 (Hong	and	Dudhia,	2012)	

Land	surface		 NoahMP	 (Niu	et	al.,	2011)	

Cumulus		 Kain	Fritsch	Scheme	(Only	in	D1)	 (Kain,	2004)	

Radiation		 RRTMG	 (Iacono	et	al.,	2008)	

Surface	layer		 MM5	Similarity	Scheme	 (Paulson,	1970)	

Slope/shadowing	effects		 Zängl	 (Zängl,	2002)	

Dynamics	 	 	

Top	boundary	condition		 Rayleigh	damping	 	

Diffusion		 Calculated	in	physical	space	 	

Lateral	boundary	forcing		 6-h	ERA-INTERIM	data	(0.75°x0.75°)	 (Dee	et	al.,	2011)	

	

3.2.4.	Numerical	experiments	

The	landuse	controls	the	latent	heat	flux	and	therefore	the	moisture	content	in	the	air	and	local	

precipitation	as	a	consequence.	The	default	landuse	data	set	in	WRF	is	not	representative	for	the	

Langtang	region,	since	the	amount	of	forest	area	is	underestimated	and	the	glacier	outlines	are	

not	 correct	 (Collier	 and	 Immerzeel,	 2015).	 Therefore,	 the	 landuse	 map	 of	 the	 Food	 and	

Agriculture	Organisation	 of	 the	United	Nations	 (FAO,	 2017)	 is	 used	 in	 this	 research.	 Important	

differences	 between	 the	 default	 and	 new	 landuse	 include	 the	 increase	 in	 forest	 (16%)	 and	

glacierized	area	 (2%).	The	default	and	FAO	 landuse	data	sets	used	 for	D3	and	D4	are	shown	 in	

Figure	3.2.	In	our	simulations	we	investigate	the	influence	of	spin-up	times	ranging	from	12	hours	
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to	 5	 days	 in	 length	 on	 the	 2-meter	 air	 temperature,	 10-meter	 wind	 speed	 and	 amount	 of	

precipitation	in	D3.		

	

Table	3.3:	Overview	of	performed	numerical	experiments.	All	experiments	include	D1,	D2,	D3	and	

D4	and	are	run	for	both	the	summer	and	winter	period.	

Name	 Landuse	 Spin-up	 time	

DEF	 Default	 1	 day	

EXP1	 FAO	 12	 hours	

EXP2	 FAO	 1	 day	

EXP3	 FAO	 3	 days	

EXP4	 FAO	 5	 days	

	

An	overview	of	 the	numerical	experiments	performed	 in	 this	paper	 is	given	 in	Table	3.4.	These	

experiments	are	performed	for	both	the	winter	and	summer	period	on	the	Dutch	supercomputer	

Cartesius.	 Simulating	 a	 10-day	 period	 typically	 takes	 2	 days	 to	 complete	while	 running	 on	 192	

processors.	

	

3.2.5.	Statistical	evaluation	

To	 evaluate	 the	 simulated	 2-meter	 air	 temperature,	 10-meter	 wind	 speed	 and	 amount	 of	

precipitation	 with	 the	 observations,	 several	 statistical	 techniques	 are	 used:	 the	 Pearson	

correlation	 coefficient,	 mean,	 bias	 and	 root	 mean	 squared	 error	 (RMSE).	 We	 compute	 these	

quantities	at	each	station	and	report	the	average	value	over	all	stations	for	model	evaluation.	To	

assess	the	correctness	of	the	timing	of	the	simulated	events	we	make	use	of	the	Rousseau	index	

(RI,	Rousseau	(1980)),	which	is	expressed	as:		

!" ∙ !"!# − !"# + !"#
2

!

!" + !"# + !"#2 ∙ !"!# + !"# + !"#2
	

	

Each	precipitation	event	for	each	time	step	is	categorized	into	one	of	the	4	categories:	SO,	NSO,	

SNO	 and	 NSNO,	 where	 SO	 is	 the	 amount	 of	 events	 when	 precipitation	 is	 simulated	 and	 also	

observed;	NSO	when	the	event	is	not	simulated	but	observed;	SNO	when	the	event	is	simulated	

but	not	observed	and	NSNO	when	no	precipitation	is	simulated	and	also	not	observed.	In	case	of	

SO	 and	NSNO	 the	 simulation	 is	 consistent	with	 the	 observation	 and	when	NSO	or	 SNO	occurs	

there	is	a	mismatch	between	the	model	and	the	observations.	RI	has	a	value	between	-1	and	1	

where	the	model	fully	agrees	with	the	measurements	if	RI=1.		
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3.2.6.	Snow	correction	factor	

Solid	precipitation	is	hard	to	monitor	since	the	gauge	geometry	can	induce	systematic	errors	due	

to	wind	 flow.	The	airflow	around	a	gauge	 is	disturbed,	whereby	under-catch	of	 snow	 increases	

with	 increasing	wind	speed.	Several	 studies	 try	 to	quantify	 the	amount	of	under-catch	of	 snow	

(e.g.	 Goodison	 et	 al.,	 1998;	 Thériault	 et	 al.,	 2011).	 In	 this	 study,	 we	 use	 the	 dry	 and	 mean	

theoretical	relationship	derived	from	(Thériault	et	al.,	2012)	to	show	the	effect	and	range	of	the	

amount	 of	 under-catch,	 which	 is	 highly	 dependent	 on	 the	 snow	 type.	 We	 assume	 the	

precipitation	type	is	snow	if	Tair	<	0	°C	(Liu	and	Chen,	2016)	and	test	two	different	assumptions	

about	 the	 liquid	 water	 content	 of	 snow	 to	 see	 the	 effect	 on	 the	 under-catch	 of	 snow.	 The	

relationships	(Thériault	et	al.,	2012)	between	the	collection	efficiency	(C)	and	wind	speed	(U)	for	a	

mixture	of	wet	and	dry	snow	and	dry	snow	are:		

	

Mixture	:			

									U	<	2.0	ms-1	 C=1.0-0.01U	

2.0	≤U	<	7.0	ms-1	 C=1.3-0.16U	

									U	≥	7.0	ms-1	 C=0.18	

	

Dry:	

									U	<	2.0	ms-1	 C=1.0-0.01U	

2.0	≤	U	<	5.0	ms-1	 C=1.6-0.32U	

									U	≥	5.0	ms-1	 C=0.18	

	

3.3.	Results	and	discussion	

3.3.1.	Landuse		

In	Figure	3.3	the	effect	of	the	new	landuse	on	the	total	and	solid	precipitation	is	shown	for	both	

the	 winter	 and	 summer	 period.	 Landuse	 influences	 the	 total	 accumulated	 precipitation	 by	

describing	 the	 surface	 characteristics	 that	 affect	 the	 surface	 energy	 balance	 and	 the	moisture	

budget.	 The	 amount	 of	 vegetation	 affects	 the	 latent	 heat	 flux	 and	 therefore	 clouds	 and	

precipitation,	 and	 also	 the	 surface	 temperature	 and	 therefore	 sensible	 heat	 flux,	 lower	

atmopsheric	stability	and	turbulence.	For	example,	 the	effect	of	 the	FAO	 landuse	 is	 stronger	 in	

summer	 than	 in	winter,	 since	 there	 is	a	more	humid	environment	 (monsoon)	compared	 to	 the	

winter	period.	The	latent	heat	flux	in	summer	is	4.5	times	larger	than	in	winter	averaged	over	D3.	

Secondly,	important	weather	processes	are	valley-scale	driven	in	summer	while	in	winter	they	are	

acting	on	the	synoptic-scale.		
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In	 summer	 the	 surface	 moisture	 flux	 and	 precipitation	 averaged	 over	 the	 whole	 domain	

(catchment)	are	2%	(6%)	and	10%	(16.9%)	lower	with	the	FAO	landuse	compared	to	the	default	

landuse	data	set	in	WRF.	The	reductions	in	the	moisture	flux	and	precipitation	are	comparable	in	

value,	which	indicates	they	are	highly	related.	In	summer	the	dominant	precipitation	type	is	rain	

but	at	higher	altitudes	snow	is	also	present.	The	decreased	snowfall	 in	summer	is	clearly	visible	

above	the	glacierized	areas	and	is	caused	by	the	general	drying	trend	by	the	FAO	landuse,	which	

affect	both	the	solid	and	liquid	precipitation.	The	surface	moisture	flux	is	less	pronounced	south	

of	the	catchment	with	the	FAO	landuse	and	contributes	to	the	decrease	 in	precipitation	 in	that	

region.	The	decrease	in	precipitation	north	of	the	catchment	is	consistent	with	lower	wind	speeds	

in	the	surrounding	high	elevation	regions.	As	a	result,	 less	moisture	 is	advected	into	this	region	

and	therefore	less	moisture	is	available	(see	Figure	B1).	In	winter	almost	all	precipitation	falls	as	

snow	and	is	not	as	clearly	distributed	as	in	the	summer	period.	Winter	precipitation	patterns	are	

comparable	when	using	the	FAO	 landuse	data	set	and	the	total	amount	of	precipitation	stayed	

the	same	in	the	domain	(both	4.9	mm	day-1),	which	indicates	that	the	latent	heat	flux	is	the	main	

driver	of	 the	change	 in	 locally	driven	precipitation	 in	summer.	The	temperature	differences	are	

negligible	(<0.05	°C	averaged	over	D3)	in	both	seasons	which	means	that	the	drying	effect	of	the	

FAO	 landuse	 does	 not	 result	 in	 higher	 temperatures.	 However	 locally	 temperature	 differences	

range	from	-4.2	°C	to	2.7	°C.		
	

In	Table	3.5	an	overview	of	 statistics	 for	 the	default	 (DEF)	and	FAO	 (EXP2)	 landuse	 is	given.	All	

values	 in	 that	 table	are	an	average	 for	 the	observation	stations	mentioned	 in	Table	3.1	and	all	

statistics	 are	 calculated	 compared	 to	 the	 observations.	 Indeed,	 the	 largest	 differences	 can	 be	

found	 in	 the	 statistics	 of	 summer	 precipitation,	 and	 the	 total	 accumulated	 precipitation	 is	

reduced	to	135	mm	(165	mm	by	the	default	landuse),	whereby	it	is	in	closer	agreement	with	the	

observations	(133	mm).	In	winter	the	differences	in	statistics	for	precipitation,	temperature	and	

wind	 speed	between	 the	 two	 landuses	are	 small,	 and	 is	 likely	due	 to	 the	 low	moisture	 flux,	 as	

discussed	above.	The	FAO	landuse	represents	the	total	accumulated	summer	precipitation	better	

than	the	default	landuse	data	set	and	will	be	used	in	upcoming	experiments.		

	

3.3.2.	Spin-up	time	

The	 temporal	 evolution	 of	 the	 precipitation	 averaged	 over	 the	 catchment	 for	 the	 spin-up	

experiments	is	shown	in	Figure	3.4.	During	the	winter	period	the	precipitation	amount	and	timing	

do	 not	 differ	 significantly	 between	 the	 different	 spin-up	 times,	 unlike	 in	 summer.	 During	 the	

monsoon	precipitation	is	driven	locally,	hence	the	correct	representation	of	e.g.	soil	moisture	and	

therefore	spin-up	time	is	important.	In	winter	synoptic	disturbances	drive	precipitation,	therefore		
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Figure	3.3:	Effect	of	 the	FAO	 landuse	 (the	difference	between	 the	model,	 results	using	FAO	and	

default	 landuse)	 on	 the	 amount	 of	 total	 (left	 panels)	 and	 solid	 (right	 panels)	 accumulated	

precipitation	over	10	days	for	both	the	winter	(upper	panels)	and	summer	(lower	panels)	for	D3.	

The	black	contour	indicates	the	catchment	outline,	and	the	grey	lines	indicate	the	glacier	outlines.	

The	glacierized	areas	are	visible	in	Figure	3.2	and	the	topography	of	the	domain	in	Figure	3.1.	

	

	

	



	
	

70				|				Chapter	3		

	

	

	

	

	

Figure	3.4:	The	hourly	precipitation	averaged	over	all	grid	cells	in	the	catchment	for	the	different	

spin-up	times	(12	hour,	1,	3	and	5	days)	for	the	winter	(upper	panel)	and	summer	(lower	panel)	

respectively.	

	

	

	



	
	

Chapter	3				|				71							

the	winter	is	less	sensitive	to	the	spin-up	time.	In	Table	3.5	an	overview	of	statistics	for	the	spin-

up	time	experiments	is	given.	Small	differences	can	be	found	between	the	different	spin-up	times	

in	 winter	 for	 the	 accumulated	 precipitation	 (between	 70	 and	 76	 mm),	 averaged	 temperature	

(between	-15.2	and	-14.8	°C)	and	averaged	wind	speed	(between	5.9	and	6.2	ms-1).		

	

In	 the	 summer	period	 the	average	 temperature	and	wind	 speed	are	also	 comparable	between	

the	experiments:	between	3.5	and	3.6	°C	and	2.7	and	3.0	ms-1	respectively.	(Kleczek	et	al.,	2014)	

found	that	above	flat	terrain	a	spin-up	time	longer	than	24	hours	decreases	the	wind	speed	bias	

but	 increases	 the	 negative	 temperature	 bias,	 but	 our	 results	 do	 not	 confirm	 this	 trend.	 The	

amount	of	precipitation	is	extremely	sensitive	to	the	spin-up	time	in	summer	and	does	not	show	

a	clear	trend	with	increasing	spin-up	time.	Correlations	with	observations	based	on	3-hourly	data	

vary	between	0.1	and	0.3,	while	 	accumulated	precipitation	varied	 from	118	and	146	mm.	The	

spin-up	 time	 influences	 the	 timing	 and	 amount	 of	 precipitation	 and	 in	 lesser	 amount	 the	

temperature	and	wind	speed	(Table	3.5).	An	increase	in	the	quality	of	the	statistics	can	be	seen	

when	increasing	the	spin-up	time	from	12	to	24	hours,	especially	in	the	amount	of	accumulated	

precipitation	in	summer,	but	not	for	longer	spin-up	times	(Table	3.5).	Therefore	a	spin-up	time	of	

24	hours	is	chosen	for	subsequent	simulations.	

	

3.3.3.	Spatial	resolution	

Increasing	the	spatial	resolution	has	a	positive	effect	on	the	model	results.	Figure	3.4	shows	the	

accumulated	 precipitation	 over	 the	 winter	 (upper)	 and	 summer	 period	 (lower)	 for	 the	 four	

domains.	Statistics	of	the	accumulated	precipitation,	2-meter	air	temperature	and	wind	speed	at	

the	measurement	stations	(Table	3.6)	show	improvement	when	increasing	the	spatial	resolution.	

For	the	temperature	and	wind	speed	the	RMSE,	bias	and	mean	are	improved,	and	the	correlation	

coefficient	improved	or	stayed	the	same	as	in	D3.	For	precipitation,	correlations	stayed	the	same,	

and	the	RMSE,	bias	and	total	precipitation	did	not	show	a	clear	improvement	(only	RMSE	and	bias	

increased	 for	 the	 summer	 period).	 Precipitation	 however	 is	 more	 spatially	 variable	 than	 wind	

speed	and	temperature.	The	spatial	differences	in	accumulated	precipitation	between	D3	and	D4	

for	 the	 summer	 and	winter	 period	 are	 shown	 in	 Figure	 3.10.	 In	 winter	 the	 locations	with	 the	

precipitation	maxima	in	D3	are	intensified	in	D4.	In	D4	more	precipitation	is	present	along	steep	

slopes,	since	precipitation	 is	orographically	 forced	and	the	topography	 is	better	resolved	 in	this	

domain.	 The	 higher	 resolution	 leads	 to	 stronger	 simulated	 updrafts	 and	 accounts	 for	 more	

precipitation	at	higher	elevation.	When	katabatic	winds	and	valley	winds	collide,	they	can	lead	to	

strong	mixing	and	therefore	to	short-lived	and	intense	sporadically	turbulent	events	(Dimitrova	et	

al.,	2016).	The	95th	percentile	of	the	vertically	averaged	vertical	velocity	increases	by	15%	in	D4		
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Table	 3.4:	 Statistics	 of	 different	 spin-up	 times	 for	 the	 10-meter	 wind	 speed	 (U),	 2-meter	 air	

temperature	 (T)	and	precipitation	 (P)	 in	D3	and	are	based	on	 three-hourly	averaged	data	 (WRF	

output	was	available	for	every	hour).	All	values	compare	the	simulation	to	the	measurements.	The	

accumulated	precipitation,	mean	temperature	and	mean	wind	speed	were	14	(133)	mm	-7.1	(6.0)	

°C	and	3.8	(2.1)	ms-1	respectively	for	winter	(summer)	period.	A	*	indicates	p<0.01	and	**p	<0.05.	

	 	 Winter	 Summer	

	 	 DEF	 EXP1	 EXP2	 EXP3	 EXP4	 DEF	 EXP1	 EXP2	 EXP3	 EXP4	

P	 r	 0.37*	 0.35*	 0.38*	 0.33*	 0.33*	 0.21	 0.23**	 0.30*	 0.09	 0.20	

	 RMSE	[mm]	 2.0	 2.0	 2.1	 2.0	 2.1	 3.5	 3.3	 2.9	 2.8	 2.7	

	 Bias	[%]	 281	 297	 287	 284	 290	 456	 333	 339	 358	 350	

	 Total	[mm]	 74	 74	 76	 70	 72	 165	 119	 135	 118	 146	

T	 r	 0.82*	 0.81*	 0.81*	 0.81*	 0.81*	 0.85	 0.85**	 0.85*	 0.87	 0.85	

	 RMSE	[°C]	 8.0	 8.0	 8.2	 8.3	 8.5	 2.5	 2.6	 2.6	 2.6	 2.6	

	 Bias	[°C]	 7.6	 7.7	 7.9	 8.0	 8.2	 2.4	 2.5	 2.5	 2.3	 2.5	

	 Mean	[°C]	 -14.7	 -14.8	 -15.0	 -15.1	 -15.2	 3.6	 3.5	 3.6	 3.5	 3.6	

U	 r	 0.47*	 0.43*	 0.46*	 0.45*	 0.43*	 0.56	 0.41**	 0.51*	 0.46	 0.40	

	 RMSE	[ms-1]	 3.5	 3.5	 3.3	 3.3	 3.4	 1.3	 1.3	 1.2	 1.4	 1.5	

	 Bias	[ms-1]	 2.9	 2.7	 2.6	 2.6	 2.6	 1.0	 1.0	 0.9	 1.03	 1.2	

	 Mean	[ms-1]	 6.4	 6.2	 6.1	 5.9	 6.0	 3.0	 2.8	 2.7	 2.9	 3.0	
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compared	to	D3	and	could	be	due	to	a	better	representation	of	the	topography	but	could	also	be	

an	artifact	of	instabilities	in	WRF.	On	average	the	vertical	velocities	are	in	agreement	with	other	

studies	 (e.g.	Giovannini	et	al.,	2014;	Reinert	and	Wirth,	2009).	The	orographic	 influence	on	 the	

temperature	and	wind	speed	patterns	becomes	more	apparent	and	glaciers	and	mountain	ridges	

are	better	resolved	with	increasing	grid	size	(see	Figure	3.5	and	3.11).	

	

We	hypothesize	that	the	improved	total	accumulated	precipitation	at	higher	elevations	is	caused	

by	 these	better	 resolved	vertical	winds,	and	agrees	with	 (Rasmussen	et	al.,	2011),	which	 found	

that	increasing	the	spatial	resolution	results	in	more	snowfall	at	mountain	peaks	instead	of	evenly	

distributed	patterns	due	to	better	and	narrower	simulated	updrafts	 in	WRF.	Another	significant	

improvement	 is	 the	 strong	 reduction	 in	 temperature	 bias	 by	 3.0	 °C	with	 increasing	 resolution	
from	 D3	 to	 D4	 during	 the	 winter	 period	 (Table	 3.6),	 likely	 caused	 by	 the	 better	 resolved	

topography	 and	 corresponding	 wind	 fields.	 The	 mean	 wind	 velocity	 at	 the	 stations	 in	 winter	

decreases	from	6.1	ms-1	in	D3	to	3.5	ms-1	in	D4	and	leads	to	less	cooling	of	the	air.	In	the	summer	

period	 increasing	 the	 grid	 spacing	 from	1	 kilometer	 to	500	meters	 leads	 to	higher	 correlations	

between	observed	and	simulated	precipitation,	while	in	winter	the	improvement	is	not	observed	

and	is	likely	caused	by	the	uneven	distribution	of	the	observations	by	elevation.		

	

Correlations	 between	 the	 simulations	 and	 the	 observations	 of	 precipitation	 are	 relatively	 low,	

which	is	common	for	WRF	simulations	in	the	Himalayas	(e.g.	Ochoa	et	al.,	2014	and	Norris	et	al.,	

2017).		Ochoa	et	al.	(2014)	found,	for	example,	a	Pearson	correlation	coefficient	between	0.2-0.6	

for	daily	precipitation	at	a	 resolution	of	30	kilometer	 in	 the	Pacific-Andean	region.	Norris	et	al.	

(2017)	 looked	 in	 detail	 at	 precipitation	 patterns	 with	 WRF	 (grid	 spacing	 of	 6.67	 km)	 in	 the	

Himalayas.	They	found	WRF	is	accurate	in	the	timing	of	winter	storms	on	the	windward	slopes	of	

the	Himalaya,	but	that	the	more	complex	flow	patterns	forming	further	 into	the	mountains	are	

not	represented	correctly	by	the	model.	In	accordance,	the	correlations	of	the	time	series	of	daily	

precipitation	through	winter	vary	between	0.13	and	0.82,	and	the	difference	between	low	(below	

3km,	correlation	of	0.78)	and	high	elevation	(correlation	of	0.41)	stations	is	large.	In	this	research	

3-hourly	averaged	data	is	used	rather	than	commonly	used	daily-averaged	(e.g	Ochoa	et	al.,	2014	

and	Norris	et	al.,	2017).	However,	 since	our	 simulation	period	 is	 relatively	 short	 the	averaging-

window	can	not	be	increased.		

	

The	stations	used	for	the	statistics	are	concentrated	in	the	lower	parts	of	the	valley,	therefore	any	

improvement	in	the	higher	elevated	parts	(>5500m)	can	not	be	evaluated.	Especially	in	the	winter	

period,	the	500	meter	grid	spacing	reveals	more	detailed	precipitation	patterns	at	higher		
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Table	3.5:	Statistics	of	different	spatial	 resolutions	 for	the	10-meter	wind	speed	(U),	2-meter	air	

temperature	 (T)	 and	 precipitation	 (P)	 in	 D3.	 All	 values	 compare	 the	 simulation	 to	 the	

measurements	and	are	three-hourly	averaged.	The	accumulated	precipitation,	mean	temperature	

and	mean	wind	 speed	were	14	 (133)	mm	 -7.1	 (6.0)°C	and	3.8	 (2.1)	ms-1	 respectively	 for	winter	

(summer)	period.	The	mean	observed	station	height	 is	4200m,	while	 the	mean	modeled	station	

height	is	4893,	5049,	4883,	4739	meter	for	D1-4	respectively.	A	*	indicates	p<0.01	and	**	p	<0.05.	

	 	 Winter	 	 Summer	

	 	 D1	 D2	 D3	 D4	 D1	 D2	 D3	 D4	

P	 r	 0.21	 0.36*	 0.38*	 0.38*	 -0.06	 0.19	 0.30*	 0.34*	

	 RMSE	[mm]	 0.3	 2.0	 2.1	 2.20	 2.9	 4.2	 2.9	 2.7	

	 Bias	[%]	 36	 279	 287	 295	 416	 547	 339	 290	

	 Total	[mm]	 2	 73	 76	 79	 76	 192	 135	 120	

T	 r	 0.6	 0.79*	 0.81*	 0.84*	 0.78	 0.83	 0.85*	 0.86*	

	 RMSE	[°C]	 9.7	 9.4	 8.2	 5.3	 2.2	 3.5	 2.6	 1.6	

	 Bias	[°C]	 7.9	 8.9	 7.9	 4.8	 1.9	 3.3	 2.5	 1.5	

	 Mean	[°C]	 -14.9	 -16.0	 -15.0	 -12.0	 6.4	 2.7	 3.6	 4.6	

U	 r	 0.44	 0.19*	 0.46*	 0.49*	 0.64	 0.26	 0.51*	 0.72*	

	 RMSE	[ms-1]	 1.6	 6.2	 3.3	 1.5	 1.0	 1.3	 1.2	 0.8	

	 Bias	[ms-1]	 1.3	 5.2	 2.6	 1.1	 0.8	 1.0	 0.9	 0.6	

	 Mean	[ms-1]	 3.3	 8.9	 6.1	 3.5	 1.4	 2.5	 2.7	 1.7	
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Figure	3.5:	The	difference	in	total	accumulated	precipitation	over	10	days	between	D3	and	D4	for	

the	winter	(left)	and	summer	period	(right).	The	500	meter	grid	spacing	cells	were	resampled	into	

a	 1km	 grid	 to	 compare	 the	 diferent	 grid	 spacings.	 The	 black	 contour	 indicates	 the	 catchment	

outline.	The	topography	of	the	domain	is	visible	in	Figure	3.1.	

	

	

Figure	3.6:	Accumulated	precipitation	for	D1*,D2*	D3*	and	D4	(from	left	to	right).	These	results	

are	 from	 EXP2	 for	 the	 winter	 (upper	 panels)	 and	 summer	 (lower	 panels)	 period.	 Note	 the	

precipitation	band	 in	D1	 is	outside	the	showed	area.	The	black	contour	 indicates	the	catchment	

outline.	*Cut	to	extent	of	D4.	The	topography	of	the	domain	is	visible	in	Figure	3.1.	
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altitudes	and	shows	that	the	precipitation	distribution	in	winter	is	driven	by	the	interaction	with	

topography.	 The	 statistics	 in	 Table	 3.6	 are	 performed	with	 uncorrected	 observations,	 however	

during	winter	the	under-catch	of	snow	plays	a	major	role	and	complicates	model	evaluation.	The	

role	of	under-catch	of	snow	will	be	discussed	in	Section	3.5.	

	

3.3.4.	Optimal	model	configuration	

The	500-meter	grid	spacing	in	combination	with	the	FAO	landuse	data	set	and	a	spin-up	time	of	

one	 day	 had	 the	 closest	 agreement	 with	 observations	 (EXP2,	 D4).	 The	 statistics	 of	 these	

experiments	are	shown	in	Table	3.6	and	discussed	in	the	previous	section.	In	Figure	3.7	and	3.8,	

the	 temporal	 evolution	 of	 the	 2-meter	 air	 temperature	 and	 precipitation	 (Panel	 A),	 10-meter	

wind	 speed	 (Panel	 B),	 the	 total	 accumulated	 precipitation	 compared	 to	 observations	 (Panel	 C)	

and	the	temporal	evolution	of	the	snow	depth	(Panel	D)	are	given	for	respectively	the	winter	and	

summer	 period	 averaged	 over	 all	 available	 stations.	 In	 the	 supplementary	 material	 also	 a	

comparison	between	the	simulations	and	measurements	is	shown	for	three	individual	station	for	

precipitation,	temperature	and	wind	speed.	The	general	behaviour	of	the	temperature	evolution	

is	captured	by	WRF,	however	an	average	cold	temperature	bias	during	winter	and	summer	of	4.8	

°C	 and	 1.5	 °C	 respectively	 is	 present	 at	 the	 station	 locations	 in	 D4.	 Increasing	 the	 spatial	

resolution	from	1km	to	500	meters	does	decrease	the	cold	bias	by	3	and	1	°C	for	the	winter	and	

summer	 period	 respectively.	 The	 cold	 bias	 could	 be	 exacerbated	 by	 a	 similar	 bias	 in	 the	 ERA-

INTERIM	boundary	conditions	 (Dee	et	al.,	 2011),	 inaccuracies	 in	 the	modelled	 terrain	height	or	

the	 radiation	 scheme.	 The	 radiation	 scheme	 is	 tuned	 for	 lower	 elevations,	 since	 there	 are	

generally	more	stations	at	lower	altitudes	available	for	verification	(Liu	et	al.,	2008).	A	cold	bias	is	

a	common	issue	in	WRF	(García-Díez	et	al.,	2013;	Hu	et	al.,	2010;	Kleczek	et	al.,	2014;	Steeneveld	

et	al.,	2008).	(Kleczek	et	al.,	2014)	tested	the	performance	of	seven	PBL	schemes	for	flat	terrain	in	

the	 Netherlands	 and	 found	WRF	 underestimates	 the	 2-meter	 air	 temperature	 by	 2	 °C	 during	

daytime	 and	 4	 °C	 during	 nighttime.	 Since	 errors	 differ	 seasonally	 and	 increase	 with	 complex	

terrain,	errors	 in	our	simulations	are	expected	to	be	 larger	 than	 in	simulations	over	 flat	 terrain	

(Liu	 et	 al.,	 2008).	 The	 2-meter	 air	 temperature	 is	 also	 sensitive	 to	 the	 selected	 land-surface	

scheme	(Jin	et	al.,	2010).	

	

The	timing	of	the	precipitation	events	is	captured	better	during	winter	(RI=0.46)	than	in	summer	

(RI=0.09).	 In	 winter,	 generally	 a	 stratiform	 type	 of	 precipitation	 is	 present,	 while	 in	 summer	

relatively	short	duration	and	high	intensity	monsoon	showers	occur,	which	are	more	difficult	to	

reproduce.	 The	 measured	 precipitation	 signal	 at	 17	 February	 2014	 appears	 to	 be	 caused	 by	

snowmelt	in	the	tipping	buckets	and	is	therefore	not	a	mismatch	between	the	model	and	the		



	
	

Chapter	3				|				77							

	

	

	

	

	

Figure	3.7:	As	in	Figure	3.5,	but	now	for	the	2-meter	air	temperature.	

	

	

	

	

	
Figure	3.8:	As	in	Figure	3.5,	but	now	for	the	10-meter	wind	speed.	
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observations	(Figure	3.7A).	When	excluding	the	period	after	17	February,	the	RI	and	r	are	higher	

during	winter	in	D4	(RI=0.90	and	r=0.6).	During	the	summer	(winter)	period	the	total	accumulated	

precipitation	of	stations	above	4600m	is	underestimated	(overestimated)	by	WRF	by	57%	(330%)	

and	does	(not)	show	a	height	dependence	as	at	the	lower	altitude	stations	(Figure	3.7C	and	3.8C).	

The	lower	altitude	stations	overestimate	precipitation	during	summer		(Figure	3.8C).	

	

WRF	also	shows	snowfall	 in	summer,	which	was	not	observed	and	could	be	caused	by	the	cold	

bias	 in	 WRF	 (Figure	 3.8D).	 During	 the	 winter	 simulation	 WRF	 greatly	 overestimates	 the	 total	

accumulated	 precipitation	 at	 all	 measurement	 stations	 (between	 37	 and	 92mm),	 which	 is	 not	

height	 dependent	 as	 can	 be	 seen	 in	 Figure	 3.7C.	 However,	 the	 underestimation	 of	 measured	

precipitation	due	to	under-catch	of	snow	likely	plays	an	important	role	 in	the	winter	season,	as	

will	be	discussed	in	the	following	section.		

	

3.3.5.	Correction	for	under-catch	of	snow		

To	 estimate	 the	 amount	 of	 under-catch	 of	 snow	 by	 the	 measurement	 stations,	 the	 observed	

precipitation	of	the	two	pluviometers	is	compared	to	the	observed	snow	depth	measured	at	the	

same	 two	pluviometers.	A	 fresh	 snow	density	of	 200	 kgm-3	 to	 snow	water	 equivalent	 (SWE)	 is	

used	 to	 convert	 changes	 in	 snow	 depth	 (Cuffey	 and	 Paterson,	 2010).	 Averaged	 over	 the	 two	

available	 pluviometers	 in	 winter,	 the	 observed	 precipitation	 and	 total	 increase	 in	 snow	 depth	

were	1.6	cm	and	40	cm	(8	cm	SWE)	respectively.	The	discrepancy	suggests	that	the	precipitated	

snow	 measured	 by	 the	 pluviometers	 is	 underestimated	 by	 a	 factor	 5	 compared	 to	 the	 snow	

depth,	neglecting	 the	uncertainties	 in	 the	 latter	 field	 (e.g.	 snow	density	 and	melt,	 compaction,	

transport	by	wind).	WRF	models	7.3	cm	of	SWE	averaged	over	the	two	gridpoints	of	the	locations	

of	the	pluviometers.	This	value	is	consistent	with	the	amount	of	snow	derived	from	snow	depth	

measurements	and	supports	that	under-catch	of	the	pluviometer	may	contribute	significantly	to	

an	 underestimation.	 For	 a	 similar	 region	 in	 the	 Himalayas	 (Norris	 et	 al.,	 2017)	 found	 also	 an	

overestimation	of	a	 factor	of	 two	to	 five	by	WRF	compared	 to	observed	precipitation,	which	 is	

also	likely	caused	by	the	under-catch	of	snow.	Figure	3.9	shows	the	impact	of	applying	the	snow	

correction	factors	to	the	Kyanging	AWS	(Table	3.1)	for	both	assuming	dry	snow	(upper	limit)	and	

mixed	snow	(lower	limit).	As	a	result,	the	uncertainty	of	the	corrected	snow	amounts	due	to	the	

type	of	 snow	 is	delineated	by	 the	grey	 shaded	area	between	 the	 two	curves.	 These	 correction	

factors	 are	 applied	 on	 the	 observed	 precipitation,	 wind	 and	 temperature	 from	 the	 AWS	 in	

Kyanging.	The	correction	has	a	large	influence	on	the	total	measured	accumulated	precipitation.	

The	amount	of	uncorrected		precipitation	is	25	mm,	while	the	corrected	values	are	76	and	48	mm	
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Figure	3.9:	Results	of	EXP2	for	the	winter	period	of	D4.	Panel	A	shows	modelled	(solid	gray	line)	

and	 simulated	 (dashed	 gray	 line)	 2-meter	 air	 temperature,	 modelled	 precipitation	 (blue	 bars),	

uncorrected	 observed	 precipitation	 (red	 line)	 and	 corrected	 observed	 precipitation	 (black	 line),	

Panel	B	 the	10	meter	observed	 (black	 line)	and	modeled	 (red	 line)	windspeed,	Panel	C	 the	 total	

accumulated	 precipitation	 colored	 by	 elevation	 and	 Panel	 D	 the	 modelled	 (black	 line)	 and	

observed	(red	line)	snow	depth.	The	data	in	Panels	A,	B	and	D	are	3-hourly	averaged	

and	is	averaged	over	all	available	stations.	
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Figure	3.10:	As	in	Figure	3.9	but	now	for	the	summer	period.	Panel	A	shows	modelled	(solid	gray	

line)	 and	 simulated	 (dashed	 gray	 line)	 2-	 meter	 air	 temperature,	 modelled	 precipitation	 (blue	

bars),	 uncorrected	 observed	 precipitation	 (red	 line),	 Panel	 B	 the	 10	meter	 observed	 (black	 line)	

and	 modelled	 (red	 line)	 windspeed,	 Panel	 C	 the	 total	 accumulated	 precipitation	 colored	 by	

elevation	and	Panel	D	the	modelled	(black	line)	and	observed	(red	line)	snow	depth.	The	data	in	

Panels	A,	B	and	D	are	3-hourly	averaged	and	is	averaged	over	all	available	stations.	
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Figure	 3.11:	 The	 figure	 shows	 the	 modelled	 precipitation	 (blue	 bars),	 observed	 2-meter	 air	

temperatures	(yellow),	10	meter	observed	wind	speed	(green),	uncorrected	observed	precipitation	

(red	line)	and	the	corrected	observed	precipitation	when	assuming	dry	snow	(upper	black	line)	and	

a	mixture	 of	 snow	 (lower	 black	 line)	 for	 the	measurement	 station	 of	 Kyanging.	 The	 grey	 color	

indicates	the	uncertainty	of	the	corrected	snow	amounts	due	to	the	type	of	snow.		
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for	dry	snow	and	a	mixture	of	wet	and	dry	snow,	respectively.	The	correction	results	 in	a	much	

closer	match	with	the	WRF	simulations	(73	mm).	

	

The	wind	speed	 is	only	measured	by	the	AWS	and	 in	order	to	apply	the	correction	factor	to	all	

measurement	 stations	 for	 a	 spatial	 indication	 of	 the	 under-catch	 of	 snow,	 the	modelled	wind	

speed	 and	 temperature	 are	 used.	 Since	 temperatures	 are	 consistently	 below	 zero,	 the	 dry	

correction	factor	is	used	for	all	stations	(black	line	in	Figure	3.7).	Averaged	over	all	stations,	the	

observed,	corrected	and	modelled	precipitation	are	14,	40,	79	mm	respectively.	The	correction	

does	not	entirely	close	the	gap	with	model	results	and	there	could	be	several	explanations.	The	

modelled	 wind	 speed	 could	 be	 underestimated	 at	 the	 steep	 slopes	 in	 D4	 caused	 by	 the	

representation	of	topography.	Secondly,	the	snow	measurements	are	only	corrected	for	the	wind	

speed,	 however	 also	 other	 uncertainties	 are	 present.	 For	 example,	 evaporation	 takes	 place	 in	

tipping	 buckets	 when	 the	 rainfall	 intensity	 is	 low	 and	 the	 conditions	 are	 favourable	 for	

evaporation.	 Due	 to	 this	 loss	 of	 water	 it	 is	 not	 certain	 if	 all	 precipitation	 is	 measured	 by	 the	

tipping	buckets.	Thirdly,	the	melting	peak	at	17	February	indicates	that	the	buckets	of	the	tipping	

buckets	were	likely	filled,	whereby	no	new	snow	is	registered	and	the	accumulated	precipitation	

is	underestimated.	For	solid	precipitation	the	uncertainties	are	larger	than	for	liquid	precipitation,	

since	snow	accumulates	in	the	bucket	and	is	only	recorded	when	it	melts,	which	causes	a	delay	in	

the	measurements.	Additionally	 snow	can	be	blown	out	of	 the	bucket	and	 the	amount	 cannot	

exceed	the	volume	of	the	bucket.	For	the	pluviometers	these	problems	do	not	occur,	since	these	

are	larger	and	measure	every	minute.	Another	source	of	uncertainty	of	~4%	is	present	in	tipping	

buckets	during	high	intensity	rain	fall,	whereby	precipitation	is	splashed	out	the	bucket	(Orr	et	al.,	

2017).	For	quantification	of	errors	in	future	we	installed	time	lapse	cameras	in	the	field	campaign	

of	 spring	 2017	 to	 identify	 if	 precipitation	 events	 match	 with	 the	 records.	 On	 top	 of	 all	 the	

measurement	uncertainties	 the	 cold	bias	 in	WRF	can	also	 lead	 to	more	 snow	and	 increase	 the	

bias	with	this	positive	feedback.		 	

	

3.4.	Conclusion	

In	 this	 study	we	modelled	a	 summer	and	winter	period	 for	 a	high-altitude	 catchment	 in	Nepal	

(Langtang)	 with	 a	 grid	 spacing	 down	 to	 500	 meter	 in	 WRF	 and	 compared	 the	 results	 to	

observations	of	precipitation,	2-meter	air	temperature	and	10-meter	wind	speed.	The	sensitivity	

of	the	results	to	the	landuse	and	the	spin-up	time	in	WRF	were	also	investigated.		

	

The	largest	improvements	were	observed	when	increasing	the	grid	spacing	to	500	meter	in	the	2-

meter	 temperature	 and	wind	 speed.	 The	 2-meter	 temperature	 shows	 a	 large	 negative	 bias	 in	
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both	 periods,	which	 decreases	with	 increasing	 resolutions	 (8.9	 [3.3]	 °C	 in	D2	 to	 4.8	 [1.5]	 °C	 in	

winter	[summer]	in	the	500-meter	grid	spacing	domain).	Simulated	precipitation	improves	mostly	

in	the	higher	elevated	parts	of	the	valley,	with	values	at	the	higher	measurement	stations	(>4600	

meter)	underestimated	 (overestimated)	 significantly	 in	 summer	 (winter)	by	57%	 (330%).	 In	 the	

500-meter	 grid	 spacing	 domain	more	 orographically	 forced	 precipitation	 is	modelled	 at	 higher	

elevations	 than	 in	 the	 coarser	 domains.	 Currently	 available	 gridded	 precipitation	 products	

underestimate	precipitation	in	this	region	(Immerzeel	et	al.,	2015)	and	we	show	that	 increasing	

the	spatial	resolution	contributes	to	more	realistic	amounts	and	patterns	in	complex	terrain.		

	

The	 influence	of	the	 landuse	on	the	amount	of	precipitation	 is	 large	 in	summer,	since	 it	affects	

the	latent	heat	flux.	In	this	simulated	summer	(winter)	period	the	FAO	landuse	dataset	results	in	a	

decrease	in	precipitation	averaged	over	the	1-km	grid	spacing	domain	of	10%	(0	%),	which	shows	

the	 importance	 of	 correctly	 specifying	 this	 field	 during	 the	 monsoon.	 Simulations	 are	 also	

sensitive	 to	 the	 spin-up	 time	 (especially	 in	 the	 summer	 period),	 without	 a	 clear	 trend	 with	

increasing	 length.	 We	 found	 a	 spin-up	 time	 of	 24	 hours	 gave	 the	 highest	 correlations	 of	

precipitation,	2-meter	air	temperature	and	10-meter	wind	speed	compared	to	the	periods	of	12	

hours,	3	and	5	days.	

	

The	evaluation	of	the	simulations	was	done	with	relatively	low	elevation	stations	and	the	sparsity	

of	stations	above	5500m	prevents	a	full	evaluation	of	the	distributed	fields.	More	high-elevated	

stations	are	needed	 for	a	 thorough	validation,	however	 the	 results	 from	 low	elevation	stations	

are	promising.	We	showed	 that	 the	under-catch	of	 snow	complicates	model	evaluation	 for	 the	

winter	period.	Relationships	of	under-catch	of	snow	with	wind	speed	and	temperature	(Thériault	

et	 al.,	 2012)	 were	 used	 to	 determine	 the	 corrected	 amount	 of	 snow.	 For	 a	 10-day	 period	 in	

winter,	 the	under-catch	of	dry	 snow	 (48	mm)	contributed	strongly	 to	 the	discrepancy	between	

the	model	(73	mm)	and	uncorrected	(25mm)	measurements.	Applying	the	correction	factor	to	all	

measurement	stations	with	the	modelled	wind	speed	and	temperature	is	difficult,	since	the	wind	

speed	at	steep	slopes	is	likely	too	low.	

	

To	 our	 knowledge	 this	 study	 is	 the	 first	 sub-kilometer	 investigation	 of	 a	 High	Mountain	 Asian	

catchment	 with	 WRF	 and	 shows	 that	 there	 is	 an	 improved	 agreement	 with	 observations	

compared	 to	 the	kilometer	 scale	 (except	 for	winter	precipitation).	Modest	 improvements	were	

observed	when	the	resolution	was	decreased	to	500	meter,	suggesting	that,	in	combination	with	

future	 improvements	 to	atmospheric	models	 for	applications	 in	 complex	 terrain,	 sub-kilometer	

grid	 spacing	 may	 more	 accurately	 resolves	 catchment-scale	 meteorological	 variability	 and	
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therefore	 the	 resulting	 glacio-hydrological	 changes.	 An	 important	 avenue	 of	 future	 research	

would	 be	 to	 evaluate	 possible	 improvements	 when	 the	 resolution	 is	 further	 refined	 and	 LES	

modelling	is	used,	however	this	is	computationally	unfeasible	for	interannual	investigations.		

	

Our	results	increase	confidence	in	the	performance	of	WRF	at	high	resolution	and	demonstrates	

the	importance	of	reasonably	accurate	surface	boundary	conditions	for	simulating	precipitation.		

It	 resolves	 weather	 parameters	 more	 explicitly	 with	 altitude,	 provides	 a	 better	 match	 with	

observations	 and	 is	 still	 computationally	 feasible.	 Furthermore,	 they	 suggest	 that	 future	

modelling	studies	 in	complex	terrain	should	consider	sub-kilometer	grid	for	accurately	resolving	

local	meteorological	variability.	
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4	
	

Contrasting	meteorological	drivers	of	the	glacier	mass	
balance	between	the	Karakoram	and	central	Himalaya	

	
	

 

There	is	strong	variation	in	glacier	mass	balances	in	High	Mountain	Asia.	Particularly	interesting	is	

the	fact	that	glaciers	are	neutral	or	even	gaining	mass	in	the	Karakoram	and	Kunlun	Shan	ranges,	

which	is	in	sharp	contrast	with	the	negative	mass	balances	in	the	rest	of	High	Mountain	Asia.	To	

understand	this	difference,	an	in-depth	understanding	of	the	meteorological	drivers	of	the	glacier	

mass	balance	is	required.	In	this	study,	two	catchments	in	contrasting	climatic	regions,	one	in	the	

central	Himalaya	 (Langtang)	and	one	 in	 the	Karakoram	(Shimshal),	are	modelled	at	1	kilometer	

grid	 spacing	 with	 the	 numerical	 atmospheric	 model	WRF	 for	 the	 period	 of	 2011	 to	 2013.	 Our	

results	show	that	the	accumulation	and	melt	dynamics	of	both	regions	differ	due	to	contrasting	

meteorological	conditions.	In	Shimshal,	92%	of	the	annual	precipitation	falls	in	the	form	of	snow,	

in	 contrast	with	42%	 in	 Langtang.	 In	addition,	80%	of	 the	 total	 snow	 falls	above	an	altitude	of	

5000	m	a.s.l.,	 compared	with	35%	 in	Langtang.	Another	prominent	contrast	 is	 that	most	of	 the	

annual	 snowfall	 falls	between	December	and	May	 (71%),	 compared	with	52%	 in	 Langtang.	The	

melt	regimes	are	also	different,	with	41%	less	energy	available	for	melt	in	Shimshal.	The	melt	in	

the	Karakoram	is	controlled	by	net	shortwave	radiation	(r=0.79	±	0.01)	through	the	relatively	low	

glacier	albedo	in	summer,	while	net	longwave	radiation	(clouds)	dominates	the	energy	balance	in		
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the	 Langtang	 region	 	 (r=0.76	 ±	 0.02).	 High	 amounts	 of	 snowfall	 and	 low	melt	 rates	 result	 in	 a	

simulated	positive	glacier	surface	mass	balance	in	Shimshal	(+0.31±0.06	m	w.e.	yr-1)	for	the	study	

period,	while	 little	snowfall	and	high	melt	 rates	 lead	to	a	negative	mass	balance	 in	Langtang	 (-

0.40±0.09	m	w.e.	 yr-1).	 The	melt	 in	 Shimshal	 is	 highly	 variable	 between	 years,	 and	 is	 especially	

sensitive	to	summer	snow	events	that	reset	the	surface	albedo.	We	conclude	that	understanding	

glacier	mass	balance	anomalies	requires	quantification	and	insight	into	subtle	shifts	in	the	energy	

balance	and	accumulation	regimes	at	high	altitude	and	that	the	sensitivity	of	glaciers	to	climate	

change	is	regionally	variable.		

	

4.1 Introduction		
Generally,	glaciers	are	retreating	due	to	global	warming,	yet	glaciers	 in	the	Karakoram	-	Kunlun	

Shan	 region	 remain	 stable	 or	 have	 even	 gained	 mass.	 This	 irregularity	 is	 often	 called	 the	

Karakoram	 anomaly	 and	 was	 first	 noticed	 by	 Hewitt	 (2005)	 before	 being	 confirmed	 by	

subsequent	 geodetic	 studies.	 Glacier	 behavior	 in	 the	 Karakoram	 is	 highly	 heterogeneous,	 both	

spatially	and	temporally,	and	its	drivers	are	not	yet	fully	understood	(Brun	et	al.	2017;	Kääb	et	al.	

2015;	Gardelle	et	al.	2012;	Bolch	et	al.	2012;	Jacob	et	al.	2012).	

Several	explanations	have	been	proposed	for	this	anomaly.	Firstly,	the	westerly	winds,	which	act	

as	 a	 moisture	 source	 in	 winter,	 could	 have	 strengthened	 and	 lowered	 in	 altitude,	 leading	 to	

increased	 winter	 precipitation	 (Archer	 &	 Caldeira	 2008).	 Secondly,	 a	 decrease	 in	 summer	

temperatures	 in	 the	 Karakoram	 has	 been	 proposed	 to	 contribute	 to	more	 (solid)	 precipitation	

and	clouds	and	therefore	less	glacier	melt	(Fowler	&	Archer	2005;	Forsythe	et	al.	2017).	Thirdly,	

de	 Kok	 et	 al.	 (2018)	 showed	 that	 large-scale	 irrigation	 in	 the	 surrounding	 areas	 affect	 the	

hydrological	cycle	and	leads	to	more	snow	in	the	Karakoram	and	Kunlun	Shan	mountains.		

The	climate	 in	High	Mountain	Asia	 is	highly	variable:	 it	 ranges	from	monsoon-dominated	 in	the	

central	 Himalaya	 to	 being	 dominated	 by	westerly	 disturbances	 in	 the	 Karakoram	 and	western	

Himalaya	 (Bookhagen	&	Burbank	2010).	Monsoon	precipitation	 generally	 falls	 every	day	 in	 the	

summer	months,	while	westerlies	 provide	 event-based	 precipitation	 during	 the	winter	months	

(Bookhagen	&	Burbank	2010).		

The	region	is	highly	inhomogeneous,	with	complex	topography	and	meteo-climatic	regimes	that	

current	 gridded	 observational	 data	 sets	 are	 too	 coarse	 to	 resolve	 (Immerzeel	 et	 al.	 2015;	

Andermann	et	al.	2011;	Palazzi	et	al.	2013).	Observations	of	precipitation	and	 temperature	are	

scarce	 at	 high	 elevations	 in	 High	 Mountain	 Asia,	 leading	 to	 a	 bias	 in	 gridded	 observational	

datasets	(Immerzeel	et	al.	2015).	In	order	to	overcome	spatial	and	temporal	gaps,	high-resolution	
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modelling	 is	 useful	 and	 can	provide	 key	 inputs	 for	 glacio-hydrological	 studies	 (Immerzeel	 et	 al.	

2015).		

The	 surface	 mass	 balance	 of	 a	 glacier	 is	 largely	 driven	 by	 accumulated	 snow	 and	 melt.	

Understanding	the	mass	balance	therefore	requires	 insight	 into	the	distribution	and	seasonality	

of	 snowfall	 and	 into	 the	variability	 in	 the	components	of	 the	 surface	energy	balance.	Here,	we	

investigate	the	contrasts	in	the	seasonal	and	altitudinal	distribution	of	the	surface	energy	balance	

and	snow	accumulation	between	 the	central	Himalaya	and	 the	Karakoram	region	 that	underlie	

this	glaciological	anomaly.	We	model	two	contrasting	catchments	with	the	Weather	Research	and	

forecasting	 (WRF)	 model	 and	 use	 nested	 domains	 from	 25	 to	 5	 to	 1	 km	 to	 obtain	 a	 high-

resolution	data	set	of	the	Shimshal	(Karakoram)	and	Langtang	(central	Himalaya)	catchments	for	

3	years	(2011-2013).	We	analyse	systematic	differences	between	years,	seasons	and	altitude.	We	

show	detailed	 differences	 in	 seasonality	 of	 precipitation	 and	 identify	 primary	 drivers	 of	 glacier	

melt	by	examining	different	components	of	the	energy	balance.	Using	this	information	we	reveal	

the	 differences	 in	 glacier	 sensitivity,	 which	 offers	 important	 clues	 for	 understanding	 potential	

drivers	of	the	Karakoram	anomaly.	

	

4.2.	Methods	

4.2.1. Study	area	
To	represent	the	two	different	climates	 in	High	Mountain	Asia,	 two	contrasting	catchments	are	

chosen:	the	Shimshal	valley	(Karakoram)	and	Langtang	valley	(central-Himalaya).		

Shimshal	 is	 an	 east-west	 positioned,	 60	 km	 long,	 V-shaped	 valley	 in	 Pakistan	 (~2900	 km2)	 and	

ranges	in	altitude	from	2500	to	8000	m	a.s.l.	with	a	steep	relief	(Figure	4.1).	The	yearly	averaged	

snowline	 is	 located	between	4800	 and	5300	m	a.s.l.	 (Iturrizaga	1997).	 The	 catchment	 is	 32.5%	

glacierized	and	20.7%	of	the	glacier	surfaces	are	debris-covered,	with	a	mean	glacier	size	of	11.1	

km2.	 Important	glaciers	are	the	Lupghar	(13	km	long),	Momhil	 (35	km),	Malangutti	 (23	km)	and	

Yazghil	(31	km)	glaciers	and	the	Khurdopin	glacier	(47	km),	which	blends	with	the	Yushkin-Gardan	

and	 Virjerab	 glacier	 (40	 km)	 (RGI	 Consortium	 2017).	 The	 Karakoram	 precipitation	 regime	 is	

dominated	by	westerlies	and	most	of	the	precipitation	falls	during	winter	as	snow.	The	glaciers	

predominantly	accumulate	mass	during	winter	and	ablation	occurs	during	summer	(Bookhagen	&	

Burbank	2010;	Hewitt	2005).		

The	second	catchment	is	the	Langtang	valley	(~600	km2),	located	in	the	central	Himalaya,	70	km	

north	of	Kathmandu	(Nepal)	and	ranges	 in	altitude	from	1406	to	7180	m	a.s.l..	This	valley	 is	U-

shaped	 upstream,	 while	 V-shaped	 downstream.	 24%	 of	 the	 catchment	 is	 glacierized	 and	 the	

average	 glacier	 size	 is	 2	 km2	 (Collier	&	 Immerzeel,	 2015).	Glacier	 tongues	 are	 generally	 debris-
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covered	(32	km2).	Most	precipitation	 (>70%)	 falls	during	the	monsoon	period	and	glaciers	have	

simultaneous	accumulation	and	ablation	during	this	period	(Immerzeel	et	al.	2014).	

	

4.2.2. Model	

We	used	the	advanced	research	WRF	model	version	3.8.1	(Skamarock	et	al.	2008)	to	simulate	the	

period	 from	January	2011	 till	 January	2014,	excluding	1	month	of	 spin	up	 (December	2010).	 In	

total	we	simulate	3	years,	 to	get	 insight	 into	 inter-annual	variability.	This	period	 is	chosen	such	

that	 no	 El	 Niño	 events	 are	 included	 in	 the	 simulation,	 as	 they	 are	 associated	 with	 positive	

precipitation	 and	 temperature	 anomalies	 (Syed	 et	 al.	 2006).	 The	 outer	 domain	 is	 showed	 in	

Figure	4.1	and	has	two	nests	for	each	catchment,	with	resolutions	of	5	and	1	km	respectively.	All	

domains	have	50	terrain-following	vertical	levels,	stretching	from	the	surface	to	50	hPa,	with	~11	

levels	in	the	lowest	km	above	the	surface.	The	outer	domain	is	forced	with	6-hourly	ERA-Interim	

data	(0.75	o	x0.75o,	Dee	et	al.	2011),	and	grid	analysis	nudging	is	applied	to	the	horizontal	wind,	

water	vapour	mixing	ratio	and	potential	temperature	fields	in	the	highest	15	vertical	levels.	Since	

we	 are	 running	 a	 3-year	 simulation,	 grid	 analysis	 nudging	 is	 employed	 to	 constrain	 large-scale	

circulation	(Bowden	et	al.	2013).	We	used	the	same	nudging	coefficients	as	Collier	&	Immerzeel	

(2015),	since	that	improved	the	simulated	monsoon	precipitation	for	a	similar	domain	as	tested	in	

previous	work	 (Collier	&	 Immerzeel	 2015).	 The	model	 configuration	 and	parameterizations	 are	

similar	to	the	ones	described	in	(Bonekamp	et	al.	2018)	and	are	shown	in	Table	4.1.	

	

Figure	4.1:	The	outer	domain	(D1,	25	km,	middle	panel),	with	its	nests.	Left	panel	shows	the	1	km	

domain	of	 Shimshal	 catchment	 (D3),	 right	panel	1km	domain	of	 Langtang	 catchment	 (D5).	 The	

catchment	outlines	are	indicated	by	black	contours	and	glacier	outlines	of	GLDAS	dataset	(Rodell	

et	al.	2004)	by	blue	contours.			

	

	



 

Chapter	4				|				89		

The	default	land	cover	map	in	WRF	is	not	representative	for	the	region	and	underestimates	both	

the	glacier	and	forest	area	(Bonekamp	et	al.	2018).	As	the	correct	representation	of	 land-use	 is	

very	important	for	the	surface	energy	balance	and	thus	the	valley	climate,	the	land	cover	dataset	

is	 updated	 using	 the	 climate	 change	 initiative	 dataset	 (CCI;	 Defourny	 et	 al.	 (2017))	 of	 the	

European	Space	Agency	(ESA),	which	has	a	spatial	resolution	of	300	m.	

We	initialized	the	soil	moisture,	soil	temperatures	and	skin	temperatures	with	the	GLDAS	(Global	

Land	Data	Assimilation	system)	dataset	(0.25°x0.25°;	Rodell	et	al.	2004)	as	the	ERA-Interim	initial	

conditions	 are	 unrealistic,	 in	 particular	 the	 snow	 depths.	 The	 snow	 height	 is	 limited	 by	 the	

amount	 of	 snow	 water	 equivalent	 available	 at	 each	 grid	 point	 in	 the	 GLDAS	 dataset.	 The	

topography	is	smoothed	in	D3	only,	at	a	total	of	8	grid	points	to	reduce	numerical	instability.	The	

affected	 grid	 points	 are	 located	 outside	 of	 the	 studied	 catchments.	 WRF	 simulations	 are	

compared	to	observations	 for	 the	Langtang	catchment	 in	Bonekamp	et	al.	 (2018),	however	not	

explicitly	for	the	Shimshal	catchment,	since	those	measurements	are	very	limited	and	the	quality	

is	low.			

The	simulation	was	performed	on	the	Cartesius	cluster	of	the	SURFsara	Supercomputing	Center	

(www.surfsara.nl)	on	192	processors	and	took	approximately	55	days	to	complete.	

4.2.3. Glacier	mass	balance	

The	 surface	 mass	 balance	 (SMB)	 of	 a	 glacier	 is	 the	 sum	 of	 all	 processes	 adding	 mass	

(accumulation)	and	removing	(ablation)	mass	from	the	glacier	surface	over	a	1-year	period.	In	our	

approach,	we	approximate	the	glacier	mass	balance	by	the	difference	between	snowfall	and	melt	

(including	refreezing).	Melt	and	refreezing	are	computed	at	hourly	intervals	from	the	residual	in	

the	surface	energy	balance	(SEB)	for	all	glacier	cells,	which	are	designated	as	clean	ice,	using	the	

terms	calculated	by	the	Noah-MP	land	surface	model	(Niu	et	al.	2011):	

SEB=SWin-SWref+LWin-LWout-SHF-LHF+GHF		 	 	 	 	 	 	 											(1)	

Incoming	shortwave	(SWin)	and	 longwave	radiation	(LWin),	outgoing	 longwave	radiation	(LWout),	

as	well	as	the	sensible	(SHF),	 latent	(LHF)	and	ground	heat	fluxes	(GHF),	are	direct	WRF	output.	

The	refrlected	shortwave	radiation	(SWref)	is	calculated	using	the	simulated	surface	albedo.	Fluxes	

directed	away	 from	the	surface	are	defined	as	negative.	The	GHF	 is	driven	by	 the	 temperature	

gradient	between	the	surface	and	the	upper	soil	layer,	the	upper	layer	thickness	and	the	thermal	

conductivity	 (Niu	 et	 al.	 2011).	 If	 the	 surface	 temperature	 exceeds	 the	 melting	

point,	the	surface	temperature	is	reset	to	273.15	K	and	the	excess	energy	is	used	to	melt	snow	or	

glacier	ice.	In	Noah-MP,	the	snow	layer	can	consist	of	3	layers	and	a	glacier	is	treated	as	frozen	

soil	with	appropriate	values	for	albedo,	surface	roughness	and	heat	conductivity.	In	the	snowpack	



 

	

90				|				Chapter	4	

	

	

	

	

	

Table	4.1:	Overview	WRF	configuration	

Domain	Configuration	

Horizontal	grid	spacing	 25	-	5	-	1	km	(D1,	D2	and	D4,	D3	and	D5)	

Grid	dimensions	 200x200	(D1)	161x161	(D2-5)	

Vertical	levels	 50	

Time	step	 120-24-4.8-24-4.8	s	

Model	top	pressure	 50	hPa	

Nesting	approach	 One	way	

Model	physics	

Microphysics	 Morrison	 (Morrison	et	al.	2009)	

Planetary	boundary	

layer	

YSU	(topo_wind=1)	 (Hong	et	al.	2006)	

Land	surface	 Noah-MP	 (Niu	et	al.	2011)	

Cumulus	 Kain	Fritsch	Scheme	(D1	only)	 (Kain	2004)	

Radiation	 RRTMG	 (Iacono	et	al.	2008)	

Surface	layer	 MM5	Similarity	Scheme	 (Paulson	1970)	

Slope/shadowing	effects	 Zängl	 (Zängl	2002)	

Dynamics	

Top	boundary	condition	 Rayleigh	damping	 	

Diffusion	 Calculated	in	physical	space	 	

Lateral	boundary	forcing	 6-hourly	 ERA-INTERIM	 data	

(0.75°x0.75°)	
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and	 glacier,	 processes	 such	 as	 refreezing,	 retention	 and	 percolation	 of	 melt	 water	 and	

densification	are	modelled	(Niu	et	al.	2011).	This	method	allows	us	to	investigate	the	contribution	

of	individual	energy	balance	components	to	the	residual	flux.	The	Pearson	correlation	coefficients	

are	 calculated	 with	 5-day	 averaged	 data	 and	 the	 interannual	 variability	 is	 calculated	 as	 the	

standard	deviation	of	each	variable.		

Our	 approach	 involves	 one-way	 and	 offline	 mass	 balance	 modeling	 (Eq.	 1),	 however	 we	 do	

implicitly	 include	 the	 feedbacks	 between	 the	 glacier	 surface	 and	 the	 atmosphere,	 since	 those	

processes	are	treated	by	Noah-MP.	Since	the	ground	flux	accounts	for	temperature	change	in	the	

snowpack/ground,	there	 is	no	need	to	take	the	cold	content	of	the	snow	pack	 into	account	for	

the	amount	of	potential	melt	in	the	offline	calculations.	We	assume	melt	(refreeze)	occurs	if	the	

residual	energy	is	positive	(negative).	A	snow	layer	can	hold	5%	of	its	volume	of	water	(Pu	et	al.	

2007).	 We	 assume	 that	 enough	 liquid	 water	 is	 available	 in	 the	 snow	 pack	 or	 glacier	 for	 all	

negative	residual	energy	to	produce	a	mass	gain	through	refreezing.		

4.3. Results	

4.3.1. Precipitation,	temperature	and	wind	

The	 climates	 of	 the	 central	 Himalaya	 and	 the	 Karakoram	differ	 considerably.	 A	major	 contrast	

between	the	regions	is	the	precipitation	regime:	Langtang	has	a	clear	monsoon	climate,	with	the	

highest	precipitation	amounts	during	the	summer	months	and	a	rather	dry	winter	(Figure	4.2A).	

Rain	 dominates	 the	 precipitation	 budget	 (58%)	 and	 falls	 throughout	 the	 year.	 In	 January,	

February	and	March	a	few	winter	events	occur,	and	precipitation	events	are	more	intense	than	

during	 monsoon.	 Shimshal,	 on	 the	 other	 hand,	 is	 snow-dominated	 (92%	 of	 the	 annual	

precipitation),	with	most	precipitation	during	the	winter	months.	During	the	summer	months,	the	

monsoon	penetrates	only	episodically	into	the	Karakoram	region	and	provides	some	rainfall	(see	

section	 4.3.2).	 This	 implies	 that	 the	 summers	 in	 Shimshal	 are	 relatively	 dry	with	 limited	 snow	

accumulation.	71%	of	the	snowfall	in	Shimshal	occurs	between	December	and	May,	compared	to	

52%	in	Langtang.	The	glaciers	in	the	central	Himalaya	are	therefore	simultaneously	accumulating	

and	ablating,	while	glaciers	in	the	Karakoram	are	gaining	mass	in	winter	and	melt	during	summer.		

Precipitation	 is	 variable	 between	 years,	with	 potentially	 large	 implications	 for	 the	 glacier	mass	

balance	(see	section	4.3.4).	

Shimshal	is	generally	colder	than	Langtang,	with	average	yearly	temperatures	of	-8.8	°C	and	-4.0	

°C	respectively,	and	has	slightly	higher	wind	speeds	on	average	(4.8	m/s	compared	to	4.1	m/s	in	

Langtang).	Clear	similarities	in	the	annual	cycle	is	visible	in	the	two	catchments,	with	the	highest	

temperatures	and	lowest	wind	speeds	during	the	summer	months.	(Figure	4.2B	and	C)	
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The	precipitation	varies	with	altitude,	season	and	region.	In	Figure	4.3,	the	seasonal	precipitation	

distribution	with	altitude	 is	 shown	for	 the	Shimshal	and	Langtang	catchments.	 In	Langtang,	 the	

total	 annual	 precipitation	 is	 43%	 less	 between	6-8	 km	a.s.l.	 elevation	 compared	 to	 the	2-4	 km	

a.s.l.	 range.	 The	 monsoon	 rain	 dominates	 the	 annual	 signal,	 and	 rain	 between	 2-4	 km	 a.s.l.	

altitude	 is	 five	 times	higher	 than	between	6-8	km	a.s.l..	 Snow	between	2-4	km	a.s.l.	 altitude	 is	

seventeen	 times	 less	 than	 between	 6-8	 km	 a.s.l..	 The	 snowfall	 above	 5000	 m	 a.s.l.	 is	 rather	

constant	with	altitude	throughout	the	year.	The	precipitation	peak	occurs	at	the	entrance	of	the	

Langtang	 catchment,	 where	 the	 topography	 blocks	 the	 large-scale	 monsoon	 winds	 (Collier	 &	

Immerzeel	2015).		

In	Shimshal	an	increase	of	total	precipitation	with	altitude	is	observed.	The	total	precipitation	is	6	

times	 larger,	and	snow	even	13	times	 larger,	between	6-8	km	a.s.l.	 than	between	2-4	km	a.s.l..	

Rain	 decreases	 with	 altitude,	 as	 in	 Langtang,	 and	 is	 40%	 lower	 between	 6-8	 km	 a.s.l.	 than	

between	2-4	km	a.s.l..	In	Shimshal,	80%	of	the	total	snow	falls	above	an	altitude	of	5000	m	a.s.l.,	

while	this	is	only	35%	in	Langtang.		

In	 summary,	 in	 Shimshal,	 snow	dominates	 the	precipitation	budget	 and	 the	 total	 annual	 signal	

shows	a	positive	gradient	with	altitude,	while	in	Langtang	the	budget	is	rain-dominated	and	the	

precipitation	 signal	 is	 negative	with	 altitude,	 consistent	with	monsoon	precipitation	peaking	 at	

lower	 altitude	 than	 westerly	 driven	 precipitation	 (Collier	 &	 Immerzeel	 2015;	 Immerzeel	 et	 al.	

2014).	Whether	the	dominant	type	of	precipitation	is	snow	or	rain,	caused	by	different	circulation	

systems,	 is	 therefore	 associated	with	 the	 reverse	 precipitation	 gradient	with	 altitude	 found	 in	

Collier	 &	 Immerzeel	 (2015).	 These	 results	 agree	 with	 (Hewitt	 2005),	 who	 found	 a	 5-10	 fold	

increase	 in	precipitation	 the	Karakoram	between	2500	and	4800	m	a.s.l..	Winiger	 et	 al.	 (2005)	

estimated	that	snowfall	above	4000	m	a.s.l.	ranges	from	1000	mm	to	more	than	3000	mm,	and	

that	above	5000	m	a.s.l.	altitude,	>90%	of	the	precipitation	 is	snowfall,	while	at	 lower	altitudes	

>90%	of	the	total	precipitation	is	rain.									

4.3.2. Origin	of	precipitation	events	
The	origin	of	precipitation	events	is	an	important	unknown	in	the	Karakoram,	as	both	westerlies	

and	monsoon	winds	influence	this	region.	In	this	research	we	propose	a	simple	method	to	classify	

the	 origin	 of	 precipitation	 events	 in	 the	 Karakoram	 (Figure	 4.5).	 It	 would	 be	 interesting	 to	

combine	WRF	with	a	moisture	tracking	model	to	fully	understand	the	precipitation	sources	during	

the	monsoon	in	the	Karakoram	(de	Kok	et	al.	2018;	Tuinenburg	et	al.	2012).	However,	this	goes	

beyond	the	scope	of	the	present	study.	During	the	winter	months	(January	to	March),	moisture	is	

transported	from	west	to	east,	with	highest	precipitation	intensities	in	the	west	(Figure	4.4).	Two		
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Figure	4.2:	A.	Monthly	accumulated	catchment-precipitation,	with	 the	number	of	wet	days	 (P	>	

0.5	mm/day)	 for	2011	to	2013	(one	bar	per	year).	B.	5-day	catchment	average	temperature	 for	

the	Shimshal	 (black)	and	Langtang	 (blue)	 catchment.	C.	As	B	but	 for	 the	10-m	wind	 speed.	The	

shading	indicates	the	minimum	and	maximum	value	of	the	individual	year.	
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Figure	4.3.	Three-year	seasonal	average	of	precipitation	(left),	 rain	 (middle)	and	snow	(right)	by	

200-m	elevation	bin.	Each	bin	represents	an	average	of	all	catchment	cells	in	that	altitude	range.	

JFM	is	the	period	January,	February,	March,	AMJ	is	the	period	April,	May	June,	JAS	is	the	period	

July,	August,	September,	OND	is	 the	period	October,	November,	December.	The	red	dotted	 lines	

indicate	the	number	of	grid	cells	in	each	bin	for	the	two	catchments	(left).	

precipitation	 bands	 are	 clearly	 visible,	 which	 follow	 the	 topography	 clearly.	 In	 those	 months,	

snow	is	the	dominant	precipitation	type.		

During	 the	 summer	 months	 (July	 to	 September),	 the	 monsoon	 influence	 is	 increasing	 with	

longitude	 and	 it	 also	 has	 a	 strong	 south-north	 decreasing	 gradient	 (Figure	 4.4).	 During	 those	

months,	 snow	 falls	 predominantly	 at	 high	 altitudes	 (>5000	m	a.s.l.;	 see	 Figure	4.3).	 In	 general,	

moisture	 is	 transported	 from	 lower	 to	higher	 latitudes	by	monsoon	winds	and	provides	almost	

daily	precipitation	in	the	central	Himalaya.		

To	investigate	the	influence	and	occurrence	of	the	Indian	summer	monsoon	precipitation	events	

in	the	Karakoram	region,	the	precipitation	events	with	the	associated	moisture	flux	and	moisture	

flux	direction	during	the	summer	period	for	 three	different	areas	are	plotted	 in	Figure	4.5.	The	

precipitation	 events	 in	 box	 1,	 representing	 the	 Shimshal	 catchment,	 are	 categorized	 by	 the	

moisture	flux	direction	in	box	2,	south	of	Shimshal	(75E;	31N).	Box	2	is	chosen	due	to	its	location	

at	 the	 foot	of	 the	Himalaya,	where	winds	are	generally	 flowing	parallel	 to	 the	 topography	and	

giving	a	clear	separation	between	monsoon	winds	 (between	40	and	170	degrees)	and	westerly	

winds	(larger	than	170	degrees	and	smaller	than	40	degrees).	Box	3	is	chosen	due	to	its	location	

in	the	Karakoram	that	acts	as	a	funnel	for	westerly	winds.		

During	 the	 monsoon,	 the	 dominant	 moisture	 flux	 direction	 during	 a	 precipitation	 event	 is	

southwest	 in	 Karakoram,	while	 the	 origin	 of	 precipitation	 differs.	 In	 other	words,	 it	 is	 possible	

that	the	direction	of	the	moisture	flux	as	a	result	of	the	interaction	with	the	topography	during	a	

precipitation	event	in	monsoon	is	southwest,	but	that	it	has	a	westerly	source.	The	moisture	flux	
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Figure	4.4:	Three-year-averaged	seasonal	total	precipitation	(upper	panels)	and	solid	precipitation	

(lower	 panels)	 for	 a	 subset	 of	 the	 25-km	 resolution	 domain.	 Black	 contours	 indicate	 country	

outlines	and	the	red	markers	the	Shimshal	(left)	and	Langtang	(right)	catchment.		

direction	 in	 the	Shimshal	 catchment	 (Figure	4.5A)	does	not	give	 information	directly	about	 the	

origin	of	 the	precipitation	events	due	 to	 the	 complex	 topography	 that	 creates	 regional	meteo-

climatic	regimes.	The	three	different	boxes	are	used	to	track	the	large	scale	forcing	and	therefore	

origin	 of	 the	 precipitation	 events.	 A	 precipitation	 event	 in	 Shimshal	 (Box1,	 Figure	 4.5A)	 is	

classified	 as	 monsoon	 event	 if	 the	 integrated	 moisture	 flux	 in	 box	 2	 is	 between	 40	 and	 170	

degrees,	and	classified	as	westerly	event	if	the	moisture	flux	direction	is	smaller	than	40	or	larger	

than	 170	 degrees	 (Figure	 4.5A,	 B).	 Based	 on	 this	 characterization,	 the	monsoon	 period	 in	 the	

Shimshal	catchment	starts	in	July	and	ends	halfway	September	and	agrees	well	with	other	studies	

(Lau	 &	 Yang	 1997).	 In	 the	 3-year	 simulation,	 on	 average	 22	 days	 with	 precipitation	 above	

0.5mm/day	occurred	between	1	June	and	31	August.	Two	third	of	these	events	are	classified	as	

direct	monsoon	incursions,	an	example	of	which	is	shown	in	Figure	4.5E,	and	one	third	from	other	

origins.		

	

Precipitation	and	moisture	 fluxes	clearly	 follow	the	topography.	During	 the	winter	 the	westerly	

disturbances	split	due	to	the	Hindu-Kush	and	Pamir	mountain	ranges,	and	during	summer	months	

the	monsoon	penetrates	deepest	 in	 the	Karakoram	where	 the	 topography	 is	 lowest.	However,	

this	 categorization	 based	 on	 the	 moisture	 direction	 in	 one	 specific	 box	 is	 rather	 simple	 and	

depends	on	our	selected	range	of	moisture	flux	direction.	Although	it	works	well	and	provides	a	

clear	 indication	 of	 the	 large-scale	 origin	 of	 precipitation	 in	 the	 Karakoram,	 some	 specific	

circulation	patterns	may	be	missed.	An	example	in	shown	in	Figure	4.5F,	where	a	monsoon	event	

is	wrongly	categorized	as	westerly	event	and	gives	noise	in	the	signal.	
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Figure	4.5:	 Panels	A-C	 show	 for	 three	different	boxes	 for	 the	months	 June	 to	October	2012	 the	

daily	averaged	vertically	 integrated	moisture	 flux	 (black),	daily	averaged	moisture	 flux	direction	

(gray)	and	daily	sum	of	precipitation	(bars).	Box	1	(A)	represents	an	average	around	the	Shimshal	

catchment	(75.3E;	36.5N),	box	2	(B)	is	positioned	in	a	monsoon	source	area	(75E;	31N)	and	box	3	

(C)	in	a	westerly	source	area	(73E;	38N).	In	panel	D	the	topography	and	the	position	and	extent	of	

the	boxes	 is	shown.	The	source	of	the	precipitation	events	 in	box	1	are	categorised	and	a	green	

colour	indicates	the	precipitation	event	is	monsoon-driven,	while	a	blue	colour	westerly-driven.	In	

panel	 E	 the	 daily-averaged	 vertically	 integrated	 moisture	 flux	 (arrows)	 and	 daily-averaged	

accumulated	precipitation	 (blue)	 for	a	monsoon	categorized	event	 (4	August	2012)	 for	 the	area	

same	 as	 in	 D.	 Panel	 F	 is	 similar	 to	 panel	 E,	 but	 for	 a	 westerly	 categorized	 event	 during	 the	

monsoon	(15	July	2012).	The	arrows	in	A	indicate	the	timing	of	the	events	used	in	E	and	F.		 	
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4.3.3. Glacier	energy	balance	

There	 are	 clear	 differences	 in	 the	 simulated	 surface	 energy	 dynamics	 between	 the	 two	

catchments.	The	 relative	contribution	of	 the	different	 terms	 in	 the	surface	energy	balance	of	a	

glacier	controls	how	sensitive	a	glacier	is	to	changes	in	climate,	such	as	increasing	temperatures	

and	changing	cloud	coverage.	In	Figure	4.6	the	individual	energy	balance	components,	as	well	the	

residual	flux	of	all	glacier	grid	cells	in	the	Shimshal	and	Langtang	catchments	are	shown.	In	Figure	

4.7	the	average	contribution	of	each	of	the	individual	energy	balance	components	to	the	residual	

flux	for	the	months	May	to	September	are	given	to	indicate	the	main	drivers	of	the	melt	signal.	

The	net	shortwave	radiation	provides	the	largest	energy	input	at	the	surface	(Figure	4.6	and	4.7)	

and,	 due	 to	 a	 lower	 and	 more	 variable	 surface	 albedo,	 its	 variations	 correlate	 (Pearson	

correlation)	most	 strongly	with	 those	 of	melt	 in	 Shimshal	 (r=0.79	 ±	 0.01).	 Conversely,	 the	 net	

longwave	 radiation	 dominates	 the	melt	 signal	 in	 the	 Langtang	 (r=0.76	 ±	 0.02),	 due	 to	 greater	

cloud	cover	and	higher	atmospheric	humidity	during	 the	monsoon.	The	net	 longwave	radiation	

itself	 is	negative,	but	 variations	 in	 this	 flux	have	 the	 strongest	 influence	on	 the	 residual	 flux	 in	

Langtang.	The	absolute	values	of	the	sensible,	latent	and	ground	heat	flux	are	low	compared	to	

the	shortwave	and	 longwave	radiation	components	 (Figure	4.6).	 	However,	 the	 latent	heat	 flux	

could	also	be	an	 important	contributor	 to	 the	regional	differences	 in	 the	residual	 flux	and	thus	

glacier	melt,	as	 it	shows	the	opposite	temporal	pattern	in	the	two	regions	(Figure	4.6H).	During	

the	melt	season,	the	LHF	is	almost	zero	in	Langtang	(r=-0.83)	due	to	high	relative	humidity,	while	

in	 Shimshal	 this	 flux	 is	 larger	 and	 negative	 (r=0.43)	 due	 to	 relatively	 dry	 conditions	 during	

summer,	 indicating	 that	 significant	 amounts	 of	 energy	 are	 extracted	 from	 the	 surface	 by	

sublimation	and	evaporation.	Previous	estimates	have	shown	that	snow	sublimation	in	Langtang	

could	account	for	21%	of	the	 loss	of	the	total	snowfall	 (Stigter	et	al.	2018).	For	the	Karakoram,	

however,	 no	 studies	 have	 been	 done	 to	 quantify	 the	 effects	 of	 sublimation.	 Understanding	

regional	 and	 seasonal	 differences	 in	 the	 LHF	 could	 therefore	 be	 important	 to	 understand	 the	

glacier	mass	balance	anomaly	in	more	detail.	 	

The	variation	in	the	residual	flux	is	more	pronounced	at	Shimshal,	mainly	due	to	variability	in	the	

surface	albedo,	which	is	infrequently	increased	by	a	small	number	of	snow	events	during	the	melt	

season.	The	surface	albedo	influences	the	shortwave	reflected	radiation	and	is	mainly	influenced	

by	the	age	of	the	snow	pack	on	the	glacier.	In	Langtang,	however,	snow	events	happen	on	a	daily	

basis	at	high	altitude,	resulting	in	a	consistently	higher	surface	albedo	(Figure	4.6B).	The	surface	

albedo	resets	to	the	albedo	of	fresh	snow	in	the	Noah-MP	land	surface	model	(0.84)	when	fresh	

snow	covers	the	old	layer	by	a	depth	of	at	least	10	mm.	Due	to	the	land	surface	model	treatment	

of	 glacier	 surfaces	as	being	permanently	 snow	covered,	 glacier	 surface	albedo	 ranges	between	
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Figure	 4.6:	 The	 surface	 energy	 balance	 components,	 5-day	 averaged,	 3-years	 average	 for	 the	

glacierized	 cells	 in	 Shimshal	 (black)	 and	 Langtang	 (blue).	 The	 shading	 indicates	 the	 lowest	 and	

maximum	 value	 of	 the	 individual	 year.	 SWin	 (Panel	 A)	 and	 LWin	 (Panel	 C)	 are	 the	 short	 and	

longwave	 incoming	 radiation	components,	 SWref	 (Panel	B)	and	LWout	 (Panel	D)	 the	 shortwave	

reflected	and	longwave	outgoing	radiation	components	and	SWnet	(Panel	E)	and	LWnet	(Panel	F)	

the	net	 radiation	components.	 SHF	 (Panel	G),	 LHF	 (Panel	H)	and	GHF	 (Panel	 I)	are	 the	 sensible,	

latent	and	ground	heat	flux	respectively.	The	albedo	is	plotted	in	panel	B	(thin	lines)	The	residual	

term	(RES,	Panel	J)	is	calculated	as	SWnet+LWnet+SHF+LHF+GHF.		
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Figure	 4.7:	 The	 average	 residual	 flux	 (RES),	 shortwave	 net	 (SWnet),	 longwave	 net	 radiation	

(LWnet),	 latent	 heat	 flux	 (LHF),	 sensible	 heat	 flux	 (SHF)	 and	 ground	 heat	 flux	 (GHF)	 for	 all	

glacierized	 cells	 in	 Langtang	 (blue)	 and	 Shimshal	 (gray)	 for	 the	 three	 melt	 seasons	 (May	 to	

September).		

0.6	 and	 0.84	 for	 both	 catchments	 throughout	 the	 year	 (Figure	 4.6B).	 The	 importance	 of	 the	

albedo	effect	 is	 expressed	 in	 the	 fact	 that	 the	 shortwave	 incoming	 radiation	 is	much	higher	 in	

Shimshal	 during	 summer,	while	 the	 reflected	 shortwave	 radiation	 of	 Shimshal	 and	 Langtang	 is	

comparable.	 The	 summer	 months	 in	 Langtang	 are	 generally	 cloudy	 with	 large	 variability	 in	

shortwave	incoming	and	therefore	net	radiation	as	a	result.	

Clouds	 influence	 the	 surface	 energy	 balance	mainly	 by	 emitting	 longwave	 radiation	 (thin	 high	

clouds	warm	the	surface)	and	blocking	the	 incoming	shortwave	radiation	(low	thick	clouds	cool	

the	surface)	(Twomey	1991).	However,	since	clouds	in	a	cold	climate	are	colder	and	less	optically	

thick,	the	warming	effect	of	high-level	clouds	is	small	in	cold	regions.	In	Langtang,	low-	and	high-

level	 clouds	 are	 present	 during	 the	 monsoon	 and	 lead	 to	 a	 decrease	 in	 incoming	 shortwave	

radiation	and	an	increase	in	incoming	longwave	radiation	(see	Figures	4.6	and	4.8).	In	Shimshal,	

low-level	clouds	occur	during	the	winter	months	and	decrease	the	shortwave	incoming	radiation.		

Therefore,	clouds	impact	the	energy	balance	components	and	represent	an	important	driver	for	

the	differences	in	the	glacier	energy	balance	between	Shimshal	and	Langtang.	

The	residual	flux	at	sub-daily	time	steps	provides	information	about	the	melt	and	refreezing	cycle	

of	glacier	cells	in	the	two	different	regions.	The	differences	in	timing	of	the	melt	peaks	are	caused	

by	the	latitudinal	differences	of	the	two	catchments.		In	the	yearly	averaged	diurnal	cycle	of	the	
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Figure	4.8:	 Fraction	of	glacierized	 cells	which	are	 covered	by	high-	 (>6km	a.s.l.)	middle-	 (2-6km	

a.s.l.)	and	low	(<2km	a.s.l.)	clouds	(upper	panel).	The	lower	panel	indicates	the	standard	deviation	

of	the	average	values.	Altitudes	are	indicated	as	altitude	above	the	surface.	3-years	averaged	for	

Langtang	(blue)	and	Shimshal	(black).	

residual	flux,	Langang	has	a	higher	residual-energy	peak	than	Shimshal	(Figure	4.9).	 In	Langtang	

and	 Shimshal,	 average	 melt	 fluxes	 of	 17.7	 and	 11.3	 Wm-2,	 respectively,	 are	 observed.	 Our	

calculations	assumed	that	the	negative	residual	flux	is	used	for	refreezing	of	melt	water	and	liquid	

precipitation.	Based	on	this	assumption,	the	amount	of	refreezing	on	a	yearly	basis	could	amount	

to	60%	and	52%	of	the	total	melt	in	Langtang	and	Shimshal,	respectively.	Calculations	with	station	

data	 in	 the	 Langtang	 catchment	 show	 refreezing	 in	 a	 snowpack	 can	be	up	 to	 43%	of	 the	 total	

snow	melt	 (Stigter,	2019	personal	communication).	However,	 those	calculations	neglect	 rain	as	

liquid	water	input	and	assume	refreezing	is	water-limited,	since	the	snow	pack	is	shallow	and	can	

hold	maximum	of	10%	of	its	mass	as	liquid	water.	Therefore,	the	amount	of	refreezing	calculated	

in	this	paper	is	likely	overestimated,	which	is	discussed	in	more	detail	in	Section	4.4.2.			

	

4.3.4. Glacier	surface	mass	balance	

In	 Figure	 4.10,	 the	 surface	mass	balance,	 snow	melt	 and	 snow	accumulation	 are	 shown	 for	 all	

glacier	cells	in	the	inner	domains	for	each	year	separately.		

The	 melt	 is	 lower	 in	 the	 Shimshal	 catchment,	 but	 more	 variable	 (σ=0.13	 m	 w.e.	 yr-1)	 than	 in	

Langtang	(σ=0.07	m	w.e.	y-1).	This	variability	originates	from	the	shortwave	variation	in	particular	

(cf.	Section	4.3.3).	However,	another	important	driver	for	the	difference	in	mass	balance	between	

the	 catchments	 is	 the	 amount	 of	 snowfall,	which	 leads	 to	 a	 positive	mass	 balance	 in	 Shimshal		

(1.26	m	w.e.	yr-1	snowfall).	In	Langtang	the	snow	amount	(0.93	m	w.e.	yr-1)	does	not	compensate	
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Figure	4.9:	Diurnal	cycle	of	the	residual	flux	for	Shimshal	(black)	and	Langtang	(blue).	The	shading	

indicates	the	interannual	variability.	

for	melt	(-1.31	m	w.e.	yr-1)	and	the	mass	balance	is	negative	for	the	majority	(63%)	of	the	glacier	

cells.	The	variability	in	snow	accumulation	is	much	higher	in	Shimshal	than	in	Langtang,	likely	due	

to	 the	 erratic	 nature	 of	 snow	 storms	 produced	 by	 westerly	 disturbances	 in	 Shimshal,	 while	

snowfall	 at	 high-altitude	 in	 Langtang	 is	more	 constantly	 driven	 by	monsoon	 precipitation.	 This	

result	 suggests	 that	 the	 variability	 in	 the	 mass	 balance	 in	 Langtang	 is	 mainly	 controlled	 by	

spatially	variable	melt,	rather	than	snow	fall.	

In	Figure	4.11,	the	average	surface	mass	balance	per	altitude	bin	is	shown.	The	different	sign	in	

the	 mass	 balances	 of	 Langtang	 (-0.40	 m	 w.e.	 yr-1)	 and	 Shimshal	 (0.31	 m	 w.e.	 yr-1)	 shows	 the	

vertical	 glacier	 mass	 balance	 profile	 is	 different	 in	 the	 central	 Himalaya	 and	 the	 Karakoram	

region.	The	residual	energy	at	lower	altitudes	shows	a	strong	interannual	variability	in	Shimshal,	

which	 indicates	 that	 the	melt	 on	 the	 glacier	 tongues	 varies	 strongly.	 However,	 the	 number	 of	

glacier	cells	is	low	(<5)	at	low	elevations	(<4400m	a.s.l.)	and	could	explain	the	sensitive	signal	as	

well.			

In	 the	 Langtang	 catchment,	 glaciers	 are	 relatively	 small	 and	 located	 in	 a	 small	 altitude	 range	

(5200-7000	m	a.s.l.).	17.9%	of	 the	catchment	 is	a	clean-ice	glacier	and	59%	(accumulation	area	

ratio	 (AAR)	 is	 0.41)	of	 the	glacier	points	 is	 located	below	 the	equilibrium	 line	altitude	 (5900	m	

a.s.l.),	 indicating	 relatively	 high	melt	 rates.	 The	 Shimshal	 catchment	 is	 glacierized	 by	 clean-ice	

glaciers	over	37.4%	of	 its	area,	contains	 larger	glaciers,	and	has	a	 large	accumulation	(>5500	m	

a.s.l.)	and	ablation	zone	(<5500	m	a.s.l.).	Shimshal	contains	big	glaciers,	which	originate	at	higher		
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Figure	4.10:	Box	plots	of	the	effect	of	the	melt	and	snow	accumulation	on	the	glacier	surface	mass	

balance,	 and	 the	 annual	mass	 balance	 for	 each	 simulated	 year	 shown	 for	 Shimshal	 (grey)	 and	

Langtang	(blue).	The	3-yearly	mean	and	standard	deviation	is	shown	above	the	boxplots	for	each	

category	and	catchment.		

altitude,	and	accumulation	is	possible	due	to	large	amounts	of	snow	and	low	melt	rates.	The	AAR	

is	0.61,	which	leads	to	a	positive	mass	balance	when	all	glacier	cells	are	averaged.	

 
4.4. Discussion	

4.4.1. Model	performance	

The	 simulated	 mass	 balance	 for	 years	 2011-2013	 in	 Langtang	 of	 -0.40±0.09	 m	 w.e	 yr-1	 is	 in	

agreement	with	previously	reported	values.	Baral	et	al.	(2014)	estimated	the	mass	balance	of	Yala	

glacier	in	the	Langtang	catchment	(10	November	2011-3	November	2012)	to	be	-0.89	m	w.e.	yr-1.	

Pellicciotti	 (2015)	estimated	 the	average	mass	balance	of	4	glaciers	 in	 the	 Langtang	 catchment	

(with	only	non-debris	parts	of	the	glacier	taken	into	account)	at	-0.32	±	0.18	m	w.e.	yr-1		between	

the	 years	 1974-1999.	 Ragettli	 et	 al.	 (2016)	 found	 a	 similar	 number	 for	 debris-free	 glaciers	 -

0.38±0.17	m	w.e.	yr-1,	which	is	an	ensemble	mean	between	the	years	2006	and	2015.		

For	 the	Karakoram	region,	previous	studies	 report	both	positive	and	negative	mass	balances	 (a	

selection	is	provided	in	Table	4.2).	Our	calculated	mass	balance	for	Shimshal	is	comparatively	high	

(+0.31	±0.06	m	w.e.	yr-1).	Previous	studies	have	found	stable	and	positive	mass	balances	 in	 the	

central	 and	 northeastern	 part	 of	 the	 Karakoram	 and	 negative	 mass	 balances	 in	 the	 west		
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Figure	4.11:	Normalized	mass	balance	(black	line)	with	altitude	for	Shimshal	(left)	and	Langtang	

(right).	Snow	(light	gray)	and	melt	caused	by	residual	energy	(dark	gray).	Each	bin	represents	an	

average	 of	 that	 altitude	 range.	 The	 red	 dashed	 line	 indicates	 the	 amount	 of	 cells.	 Error	 bars	

indicate	 the	 variability	 between	 simulated	 years.	 Numbers	 indicate	 the	 average	 snow	 (snow),	

residual	energy	flux	(pot	melt)	and	total	mass	balance	(net)	over	2011-2013.	

 
(Groos	 et	 al.	 2017).	 However,	 they	 have	 also	 reported	 high-spatial	 variability,	 indicating	 that	

regional	averages	could	give	a	distorted	view.		

	

Examining	individual	glaciers,	for	example,	the	Yazghil	glacier	gained	±5m,	Malungutti	5-10m	and	

Khurdopin	 15-20m	 in	 thickness	 between	 the	 years	 1997	 and	 2001	 (Hewitt	 2005).	 These	

observations	suggest	accumulation	rates	of	more	than	1	m	w.e.	yr-1	may	be	reasonable	for	this	

region.	However,	we	note	that	due	to	the	cold	bias	in	WRF	for	High	Mountain	Asia	(Bonekamp	et	

al.	2018),	the	estimation	of	snowfall	could	be	overestimated.	

In	our	study	WRF	appears	to	reproduce	regional	differences	in	glacier	mass	balance	compared	to	

previous	studies.	Critical	is	the	high	spatial	resolution	as	shown	in	Bonekamp	et	al.	(2018),	Collier	

&	Immerzeel	(2015),	Groos	et	al.	(2017).	The	spatial	resolution	of	the	model	is	also	important	to	

explicitly	resolve	local	conditions	at	the	glaciers,	especially	outside	the	Karakoram	region,	where	

relatively	small	glaciers	are	present.	However,	results	in	this	paper	exclude	the	smallest	glaciers,	

due	to	the	grid	spacing	of	1	km.	In	general	catchments	and	glaciers	are	larger	in	the	Karakoram	

than	in	central	Himalaya,	and	we	note	that	the	differing	catchment	sizes	of	Shimshal	and	
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	Table	4.2:	Overview	of	selected	mass	balance	studies	in	the	Karakoram.	

Study	 Glacier	mass	balance	(m	w.e.	yr-1)	 Years	

Gardelle	et	al.	(2012)	 0.11±0.22		 2008-2010	

Brun	et	al.	(2018)	 -0.03	±	0.07	 2000-2016	

Kääb	et	al.	(2015)	 -0.10	±	0.06		 2003-2008	

Gardner	et	al.	(2013)	 -0.12	to	0.3		 2003	to	2009	

Bolch	et	al.	(2017)	 0.03	±0.22		 1999	to	2009	

Groos	et	al.	(2017)	 -0.92	 2010-2011	

	

Langtang	may	impact	the	altitudinal	gradients	presented.	Nonetheless,	our	results	are	consistent	

with	previous	studies	that	investigate	the	Karakoram	anomaly	and	show	the	importance	of	winter	

snow	 accumulation	 (Archer	 &	 Caldeira,	 2008),	 lower	 summer	 temperatures	 and	 more	 (solid)	

summer	precipitation	 (Fowler	&	Archer	2005)	and	 less	net	 radiation	 (de	Kok,	2018)	 that	 favour	

the	Karakoram	anomaly.	Unfortunately,	our	study	does	not	provide	data	with	which	any	of	these	

hypotheses	could	be	tested	due	to	the	time	frame.	

	

A	limitation	of	our	work	is	that	we	only	take	clean	ice	glaciers	into	account	and	therefore	the	melt	

could	be	overestimated	assuming	the	debris	has	a	net	insulating	effect.	However,	the	role	of	this	

insulation	 in	 debris-covered	 glaciers	 is	 still	 unclear,	 since	 the	 two	 types	 of	 glaciers	 seem	 to	

experience	very	similar	melting	rates	 (Pellicciotti	et	al.	2015;	Brun	et	al.	2018).	Currently,	 there	

are	two	hypotheses	that	try	to	explain	the	relatively	high	melting	rates	in	debris-covered	glaciers:	

the	first	is	that	high-melt	rates	at	ice	cliffs	compensate	for	the	low-melt	rates	averaged	over	the	

debris	 covered	 tongues	 (Pellicciotti	 et	 al.	 2015).	 The	 second	 hypothesis	 is	 that	 debris-covered	

glacier	 tongues	 have	 a	 lower	 emergence	 velocity	 than	 clean-ice	 glacier	 tongues,	 whereby	 the	

similar	thinning	rates	between	the	two	types	of	glaciers	are	observed,	while	melt	rates	are	lower	

at	debris-covered	glaciers	(Anderson	&	Anderson	2016).		

	

4.4.2. WRF	caveats	

A	major	mass	input	of	glaciers	is	caused	by	snow-avalanching,	especially	in	the	Karakoram	region	

(Hewitt	 1994).	 Although	 avalanching	 is	 not	 incorporated	 in	WRF,	 we	 still	 see	 a	 positive	 mass	

balance	in	this	region,	and	we	conclude	glaciers	behave	differently,	even	without	the	avalanching	

effect.	Avalanching	would	also	redistribute	snow	to	lower	altitudes,	and	could	bias	the	simulated	

glacier	 mass	 balance	 from	 WRF	 to	 high	 altitudes.	 To	 make	 a	 better	 glacier	 mass	 balance	
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estimation,	 glacier	 accumulation	 area	 outlines	 should	 be	 included	 to	 estimate	 the	 snow	

accumulation	available	from	avalanching.	

Snow	drift	and	wind-blown	redistribution	of	snow	are	also	a	major	contributor	to	the	glacier	mass	

balance	 (Dadic	 et	 al.	 2010),	 and	 are	 not	 taken	 into	 account	 in	WRF.	 Similarly.	 WRF	 does	 not	

include	glacier	flow,	but	since	glacier	extents	are	not	likely	to	change	significantly	within	a	three-

year	period,	we	do	not	expect	large	uncertainties,	as	we	consider	all	glacier	cells	in	the	domain.		

There	 are	 also	 uncertainties	 in	 the	 treatment	 of	 glacier	 surfaces	 in	 the	 Noah-MP	 land-surface	

model.	The	main	issue	is	the	imposition	of	a	minimum	snow	depth	on	glaciers	often	leads	to	an	

overestimate	of	albedo	during	the	ablation	season,	which	impacts	local	meteorological	conditions	

on	 the	 glaciers	 (e.g.,	 Collier	 et	 al.	 2013).	 The	 treatment	 of	 glaciers	 as	 fully	 saturated	 and	 fully	

frozen	 soil	 surfaces	 in	 the	Noah	 family	 of	 land-surface	models	 is	 a	 simplification	 but	 has	 been	

found	 to	 produce	 reasonable	 simulations	 of	 glacier	 surface	 energy	 and	mass	 fluxes	 (Mölg	 and	

Kaser	2011).			

In	 our	 approach,	we	 also	 assume	an	unlimited	 amount	of	water	 is	 available	 for	 (re)freezing	of	

water,	while	in	reality	the	refreezing	process	will	be	water-limited,	especially	during	dry	and	cold	

periods,	 when	 there	 is	 no	 melt	 and	 no	 precipitation.	 In	WRF,	 a	 cold	 bias	 is	 common	 at	 high	

altitudes	(e.g.,	Bonekamp	et	al.	2018)	and	will	likely	influence	the	amount	of	snowfall	and	of	melt	

of	 glacier	 surfaces	 and	 snow.	 Both	 issues	 likely	 bias	 the	 mass	 balance	 positively.	 The	 total	

simulation	 period	 of	 three	 years	 also	 gives	 a	 limited	 view	 of	 the	 interannual	 variability	 and	

averages	 presented,	 since	 those	 three	 years	 do	 not	 represent	 a	 climatological	 period.	

Furthermore	 the	 study	 period	 is	 too	 short	 to	 assess	 climatic	 trends	 that	 might	 have	 caused	

Karakoram	anomaly,	and/or	glacier	mass	loss	in	Nepal.		

Several	studies	have	validated	the	performance	of	WRF	for	the	Langtang	region	(e.g.	Bonekamp	

et	 al.	 2018,	 Collier	 and	 Immerzeel	 2015),	 however	 direct	 observations	 of	 high-altitude	

precipitation	are	sparse	and	satellite	derived	products	are	of	insufficient	resolution	and	quality	to	

capture	spatial	variation	and	the	magnitude	of	mountain	precipitation	(Immerzeel	et	al.	2015).	It	

is	therefore	difficult	to	draw	quantifiable	conclusions	about	potential	biases	at	high	altitude.	

	

4.4.3. Climate	sensitivity	

The	annual	average	temperature	 in	Shimshal	 is	 low	and	the	catchment	 is	 therefore	 likely	more	

sensitive	 to	 future	 precipitation	 rather	 than	 temperature	 shifts.	 However,	 with	 increasing	 air	

temperatures,	 the	air	can	hold	more	moisture	and	therefore	potentially	more	precipitation	can	

occur,	which	favour	a	positive	mass	balance	(Kapnick	et	al.	2014).	Furthermore,	our	results	show	
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that	the	longwave	radiation	is	the	dominant	driver	of	the	variations	in	the	melt	signal	in	Langtang.	

Hence,	besides	a	decrease	in	mass	balance	due	to	a	rise	of	the	equilibrium	line	altitude,	glaciers	in	

Langtang	will	likely	show	an	enhanced	sensitivity	to	temperature	due	to	the	increase	in	incoming	

longwave	radiation.		

Currently,	snow	events	are	only	sporadic	during	the	melt	season	in	Shimshal	(Mayer	et	al.	2014),	

leading	 to	 lower	 surface	 albedo	 and	more	 energy	 available	 for	melt	 compared	with	 Langtang.	

However,	these	summer	snow	events	also	input	mass,	reduce	the	amount	of	sunshine	hours,	and	

increase	the	albedo	(de	Kok	et	al.	2018;	Hewitt	2005).	This	implies	that	a	change	in	the	number	of	

summer	 snow	 events	 in	 Shimshal	 could	 influence	 the	melt	 through	 several	 processes,	with	 an	

increase	 supporting	 positive	 mass	 balance	 conditions.	 In	 contrast,	 slight	 changes	 in	 summer	

precipitation	 amounts	 affect	 the	melt	 only	marginally	 in	 Langtang,	 since	 the	 frequent	 summer	

snowfall	 already	 results	 in	 a	 high	 albedo.	Hence,	 the	 sensitivity	 of	 the	 glacier	melt	 to	 summer	

precipitation	is	higher	in	Shimshal	than	in	Langtang.	

Eventually,	 changes	 in	 large-scale	 forcings,	 such	 as	 westerly	 winds,	 will	 explain	 the	 glacier	

response	 only	 partly,	 since	 different	 glaciers	 will	 respond	 differently	 to	 identical	 changes	 in	

external	conditions.	We	have	shown	that	 the	glacier	 response	 is	very	different	 in	Shimshal	and	

Langtang,	 owing	 to	 a	 very	 different	 distribution	 of	 the	 energy	 balance.	 The	 climate	 system	 is	

complex	and	each	component	in	it	will	adapt,	aiming	for	a	new	equilibrium.		

4.5. Conclusions	

Understanding	regional	differences	of	meteorological	variables	at	 the	catchment	scale	 is	key	to	

understand	 the	 heterogeneous	 behavior	 of	 glaciers	 in	 High	 Mountain	 Asia.	 In	 this	 study,	 we	

modelled	 at	 25,	 5	 and	 1-km	 grid	 spacing	 two	 catchments	 in	 contrasting	 climate	 regions:	 the	

central	 Himalaya	 and	 the	 Karakoram.	 We	 show	 at	 high-resolution	 that	 climate	 and	 glacier	

behavior	 is	spatially	highly	variable	between	the	Karakoram	and	the	central	Himalaya,	and	that	

the	 accumulation	 and	 melt	 dynamics	 of	 both	 regions	 are	 different	 as	 a	 result	 of	 contrasting	

meteorological	 conditions.	 The	 interpretation	 of	 their	 impact	 on	 the	 glacier	 energy	 and	 mass	

fluxes	and	the	elucidation	of	differences	between	catchments	is	novel.	To	our	knowledge,	this	is	

the	first	multi-year	simulation	at	1-km	resolution	for	regional	comparison	of	catchments	in	High	

Mountain	Asia	and	gives	a	unique	data	set	to	investigate	catchment-scale	atmospheric	processes.		

Glacier	 melt	 is	 highly	 variable	 between	 years	 in	 the	 Karakoram	 and	 its	 variability	 is	 primarily	

driven	 by	 the	 net	 shortwave	 radiation	 (r=0.79±0.01),	 with	 only	 limited	 cloud	 cover	 during	 the	

melt	 season.	 The	 surface	 albedo	 variability	 drives	melt	 variation,	 and	 is	 strongly	 influenced	 by	

summer	 snow	 events	 in	 the	 Karakoram	 region.	 The	 number	 of	 snow	 events	 during	 the	 melt	
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season	is	more	important	than	the	total	amount	of	snow	to	increase	the	albedo	and	thus	reduces	

energy	available	for	melt.	This	indicates	that	if	the	frequency	of	summer	precipitation	events	will	

increase	in	the	Karakoram	in	future	due	to,	for	example,	a	stronger	summer	Indian	monsoon,	this	

will	favour	the	mass	balance	of	Karakoram	glaciers.	In	Shimshal,	the	latent	heat	flux	also	plays	an	

important	 role	 in	 extracting	 energy	 from	 the	 surface	 during	 the	 comparatively	 dry	 conditions	

during	summer.	Conversely,	in	the	central	Himalaya,	variability	in	glacier	melt	is	driven	primarily	

by	 net	 longwave	 radiation	 (r=0.76±0.02),	 as	 both	 high-	 and	 low-level	 clouds	 dominate	 the	

weather	 during	 the	 melt	 season.	 This	 indicates	 that	 glaciers	 in	 the	 central	 Himalaya	 have	 an	

additional	sensitivity	to	air	temperature,	since	the	melt	signal	is	dominated	by	the	net	longwave	

radiation	(specific	humidity,	clouds).		

In	 the	 Karakoram,	 there	 is	 an	 additional	 sensitivity	 to	 summer	 precipitation	 by	 means	 of	 the	

albedo	 increase	 and	 summer	 cloudiness.	 The	 precipitation	 sensitivity	 differs	 between	 the	

Karakoram	and	the	central	Himalaya,	due	to	the	different	precipitation	gradients	and	dominant	

precipitation	 type.	 Although	 the	 precipitation	 sensitivity	 of	 glaciers	 is	 usually	 less	 than	 the	

temperature	sensitivity	(Anderson	&	MacKintosh	2012),	this	might	not	be	the	case	for	Karakoram	

and	summer	precipitation.	

To	 understand	 glacier	 response	 to	 atmospheric	 conditions	 a	 detailed	 insight	 into	 the	

accumulation	and	ablation	regimes	is	required	and	is	for	the	first	time	done	in	this	study	for	two	

contrasting	 sites	 in	 HMA.	 We	 show	 glaciers	 behave	 differently	 in	 central	 Himalaya	 and	 the	

Karakoram	region,	and	that	the	glacier	mass	balance	is	sensitive	to	both	the	residual	flux	of	the	

energy	balance	and	snowfall.	Annually,	1.26±0.12	m	w.e.	snowfall	 in	Shimshal	occurs	compared	

with	0.91±0.15	m	w.e.	in	Langtang.	The	residual	energy	available	for	melt	is	lower	in	Shimshal	(-

0.95±0.13	m	w.e.	y-1)	compared	with	Langtang	(-1.31±0.07	m	w.e.	y-1),	 resulting	 in	positive	and	

negative	simulated	surface	mass	balance	 in	Shimshal	 (+0.31±0.06	m	w.e.	y-1)	and	 in	Langtang	(-

0.40±0.09	m	w.e.	y-1),	respectively.		

Our	 research	 implies	 that	 the	 sensitivity	 of	 glaciers	 to	 climate	 change	 is	 regionally	 driven	 and	

future	work	could	map	regions	of	sensitivity	to	different	components	of	the	energy	balance	and	

meteorological	 forcing	 fields.	 This	will	 give	 a	more	 detailed	 insight	 into	 glacier	 behavior	 under	

climate	change,	as	not	all	glaciers	behave	similarly	to	rising	temperatures.	Understanding	glacier	

mass	balance	anomalies	requires	quantification	and	insight	in	subtle	shifts	in	the	energy	balance	

and	accumulation	regimes	at	high	altitude.	
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Using	large	ensemble	modelling	to	derive	future	changes	
in	mountain	specific	climate	indicators	in	a	2	°C	and	3	°C	

warmer	world	in	High	Mountain	Asia	
	
	

	

Natural	 disasters	 in	 High	 Mountain	 Asia	 (HMA)	 are	 largely	 induced	 by	 precipitation	 and	

temperatures	extremes.	Precipitation	extremes	will	change	due	to	global	warming,	but	these	low	

frequency	 events	 are	 difficult	 to	 analyse	 using	 (short)	 observed	 time	 series.	 In	 this	 study	 we	

analysed	large	2000	year	ensembles	of	present	day	climate	and	of	a	2	°C	and	3	°C	warmer	world	

produced	with	 the	EC-EARTH	model.	We	performed	a	 regional	assessment	of	 climate	 indicators	

related	to	temperature	and	precipitation	 (positive	degree	days,	accumulated	precipitation,	 (pre-	

and	 post-)	 monsoon	 precipitation),	 their	 sensitivity	 to	 temperature	 change	 and	 the	 change	 in	

return	 periods	 of	 extreme	 temperature	 and	 precipitation	 in	 a	 2	 and	 3	 °C	 warmer	 climate.	 In	

general,	the	2	°C	warmer	world	shows	a	homogeneous	response	of	changes	in	climate	indicators	

and	return	periods,	while	distinct	differences	between	regions	are	present	in	a	3	°C	warmer	world	

and	changes	no	longer	follow	a	general	trend.	This	non-linear	effect	can	indicate	the	presence	of	a	

tipping	 point	 in	 the	 climate	 system.	 The	 most	 affected	 regions	 are	 located	 in	 monsoon-	

dominated	 regions,	 where	 precipitation	 amounts,	 positive	 degree	 days,	 extreme	 temperature,	

extreme	precipitation	and	compound	events	are	projected	to	increase	the	most.	Largest	changes	

in	 climate	 indicators	 are	 found	 in	 East	 Himalaya,	 followed	 by	 the	 Hindu	 Kush	 and	 West	 and		
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Central	 Himalaya	 regions.	 In	 general	 the	 western	 regions	 will	 experience	 drier	 summers	 and	

wetter	 winters,	 while	 the	 monsoon	 dominated	 regions	 drier	 winters	 and	 wetter	 summers	 and	

Northern	regions	a	wetter	climate	year	round.	We	also	found	that	precipitation	increases	in	HMA	

in	 a	 3	 °C	warmer	world	 are	 substantially	 larger	 (13%)	 compared	 to	 the	 global	 average	 (5.9%).	

Additionally,	the	increase	in	weather	extremes	will	exacerbate	natural	hazards	with	large	possible	

impacts	for	mountain	communities.	The	results	of	this	study	could	provide	important	guidance	for	

formulating	climate	change	adaptation	strategies	in	HMA.	

	

5.1.	Introduction	

High	Mountain	Asia	(HMA)	is	home	to	the	largest	reservoir	of	fresh	water	outside	the	poles	and	

10	major	river	basins	originate	in	this	region.	The	largest	water	towers	of	the	world	can	be	found	

here,	of	which	many	are	extremely	vulnerable	to	climate	change	(Immerzeel	et	al.,	2019).	In	total	

1.9	billion	people	are	dependent	on	the	rivers’	water	resources	for	 irrigation,	domestic	use	and	

hydropower	(Wester	et	al.,	2019),	and	water	demand	will	further	increase	in	the	future	(Biemans	

et	al.,	2019;	Wijngaard	et	al.,	2018).		

	

A	 global	 average	 temperature	 rise	 of	 1.5	 °C	 compared	 to	 preindustrial	 levels	 implies	 2.1	 °C	

warming	 in	 HMA	 (Kraaijenbrink	 et	 al.,	 2017)	 and	 extreme	 scenarios	 would	 even	 result	 in	 a	

regional	temperature	rise	up	to	5.8	°C	(RCP	8.5;	Lutz	et	al.,	2018).	Even	if	the	ambitious	target	of	

1.5	 °C	 is	 met,	 one	 third	 of	 the	 glacier	 ice	 volume	 would	 melt	 by	 the	 end	 of	 the	 century	

(Kraaijenbrink	 et	 al.,	 2017).	 Because	 of	 the	 buffering	 role	 of	 the	 cryosphere,	 glacier	 and	 snow	

melt	 currently	 contribute	 60%	 of	 the	 water	 used	 for	 irrigation	 in	 the	 Indus	 during	 the	 pre-

monsoon	 season	 (Biemans	 et	 al.,	 2019).	 A	 decrease	 in	melt	 water	 availability	 could	 therefore	

have	 significant	 implications	 for	 agricultural	 production,	 hydropower	 production,	 and	 human	

health.	 Asia	 has	 the	 largest	 occurrence	 of	 natural	 disasters	 globally	 largely	 caused	 by	 hydro-

meteorological	events.	In	Asia	in	the	period	2000-2008	52.3	%	of	economic	damages	is	caused	by	

meteorological	disasters	(Vos	et	al.,	2010)	

	

Understanding	 the	 effect	 of	 climate	 change	 on	 the	magnitude	 and	 return	 periods	 of	 extreme	

precipitation	 and	 temperature	 events	 is	 important	 for	 assessing	 impacts	 on	 hydropower	

production	 and	 occurrence	 of	 natural	 hazards	 such	 as	 floods,	 land	 slides,	 glacier	 lake	 outburst	

floods	and	debris	flows	in	HMA	(Lutz	et	al.,	2013;	Tariq	et	al.,	2014).	Natural	risk	is	the	interplay	

between	 weather	 hazards,	 vulnerability	 and	 exposure	 of	 people,	 infrastructure	 and	 the	

environment.	Extreme	weather	causes	a	weather	hazard	(e.g.	landslide	or	flood)	when	something	

or	someone	is	exposed	to	this	hazard	and	is	vulnerable	(Aznar-Siguan	and	Bresch,	2019).	Extreme	
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events	 are	 normally	 studied	 by	 analysing	 long	 time	 series	 or	 by	 modelling	 the	 tail	 of	 the	

distribution	 with	 a	 statistical	 approach	 or	 extrapolation.	 Both	 approaches	 have	 limitations	 as	

current	observational	 records	are	short	 (van	der	Wiel	et	al.,	2019).	Consequently	 the	statistical	

significance	of	results	decreases	with	increasing	return	periods	and	often	relies	on	an	assumption	

of	 stationarity.	 Furthermore,	 when	 extrapolating	 the	 tail	 of	 the	 observational	 record,	

assumptions	are	made	regarding	the	distribution	of	extremes,	which	is	uncertain	for	events	with	

a	high	return	period	and	might	change	in	a	future	climate.		

	

In	 order	 to	 attribute	 specific	 events	 to	 climate	 change,	 natural	 climate	 variability	 should	 be	

disentangled	from	human-induced	climate	change.	This	is	challenging	as	both	processes	together	

dynamically	drive	specific	weather	events	 (Trenberth	et	al.,	2015;	Hauser	et	al.,	2017).	Another	

method	to	investigate	future	weather	is	to	analyse	how	specific	current	day	(extreme)	events	will	

change	 in	the	 future	 (Hazeleger	et	al.,	2015).	This	approach	provides	 important	 insights	 in	how	

climate	may	 amplify	 specific	 extreme	 events,	 however	 such	 an	 approach	 cannot	 be	 used	 as	 a	

probabilistic	projection.	

	

An	approach	to	overcome	problems	with	non-stationarity	and	limited	sample	size	in	CMIP	model	

simulations,	 is	to	use	GCMs	(general	circulation	model)	to	generate	long	time-series	of	weather	

variables	 given	 a	 fixed	 anthropogenic	 forcing,	 by	 perturbing	 the	 boundary	 conditions.	 This	

method	called	large-ensemble	climate	simulations	can	provide	long	time	series	of	extreme	events	

in	 a	 changing	 climate	 and	 thus	 provide	 a	 unique	 opportunity	 to	 statistically	 quantify	 extreme	

events	with	a	low	recurrence	interval.	In	this	study	we	use	the	large	ensemble	modelling	method	

in	HMA	to	analyse	extreme	events	using	a	2000	year	simulation	for	present	and	for	a	2	°C	and	3	

°C	warmer	world	respectively	(van	der	Wiel	et	al.,	2019).	

	

In	this	study	we	focus	on	analysing	differences	between	the	present-day	climate	and	the	2	°C	and	

3	 °C	warmer	world	 for	several	climate	 indicators	 that	control	 the	cryosphere	 (glacier	and	snow	

melt	 and	 snow	 fall).	 In	 addition,	 we	 analyse	 differences	 in	 extreme	 precipitation	 and	

temperature,	which	 are	 the	 key	 drivers	 for	 natural	 hazards	 such	 as	 landslides,	 avalanches	 and	

floods.	 This	 work	 can	 provide	 important	 guidance	 for	 formulating	 climate	 change	 adaptation	

policies.	

	

5.2.	Methods	

In	order	 to	quantify	meteorological	extremes,	data	 from	three	 large	ensembles	were	analysed:	

for	present	day	climate	(PD)	and	for	a	two	degrees	(+2C)	and	three	degrees	(+3C)	warmer	world.	
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The	 large	ensembles	are	performed	with	the	 fully	coupled	EC-EARTH	global	climate	model	v2.3	

(Hazeleger	 et	 al.,	 2012).	 The	 EC-Earth	 model	 configuration	 is	 the	 same	 as	 in	 CMIP5	 (Coupled	

Model	 Intercomparison	 Project	 phase	 5,	 (Taylor	 et	 al.,	 2012).	 The	 ensembles	 represent	 three	

climatic	periods	with	different	global	mean	surface	temperature.	The	present	day	ensemble	has	a	

global	mean	surface	temperature	equal	 to	the	observed	temperatures	 in	 the	period	2011-2015	

(James	et	al.,	2017;	van	der	Wiel	et	al.,	2019).	The	+2C	and	+3C	ensembles	have	a	global	mean	

surface	temperature	with	2	and	3	°C	increase	relative	to	the	pre-industrial	period	(1851-1899).	 	

	

To	generate	 the	 large	ensembles,	 a	 combination	of	differing	 initial	 conditions	and	atmospheric	

perturbations	 was	 used.	 Initial	 conditions	 were	 provided	 by	 sixteen	 long	 transient	 RCP8.5	

simulations	 (1860-2100).	 From	 each	 of	 these	 simulations	 25	 members	 were	 branched	 off,	 in	

which	 atmospheric	 perturbations	 were	 introduced	 by	 means	 of	 stochastic	 parameterisations	

(Buizza	et	al.,	1999).	Each	member	was	 integrated	for	five	years,	we	assume	no	climate	change	

effects	occur	in	this	five	year	period.	The	large	ensembles	thus	consist	of	16	x	25	x	5	=	2000	years	

of	simulated	data.	As	noted,	the	five	year	simulation	period	for	each	large	ensemble	was	chosen	

based	on	a	target	mean	value	of	global	mean	surface	temperature	in	the	original	transient	RCP8.5	

simulations	(extensive	details	are	provided	in	the	supporting	 information	of	van	der	Wiel	et	al.,	

2019).	 The	 dataset	 has	 a	 global	 coverage	with	 a	 spatial	 resolution	 of	 1.1°	 and	 has	 been	 used	

before	 to	assess	extreme	 river	discharge	under	+2C	global	warming	 (van	der	Wiel	et	 al.,	 2019)	

and	extreme	heat	occurrence	in	India	(Nanditha	et	al.,	2020).	

	

Precipitation	 was	 bias-corrected	 and	 downscaled	 to	 a	 0.5	 degree	 spatial	 resolution	 using	

statistical	 bias-correction	 and	 bicubic	 spatial	 downscaling.	 Precipitation	 is	 adjusted	 for	 drizzle,	

which	 is	 a	 common	 problem	 in	 global	 circulation	models	 (Dai,	 2006)	 and	 can	 have	 significant	

implications	 when	 analysing	 droughts	 and	 dry	 spells	 when	 not	 corrected.	 The	 monthly	

accumulated	precipitation	of	EC-Earth	 for	each	grid	cell	 is	matched	with	monthly	sums	and	the	

number	of	wet	days	in	ERA-INTERIM	for	the	present	day	simulations.	These	correction	factors	of	

wet	bias	cut	off	and	volume	are	then	linearly	interpolated	between	months	to	avoid	sudden	shifts	

in	bias-corrected	precipitation.	Afterwards,	the	average	daily	interpolated	correction	factors	are	

applied	 to	 the	 two	and	 three	degrees	warmer	 large	ensembles	assuming	 the	model	bias	 in	EC-

EARTH	 is	 stationary	 in	 time	 and	 space	 under	 global	 warming.	 This	 bias	 correction	 is	 applied	

stationary	 in	 time,	 however	 its	 real	 behaviour	 for	 the	 future	 is	 unknown	 and	 could	 be	 more	

complex	

Temperature	was	also	bias	corrected	and	downscaled	with	ERA-INTERIM	data	on	a	pixel	level	to	
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produce	 a	 0.5	 degree	 dataset.	 A	 statistical	 bias-correction	 allows	 for	 elevation	 corrected	

downscaling	 that	 ensures	 that	 monthly	 statistics	 of	 the	 present	 day	 period	 match	 the	 ERA-

INTERIM	 monthly	 averages.	 By	 taking	 the	 high-resolution	 temperature	 distribution	 from	 ERA-

INTERIM	 we	 can	 estimate	 the	 sub-pixel	 distribution	 for	 each	 EC-EARTH	 cell	 and	 correct	 for	

regional	 temperature	 gradients.	 Following	 the	 same	procedure	as	 for	precipitation,	we	 linearly	

interpolate	 the	 monthly	 correction	 factors	 to	 a	 daily	 temporal	 resolution.	 All	 analyses	 in	 this	

paper	are	performed	with	the	bias-corrected,	downscaled	meteorological	datasets	using	the	daily	

temporal	resolution	of	the	simulations.		 																	

																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																																	

5.2.1	Climate	indicators	

Various	 climate	 indicators	 are	 analysed	 to	 identify	 sensitive	 regions	 in	 HMA,	 which	 either	 are	

important	for	cryospheric	processes,	monsoon	water	supply	and/or	extremes:	

1. Positive	degree	days	(PDD):	the	annual	sum	of	positive	degrees	(T	>	°C)	derived	from	daily	

mean	temperature.	The	PDD	sum	is	a	measure	of	the	glacier	and	snow	melt	potential.	

2. Snow:	accumulated	precipitation	for	average	daily	temperature	below	0	°C.	This	indicator	

is	 important	 for	 glacier	 accumulation,	 as	 the	 total	 amount	 of	 snow	 controls	 the	 glacier	

accumulation.		

3. Pre-monsoon	 precipitation:	 precipitation	 sum	 between	 1	 April	 and	 1	 June.	 During	 pre-

monsoon	irrigation	is	largely	dependent	on	glacier	and	snow	melt	(up	to	60%	in	the	Indus	

basin).	Changes	in	precipitation	during	this	season	may	compensate	for	a	decrease	in	melt	

in	the	future.	

4. Monsoon	precipitation:	precipitation	sum	between	1	June	and	1	October.	Glaciers	in	the	

Himalaya	 are	 characterized	 by	 synchronous	 ablation	 and	 accumulation	 regimes	 and	 a	

change	 in	monsoon	 precipitation	 could	 have	 implications	 for	 the	 glacier	mass	 balance.	

Secondly,	shifts	in	monsoon	strength	exert	a	strong	control	on	regional	water	availability.	

5. Post-monsoon	precipitation:	precipitation	sum	between	1	October	and	1	December.	The	

post-monsoon	is	typically	a	dry	season	and	precipitation	changes	in	this	shoulder	season	is	

important	for	agriculture	and	hydropower	production.	

6. 95th	percentile	of	temperature	and	precipitation:	Extreme	temperature	and	precipitation	

events,	 defined	 as	 the	 95th	 percentile	 values	 in	 the	 distributions	 of	 daily	 averaged	

temperature	and	precipitation	values.	

Extreme	 precipitation	 and	 temperature	 control	 landslides,	 avalanches,	 floods	 and	 heat	

waves.	

7. Compound	events:	when	both	precipitation	 and	 temperature	 are	higher	 than	 their	 95th	

percentile	 values	 in	 present	 day	 climate.	 Extreme	 events	 with	 both	 high	 precipitation	
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amounts	and	temperature	have	implications	for	natural	hazards	such	(melt)	water	floods	

and	avalanches.	

	

Return	 periods	 are	 calculated	 using	 the	 2000	 year	 empirical	 distribution	 for	 precipitation	 and	

temperature	 for	 the	 PD,	 2C	 and	 3C	 scenarios.	 For	 the	 analysis	we	 use	 the	 same	 regional	 sub-

division	 as	 used	 for	 the	 Randolph	 Glacier	 Inventory	 (rgi;	 RGI	 Consortium,	 2017)	 (Figure	 5.1).	

Positive	degree	days	and	accumulated	solid	precipitation	are	only	calculated	for	glacier	grid	cells	

(RGI	Consortium,	2017)	or	for	grid	cells	that	are	snow	covered	for	at	 least	a	month	a	year	(Hall	

and	Riggs,	2015).		

	

5.3.	Results	and	discussion	

5.3.1	Performance	of	EC	Earth	in	HMA	

The	 complex	 topography	 in	 combination	 with	 a	 complex	 interplay	 of	 monsoon	 and	 westerly	

circulation	 systems	 affect	 the	 seasonality,	 amount	 and	 spatial	 distribution	 of	 precipitation	 in	

HMA.	As	a	result,	there	is	a	very	large	spread	between	different	commonly	used	gridded	datasets	

(reanalysis,	model	simulations,	satellite	or	gridded	data	sets;	Palazzi	et	al.,	2013).	In	the	absence	

of	station	data	it	is	therefore	impossible	to	identify	an	optimal	precipitation	dataset	to	be	used	as	

a	reference.	

	

In	 order	 to	 validate	 the	 corrected	 EC-EARTH	 dataset	 in	 HMA	 the	 average	 annual	 cycle	 of	

temperature	and	precipitation	of	5	year	of	TRMM	(Huffman	et	al.,	2007),	GPM	(Huffman	et	al.,	

2014),	ERA5	data	(Copernicus	Climate	Change	Service,	2017;	2011-2015)	and	the	bias	corrected	

EC-EARTH	are	shown	in	Figure	5.2.	Five	years	were	selected	because	the	present	day	EC-EARTH	

simulations	are	aimed	to	reflect	the	current	climatology	and	thus	comparing	to	a	 longer	period	

would	lead	to	inclusion	of	trends.	By	making	a	spatially	aggregated	evaluation	of	the	HMA	region,	

we	 reduce	 the	 effect	 of	 local	 extremes	 occurring	 in	 ERA5	 in	 those	 years.	 For	 a	 region-specific	

comparison	reference	is	made	to	Figure	C1	in	the	supplementary	material.	Temperature	in	both	

datasets	shows	good	agreement,	and	the	simulated	precipitation	shows	reasonable	agreement.	

The	 observed	 precipitation	 bias	 in	 the	 bias	 corrected	 EC-EARTH	 dataset	 is	 -54%	 and	 the	

temperature	bias	is	-0.3	°C	compared	to	ERA5.	GPM	has	a	yearly	precipitation	sum	bias	of	-11%	

and	 TRMM	 0%.	 These	 biases	 are	 well	 within	 the	 range	 of	 uncertainty	 in	 temperature	 and	

precipitation	 over	 HMA.	 We	 therefore	 conclude	 that	 the	 seasonality	 of	 temperature	 and	

precipitation	 are	 captured	 satisfactory	 by	 EC-EARTH	 as	 was	 also	 found	 in	 a	 comparison	 study	

between	 ERA-INTERIM	 and	 (non	 bias-corrected)	 EC-EARTH	 in	 a	 similar	 region	 (Palazzi,	 et	 al.,	

2013).		
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Figure	5.1:	Regions	for	analysis	with	its	topography	and	glaciers	(white,	rgi)	with	S=South,	E=East,	

W=west.		
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The	 original	 EC-Earth	 is	wetter	 compared	 to	 different	 satellite	 derived	 products	 (Palazzi	 et	 al.,	

2013),	while	the	bias	corrected	EC-Earth	data	is	well	in	line	with	the	satellite	products	GPM	and	

TRMM	(Figure	5.2).	Comparison	between	products	is	complicated	as	satellite	products	generally	

underestimate	precipitation	due	to	their	spatial	 resolution	and	quality	 (Immerzeel	et	al.,	2015).	

Since	the	bias-corrected	EC-EARTH	falls	well	within	range	of	other	gridded	climate	products	and	

correctly	captures	the	seasonality	of	precipitation	we	conclude	that	this	product	is	suitable	to	use	

for	climate	impact	studies	in	HMA.	

	

5.3.2.	Changes	in	mean	monthly	temperature	and	precipitation	

Temperature	rise	is	not	uniform	over	the	year	and	regional	differences	are	present	(Figure	5.3).	

The	global	mean	 surface	 temperature	 in	a	2C	warmer	world	 is	 two	degrees	warmer	 compared	

with	pre-industrial	levels;	hence	the	changes	with	regard	to	present	day	are	logically	less	than	2	

degrees.		

	

Compared	to	the	global	average	(1.5K,	3%	increase	P),	High	Mountain	Asia	(1.5K,	5.2%	increase	P)	

is	projected	to	warm	at	a	similar	rate	and	is	projected	to	become	wetter	 in	a	2C	warmer	world	

compared	 to	 present	 day	 climate.	 In	 a	 3C	 warmer	 world	 regional	 differences	 become	 slightly	

more	 pronounced,	 with	 an	 average	 temperature	 rise	 of	 2.9K	 in	 HMA,	 while	 2.7K	 globally.	

Precipitation	 increases	 in	 HMA	 are	 substantially	 larger	 (13%)	 compared	 to	 the	 global	 average	

(5.9%).	 Regions	 with	 strongest	 precipitation	 increases	 are	 the	 Himalayas	 (23%)	 and	 Hengduan	

Shan	(21%)	regions.		

	
Figure	5.2:	Average	simulated	daily	temperature	(left)	and	precipitation	(right)	for	2011-2015	for	

bias-corrected	EC-EARTH	(blue;	5-year	average	of	1000	times	random	selection	of	5	years	 in	the	

large	 ensemble)	 and	 ERA5	 (black).	 The	 5-year	 average	 ensemble	 represents	 the	 spread	 in	

outcomes	of	present	day	large	ensemble.	Blue	shading	indicates	minimum	and	maximum	values;	

the	thin	line	is	the	standard	deviation.		
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The	2C	warmer	world	shows	a	rather	uniform	warming	in	all	regions	(1.3K	in	Hengduan	Shan	to	

1.7K	in	Hindu	Kush),	while	the	3C	warmer	world	shows	distinct	differences	(1.4K	in	West	Kun	Lun	

and	5K	 in	East	Himalaya).	However,	regional	averages	are	shown	and	the	temperature	signal	 in	

West	 Kun	 Lun	 region	 for	 example	 is	 both	 negative	 and	 positive,	 resulting	 in	 a	 low	 regionally	

averaged	temperature	increase.	A	different	sensitivity	to	processes	causing	elevation	dependent	

warming	can	cause	the	differences	per	region	(Pepin	et	al.,	2015).	The	strongest	warming	rates	

can	be	found	in	the	south-eastern	regions	(Himalayas,	Hindu	Kush	and	Hengduan	Shan).		

	

Elevation	dependent	warming	 is	 the	phenomenon	that	 the	rate	of	warming	generally	 increases	

with	 elevation	 and	 is	 caused	 by	 local	 mechanisms	 that	 amplify	 global	 warming.	 Important	

mechanisms	 are	 for	 example	 the	 snow	 albedo	 feedbacks	 and	 water	 vapour	 changes.	 The	

differences	in	the	local	 importance	of	each	of	these	individual	mechanisms	result	 in	contrasting	

regional	 patterns	 to	 global	 warming.	 In	 our	 simulations	 we	 can	 study	 the	 differences	 in	

temperature	for	the	different	climates	and	therefore	identity	the	regions	with	largest	changes	in	

climate.	

	

Elevation	dependent	warming	is	not	observed	in	all	regions	of	HMA	in	a	2C	or	3C	warmer	world,	

however	 in	 specific	 regions	 and	 seasons	 it	 is	 (Figure	 5.3).	 This	 could	 be	 an	 indication	 that	 the	

mechanisms	behind	 elevation	dependent	warming	 are	 indeed	 region	 and	 time	 specific.	 Coarse	

resolution	 would	 not	 explain	 this,	 since	 previous	 studies	 showed	 that	 elevation	 dependent	

warming	 is	 also	 resolved	 at	 coarse	 resolution,	 however	 the	 relative	 contribution	of	 the	driving	

mechanisms	 may	 differ	 in	 simulations	 with	 different	 spatial	 resolution	 (Rangwala	 et	 al.	 2016;	

Palazzi	 et	 al.,	 2019).	 Physical	 processes	 contributing	 to	 elevation	 dependent	 warming	 include	

snow-albedo	feedback,	changes	in	clouds,	sensitivity	of	downward	longwave	radiation	to	specific	

humidity	 and	 sensitivity	 of	 outgoing	 longwave	 radiation	 to	 surface	 temperature,	 aerosols	 and	

black	carbon	(Pepin	et	al.,	2015).	Those	processes	also	interact	and	can	compensate	each	other	

(Gao	 et	 al.,	 2018;	 Pepin	 et	 al.,	 2015).	 In	 a	 3C	 warmer	 world	 elevation	 dependent	 warming	 is	

observed	 in	 the	Hindu	Kush,	West	Himalaya,	 Central	Himalaya,	 East	Himalaya,	Hengduan	 Shan	

and	 Inner,	 South	 and	 East	 Tibet.	 In	 West	 and	 East	 Kun	 Lun	 some	 sub-regions	 experience	 a	

temperature	 decrease,	 indicating	 elevation	 dependent	 warming	 is	 non-linear	 and	 complex.	

Additionally	to	the	physical	processes,	also	changes	in	circulation	(e.g.	monsoon	strengthening	in	

Himalayas)	 and	 snow	cover	 changes	 (e.g.	 Tibet)	play	 an	 important	 role	 in	elevation	dependent	

warming.			
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For	precipitation	we	observe	an	overall	wetting	of	High	Mountain	Asia	between	present	day	and	

a	 2C	 and	 3C	 warmer	 world.	 We	 also	 observe	 contrasting	 seasonal	 and	 regional	 signals.	 For	

example,	the	monsoon	is	strengthening	in	the	Himalayas,	while	precipitation	during	the	winter	is	

decreasing.	As	a	result	differences	between	the	wet	and	dry	seasons	are	increasing	(Biemans	et	

al.,	2019;	Lutz	et	al.,	2014).	Overall,	the	differences	in	precipitation	between	present	day	and	the	

2C	 and	 3C	 warmer	 worlds	 are	 spatially	 more	 heterogeneous	 and	 more	 profound	 than	 the	

temperature	signals.		

	

The	Hindu	Kush	monsoon	precipitation	is	projected	to	increase	most	in	a	3C	warmer	world,	which	

could	be	 linked	to	strengthening	and	further	protruding	of	the	monsoon	(Li	et	al.,	2010).	 In	the	

north-western	 regions	 (Hissar	 Alay,	 Pamir,	 West	 Tien	 Shan	 and	 East	 Tien	 Shan)	 winter	

precipitation	is	projected	to	increase,	while	summer	precipitation	is	projected	to	decrease.	This	is	

likely	caused	by	an	intensification	or	increased	occurrence	of	intense	cyclones	in	winter	(Lambert,	

1995)	 and	 the	 orographic	 effect	 that	 results	 in	 more	 precipitation	 at	 the	 leeward	 side	 of	 the	

mountains	 (e.g.	 the	Hindu	Kush	mountain	range).	The	decrease	 in	precipitation	 in	a	2C	warmer	

world	 is	 likely	 caused	by	 the	 reduced	moisture	 transport	 from	 the	Mediterranean	or	projected	

reduced	monsoon	circulation,	while	 in	the	3C	warmer	world	the	intensification	of	the	monsoon	

circulation	 dominates	 (Christensen	 et	 al.,	 2013).	 This	 reversed	 signal	 is	 also	 found	 in	 model	

ensemble	 averages	 in	 the	 Upper	 Indus	 region,	 with	 a	 dominantly	 drying	 signal	 in	 2071-2100	

compared	 to	 1971-2000	 in	 rcp4.5,	 while	 a	 wettening	 signal	 in	 rcp8.5	 (Lutz	 et	 al.,	 2016).	

Precipitation	 changes	 are	 not	 linear	 with	 global	 temperature	 rise;	 for	 example	 a	 drying	 trend	

during	 the	monsoon	months	 is	 simulated	 in	a	2C	warmer	world	 in	Hindu	Kush,	Karakoram	and	

West	Himalaya,	while	the	same	regions	are	projected	to	become	wetter	in	a	3C	warmer	world.	

	

The	Clausius-Claperyon	relation	predicts	an	increase	in	precipitation	of	6.5	%	K-1	if	precipitation	is	

not	constrained	by	the	amount	of	moisture	or	energy	(Allen	and	Ingram,	2002;	Held	and	Soden,	

2006;	Trenberth	et	al.,	2003).	Most	climate	models	predict	a	global	mean	increase	in	precipitation	

of	 1-3	 %	 K-1	 (Allen	 and	 Ingram,	 2002;	 Boer,	 1993).	 In	 this	 study	 we	 found	 a	 global	 mean	

precipitation	 increase	 of	 2	 %	 K-1,	 which	 is	 in	 line	 with	 the	 global	 CMIP	 projections.	 The	

precipitation	 increase	 in	 HMA	 is	 however	 between	 3.5-4.6	 %	 K-1,	 which	 is	much	 closer	 to	 the	

theoretical	Clausius-Clapeyron	value.	The	high	moisture	availability	and	high	temperatures	during	

the	monsoon	season	likely	cause	the	strong	precipitation	increase	with	temperature	in	HMA.	
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Figure	5.3:	Temperature	(upper	panels)	and	precipitation	(lower	panels)	anomalies	for	the	2C	(left	

panels)	and	3C	(right	panels)	warmer	world	compared	to	present	day	climate.	Columns	 indicate	

the	individual	months,	and	y=year	average,	rows	indicate	the	region.	Mountains	are	defined	as	all	

grid	cells	above	1500m	(global).		
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5.3.3.	Return	periods	of	temperature	and	precipitation	

Mean	temperature	and	precipitation	are	increasing	due	to	global	warming	and	likely	return	levels	

of	 extreme	 temperatures	 and	 precipitation	 too	 (Papalexiou	 and	Montanari,	 2019;	 Figure	 5.4).	

Overall,	 the	patterns	 in	extremes	are	 indeed	 in	 line	with	the	annual	 trends	 in	 temperature	and	

precipitation,	where	 extreme	 temperatures	 and	more	 intense	 precipitation	 events	 occur	more	

frequently	in	a	2C	and	3C	warmer	world	compared	to	present	day	climate.	The	largest	changes	in	

return	periods	of	daily	averaged	temperature	extremes	are	observed	in	the	southern	regions	and	

southern	 part	 of	 the	 Tien	 Shan	 region.	 Extreme	 precipitation	 is	 mostly	 changing	 in	 monsoon-

dominated	 areas	 and	 higher	 elevated	 regions	 such	 as	 the	 Pamir	 and	 Karakoram.	 Interesting	 is	

that	 return	periods	of	 the	most	extreme	events	 (1	 in	100	years)	change	more	 rapidly	 than	 less	

extreme	 return	 periods.	 Strengthening	 of	 the	monsoon	 is	 causing	 the	 increase	 in	 precipitation	

extremes	in	the	monsoon	areas	(see	Section	5.3.4),	while	in	higher	elevated	areas	the	increased	

moisture	 capacity	 effect	 in	 combination	 with	 the	 orography	 plays	 a	 role.	 Additionally	 a	 more	

erratic	precipitation	distribution	can	cause	the	increase	in	precipitation	extremes	(Krishna	Kumar	

et	al.,	2011;	Sharmila	et	al.,	2015).	 	

	

Return	 periods	 of	 daily	 averaged	 temperature	 show	 large	 spatial	 differences	 in	 South-Eastern	

HMA,	where	present	day	1:100	 year	 events	will	 change	 to	multi-year	 events	 in	 a	 3	 °C	warmer	

world	(Figure	5.4).	This	increase	in	daily	averaged	temperature	events	is	severe.	We	would	like	to	

stress	 that	 the	 return	 periods	 are	 calculated	 with	 the	 averaged	 daily	 temperature	 and	 return	

periods	 of	 daily	maximum	 temperature	would	 not	 follow	 the	 same	 trend	 by	 definition.	 In	 the	

Hindu	Kush	present	day	1:100	year	temperature	events	(25	°C)	will	occur	in	a	3C	warmer	world	

1:2	years,	whereas	in	the	Karakoram	(14	°C)	1:1	years	and	in	East	Himalaya	(15	°C)	1:0.02	years.	

	

Return	 periods	 of	 daily	 precipitation	 sums	 show	 a	 similar	 spatial	 pattern	 as	 daily	 averaged	

temperature	events	but	its	absolute	change	in	return	periods	is	significantly	less.	This	difference	

in	 response	 is	 caused	 by	 the	 variability	 of	 daily	 averaged	 temperature	 and	 daily	 precipitation	

sums.	The	empirical	distribution	estimate	(Figure	C2)	of	daily	averaged	temperature	is	relatively	

flat	between	return	periods	of	1	year	and	100	years,	resulting	in	large	changes	in	return	periods	

in	a	2C	and	3C	warmer	world.	For	example	an	event	with	a	return	period	of	100	years	in	present	

day	 climate	 (±16	 °C)	 will	 occur	 yearly	 in	 a	 3	 °C	 warmer	 world	 for	 that	 specific	 location.	 The	

extreme	temperature	events	in	a	3	°C	warmer	world	are	almost	all	higher	than	the	most	extreme	

values	of	present	day	temperatures,	resulting	in	strong	decreases	in	return	periods	with	warmer	

climate.	In	the	Hindu	Kush	present	day	1:100	year	precipitation	events	(10	mm	day-1)	will	occur	in		
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Figure	5.4:	Daily	averaged	temperature	and	daily	precipitation	sums	for	different	return	periods	

(1,10	and	100	years)	for	present	day	climate	(left	panels)	and	its	new	return	periods	(RP)	in	a	2C	

(middle	panels)	and	3C	warmer	world	 (right	panels).	Please	note	 the	different	 colorbars	 for	 the	

new	return	periods.	
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a	3C	warmer	world	1:35	years,	whereas	 in	 the	Karakoram	 (3	mm	day-1)	 1:19	years	and	 in	East	

Himalaya	(0.11	mm	day-1)	1:8	years.	

	

Overall,	 changes	 in	 return	 periods	 of	 precipitation	 extremes	 are	 largely	 homogeneous	 in	 a	 2C	

warmer	 world,	 while	 regional	 differences	 are	 large	 in	 a	 3C	 warmer	 world.	 This	 indicates	 that	

changes	in	return	periods	of	temperature	and	precipitation	are	not	linearly	correlated	with	global	

temperature	 rise.	 For	 example,	 the	 change	 in	 return	 periods	 of	 temperature	 extremes	 in	 the	

south-western	regions	are	only	marginally	affected	in	a	2C	warmer	world,	while	in	a	3C	warmer	

world	those	are	heavily	affected.	As	a	consequence,	this	inhomogeneity	will	also	lead	to	different	

regional	 changes	 in	 the	 number	 of	 natural	 hazards	 of	 for	 example	 landslides	 and	 flash	 floods.	

Detailed	 information	 of	 return	 periods	 is	 needed	 for	 an	 adequate	 prediction	 of	 extreme	 river	

discharge	and	 likely	has	 large	consequences	for	the	occurrence	of	 floods	and	the	production	of	

hydropower.	

	

5.3.4.	Mountain	relevant	climate	indicators.		

Climate	indicators	reveal	specific	effects	of	global	warming	and	can	be	used	to	study	the	regional	

sensitivity	 (of	 the	 cryosphere)	 to	 climate	 change.	 In	 Figure	 5.5	 changes	 in	 several	 mountain	

climate	 indicators,	which	are	proxies	 for	natural	hazards	and	cryospheric	change	are	shown	for	

HMA.		

	

The	 positive	 degree	 day	 (PDD)	 sum	 (Figure	 5.5A)	 is	 a	 proxy	 for	 glacier	melt	 and	 shows	 largest	

changes	 at	 the	 margins	 of	 HMA.	 It	 is	 interesting	 that	 relatively	 low-lying	 areas	 such	 as	 the	

southern	part	of	HMA	and	Tien	Shan	show	the	strongest	increasing	trend.	The	snow-albedo	effect	

can	 be	 of	 great	 importance	 in	 those	 areas,	 as	 strongest	 temperature	 changes	 are	 often	 found	

near	the	0	°C	isotherm	(Pepin	and	Lundquist,	2008).	

	

Snowfall	drives	glacier	accumulation	(Figure	5.5B)	and	will	decrease	throughout	HMA	in	a	warmer	

world.	Two	effects	are	at	play:	a	decrease	 in	solid	precipitation	due	to	 increasing	temperatures	

and	an	 increase	 in	precipitation	by	 the	 increased	moisture	holding	capacity	of	 the	air	at	higher	

temperatures.	The	decrease	in	solid	precipitation	(Figure	5.5B)	indicates	that	on	a	yearly	basis	the	

temperature	 effect	 is	 larger	 than	 the	 associated	 increase	 in	 total	 precipitation.	 The	 amount	 of	

solid	 precipitation	 (Figure	 5.5B)	 is	 largest	 in	 the	western	 regions,	while	 largest	 changes	 can	be	

found	along	 the	 southern	margin	of	 the	Himalayas.	 In	 the	Karakoram,	West	 Kunlun	 and	Pamir	

regions	 minor	 changes	 are	 projected,	 which	 is	 in	 agreement	 with	 previous	 findings	 on	 the	

Karakoram	anomaly	(e.g.	Farinotti	et	al.,	2020).		We	note	that	the	spatial	resolution	of	EC-Earth	is	
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insufficient	 to	 capture	 valley-scale	 processes,	 such	 as	 small-scale	 orographically	 forced	

precipitation,	which	is	important	for	the	distribution	of	temperature,	precipitation	and	wind	over	

short	horizontal	distances	in	mountainous	terrain	(Bonekamp	et	al.,	2018).	

	

Pre-monsoon	 precipitation	 (Figure	 5.5C)	 is	 expected	 to	 increase	 most	 in	 Central	 and	 East	

Himalaya,	 indicating	 an	 earlier	 onset	 of	 the	monsoon.	 Changes	 are	moderate	 in	 a	 2C	warmer	

world,	while	in	a	3C	warmer	world	a	clear	distinction	is	visible	between	the	south-eastern	regions	

(East	 Himalaya	 and	 Hengduan	 Shan	 and	 Southern	 Tibet)	 and	 the	 other	 regions.	 This	 is	 in	

correspondence	 with	 observed	 increases	 in	 pre-monsoon	 precipitation	 during	 last	 decades	

(Brunello	et	al.,	2019).		

	

Monsoon	precipitation	(Figure	5.5D)	is	gradually	intensifying	in	a	2C	warmer	world,	while	in	a	3C	

warmer	world	a	more	heterogeneous	pattern	 is	visible,	with	distinct	maxima	in	the	Hindu	Kush	

and	 East	 Tien	 Shan.	 The	 post	 monsoon	 precipitation	 changes	 (Figure	 5.5E)	 are	 largest	 in	 the	

north-western	regions	in	a	2C	warmer	world,	while	in	a	3C	warmer	world	also	in	changes	in	East	

Himalaya,	Hengduan	Shan	and	South	Tibet	are	substantial.	Precipitation	will	increase	in	(pre-	and	

post-)	monsoon.		

	

The	change	in	the	95th	percentile	of	temperature	(Figure	5.5F)	will	be	largely	homogeneous	in	a	

2C	warmer	world,	 but	 spatially	 variable	 in	 a	3C	warmer	world.	 The	pattern	of	 the	present	day	

temperature	extremes	is	similar	compared	to	the	pattern	of	PDD,	however	the	changes	are	not.	

Extreme	 temperatures	 change	most	 in	moderate	 temperature	 regimes	 (e.g.	 southern	 flanks	 of	

the	Himalayas	 and	 Tien	 Shan)	 and	 change	 least	 in	 areas	with	 high	 temperature	 extremes	 (e.g.	

Hissar	alay,	Tien	Shan).	Interesting	is	the	projected	decline	in	temperature	extremes	in	East	and	

West	Kunlun	Shan,	where	also	glaciers	with	stable	or	positive	mass	balance	are	found	(Brun	et	al.,	

2017).		

	

Extreme	 precipitation	 (Figure	 5.5G)	 increases	 absolutely	 the	 most	 in	 monsoon	 regions,	 and	

agrees	 with	 the	 intensification	 of	 the	 monsoon	 circulation	 (Figure	 5.5D).	 The	 monsoon	

intensification	and	monsoon	region	expansion	also	result	in	an	increase	in	events	where	extreme	

temperature	 and	 extreme	 precipitation	 coincide	 (Figure	 5.5H).	 Regions	 outside	 the	 monsoon-

dominated	areas	generally	receive	their	precipitation	extremes	in	winter	and	their	temperature	

extremes	 in	 summer.	 As	 a	 result,	 compound	 events	 are	 less	 common	 outside	 monsoon-

dominated	regions	and	therefore	also	less	likely	to	change.		
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Figure	5.5:	The	different	climate	indicators	for	present	day	climate	(left	panels)	and	the	anomaly	

of	the	2C	(middle	panels)	and	3C	(right	panels)	warmer	world	compared	to	present	day	climate.	

Positive	degree	days	and	solid	precipitation	are	only	shown	for	glacier	and/or	snow	covered	areas	

for	at	 least	one	month	a	 year.	Panel	A=positive	degree	days,	B=snowfall,	 C,D,E=precipitation	 in	

pre-monsoon,	 monsoon	 and	 post-monsoon,	 F	 and	 G=95th	 percentile	 of	 temperature	 and	

precipitation,	H=compound	events	(95th	percentile	of	temperature	and	precipitation).	
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Figure	 5.6:	 Regional	 summary	 of	 change	 in	 climate	 indicators	 compared	 to	 present	 day,	

normalized	by	the	3	degrees	warmer	world.	Each	climate	indicator	is	normalized	by	the	maximum	

regional	value:	a	value	of	1	for	a	specific	region	and	climate	indicator	means	this	climate	indicator	

changed	the	most	 in	that	region	compared	to	the	other	regions,	MD=melt	days,	PA=yearly	solid	

precipitation	 sum,	 PpreM=precipitation	 during	 pre-monsoon,	 PM=monsoon	 precipitation,	

PposM=precipitation	during	post-monsoon,	PDD=positive	degree	days,	EP=extreme	precipitation	

(P95),	 ET	 extreme	 temperature	 (T95),	 PT=compound	 event	 when	 both	 precipitation	 and	

temperature	 exceed	 the	 present	 day	 95%	 percentile.	 The	 climate	 indicator	 change	 between	 2C	

and	present	 day	 is	 indicated	 in	 blue,	 the	 change	 between	 3C	 and	 present	 day	 in	 red.	Data	 are	

aggregated	using	all	 cells	 in	a	 region,	except	 for	PDD	and	PA,	where	only	glacier	and/or	 snow-

covered	(at	least	one	month	a	year)	cells	are	considered.	
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Our	results	are	in	accordance	with	Jury	et	al.	(2019),	who	downscaled	a	climate	model	ensemble	

in	order	to	assess	the	model	uncertainty	in	2-m	temperature,	positive	degree	day,	accumulated	

precipitation	and	precipitation	rate.	They	also	found	a	decrease	in	solid	precipitation,	increase	in	

monsoon	precipitation	and	a	PDD	increase	in	lower	elevated	areas.		

	

East	Himalaya	 shows	 the	 strongest	 changes	 in	 all	 climate	 indicators,	 except	 the	 post-monsoon	

precipitation	 (Figure	 5.6).	Other	 regions	with	 large	 changes	 are	 Tibet,	 C	Himalaya,	 E	Himalaya,	

Hindu	 Kush	 and	 Hengduan	 Shan.	 The	 Karakoram,	Qilian	 Shan	 and	 East	 and	West	 Kun	 Lun	 are		

regions	with	 the	 least	 change.	We	also	observe	 that	 climate	 indicators	 changes	are	non-linear.	

For	example	 in	 East	Himalaya,	 the	post-monsoon	precipitation	 increases	only	marginally,	while	

the	extreme	precipitation	increase	is	large.	Also	the	boreal	summer	precipitation	in	the	Pamir	did		

decrease	 in	 a	 3C	 warmer	 world	 compared	 to	 a	 2C	 warmer	 world.	 This	 non-linear	 effect	 can	

indicate	tipping	point	behaviour	in	the	climate	system,	located	between	2C	and	3C.	

	

5.3.5.	DT	sensitivity	per	region	for	the	relevant	indicators		

In	 Hengduan	 Shan	 and	 East	 Himalaya	 the	 pre-monsoon,	 monsoon	 and	 post-monsoon	

precipitation	 indicators	 change	 similarly,	while	 in	Central	 and	West	Himalaya	 the	pre-monsoon	

precipitation	 changes	 more	 than	 the	 post-monsoon	 precipitation.	 In	 the	 2C	 warmer	 world,	

changes	in	precipitation	indicators	are	similar	between	the	regions,	while	in	a	3C	warmer	world	

changes	 become	 more	 distinct	 between	 the	 regions.	 Largest	 changes	 can	 be	 found	 in	 the	

monsoon-dominated	areas	and	indicates	that	shifts	in	large-scale	monsoon	circulation	are	a	key	

driver	in	this	part	of	HMA.		

	

Not	 all	 regions	 show	 a	 similar	 sensitivity	 to	 the	 regional	 temperature	 increase.	 For	 all	 climate	

indicators	the	spatial	heterogeneity	in	temperature	change	is	lower	in	the	2C	warmer	world	than	

in	 a	3C	warmer	world	 (Figure	5.7).	 In	 general,	 our	 results	 show	 that	 the	 climate	 indicators	 are	

positively	 correlated	 with	 the	 regional	 temperature	 increase.	 Only	 solid	 precipitation	 has	 a	

negative	 correlation	with	 temperature.	 Lutz	et	al.	 (2018)	 found	a	 linear	 relationship	 for	 similar	

climate	indicators	for	downstream	areas	(Indus,	Ganges,	Brahmaputra).	

	

Monsoon	precipitation	changes	the	most	of	the	precipitation	indicators.	Note	that	the	monsoon	

precipitation	is	a	precipitation	sum	over	four	months,	while	the	pre-monsoon	and	post-monsoon	

precipitation	is	accumulated	over	two	months.	The	monsoon	precipitation	(+26	mm	K-1	or	5.4	%	K-

1)	 and	pre	monsoon	 (+6	mm	K-1	or	 2.0	%	K-1)	 precipitation	 show	a	 clear	 relation	with	different	

warming	rates,	while	the	post-monsoon	precipitation	shows	a	less	clear	and	weaker	signal	(1	mm		
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Figure	 5.7:	 Regional	 climate	 indicators	 as	 a	 function	 of	 the	 change	 in	 average	 temperature	 for	

snow	and	glacier	cells	only.	The	squares	denote	the	2C	warmer	world	and	the	dots	a	3C	warmer	

world.	The	difference	in	temperature	between	the	2C	and	3C	warmer	world	compared	to	present	

day	 is	 indicated	 on	 the	 x-axis	 (DT)	 and	 the	 difference	 in	 climate	 indicators	 on	 the	 y-axis:	

DPAMpre=precipitation	 during	 pre-monsoon,	 DPAM=monsoon	 precipitation,	 DPAMpost=post-

monsoon	 precipitation,	 DP95=95th	 percentile	 of	 precipitation,	 DT95=95th	 percentile	 of	

temperature,	 DCE=compound	 events	 (when	 both	 precipitation	 and	 temperature	 exceed	 the	

present	day	95%	percentile,	DPA=solid	precipitation,	DPDD=positive	degree	days.		
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K-1	 or	 -0.5	 %	 K-1).	 The	 significance	 of	 these	 relations	 is	 hard	 to	 quantify	 as	 the	 temperature	

differences	are	small	in	a	2C	world	and	the	number	of	regions	are	low.	

	

When	 we	 assume	 a	 linear	 relation	 between	 change	 in	 regional	 temperature	 and	 the	 climate	

indicators	 in	 Figure	 5.7,	 precipitation	 extremes	 are	 projected	 to	 increase	 with	 0.5	 mm	 K-1,		

temperature	 extremes	 with	 0.87	 K	 K-1	 and	 resulting	 compound	 events	 with	 3.9	 days	 K-1,	 with	

strongest	 changes	 in	 the	 south-eastern	 part	 of	 HMA.	 Compound	 events	 are	 important	 for	

flooding,	 as	 those	 are	 indicative	 of	 periods	 where	 extreme	 rainfall	 coincides	 with	 periods	 of	

extreme	 melt.	 Accumulated	 solid	 precipitation	 is	 expected	 to	 decrease	 (-1.9	 cm	 K-1),	 with	

strongest	decreases	 in	the	Himalaya	and	Hindu	Kush.	The	positive	degree	days	are	expected	to	

increase	with	256	days	K-1	per	degree	warming.	

	

5.4.	Conclusion	

In	 this	 study	 we	 have	 quantified	 projected	 changes	 in	 extreme	 weather	 events	 and	 climate	

indicators	in	High	Mountain	Asia	due	to	global	climate	changes.	To	this	end,	we	used	three	large	

model	ensembles	of	 the	EC-Earth	model	with	2000	simulation	years	 in	each	ensemble	 (present	

day	climate	and	 in	a	2C	and	3C	warmer	world).	 The	most	 important	benefit	of	 large	ensemble	

modelling	is	that	extreme	events	are	explicitly	modelled,	so	no	assumptions	on	tail	behaviour	of	

the	distributions	are	required,	and	that	results	therefore	have	greater	precision	when	analysing	

extreme	events	in	HMA.	

	

Using	global	climate	model	data	to	assess	changes	in	mountainous	climate	is	challenging,	as	the	

resolution	is	too	coarse	to	resolve	the	complex	topography	and	as	a	result	resolving	valley	scale	

dynamics	is	generally	not	possible	(Cannon	et	al.,	2017;	Bonekamp	et	al.,	2018).	However,	GCMs	

allow	 us	 to	 generate	 large	 ensembles	 as	 used	 in	 this	 study	 due	 to	 their	 relatively	 low	

computational	costs.	Despite	its	coarse	resolution,	such	an	analysis	provides	key	insights	in	how	

future	 extremes	 and	mountain	 specific	 weather	 indicators	may	 change	 at	 the	 large	 scale	 that	

would	otherwise	not	be	available.	

	

Our	results	show	that	temperature	and	precipitation	will	not	change	uniformly.	There	are	strong	

seasonal	and	regional	differences	between	a	2C	and	3C	warmer	world.	Temperature	will	increase	

the	most	 in	 Eastern	 HMA	 (Hindu	 Kush,	 Himalayas,	 Hengduan	 Shan,	 Tibet),	 while	 precipitation	

changes	follow	a	more	erratic	trend.	Winters	in	the	Himalayas	will	be	dryer,	while	wetter	in	other	

regions.	Summers	in	the	Tien	Shan,	Hissar	Allay	and	Pamir	regions	will	be	dryer,	while	wetter	in	

the	 rest	 of	 HMA.	Elevation	 dependent	 warming	 in	 EC-Earth	 is	 only	 observed	 in	 the	 southern	
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regions	of	HMA,	and	not	 in	other	 regions.	This	would	 indicate	elevation	dependent	warming	 is	

region	specific	and	not	solely	an	elevation-dependent	effect.	

	

The	 return	 periods	 of	 extreme	 temperature	 and	 precipitation	 events	 decrease	 in	 a	 warmer	

climate,	 and	 low-frequent	 events	 change	 more	 than	 less	 frequent	 events.	 The	 1:100	 years	

temperature	events	in	present	day	climate	will	occur	approximately	yearly	in	a	2C	warmer	world	

(with	 a	 hot	 spot	 in	 Eastern	Himalaya),	 and	multi-yearly	 in	 a	 3C	warmer	world	 in	 southern	 and	

central	 regions.	 Return	 periods	 of	 precipitation	 events	 show	 a	 similar	 spatial	 pattern	 as	 for	

temperature	events	but	its	absolute	return	period	is	considerably	less.	Precipitation	changes	are	

also	 notable	 in	 higher	 elevated	 regions	 such	 as	 the	 Pamir	 and	 Karakoram	 likely	 due	 to	 the	

increased	moisture	 holding	 capacity	 of	 the	 atmosphere	 in	 combination	 with	 the	 high	 altitude	

climate.	

	

We	show	that	the	global	temperature	rise	has	a	large	influence	on	the	mountain-specific	climate	

indicators	 in	HMA.	The	 increase	 in	positive	degree	days	and	decrease	 in	 solid	precipitation	will	

lead	to	more	negative	glacier	mass	balances,	with	largest	effects	in	the	Himalaya	and	Hengduan	

Shan	 regions.	 A	 2C	 warmer	 world	 shows	 a	 rather	 homogeneous	 response,	 while	 distinct	

differences	between	regions	are	present	 in	a	3C	warmer	world.	This	observation	can	 indicate	a	

non-linear	acceleration	in	the	regional	climate	system.	

	

Differences	 between	 wet	 and	 dry	 seasons	 are	 amplified	 in	 monsoon-dominated	 regions	 by	 a	

dryer	 winter	 and	 wetter	 monsoon	 period	 in	 the	 future	 compared	 to	 present-day	 climate.	

Precipitation	amounts	will	decrease	in	pre-monsoon	in	Hissay	Alley,	West	Tien	Shan,	Hindu	Kush	

and	West	and	Central	Himalaya,	which	will	have	large	impact	on	the	water	availability	during	the	

growing	season	in	downstream	regions.		

	

Extreme	 temperature	 and	 precipitation	 are	 projected	 to	 increase	 the	 most	 in	 the	 Himalayas,	

southern	 part	 of	 Tien	 Shan	 and	western	 regions.	 Compound	 events	 however	 are	 projected	 to	

increase	 most	 in	 monsoon-dominated	 areas,	 since	 temperature	 and	 precipitation	 extremes	

coincide.		

	

Overall,	largest	changes	in	climate	indicators	can	be	found	in	regions	that	are	densely	populated	

such	as	the	Hindu	Kush	and	Himalaya.	East	Himalaya	is	out	far	the	most	affected	region,	where	7	

out	 of	 8	 climate	 indicators	 change	 the	most,	 indicating	 climate	 change	 impacts	 this	 region	 the	

most.	
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The	increase	in	weather	extremes	will	affect	the	number	and	intensity	of	natural	hazards	and	will	

increase	 the	exposure	 to	 these	hazards	 for	all	mountain	communities’	 inhabitants	directly.	Our	

results	 are	 of	 great	 importance	 for	 climate	 change	 adaptation	 strategies	 in	 HMA	 and	 future	

research	 into	 the	 changes	 in	 meteorological	 and	 hydrological	 extremes	 in	 HMA	 is	 of	 key	

importance.	 Future	 research	 should	 focus	 on	 making	 the	 explicit	 link	 between	 climate	 model	

derived	 changes	 in	 extremes	 and	 impact	 models	 of	 natural	 hazards.	 This	 approach	 has	 been	

initiated	for	 landslides	 in	HMA	(Kirschbaum	et	al.,	2020),	but	a	 full	probabilistic	approach	using	

large	ensemble	modelling	would	be	a	logical	and	much	needed	next	step.	
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6	
	

Synthesis	
	
	
	

The	main	objective	of	this	thesis	is	to	advance	the	knowledge	on	high-altitude	climate	dynamics	

from	 micro	 to	 synoptic	 scales,	 with	 a	 special	 focus	 on	 high-altitude	 precipitation	 and	 the	

interaction	 between	 the	 atmosphere,	 the	 extreme	 topography,	 the	 land	 surface	 and	 the	

cryosphere.	

	

The	specific	research	questions	addressed	are:	

1. How	do	turbulent	fluxes	drive	the	energy	exchange	on	debris-covered	glaciers?	

2. What	is	the	orography-climate	interaction	at	catchment	scale?	

3. What	are	the	meteorological	drivers	of	the	Karakoram	anomaly?	

4. How	does	climate	change	influence	the	(regional)	meteorological	extremes	in	HMA?	

	

These	questions	 are	 answered	by	analysing	a	 variety	of	 cases	 at	different	 resolutions	 -	 using	 a	

variety	of	model	codes.	The	MicroHH	model	code	 is	used	for	turbulent	resolving	simulations	to	

investigate	 turbulent	 fluxes	 on	 a	 debris-covered	 glacier.	 The	 WRF	 model	 code	 is	 used	 to	

investigate	the	effect	of	surface	boundary	conditions	and	to	perform	a	climate	assessment	for	the	

Central	Himalayas	and	Karakoram	region.	Lastly,	a	large	ensemble	of	the	EC-EARTH	model	runs	is	

used	to	investigate	weather	extremes	in	High	Mountain	Asia	at	different	climates.			

	

In	this	chapter	I	will	synthesize	the	research	questions	and	main	findings	of	this	thesis.	I	will	end	

by	 touching	 upon	 the	 key	 remaining	 challenges	 and	 provide	 recommendations	 for	 further	

research.	
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6.1.	How	do	turbulent	fluxes	drive	the	energy	exchange	on	debris-covered	glaciers?	

The	melt	 dynamics	 of	 debris-covered	 glaciers	 are	 still	 largely	 unknown.	At	 the	 larger	 scale	 the	

contribution	of	debris-covered	glaciers	to	the	total	runoff,	and	their	response	to	climate	change,	

is	 uncertain.	 On	 a	 smaller	 scale,	 many	 of	 the	 physical	 properties	 of	 these	 glaciers	 are	 still	

unidentified	(i.e.	debris	thickness,	moisture	content,	surface	roughness;	Fyffe	et	al.,	2014)	and	the	

contribution	of	sub-glacial	channels	to	the	total	melt	 is	not	understood	(Benn	et	al.,	2017).	The	

limited	understanding	of	 basic	 physical	 properties,	 and	 the	high	 spatial	 heterogeneity	 of	 these	

glaciers,	 hinders	 the	 development	 of	 accurate	 melt	 estimates	 by	 models	 (Collier	 et	 al.,	 2014;	

Giese	et	al.,	2019).	

	

Another	 knowledge	 gap	 is	 the	 interplay	 between	 the	 debris-covered	 glacier	 surface	 and	 the	

atmosphere.	Steiner	et	al.	 (2018)	 investigated	the	validity	of	 the	commonly	used	bulk	methods	

above	Lirung	glacier	by	comparing	those	with	measurements	of	the	surface	energy	balance.	They	

found	 that	 bulk	 methods	 have	 the	 tendency	 to	 overestimate	 the	 latent	 heat	 flux	 due	 to	 the	

drying	character	of	the	debris	and	also	because	bulk	methods	assume	full	saturation.	

	

In	 Chapter	 2,	 the	 impact	 of	 surface	 properties	 (surface	 roughness,	 surface	 temperature	 and	

surface	moisture)	of	debris	on	the	spatial	distribution	of	small-scale	meteorological	variables	such	

as	wind	fields,	moisture	and	temperature,	and	subsequently	the	turbulent	fluxes	and	conductive	

heat	flux,	is	investigated	for	the	Lirung	Glacier	(Nepal)	using	a	direct	numerical	simulation	(DNS)	

model	with	a	spatial	resolution	of	~1	m.	

	

In	 coarse	 resolution	models	 (debris-covered)	 glaciers	 are	 often	 represented	 by	 a	 given	 surface	

temperature,	roughness	and	water	availability.	In	this	study	I	showed	that	heterogeneous	surface	

conditions	lead	to	a	higher	spatial	variability	of	turbulent	fluxes	when	compared	to	homogeneous	

surface	 conditions.	 The	 variability	 of	 the	 turbulent	 fluxes	 can	 result	 in	 a	 feedback	 effect	 that	

eventually	 results	 in	 the	hummocky	 terrain	 typical	 for	debris-covered	 tongues	 in	 the	Himalaya,	

and	 in	 extreme	 situations	 can	 result	 in	 the	 formation	 of	 cliffs	 and	 ponds	 in	 such	 depressions	

where	melt	was	accelerated.		

	

Our	results	show	that	 turbulent	 fluxes	can	decrease	the	energy	available	 for	melt	at	 the	debris	

surface	by	40%	and	act	as	a	 sink	of	energy,	while	on	 ice	cliffs	 turbulent	 fluxes	enhance	energy	

available	 for	melt	by	51%	and	are	a	contributor	 to	melt.	 In	combination	with	a	 low	albedo	this	

causes	ice	cliffs	to	become	melt	hot	spots.	 	Unfortunately	our	study	is	representative	for	only	a	

small	time	window	of	one	hour.	However,	the	importance	of	turbulent	fluxes	for	the	conductive	
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heat	flux	for	a	total	melt	season	has	been	quantified	by	Steiner	et	al.	(2018),	who	estimated	the	

reduction	of	melt	by	turbulent	fluxes	to	be	17%	at	the	debris-atmosphere	interface.	Our	results	

are	novel	and	do	open	possibilities	to	investigate	small-scale	processes	on	debris-covered	glaciers	

such	as	the	temporal	evolution	of	ponds	and	ice	cliffs.	Multi-day	simulations	could	provide	new	

insights	 of	 small-scale	 atmospheric	 processes	 in	 complex	 terrain.	 Essential	 for	 such	 high-

resolution	studies	are	accurate	boundary	conditions.	

	

For	 further	 investigation	 of	 melt	 dynamics	 of	 sub-debris	 melt,	 MicroHH	 can	 be	 coupled	 to	 a	

energy	 balance	model	 (i.e.	 Reid	 and	 Brock,	 2010).	 A	 current	 limitation	 of	 this	 method	 is	 that	

spatially	 variable	variables	 (debris	 thickness,	 thermal	 conductivity,	density	and	heat	 capacity	of	

the	debris	layer)	are	needed	for	a	correct	estimate	of	glacier	melt.	Progress	is	made	in	estimating	

these	 properties	 indirectly.	 Debris	 thickness	 has	 been	 estimated	 by	 means	 of	 surface		

temperature	measurements	 from	 space,	 although	 these	 are	 still	 very	 uncertain	 (Rounce	 et	 al.,	

2018).	

	

The	 high	 spatial	 variability	 of	 small-scale	 meteorological	 variables	 suggests	 that	 point	 based	

station	 observations	 cannot	 be	 simply	 extrapolated	 to	 an	 entire	 glacier	 and	 should	 be	 re-

considered	 in	 future	 studies	 for	 a	 better	 estimation	 of	 glacier	melt	 in	 High	Mountain	 Asia.	 In	

Chapter	 2	 the	 first	 high-resolution	 study	 is	 undertaken	 for	 a	 debris-covered	 glacier.	 This	

investigates	the	effects	of	debris	on	meteorological	variables	using	a	turbulence-resolving	model.	

This	 study	 improves	 our	 process-understanding	 of	 debris-glacier	 melt,	 and	 from	 this	 to	 our	

understanding	of	the	current	contribution	of	debris	glacier	melt	to	river	discharge	and	how	this	

will	change	in	future.	

	

This	 study	 provides	 insight	 only	 into	 the	 surface	 energy	 balance	 for	 a	 small	 part	 of	 a	 debris-

covered	glacier.	 In	order	to	determine	the	glacier-wide	effects	this	model	should	be	run	for	the	

whole	glacier,	and	eventually	also	for	other	glaciers	to	demonstrate	that	results	are	scalable.	This	

is	 not	 straightforward	 in	 MicroHH,	 as	 the	 atmospheric	 forcing	 should	 be	 taken	 as	 variable	 in	

space.	 The	 effects	 of	 the	 surrounding	 terrain	 should	 also	 be	 incorporated	 in	 the	 model.	 This	

problem	 can	 be	 overcome	 by	 using	 sufficient	 spin-up	 time,	 however	 this	 would	 increase	

computational	 requirements	 tremendously.	 Another	 problem	 is	 that	 for	 longer	 time	 periods	

constant	surface	boundary	conditions	(e.g.	surface	temperature;	as	used	in	Chapter	2)	no	longer	

represent	the	situation	accurately	and	should	best	be	updated	regularly	(i.e.	hourly).	In	practice	

this	means	that	subsequent	additional	measurements	of	the	spatial	surface	temperature	would	
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be	needed,	or	 at	 the	 least	 assumptions	of	 the	evolution	of	 the	 surface	 temperature	 should	be	

included.		

	

In	Chapter	2	I	noted	the	dependency	of	model	outcomes	on	the	atmospheric	stability	prescribed	

by	 the	 boundary	 conditions.	 The	 stability	 is	 prescribed	 by	 the	 initial	 atmospheric	 profiles	 in	

MicroHH	and	needs	to	be	of	high	quality	to	represent	the	atmospheric	state	correctly.	Initially	I	

used	ERA-Interim	profiles	for	all	variables	and	downscaled	the	lower	atmospheric	levels	to	that	of	

the	 AWS-measured	 value.	 However,	 this	 gave	 incorrect	 profiles	 (sign	 and	 incorrect	 inversion	

layers)	 which	 had	 large	 consequences	 for	 the	 results	 of	 the	 turbulent	 fluxes.	 This	 observation	

puts	 stress	 on	 the	 need	 for	 high-resolution	 atmospheric	 input	 variables	 to	 simulate	 correct	

results.	 In	 order	 to	 obtain	 these	 it	would	 be	 interesting	 to	measure,	 besides	 surface	 variables,	

also	 basic	 variables	 (T,	 q,	 U)	 in	 the	 atmosphere.	 I	 performed	 some	 tests	 in	 the	 field	 with	

atmospheric	sensors	attached	to	a	drone	and	kite;	these	proved	promising.	A	disadvantage	of	this	

method	is	that	it	is	time	consuming	and	can	only	be	performed	at	specific	times	when	people	are	

in	the	field.	Another	option	in	seeking	to	retrieve	high-resolution	input	variables	is	to	run	WRF	at	

sub-kilometre	scale	and	downscale	the	coarse	resolution	data	to	a	higher	resolution.		

	

Currently	 UAVs	 play	 an	 important	 role	 in	 the	 retrieval	 of	 spatially	 stationary	 variables	 such	 as	

grain	 size	distribution	and	 surface	 roughness	 length	 (Rossini	et	al.,	 2018;	Westoby	et	al.,	2015;	

Van	Woerkom	et	al.,	2019).	UAVs	can	also	play	a	role	in	measuring	atmospheric	variables	(Knuth	

and	 Cassano,	 2014).	 However,	 for	 continuous	 atmospheric	 measurements	 the	 role	 of	 high-

resolution	satellite	sensors	is	more	promising.	

6.2.	Orographic-climate	interactions	at	the	catchment-scale	

Gridded	meteorological	datasets	are	frequently	used	but	these	provide	a	poor	representation	of	

precipitation	in	the	Himalayas	because	of	their	relatively	low	spatial	resolution	and	the	associated	

representation	 of	 the	 complex	 topography.	 In	 Chapter	 3	 I	 showed	 that	 increasing	 the	 model	

spatial	resolution	contributes	to	more	realistic	amounts	and	patterns	of	precipitation	in	complex	

terrain.	This	is	because	more	orographically	forced	precipitation	is	modelled	at	higher	elevations	

than	 in	 the	 coarser	 domains.	 Modest	 improvements	 were	 observed	 when	 the	 resolution	 was	

increased	to	500	m.	This	suggests	that	a	sub-kilometre	grid	spacing	may	more	accurately	resolve	

catchment-scale	 meteorological	 variability	 and	 therefore	 the	 resulting	 glacio-hydrological	

changes.	 Our	 results	 further	 elucidate	 the	 performance	 of	 WRF	 at	 high	 resolution	 and	

demonstrate	 the	 importance	 of	 accurate	 surface	 boundary	 conditions	 and	 spin-up	 time	 for	

simulating	precipitation.	
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Future	studies	can	use	these	high-resolution	insights	to	validate	coarse	resolution	models.	High-

resolution	 models	 could	 have	 limited	 value	 for	 certain	 processes	 and	 applications.	 Future	

research	 should	 therefore	 investigate	 whether	 the	 time	 and	 costs	 are	 worth	 the	 extra	

information	that	is	obtained	by	high-resolution	modelling.	Hybrid	options	are	also	a	possibility	-		

one	 could	 for	 example	 add	 one	 high-resolution	 member	 in	 an	 ensemble	 or	 include	 a	 high-

resolution	run	as	part	of	the	sensitivity	tests.	 	

	

In	 Chapter	 3	 I	 showed	 that	 the	 effect	 of	 land	 use	 has	 a	 large	 impact	 on	 near-surface	

meteorological	variables.	Precipitation	amounts	differ	for	investigated	cases	by	10%	in	summer,	

placing	an	emphasis	on	the	need	for	correct	surface	boundary	conditions	 in	 future	simulations.	

UAV’s	or	high-resolution	satellite	sensors	can	play	an	important	role	in	retrieving	correct	land	use	

coverages	in	future.		

6.3.	Meteorological	drivers	of	the	Karakoram	anomaly	

Drivers	of	the	Karakoram	anomaly	are	poorly	understood	due	to	the	low	number	of	observations	

in	 this	 region	 and	 given	 that	 satellite	 data	 sets	 have	 problems	measuring	 correct	 precipitation	

amounts	at	high	altitudes.	In	Chapter	4	I	quantified	the	meteorological	drivers	of	the	glacier	mass	

balances	 in	 the	 Karakoram	 and	 central	 Himalaya	 to	 understand	 the	 underlying	 atmospheric	

mechanisms	 of	 the	 Karakoram	 anomaly.	 Two	 catchments	 in	 contrasting	 climatic	 regions	 are	

modelled	with	the	numerical	atmospheric	model	WRF	for	three	years	at	a	high	resolution	(1	km2):	

one	 in	 the	central	Himalaya	 (Langtang)	and	one	 in	 the	Karakoram	(Shimshal).	Our	 results	 show	

that	 the	accumulation	and	melt	dynamics	of	both	regions	are	distinctly	different	 in	 terms	of	 (i)	

the	 seasonality	 and	 altitudinal	 distribution	 of	 snowfall	 and	 (ii)	 the	 surface	 energy	 balance	

components.	 I	 conclude	 that	 glacier	 mass	 balances	 in	 the	 Karakoram	 are	 more	 sensitive	 to	

longwave	 radiation	 from	 clouds,	 and	 that	 summer	 snow	 events	 are	 important	 drivers	 of	 the	

surface	 energy	balance	because	of	 their	 albedo	effect.	 I	 show	 that	 understanding	 glacier	mass	

balance	anomalies	requires	quantification	and	insight	into	subtle	shifts	in	the	energy	balance	and	

accumulation	 regimes	 at	 high	 altitude.	 I	 also	 show	 that	 summer	 snow	events	 reset	 the	 glacier	

albedo,	 decreasing	 the	 energy	 available	 for	 melt.	 As	 this	 effect	 occurs	 during	 the	 summer	

monsoon,	it	follows	that	an	enhanced	monsoon	circulation	(Chapter	5)	can	benefit	glaciers	in	the	

Karakoram.	

	

In	Chapter	4	I	also	propose	a	new	method	for	categorization	of	precipitation	events	to	determine	

whether	the	monsoon	circulation	drives	an	event	or	not.	This	method	focuses	on	the	integrated	

moisture	 flux	and	wind	direction	 in	the	Karakoram	region,	and	 in	two	source	areas,	 in	order	to	

determine	the	origin	of	the	precipitation	event.	With	this	method	it	can	be	determined	whether	a	
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precipitation	event	 is	either	monsoon	or	westerly	driven.	This	quantification	 is	 important	when	

addressing	the	effects	of	increased	future	monsoon	circulation	to	glaciers	in	the	Karakoram.		

	

This	 is	 the	 first	 multi-year	 high-resolution	 comparative	 atmospheric	 modelling	 study	 in	 High	

Mountain	Asia	and	provides	unique	insight	into	catchment-scale	atmospheric	processes	as	drivers	

for	glacier	behaviour.	 I	show	that	net	radiation	 is	the	main	driver	of	snow	and	glacier	melt	and	

that	 the	 main	 contributors	 to	 the	 net	 radiation	 differ	 per	 region.	 Our	 findings	 could	 have	

important	consequences	for	how	glaciers	are	treated	in	(climate)	models.	Glacier	ablation	is	now	

often	represented	as	a	direct	consequence	of	air	temperature	(i.e.	degree	day	model).		However	I	

show	that	the	surface	energy	balance	of	a	glacier	is	a	leading	function	in	glacier	melt.	This	would	

imply	 that	 glaciers	 could	 also	melt	 in	 cold	 climates	 if,	 for	 example,	 incoming	 solar	 radiation	 is	

high.		

	

The	climatic	contrast	presented	 in	 this	 study	 is	based	on	 two	catchments	and	 the	 results	are	a	

direct	 example	 of	 the	 problems	 in	 scalability	 of	 location-generated	 results.	 Feedbacks	 and	

processes	in	a	monsoon-dominated	climate	are	for	example	not	directly	transferable	to	those	in	

winter	 dominated	 precipitation	 areas.	 Future	 research	 should	 investigate	whether	 the	 findings	

presented	 in	 Chapter	 4	 can	 also	 be	 found	 in	 the	 surrounding	 catchments	 of	 Langtang	 and	

Shimshal.		

	

In	 Chapter	 4	 the	 results	 of	 a	 three-year	 simulation	 are	 presented;	 this	 is	 unique	 at	 a	 spatial	

resolution	 of	 1	 kilometre.	 It	would	 be	 interesting	 to	 study	multi-decadal	 trends	 in	 the	 surface	

energy	balance	to	investigate	the	atmospheric	cause(s)	of	the	anomalous	behaviour	of	glaciers	in	

the	Karakoram	region.	Results	of	 the	 three-year	simulation	show	that	 the	surface	albedo	has	a	

large	 influence	 on	 the	 glacier	 surface	 energy	 balance	 and	 is	 highly	 sensitive	 to	 summer	 snow	

events.	 Longer	 simulations	 should	 demonstrate	 whether	 there	 has	 been	 a	 positive	 trend	 in	

summer	precipitation	events	over	past	decades.	This	quantification	of	monsoon	events	could	be	

achieved	using	the	new	categorization	method	presented	in	Chapter	4.	Another	option	would	be	

to	quantify	monsoon	events	using	new	cloud-computing	platforms	that	integrate	data	availability	

and	computational	power,	such	as	the	Google	Earth	Engine.		

	

A	 further	 interesting	 point	 for	 future	 research	would	 be	 to	 investigate	 the	 direct	 and	 indirect	

effects	of	rain	with	regard	to	glacier	accumulation	and	ablation	processes.	Normally	these	effects	

are	 assumed	 to	 be	 negligible	 (Greuell	 and	 Smeets,	 2001;	 Hock	 and	Holmgren,	 2005),	 however	

rainfall	amounts	are	high	in	monsoon-dominated	areas	and	can	have	a	profound	impact	on	the	
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surface	energy	balance	(Fitzpatrick	et	al.,	2017;	Reid	and	Brock,	2010).	Besides	the	direct	energy	

transfer	 to	 the	 glacier,	 precipitation	 also	 affects	 the	microstructure	 of	 snow	and	 therefore	 the	

surface	albedo	(Lehning	et	al.,	2002;	Niwano	et	al.,	2012).	Additionally,	precipitation	increases	the	

liquid	water	content	of	the	snowpack	and	affects	the	energy	redistribution	in	the	ice,	influencing	

daily	 melt	 and	 refreezing	 cycles.	 Research	 into	 these	 effects	 of	 precipitation	 would	 help	 to	

unravel	the	different	glacier	responses	observed	in	various	climates.	

6.4.	Climate	change	impacts	on	meteorological	extremes		

Weather	 extremes	 are	 hard	 to	 quantify	 with	 current	 modelling	 techniques	 due	 to	 short	

observation	periods	and	 statistical	assumptions	on	 the	distribution	of	 these	extremes,	which	 is	

uncertain	when	extrapolating	to	the	future.	In	Chapter	5	I	quantified	changes	in	extreme	weather	

events	and	climate	 indicators	 in	High	Mountain	Asia	 in	a	2°C	 	and	3°C	warmer	world,	using	the	

large	 ensemble	 method.	 Three	 large	 model	 ensembles	 of	 the	 EC-Earth	 model	 with	 2000	

simulation	years	in	each	ensemble	were	used:	one	ensemble	using	present-day	climate	and	then	

two	more	-	in	a	2°C	and	3°C	warmer	world.	With	these	large	ensembles	it	is	possible	to	analyse	

the	 occurrence	 and	 changes	 in	 extreme	weather	 events	 without	 the	 need	 of	 extrapolation	 or	

statistical	methods,	since	extreme	events	are	explicitly	modelled.	This	results	in	greater	precision	

when	analysing	extreme	events	in	HMA	compared	to	other	methods.	

	

A	benefit	of	large	ensemble	modelling	is	the	ability	to	directly	infer	events	with	very	high	return	

periods	of	temperature	and	precipitation.	I	show	that	the	magnitude	and	return	periods	of	rare	

events	 (1	 in	100	year)	change	more	than	more	frequent	events	 (1:1	year)	 in	a	warmer	climate.	

Return	 periods	 of	 precipitation	 events	 show	 a	 similar	 spatial	 pattern	 to	 those	 of	 temperature	

events,	but	with	the	absolute	change	in	return	period	significantly	less.		

	

These	 results	 also	 show	 that	 temperature	 and	 precipitation	 change	 non-uniformly	 with	

temperature.	 Where	 for	 a	 2	 oC	 warmer	 world	 responses	 are	 reasonably	 homogenous,	 a	 3	 oC	

warmer	world	shows	large	differences	between	regions.	Extreme	temperature	and	precipitation	

are	 projected	 to	 increase	 the	 most	 in	 the	 Himalayas,	 South	 Tien	 Shan	 and	 Western	 regions.	

Compound	events	however	are	projected	to	 increase	most	 in	monsoon-dominated	areas,	 since	

temperature	and	precipitation	extremes	coincide.	Secondly,	I	show	that	global	temperature	rise	

has	a	large	influence	on	the	mountain-specific	climate	indicators	in	HMA.	Indicators	I	investigated	

are	 positive	 degree	 days,	 accumulated	 precipitation,	 (pre-	 and	 post-)	 monsoon	 precipitation,	

extreme	 temperature,	 extreme	 precipitation	 and	 compound	 events.	 The	most	 heavily	 affected	

region	is	East	Himalaya,	where	changes	in	7	out	of	8	investigated	climate	indicators	are	largest	for	

High	Mountain	Asia.		
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The	increase	in	weather	extremes	will	affect	the	number	and	intensity	of	natural	hazards	and	will	

increase	 the	exposure	 to	 these	hazards	 for	all	mountain	communities’	 inhabitants	directly.	Our	

results	are	of	great	importance	for	climate	change	adaptation	strategies	in	HMA	and	will	support	

further	 research	 into	 the	 changes	 in	meteorological	 and	hydrological	 extremes	 in	HMA.	 Future	

research	 is	 needed	 to	 unravel	 the	 differences	 between	 various	 model	 ensembles	 to	 better	

estimate	 the	 model	 uncertainty	 in	 our	 projections.	 This	 research	 should	 focus	 on	 the	 actual	

quantification	of	the	increase	in	number	and	intensity	of	natural	hazards.		

	

Ideally	there	will	be	more	large	ensembles	of	different	climate	models	in	the	future	and	will	it	be	

possible	 to	 incorporate	model	 uncertainty	 in	 statistical	 analyses.	 It	 is	 critical	 that	 the	 set-up	of	

these	large	ensembles	should	be	standardised	as	far	as	possible	given	the	time	and	effort	it	takes	

to	generate	them.		

	

Additionally,	 climate	 risk	 information	 should	 be	 coupled	 to	 the	 occurrence	 of	 natural	 hazards	

such	as	landslides	and	floods.	Kirschbaum	et	al.	(2020),	for	example,	coupled	satellite-	and	GCM-

derived	 precipitation	 data	 to	 a	 global	 landslide	model.	 The	 next	 step	would	 be	 to	 include	 the	

information	from	a	 large	ensemble	 in	this	framework	(i.e.	ensemble	used	 in	Chapter	4;	van	der	

Wiel	 et	 al.,	 2019).	 The	 projected	 changes	 in	 large-scale	 extreme	weather	 can	 then	 be	 used	 to	

improve	hazard	and	risk	projections.	This	will	improve	climate	change	adaptation	strategies.	

6.5.	Recommendations	and	outlook	

6.5.1. Observations	versus	models	

The	 question	 whether	 observations	 always	 outperform	 datasets	 and	 models	 is	 debatable.	

Observations	 are	most	 generally	 considered	 to	 be	 the	 truth,	 and	 a	mismatch	 between	model	

results	and	observations	are	most	usually	attributed	to	model	errors.	However,	observations	do	

not	 always	 outperform	 models.	 In	 Chapter	 2	 for	 example	 I	 investigated	 the	 effects	 of	

homogeneous	 surface	 conditions	 derived	 from	 a	 point	 measurement	 compared	 to	

heterogeneous	surface	conditions.	I	showed	that	large	differences	in	outcomes	exist	between	the	

two	approaches.	Additionally,	 there	may	be	errors	 in	the	processing	of	 the	data	or	observation	

stations	may	be	badly	sited	or	have	technical	errors	(McCabe	et	al.,	2017).	

	

A	main	limitation	of	in-situ	point-observations	is	that	they	only	measure	variables	at	one	location.	

In	homogeneous	areas	such	as	extensive	grasslands	the	in-situ	observation	can	be	representative	

of	 its	 larger	 area	 while	 in	 mountainous	 terrain	 these	 point	 observations	 simply	 cannot	 be	
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representative	of	the	wider	surroundings	(as	I	have	also	shown	in	Chapter	2).	For	example,	one	

measurement	in	a	valley	does	not	mirror	the	conditions	at	the	valley	entrance	and	at	the	highest	

point	of	the	valley.	Similarly,	a	measurement	in	a	village	does	not	represent	the	conditions	above	

a	 glacier.	 Additionally,	 observation	 stations	 often	 do	 not	 met	 the	 conditions	 required	 by	 the	

fabricators.	 Data	 quality	 can	 therefore	 not	 be	 guaranteed;	 problems	 with	 measuring	 solid	

precipitation	are	also	well	known	 (Rasmussen	et	al.,	2012).	To	overcome	the	 limitation	 that	an	

observation	only	gives	point-information,	multiple	observations	can	be	 interpolated	 in	space	to	

retrieve	 a	 spatial	 ‘measured’	 field.	 The	 results	 are	however	 subject	 to	 interpolation	errors	 and	

dependent	on	the	chosen	interpolation	technique	(Ossa-Moreno	et	al.,	2018).			

	

Observations	 from	 satellites	 can	 also	 be	 used	 to	 complement	 in-situ	 measurements.	 These	

satellite	data	 cover	 large	areas,	 however	with	 a	 coarse	 resolution	and	often	have	 large	biases,	

especially	 in	highly	heterogeneous	 terrain	 (Immerzeel	et	al.,	2015).	Satellite	products	are	often	

calibrated	against	ground	observations.	However,	as	these	in-situ	observations	are	often	located	

in	areas	of	 lower	elevation,	 corrected	 satellite	products	 can	be	biased	 towards	 lower-elevation	

climates.		 	

	

The	conclusion	 is	 that	 I	 should	not	blindly	 trust	observations	and	automatically	 label	models	as	

the	culprit,	as	models	can	provide	spatial	insights	were	observations	are	scarce,	non-existent,	or	

simply	 impossible.	 Atmospheric	 modelling	 can	 be	 a	 great	 addition	 to	 current	 observational	

techniques	such	as	remote	sensing	and	point	measurement.	So,	for	example,	modelling	tools	can	

be	used	 to	determine	 the	best	 locations	 for	 the	siting	of	measurement	stations	and	thus	be	of	

great	value	in	the	planning	and	design	of	measurement	campaigns.	Models	can	also	be	used	as	

spatio-temporal	 interpolators	 between	 observations	 using	 e.g.	 data-assimilation	 methods	

(Evensen,	 2009).	 The	 need	 for	 observations	 remains	 high,	 as	 these	 are	 needed	 in	 models	 as	

boundary	conditions.	There	is	no	single	approach	and	both	models	and	observations	will	continue	

to	be	required	in	future.	

6.5.2.	Small-scale	process	understanding		

In	Chapter	2	I	determined	the	contribution	of	turbulent	fluxes	to	the	surface	energy	balance	on	a	

part	of	a	debris-covered	glacier.	 This	was	 the	 first	 time	a	 turbulence-resolving	model	has	been	

applied	 to	 a	 debris-covered	 glacier.	 As	 this	 method	 is	 shown	 to	 be	 successful	 it	 would	 be	

interesting	to	1)	enlarge	the	domain	to	determine	the	effect	of	turbulent	fluxes	on	a	larger	scale;	

and	2)	to	couple	the	DNS	model	to	a	surface	energy	balance	model	to	determine	the	energy	that	

would	 reach	 the	 ice/debris	 interface,	 as	 this	 drives	 the	 total	 melt	 of	 debris-covered	 glaciers.	



140				|				Chapter	6	

Current	unknowns	are	the	spatially	variable	debris	thickness,	moisture	content,	and	conductivity.	

Future	research	would	benefit	from	an	accurate	representation	of	these	variables.	

	

Future	 research	 should	 focus	on	 fundamental	 improvements	 to	existing	models	 rather	 than	on	

increasing	the	number	of	models	and	approaches.	Secondly,	input	data	sets	should	be	improved	

in	quality	and	resolution	in	order	to	meet	the	increased	model	resolution.	This	can	be	achieved	by	

using	drones	for	smaller	areas	or	by	the	higher-resolution	satellite	sensors	that	can	be	expected	

and	accessed	in	future.	Additionally,	there	are	great	opportunities	 in	retrieving	3D	observations	

(wind,	wind	 direction,	 humidity	 and	 pressure;	 Knuth	 and	 Cassano,	 2014),	 and	 turbulent	 fluxes	

with	an	UAV	(Reineman	et	al.,	2013).	

	

In	 order	 to	 overcome	 the	 problem	 of	 sparse	 observations,	 observations	 and	 relationships	 are	

often	scaled	to	larger	areas	and	other	climates,	despite	the	fact	that	these	are	often	not	directly	

transferable	to	these	different	environments.	 In	Chapter	2	I	showed	that	DNS	is	a	useful	tool	 in	

the	 investigation	 of	 small-scale	 processes	 (i.e.	 ice	 cliffs	 and	 ponds)	 on	 glacier	 surfaces,	 which	

eventually	can	be	used	to	derive	or	refine	parameterizations	for	coarser-resolution	models.		

6.5.3.	Computational	advances	

Increasing	 computational	 power	 allows	model	 users	 to	 increase	 the	 spatial	 resolution	 of	 their	

simulations.	Such	high-resolution	models	can	serve	two	purposes:	as	an	operational	model	or	as	a	

validation	 tool	 for	 coarser	models.	 To	 determine	 the	 performance	 of	 current	 relatively	 coarse	

resolutions	 it	would	 be	 interesting	 to	 compare	 these	 results	 to	 a	 higher-resolution	model.	 For	

example,	 one	 can	 run	 a	 LES	 for	 a	 whole	 catchment	 and	 compare	 these	 results	 to	 those	 of	 a	

catchment-scale	 model	 such	 as	 WRF.	 If	 such	 simulation	 shows	 that	 the	 coarser	 resolution	

provides	 enough	 information	 when	 compared	 to	 a	 higher	 resolution	 model,	 time	 and	

computational	power	can	be	saved	in	subsequent	simulations.		

	

Due	 to	 the	 increase	 in	 computational	 power	 large	 ensemble	 modelling	 is	 currently	 possible	

(Chapter	 5)	 and	 adds	 valuable	 information	 about	 the	 uncertainty	 of	 modelling	 results	 and	

possible	 changes	 in	 magnitude	 and	 frequency	 of	 extreme	 events.	 However,	 those	 large	

ensembles	 are	 still	 rare	 and	 usually	 based	 on	 a	 single	 model.	 In	 order	 to	 also	 cover	 model	

uncertainty,	multi-model	 large	ensembles	should	be	analysed.	Considering	the	effort	 it	 takes	to	

make	such	a	large	ensemble	(computational,	time	and	data	management),	it	would	be	beneficial	

to	 use	 the	 same	 set	 up	 and	 assumptions	 for	 each	 future	 large	 ensemble.	 Only	 then	 does	

comparison	 between	 large	 ensembles	 become	 possible,	 and	 ensembles	 can	 be	 used	

constructively	in	inter-comparison	studies.	
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6.5.4. High-resolution	insights	in	coarser	resolution	models	

One	 of	 the	 main	 challenges	 is	 to	 translate	 high-resolution	 feedbacks	 into	 coarse-resolution	

models	 and	 how	 to	 achieve	 that.	 Examples	 are	 clouds	 and	 snow	 processes.	 It	 is	 currently	 not	

computationally	 feasible	 to	 run	 large	areas	at	very	high	 resolution,	and	 in	order	 to	 treat	 small-

scale	 processes	 over	 large	 areas	 they	 need	 to	 be	 parameterized	 in	 coarse	 resolution	 models.	

Parameterizations	used	in	coarse	resolution	models	can	be	derived	from	high-resolution	models	

(see	 6.5.2),	 observations,	 or	 fundamental	 relations	 and	 are	 therefore	 key	 in	 coarse	 resolution	

models.	A	problem	is	that	high-resolution	parameterizations	are	not	directly	scalable	in	space	and	

time,	since	 they	are	made	 for	a	certain	 resolution	range	 (such	as	 the	occurrence	of	clouds	and	

turbulence)	and	need	 to	be	handled	with	care	 (Beven,	1995).	 	 In	Chapters	2	and	3	 I	 show	that	

short	 duration	 and	 high-resolution	 simulations	 can	 be	 used	 to	 understand	 small-scale	 sub-grid	

processes.	 By	 comparing	 these	 high-resolution	 insights	 to	 coarse	 resolution	 models	

parameterizations	can	be	developed.	

	

Current	model	development	often	focuses	either	on	increasing	the	spatial	resolution	or	including	

more	 complexity	 in	existing	models.	However,	 considerable	 improvements	 can	be	made	 in	 the	

fundamental	understanding	of	small-scales	processes	and	responses	 (i.e.	 sub	surface	soil,	 snow	

processes,	sublimation	and	evaporation),	as	these	are	fundamental	for	large-scale	patterns.	This	

would	also	prevent	the	 inclusion	of	more	uncertainty	to	the	model	rather	than	adding	detailed	

information	(Orth	et	al.,	2015).	

	

A	next	 step	would	be	 to	determine	how	 these	processes	 can	be	 included	 in	 coarser	 resolution	

models.	Machine	and	deep	learning	can	be	used	for	a	better	understanding	and	representation	of	

small-scale	 processes	 in	 the	 hydrological	 cycle.	 This	 approach	 can	 be	 applied	 to	 very	 high-

resolution	model	 results	 to	 learn	 from	 these	 simulations.	 This	 can	 be	 done	 by	 downscaling	 or	

finding	statistical	 links	between	results	of	high	and	coarse	resolution	outputs	(Holmstrom	et	al.,	

2016;	Krasnopolsky	and	Fox-Rabinovitz,	2006).	At	a	later	stage	a	machine-learned	algorithm	could	

be	 incorporated	 in	 a	 coarser	 climate	 or	 hydrological	 model	 to	 obtain	 a	 more	 accurate	 and	

computationally	 less	 expensive	 model.	 As	 with	 current	 parameterizations	 people	 should	 be	

careful	when	 applying	 the	 algorithms	 in	 a	 changing	 climate	 as	 the	 process	 behaviour	may	 not	

persist	into	the	future.	However,	with	information	from	machine	and	deep	learning,	the	current	

parameterizations	can	be	revisited	for	refined	spatial	resolutions.		

6.5.5.	Integrated	approach	

This	thesis	provides	new	insights	into	high-altitude	climate	dynamics	and	its	interaction	with	the	

cryosphere	at	various	scales.	It	uses	interdisciplinary	methods	from	the	fields	of	atmospheric	and	
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cryospheric	 sciences	 in	 order	 to	 fill	 the	 gap	 between	 those	 two	 fields.	 A	 suite	 of	 different	

atmospheric	models	is	used	to	overcome	the	scale	gap	between	individual	glaciers	and	HMA	as	a	

whole.	Results	from	finer-scale	models	are	used	(Chapters	2-4)	to	obtain	insights	into	the	nature	

of	high-resolution	processes	that	are	usually	parameterized	in	coarser	resolution	models.	

	

The	 coupling	 between	 the	 atmosphere	 and	 ice-interface	 should	 be	 the	 first	 focus	 of	 future	

research.	 The	 atmosphere	 drives	 cryospheric	 changes	 since	 the	 surface	 energy	 balance	 and	

precipitation	 drive	 glacier	 accumulation	 and	 ablation.	 Fully	 coupled	 models	 including	 the	

feedback	from	the	ice	to	atmosphere	at	high	resolution	are	needed	to	truly	resolve	the	complex	

response	 of	 the	 cryosphere	 to	 atmospheric	 perturbations.	 Satellite	 products	 can	 be	 used	 to	

identify	 regions	of	 change.	However,	 in	order	 to	understand	 the	underlying	processes,	 coupled	

atmosphere-cryosphere	 models	 are	 needed.	 Moreover,	 cryospheric	 change	 itself	 impacts	 the	

lower	atmosphere	and	 therefore	 the	micro	and	meso-climate.	Coupled	atmosphere-cryosphere	

models	may	therefore	be	key	to	our	understanding	and	prediction	of	cryospheric	change	under	a	

warming	climate.		

	

A	 more	 interactive	 approach	 to	 solve	 cryospheric	 problems	 is	 required.	 The	 atmosphere	 and	

cryosphere	are	dynamically	coupled	and	feedbacks	vary	across	regions	and	climates	(Chapter	4).	

This	 indicates	 that	 simplified	 relations	 derived	 at	 one	 location	 cannot	 be	 transferred	 to	 other	

regions	without	consideration	of	the	climatic	differences.	 	There	are	many	feedbacks	present	in	

the	 climate	 system	 that	 should	 be	 represented	 in	more	detail.	 The	 increased	need	 for	 a	more	

integrated	 approach	 is	 also	 in	 line	 with	 the	 increasing	 model	 complexity	 that	 is	 generally	

observed	 today.	 A	 better	 integration	 between	 the	 disciplines	 of	 meteorology,	 glaciology	 and	

hydrology	is	considered	to	be	essential	in	future	research.	

	

It	 is	difficult	 to	 link	different	disciplines	as	the	development	of	most	available	models	 is	usually	

led	by	one	single	discipline,	and	the	processes	related	to	the	primary	objective	of	that	study	tend	

to	 be	 best	 represented.	 The	 processes	 and	 feedbacks	 of	 the	 secondary	 discipline	 are	 often	

treated	 as	 static	 input	 fields	 or	 boundary	 conditions.	 For	 example,	 in	 atmospheric	 models	

cryospheric	 features	 are	 often	 simplified	 (glacier	 is	 a	 static	 land	 use	 option),	 while	 in	 glacier	

models	the	atmospheric	forcing	is	often	reduced	in	complexity	(daily	or	even	seasonally	averaged	

values	as	forcing).		

	

Future	 research	would	benefit	 from	 fully	 integrated	models	and	 I	argue	 for	 increasing	effort	 in	

developing	these.	A	good	step	forward	would	be	to	couple	models	interactively	to	increase	model	
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complexity	 in	 the	 correct	 manner	 (i.e.	 Collier	 et	 al.,	 2013).	 At	 a	 later	 stage	 more	 refined	

parameterizations,	 or	 explicit	 modelling	 of	 processes,	 can	 be	 implemented	 -	 if	 computational	

power	allows	it.	Fully	coupled	models	need	to	resolve	various	scales,	and	a	full	understanding	of	

processes	 and	 their	 interaction	with	 other	 processes	 is	 required.	 The	 first	 step	 is	 therefore	 to	

understand	small-scale	processes	and	feedbacks	across	different	spatial	scales.	The	second	step	

would	 be	 to	 integrate	 these	 small-scale	 processes	 as	 parameterizations	 in	 coarser	 resolution	

models.	

	

This	 two-way	 coupled	 model	 approach	 (e.g.	 glacier	 surface	 temperature	 as	 affected	 by	 air	

temperature,	 and	 vice	 versa)	 would	 give	 a	 better	 representation	 of	 reality	 and	 would	 reveal	

interactions	 which	 could	 not	 have	 been	 studied	 with	 one-way	 modelling.	 Secondly,	 these	

integrated	models	 can	 give	 insight	 into	 the	 importance	 of	 individual	 components	 in	 the	 larger	

system	by	performing	various	sensitivity	 tests.	This	 insight	 is	very	valuable	as	 it	determines	the	

focus	of	further	model	development.	

	

In	 this	 thesis	 four	 case	 studies	 are	 presented	 and,	 for	 all	 their	 range	 and	 variety,	 give	 only	 a	

glimpse	of	what	can	be	achieved	with	atmospheric	modelling.	Advances	in	atmospheric	modelling	

are	shown	to	play	an	 important	 role	 in	 improving	 the	understanding	of	 the	water	cycle	 in	high	

altitudes	and	complex	terrain.	As	one	example,	precipitation	 is	 the	main	 input	and	yet	also	the	

main	 unknown	 in	 the	 hydrological	 cycle	 in	 High	 Mountain	 Asia	 (Immerzeel	 et	 al.,	 2015).	

Improving	 our	 understanding	 of	 the	 current	 climate	 would	 be	 a	 major	 step	 forward	 when	 it	

comes	to	making	adequate	projections	in	future,	and	good	projections	are	all	the	more	necessary	

as	we	face	a	rapidly	changing	climate.	
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Appendix	A	

	
This	appendix	presents	the	most	relevant	results	of	a	sensitivity	study	to	the	Reynolds	number.	

With	this	analysis	we	demonstrate	that	the	results	in	the	main	text	do	not	change	when	halving	

the	Reynolds	 number.	 To	 provide	 an	 intuitive	 insight	 into	 this,	 Figure	A1	 shows	 the	 computed	

surface	 sensible	 and	 latent	 heat	 fluxes	 for	 both	 simulations.	 This	 figure	 clearly	 demonstrates	

nearly	 identical	 patterns	 and	 magnitudes	 of	 the	 surface	 fluxes.	 The	 similarity	 can	 also	 be	

understood	from	scaling	arguments.	Over	a	rough	surface,	the	wind-driven	surface	fluxes	can	be	

approximated	as:	

!"# = ! ∙  !! ∙ !!" ∙ ! − !! ∙ ! − !! ,	

!"# = ! ∙ !! ∙  !!! ∙ ! − !! ∙ ! − !! ,	

	

where	ρ	 is	 the	 air	 density,	 cp	 specific	 heat,	 Cdh	 and	 Cdq	 the	 exchange	 coefficient	 for	 heat	 and	

moisture	respectively,	u	the	wind	speed,	u0	the	wind	speed	at	the	surface,	T	the	temperature	and	

T0	the	temperature	at	the	surface,	Lv	the	latent	heat	of	vaporization,	q	the	specific	humidity	and	

q0	 the	 specific	 humidity	 at	 the	 surface.	 In	 our	 case	 both	 simulations	 have	 the	 same	 boundary		

	

	 	
Figure	 A1:	 The	 averaged	 sensible	 (left	 panels)	 and	 latent	 heat	 flux	 (right	 panels)	 for	 the	 REAL	

experiment	with	 a	 viscosity	 of	 0.2	m
2
s
-1
	 (dx=1m;	 upper	 panels)	 and	with	 viscosity	 of	 0.11	m

2
s
-1
	

(dx=0.5m;	lower	panels).	
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conditions	for	temperature	and	humidity,	and	resolve	nearly	identical	atmospheric	fields	(Figure	

A2).	 As	 atmospheric	 profiles	 are	 identical,	 the	 only	 place	where	 low	 Reynolds	 number	 effects	

could	manifest	is	via	Cdh	and	Cdq,	and	therefore	in	the	magnitude	of	the	surface	fluxes,	yet	Figure	

A1	shows	that	this	is	not	the	case.	

	

Further	proof	of	the	independence	of	the	bulk	quantities	(profiles	of	means	and	variances)	can	be	

found	in	the	streamwise	spectra	of	specific	humidity	(Figure	A3).	The	additional	variance	that	is	

resolved	in	wavenumbers	>11	does	not	contribute	significantly	to	the	total	variance.	This	can	be	

visually	inferred	from	Figure	A3,	as	the	total	variance	is	the	area	under	the	graph,	and	the	newly	

added	variance	is	invisible	to	the	eye.	

	
Figure	 A2:	 Total	 specific	 humidity	 (left)	 potential	 temperature	 (right)	 profiles	 for	 the	 REAL	

experiment	with	dx=1m	(black),	dx=0.5m	(blue)	averaged	over	the	simulation	hour	and	their	initial	

profiles	at	t=0	(grey).	

	
Figure	A3:	Energy	spectrum	for	the	total	specific	humidity	at	65	metres	above	lowest	point	of	the	

topography,	 averaged	 over	 the	 simulation	 hour.	 Shading	 indicates	 one	 standard	 deviation.	 The	

vertical	axis	is	pre-multiplied	with	the	wavenumber.			 	
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Figure	B1:	The	effect	of	 the	FAO	 landuse	 (the	difference	between	 the	model	 results	using	FAO	

and	default	landuse)	on	the	averaged	surface	moisture	flux	per	day	(upper	panels)	and	averaged	

wind	speed	per	hour	(lower	panels)	for	the	winter	(left	panels)	and	summer	(right	panels)	period.	

The	 thick	 black	 contour	 indicates	 the	 catchment	 outline	 and	 the	 thin	 black	 lines	 indicates	 the	

altitude	of	5000	meter.	
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Appendix	C	

	

Figure	C1:	As	Figure	5.1	but	now	for	individual	regions.			
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Figure	 C2:	 The	 empirical	 distribution	 estimate	 of	 daily	 averaged	 temperature	 for	 all	 events	

occurring	more	than	once	a	year	(left;	only	events	with	return	period>1	year	are	plotted)	and	the	

tail	of	the	distribution	of	all	average	daily	temperature	(right)	both	for	1	pixel	(90.25E	30.25N).	

The	gray	dotted	line	indicates	the	1	year	event	in	different	climates	and	makes	clear	the	3C	world	

(blue)	 extremes	are	 located	almost	 completely	out	of	present	day	extremes	 range	 (black).	 The	

severe	increase	in	daily	averaged	temperature	is	a	result	of	the	average	temperature	distribution	

in	different	climates.	
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Figure	C3:	As	C2,	however	now	for	daily	precipitation	sums.		
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