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Editor decision: Publ i sh subj ebcyt Beonjmaimionr Sneivtihsi o

Public justification (visible to the public if tF
Thanks to the author s hfeorr etfleaiere st. hdrto lsgehe ntse s ppo mseee

the referees are handled well, and that the aut
manuscript. I will take care of the final edits.
Additional private note (visible to authors and r

My two recommendations for revising and submittior
(1) When explaining the choice of <calculating th
conditions at the center of the hodevyi gihen atud hloirr
11-115:

"Note that the heat balance at the CH bottom sho
northern and southern edges. I n this study, t he

calculated for simplicity.

t uwd be reasonable at this point to provide sor
response to reviewers, or at | east to point aheadc
the variation in illumiampleoen tkidikentyemme mmpiog h te
"Note that the heat balance at the CH bottom sho

bet ween the northern and southern edges. We de mc
variation i sctnoort ian dtohmd ndaenvte Ifapment of CH, as i s
the bottoms of CH are generally flat. Therefor, f

he center of the CH bottom"

—

Second, I noticed that htilgd dq hhaloiutgyhoaft tthe BEraqgluisch
so in the highlighted text presented in the respo
correctly, but the way that they ar e hvarti tttheins itse xa

has been edited before resubmitting the manuscrirg

We would | i ke to thank yocuh eocekr y mauidels cgil oapdt ttahkai tn gy ot
accept our ree @ fWe thavtieheheda it hkbyr evi Werde qgouaemnsu secdr i pt
Engl i sh ptrooif mehaamiaddg t gehvwei sed marmmacasicpti ptsdhas be
chechlyeda rEatgilvies h Re dd atkddei . ned4 1% 1Ilpat hreeocfo mmended
sentsbasemewmB8et 40n ne 3 1)RWO7 e x pyl aven odw btith es isteinvi t vy

t estfiol e edges teeX)pe CH depth (



Li ;01 1:2
I f the melt rate at the CH bt thom itsh eg rCeHastdeerp tthh adre
and vice vers® afthei Emyils ad peepdaet abedi rFiotri al con

smplicity, we assume the heat balance at the cent
bott om.
Li 580-31 2

| niY-ex pwe asdunedd E@ndl Oy Obalndd Sftdasschown in Tabl e
respe.Bteicvmadsiied wh ot cloingle fdirccant th Biewat er ismurtfjmee eCH
evaldt&tee r ef r asd saé o 8 i atsifadl F—=fix)g0 s i vnagr ii mwcs dexn(—.)angl e

Al t hchuweghhetat bal ance at the CH bottom should var)
bet ween the northeawgsamddsbebahebahadgesdnkt WeaCHt b
for the modké edfmaedibdtdigoene nits elvanh —ia—a@ x).dnb—

expnh—e x,—an—cal cul at edweimne g livectetseallesiesiwma b | e 3

respectively



RC1: "Comment -2@dm,BAe g(uYsupkhi ehriek 0o Onuma et al . ) "', Davi

|l 6d | i ke to thank the authors for their efforts
which is well presemgietdi wil toywge wp e hi mesrtfsiland s ome
point out , changes in cryoconite Haesloe tdyrsamiscsan
i mportant topic, given that SMB -levehecofittihkeutkie
i magine this model could easily be driven by &eit
usef ul tool for investigating how cryoconite hol
anywhere in Greenland or isdreeat Aoharaetitcywpigealnh
(which are already available for many pl aces).
hydrol ogy (changes in water storage) and ice surf

The model calcul ates ctangerg enehgyebadlepnbe byt col
Val i dation with some field observations yields an
as we would expect.

There are two important aspects whulkelhi dattihamk qiew
the application of this model in regions with ger
the major revisions box, but 1 édm hoping itds not
there are somei rmingoradpdaitntosnardeqgu ari ficati on, an
editing by a native English speaker as there are
which are a |ittle hard to follow. Ayatra ffololmow.he
|l &m not very wup to date with the relevant I iterat
not in relation to other recent worKk.

We would I|Ii ke to thank you very muchSifrchee t aki ng

cryoconite hodcaeculmbded drCirwddm )y ydeinmatome tmaeeé | out
has taengo al-t gdmp ogpaatlay@ali edo reduction CHused by co
Greenl andunder Sdhleiedactceo r d i sguyeEge st iyoonus afnrdomanot her
revi wee hmraocei f i edoddwdgrhetdnyduct ed numeri cal simul at
seintsi vi ty ,anRrrdewvwii aned ttshTeh emadneutsacirliepdt .our responses t

as bel ow.

Maipnoi nt s

(MIRefraction is not considered when the direct SW



that would change your conclusion that the diff us
I f the zenith anglee(refthetibve)i ndi tbsetafaai and

n w = 1.33, then the zenith angle in the water (t
n_a * sin(theta_a) = n_w * sin(theta_w).

This is worth considering,irmsiaicre oatred amge56dft @
would become 38 to 48deg in water, so itéds much
centre. You might also want to consider reflectio

Refraction al ong etediteert)r apmastmiway dwdqulid al so be w«
i magine would be harder to implement.

I think it would be quite easy t-wahdjuseftaet mod
hopefully not-ranl theoplswdiwikengasicesieet sf this is i
Thank youwrf corotmmeistisyeu p,oimiwveadresnfurtacti on of I
mi gihntcr ease the amount dcCfHhebtam eadnawhen trtkekachholin
ilsargevhi | e t hewooupde o1ir t Bwéed il bertcibgfh he wat eedsoebface

t he amfo utrdtadthhCeilbgot t om. Since t hese t wioite fdiefcftisc wWletp
toncor per ddefe ttt thee ared rraecfit Indoant d jhew hino @ sslinnoutl at e water
| evel. itovwdds eaddi t i onas dnys ictotnedhseoylt etdetsiteaaxxdp e (

tdi stheefsf eczeaft omanhplkee THedeppshowedtamhiseol ar zeni t h

angl e hasiCHl yl éanft foeapste( Fi PuTrei s i s probtadliyedte to
compomfendownward shor trwaadethe aGHaboonhomafidrosn t he h
suchsictmlse i eguadd ihsea | ar zeni t h aiiglded ghon eBnbglglew t i agg
t htatceont ri butgihon it dfr oangdt @m r bt oou nCdHai rdye ficfi heNet a d d

the result and diassc uassslikolme ienx pSleacrtatoinomb.a&2bout t he s
4 The r efnraayc thiaoviee e $ eder ed t o gslionbualaltyehsbGeHaaduespet h

eni t hsamegibieemeodw 2 altdstuwcdhe sasTAsEs apoi nt has been r .

g1 N

.4 as<hfawtd emge

RegaroduirngconclCiisi eemndhato decay and develop in t
di ffuse componwat ldaiwecal bdeedii wd vt hg CtHhsdiept watve
adiationi achppoa@gmnidgehx pfioggur es Bb Bhd 0LOvi sed mani
showetdheh&s$t ot ednedv et ldg fWwhiesre compohenthe ssdodi eangl

-

—

her esiigsninfo cant difference between the direct an

even at the time of mer i diFanglLfraemad siilni ctihne trheev i sswem



manus.crieptrlesul t gsluddestsrcomptoinedléy r emadkesn CH bo:
the direct compondrmti si matyhde estomadi ed dlhaciremsons v
contributes to CH devel opmefiftexryehbhae dellan hehe ediut
ofY Oexp ™Mb xipn t he—ba@gBeglyr ehnel di scussion in Sect.i

L i n2e9s218:

We conducted tsoenasssdsws ttyheees@mtsa eiprwhuty ddta and
constants, s uc hY-eaxsp )a, i rr atdei napt éVreamt pupr ;emp(a ® &ixpy , dept h
hole dW%wamp) era( bedo | aetx pp)h,e alchee dsau raFeaxghehesk tCiHn dtoit d ro |
coefficieltexpgf adit-edapf)f (urssedil(atr i ae—e x,mnalegi €h (
anglfe the edge from th—epfidabbeeRpt RiSti del2, bion t D01 4
was used as the conseons$i teixypiptpy medbhtes o@@Gtglbs of t 1
parameters, which are summarised in Table 3, wer ¢
2)The extincti opgregpedadnideeirednt i fend | € p hymicngpr s of
0.1250t0he origimlTheal fasaWwaesaasgmedr biyng to the diffe
the spectral flux extinction coefficient and ab:
refractive iFn@exiyefpypurses sucmefd(Eq@and{O®) Obealnd n
Sd 8ttdsshown i,n MTadppReda edddywr ot cloingh fdreant ti é e
aiwat er isnurtfaecceClldt @ eer ef r & ¢sae nosniateidvfi—tey)@ s i ng
variioecs dest—).Adn dildeeg thetat bal ance at the CH bottom
of the hol e, particularly hetawsametdhéaemar thbtad am c &
tecentre of the CH bottThm fedff edihéed gl kil s sé wmalll md ti &
chan (—@x)pn —expn—ex,—an—cal cul atedwemephacmnddel
wit hveal sikrcwiablrees3pecti vely

To quantify the four components o ,¥hoYtwave rad
an®d )fdodrifferent CHdegpdimktdifemeweerconducted t wo sen
(Y Oexp ™Mbt x,p respeclBadadmidylOoc al ti nedi otah e OtYi rhe of
meri di aamnd nmigght stuhnkemer )s ol 0iI1Ged ePphd and di ameter
frdn0 65 imY Oexp and.1G OB immY %eXx,p r especlthievely
di ameter and deptOhB0weY ©e ap s0alddidny %@ Xxpe respective

The other model const &«nd>sp were the same as those

Li n253@:

The sensitivity experiment regéeY-axpgogsdisheasshort w
CHs t endartdbe viedloegpyh e dndliefct o mp onemné s pa&rdéoind enlayn,t
(Fi9mp)Wwe t hen compared the contributions of each r



during t ha&p enxipkeidr. memdl uenhelse CH bottom i s more acc
di ffuse cYompYonentr a(t her than (tYhe Ydi ) ectexcempoIfen
shall owi ng ndetphteh ncoadseel., t he direct compleme@lH of s
bottom only when +he smbhhlireret-h@hi ghgle€amd dggq. 1°¢
it is transmitted through—tamedriaregddbtforh@mdp posi t ¢
8t 8Aduring the sitmuel asttiudn epdesrgileadhiieetreli y eetach o mgonen
the CH bottom tf wase ithmiFthegds esehsiilhaat t here is no si
di fference between the direct and diffueé& compon
meridian transit in the summer sol stthGellebostugmest. i
morfa equemtnl yt he direct comploonemwmesi hgahe bBeadi Edux
bottom by shofrrtawmheonenatihaboiughwedatidi i cemphlred t he

contributions of each radiatRiotnpgcempome@agbBr eeachi
depit btareadi ao mpobhemdanesdnitcugh ice (Y tYe)widHhs bottom
greatemhet haoimptoimeematchi ng the CH botifromYfyom t he

wheOH deedl dPY2 088 1,3 meaning that t @&adnesdnli todnu gcho mp on
i cacrael smportamieat ombal Gldbcoetn(iatd Xhwerther discussion r
shortwave radiation transmitted throughout the ioc¢c

Li ned44 22

The sensitivity experi —enxtps—mwmalpar duggetshethani dh
in the zenith angles have thetl ast athtea echavembarrcd H
shortwave radiation always rea— mnjJ —telxep GH olwatdt om
t hat CH dept — wwmist hs ha |l h iogvle & r, o0 (i gaon —e)XmEcrease
showed that CH —ep&shswi lralgl 6 @yweér Not abggesthe e
thaot—man—hardly affawove®HLiId&E epehowe pPpgctiSnel |l s | :
st at etshcet hectct component of i nci dentiwartaedri ag u rofna cies.
Accor dtihnigsthttoamwe f r act i on anAslmea ltilseama ptphied R i—mabelhy e2 0
therefore the deéeréecwnwamposkoatt wdved hradi ati on mo
bottom from the hole mownhhhitkddfbfweote rlCeHcsa—sghae h e f r a c t
al wgyseat BBatthhea nsltautdiiteddehough CO yaHohceeat cal af eshe C
bottom—w imag differ at the northern and southern
zenith angl es edfgetshkd CHli —fo—afnr e mg gCeHs tdse ptthhati s
t e mpiglr auwomi fonr mhe nosrauhtelrenr aneddges of the CH botto
| i kbeelcyoumreisf or m again oVvVC-expi mendeedr dimg s$iomul at e

adi ff—rceomtverged within appr pAirppati ®luys tswadweeskg g



t hseur f a c@H obfodtthoent e-g b o p bi nsgofmind ddouremeé toer ogpadeatisB on
reaching ti€oCK botBicmus20d®de.casipueys e u dii dace €

bel ddwnsio weelsrtespedita velfgctehlwo tCiHogohé mainnf orm on such
gendgdutlhompg. i ce

Li n e/648 4

Our model doesenbdbecltinodiemiie@liksh on t he ChHbatt bml ance
because a quantitative understanding of the mech:
effecti hgwathen i s i nisiufdwactiieen ti.n SUHsh hnea yh eaaftf eecx ¢c h a
bet ween the atmosphere and CH bottom. Heat exchart
water sur fAdder tngaht €Hsl ev el in CHs is not estimat e
t hr alhagiwat er surifeanclei kienl yCHso af fect CH depth in th
regar—exm. However,i dttntrreifbruatcet i toomi Milw edre vle & toip tme h &
regssamh as As$senal,arwhzeernei t h anrpltehra ns ttdipeagtindiifoinrceagnt |y
I n addition to the refraction, thaemduwenctt amfc es hadr ttvha
radi ation r eacTha nsgi mihlea tCH MH td epf k< t g Ineaflyea thtagrre D wec |
incorpofCatyéld.into



o
=]

9 — +3K
Q -
£=01 +2K 0.30
o £ —— +1K 0.25
- — +0K —— 0.20
gao02 1K 0.15
0T — 2K — 0.10
>
G 031 a) Ta-exp — 3K f) a.-exp — 0.05
0.0
Q
o
c 0.1
uE —— x4.00
== x2.00
9 %02 —— Direct — x1.00
QT —— Control —— X0.50
S 031 b) Rs-exp —— Diffuse d) Kq-exp x0.25
0.0 :
@
[e] N
o E : 0.05 m —— x4.00
:;::l f, — 0.10m %x2.00
8 %OZ 0.15m — x1.00
2T — 0.19m x0.50
G 031 ¢) Do-exp — 0.20m h) Ks-exp x0.25
0.0
) , — 75°
o __ —— 0.01m —— Control
<£To1
v E 0.03m 60°
== — 0.05m —— 45°
gao02 —— 0.07m 30°
2o 0.09 m - 15°
O 031 d) ®-exp — 0.11m i) 0,-exp — 0°
0.0
o — 15°
=01 — 0.30 30°
0o E" 0.40 — a5e
-‘éﬁ 0.50 —— Control
S %02 — 0.57 60°
9o 0.60 — 75°
> : .
o 034 e)ajiexp — 0.70 j) 6.-exp — 90°
190 200 210 220 230 190 200 210 220 230
Day of year Day of year
yory

Figure 9:Sensitivity experiments of the tempordianges in cryoconite hole (CH) depth to model
parameters and meteorological conditiatsSite 2in 2014 (a) Air temperature Y -exp), (b)
shortwave radiation'{ -exp), (c) initial CH depth@ -exp), (d) CH diametef4gexp), (e) ice surface
albedo( -exp), (f) cryoconite albedo (-exp), broadband flux extinction coefficient of ice the

(g) direct componentl( -exp) and (h) diffuse componetit ¢exp), (i) solarzenith anglé—exp), and

(i) zenith angle othe edge from the centre of the CH bott(—+exp) Black lines in each figure

indicate the control experimeri Geaxp).Note that lines for 15, 30 and 45° in the bottom right panel

in (j) are overlapped with the line for Control.
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Figure 10 Daily mean temporal changes in direct and diffuse components of shortwave radiation
reaching the cryoconite hole (CH) bott@m2014 Blue and red lines indicate the directdfRRstwd
anddiffuse (Rt Rsitc) components ir4=| {-exp, respectively. Black line indicates both component of
shortwave radiation @+ Rsiert RsactRsiic) in Ctl-exp. Grey solid and dashed lines indicate the
radiation components reaching the CH bottom from the haath (Rat+ Rsiad and transmitting

through ice (Rt Rstic) in Ctl-exp, respectively.
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Figure 11 Sensitivity experiments of the cryoconite hole (CH) geometryherirect and diffuse
components of shortwave radiation reaching the CH bottora,fogr@H depthand b, d) CH diameter
Red andblue barsin the figure indicatehe direct and diffuse component$ shortwave radiatign
respectivelyLight redandbluebarsindicatethedirect and diffuse componermiagshortwave radiation
transmitted throughout iceespectivelyThe \ertical axisrepresentshefractionof direct and diffuse
components against tihecoming shortwave radiatiat the ice surfacg00% at the ice surface). The
ratios were derived fra numerical simulations with different CH depth or CH diametetaynof the
year (DOY)172in 2014. The meteorological conditions for the simulativaseassumed to be those
at13:00local time(a, b)and 1:00 local time (c, d&)n the date used for Gkp.

(2)Only melt at the hole centre is considered. TAh
measurements were collected at the centre. Howeve
and round quite | ow bhethbhentskg i nevpltadsibtel yl
outer parts are illuminated directly for several

be the northern and southern edges of ther hole b
these |l ocations, with a simple adjustment to the



actually quite uniform across the bottom of the
would compare wel |l Iw tbhottthoemsg eannedr awd uyl df | sautp phoor t t
applied to the centre and not the edges. This is
is dominant then the melt rate shoul d bte hgausi t e un
been underesti mated then the melt rate could var.y
I f the phenomenon poi nt éséu rofuddebly oatrihditelr iecvk reevsess 0
of the cryocowoonuiltde-wiren f.Wén erg th@h @ otnninficcrg spe@esi ti ve
feedback, trh&$ulbtoibregp mgn fauwntihfeBrr mvi ous study sugge
topoloagnciatli ons af f exst ewpsal hCHi (poirkedent.Hadwvey el 018)
tdef fect shoubec &@dsoebesglrivdgieb ISenu dwlear g | diséed o w

SAwe f écark he bGHLt om

Todi s ¢ heefsfset he northern andCHKboouttohoent thnh ee J@QHwsd eoft it h
al so cameucsteerxd i ti vity zteemdtt hofantghe O©OH dept ledtge fr
CH bottexhe experi menthashoweadaftieratt s CH @@pth in
degrees9i hFitder € ev ) Fleele maintuiswirtiy tt eisrti toif 80t hcee pCtHh d e
exX)puggtelsat the CH bottom is relatively accessi bl
shall ower depthsesahdi ngcienvehat thAlet CHuGgHe pttthe ¢ on
depniahy be a t-amp®doptahney innoornt hern and sout h€EHme edges
d e pitsh kuenliyfaogramivre r t i me .

Thabove hppaengdms descrisbhbead@nd . Re®acdiomg t he revised
ph ease see @Qourr engap on sl @cctoohd jotnw é2d B2a ¢ € htateel mo d e |

cal culhhmeeets bal ance at ¢®Qo)re of the CH bottom

Reference:

Cook, J. M. , Sweet, M. , Cavalli, O., Taggart, A.
cryoconite mor phodynami cs and car bon exchange,
httpoir/g/ddi.. 1080/ 1523028082017 .1414463

Li ;20112

I f the melt rate at the CH bt thom itsh eg rCaHastdeerp tthh are
and vice vers® atbhei €myils ad pepaéeit abedi rFiotri al con
smplicity, we assume the heat balance at the cent

bott om.

Li 58031 2
| niY-ex pwye asdunedd E@ayndlOd Obaealnddah Sftdssehown inh Tabl e


https://doi.org/10.1080/15230430.2017.1414463

respe.Bteicvaadsiied wn ot cloingle fdiecant th Bivat er isrurtf jmeeeCH
evaldta&tee r ef r avd saé o 8 i atsifadl F—=fix)g0 s i vnagr ii wcs dexn(—.)angl e

Al t hdhweghhetat bal ance at the CH bottom should var)
bet ween the northesawgsamddsbaebhebaheadgesdnt WeaCHt b
for the modké edfmaedibdtdigoene nits elvanh —ia—a x).dnb—

expnh—e x,—an—cal cul at edweimrne g livectetsrallesileciwma b | e 3
respectively

Ot her points.

Hol e widening: | dondét thinktheéidci nectspeamgiorantl y
to hole diameter (because of shading) so itbds cel
this first version of CryHo. Later versions shou

the di ameters.omes ptotsi ti ve feedback? As the hole g
wal | gets illuminated, presumably causing furthert
area for turbulent heat transvwleirl g ntohhd nwaltlh ec iarrcu
for melting only increases linearly with diameter
Could that explain how cryoconite holes can somet
wi deni ng mi ghotl | miptsiegatt o some extent, i f it can h
Our sensiti Wwetx)p ugxgEekstatidané m & rh@nd ece diimmet er has | it
hole .Bept hepgrmowiegusugg e@st e sahmaattseCidn ao rGH | cad retdh t o

(Gri bbon, 197 ;00 €o ¢fRglr In2ulil T2t rerda | energy directed t
Howe hiesr ,o0bsiem vitalh € oAb 0t gtehgahesg iCdHn ids amet ec otrree |l at ed

CH depddr rbault atheed tvhiitckk ness of crlylherosmfidree,att hheh ep C
feedback suggestsgend ittkgecl ¢yme. trheev io@dheekr (h2ah1d2) suggest
a portion of the a@arbysoa dreidt a aadti athenCH nbdtteom coul
and t hen me.IBtyi nchoer ploHe aweaf Ithllg eatt eatad Vwelalt as sensi bl e
t he wat@Hdd a merited Cewmplor al oChHHd n g prait @hrtt hlre cal cul at
The discussi on ramdhlted { a gladhse eedsecea dnbbascdie .ta2n a n

5.4

Ref erence:
Cook, J. Mi crobially mediated carbon fluxes on
Uni versity of Sheffield, UK, 2012.

Li N2 %3 &

Fi gulhssuggests no significant difference in the to



amongitffecireemdaee bsgu, p pdorhttéienx g rlensdweletd., no signi fi cant
bet we€Hdeaphteh aniadi maenéGefrdbrmd CobgBeRBalnRei ncr ease

i €H di aamdtmemse direct shoetwhvéehep&#labibovwe ofimeedbac|
the CH devel oppmewetwveirs poshi bikoecicuac kb ecause Figur e:
d suggmses tt hdeifaftf use component of the transmitted s
boma®. 01 tnhnd e®dM®.rIMi n di.amet ber mor eCHdehea hodb ser ved
di amsigni ficantly varied among the sites and year
controll ed byt HGHc tdo rasneatelmer t han

Li n eBs#48#4

Besildengwat ey i n CHs, t heatthhe cGkH ebsost tootno, o swhdiecohe dit se
byryHo, is also |ikely t@Hdbiea me tkeeryb efcaacptsort@enn det e
of the absorbed r adi athieonC wi it hiee saf reyr caoxadin ilttdete e r a | |
melt wkaé¢ C6HKk et &ZLlboRh,2@DA2

L25: fAwind speedo. Technically should this be the
of wind speed, but al sochuotihdert yf,aa@tiar ¢ esnpcletas .r oL
The term hastobeeur bruddeinfti( gh@erae transfer

L4-80: Our study from west Greenland also reporte
war m/ windy conditions (Chandl enroteet wael .u s2e0d0 5f oTuQ; b
types rather than three (clean ice, dirty ice, Ct
Chandl er édtavbale.n (a200BAH)e ¢ awves @ hhak Chandl en et al
typgdm.e sur f ace cthyapnegse dh atvoe Bb&bBBJn t ypes (Line

Li n4b<l 7
CH coll apse events haveamd s®o wtehewe(sHe pG@roeneendl ta nadl S
2007, 2008; Sti bRynmetetalaCh a2nNdIB&r) ,lertwhilee, i 20 h& s

indicated that 4da chi gluerf amesl ti nrdautcee satCHt ced |l | apse (
L i nbg-5b5:

Topologically heterogeneou$oucetgpebaceseannbhee
dirty bare ice surafnadc arse,l tswvart feaf yesstnr edatndsed EHw2\W0ilnle
Chandl er Kol ladnd €01& ., 2019; Tedstone et al ., 2

Section 2: throughout the paper it would be bette



conversion factors, even i f glbucbtdeef asedonhesice i
We havet hueniitfloiseSdit hu miutgdseb ot teh® fmanuscri pt

Eq 7: Mc = t_h * Q_Mc / | _M é the units dondét ba
could you double chec&omsistbaderet eguniat $ ohls Havemdipoc
Thank pount blrhge o wieenalre@ sisiinn g qs. 5T laai ddisx b eietn

addekqgd o5 Aarc d r dtihnegsluy®, i Mi and Q_ Mci narteh emonaonfuisecdr i pt

consi stwaney, catnhdeiitciees i ncluded iim tElge art e wins 8d wea re
0 i Aa@h , (5

o —

0 I A@h , (7

o —

o © O 0, (8

Eq-19: A diagram showing the raybpahhsidpayibeeche f our
add a panel to Fig 172

The di ff us es hcoornipwanveen tr aodfi att6iiognufriced $1ly mrss e gaedd e d

Ice surface




Figure 1:Concept of the cryoconite hole model (CryHo). Heat balances at the surface and cryoconite
hole bottom are independently calculated (IéRgd and orange arrows indicate diteind diffuse
componert of shortwave radiation, respectiveBryoconite hole (CHyeometrywith depth O) and
diameter %9 beingconsidered for distinguisig the directcomponenbf shortwave radiation (right).
Cryoconitethickness at the CHottomis assumed to be zero in the modéle dfference between
melting icethicknessatthe surface({ ) andthat at the Chbottom (0 ) changes the CH depthhe
direct component of solar radiation can reach@hebottomfrom the hole moutlf the solar zenith
angle — is smaller than the zenith angté the CH edge— (left, red solid arrow), while it is
transmitted through the ice if the solar zenith angle is greatetthbarenith angle ahe CH edge
(right, red dashed arrowThe diffuse component of downward shortwave radiatemmreaclihe CH
bottom regardless (— (orange solid and dashed arrows).

Eq 18: Does it matter that the hole is full of we
Al t hdlthgeh model idmntee a@abeowkmtkeccit heof | oviag waevme trtaeeddi at i
fromieHva,tlheef f ect on the si mpl abibleyxamfuisteh & h@H edd pstsh

of the water is simil dtetasetbae pDnéxtheusnowsporss

L145: Why is the CH bottom teamp&r &thwrud dengpuali tt & iftr
melting point of ice? In cold conditions, under Yy
a wdtéeded hole cooling below 0C.

We have medipfiiaedth @€eél bBobuomtde mpeg gadudrietdi.od,n Ti
Eqs (18)haawred b)) Tepl aced with

Li n e61 58
Y Al — v . (18

Her e, we asGHwmd Ibtombattt@ miphess("Y;t ujpeequal med tt hg poi nt
Becatus eCr yHo does not caltchuel altoen gwastvesr trl seddiedtrioam t h
CH wasl Ical c uslnaotwe/di cuesmisnsigs if wiceg mi 1 swa teemri ¢ & imv iEtqy

(1. Regarldinnggvave radiation emitted fromYthe CH bot

W H® can be summarised as foll ows:
Y Y Y -V p Al =Y . (19
Section 2. 4: I would encourage the authors to cor

asndted earlier, and also the change in zenith an



As our response tsharyduzwdthaj oonabthhpgenbntdueted tes
assess the sensitliseiltay afernixitpR | @GHh dddest@m fhoent s
(1) and (2).

Al so, does the transmittanmeasti hyowehhtheei agcaocumt
doesndt matter for the deeper holes that are well
Previsowsly suggest st hteh ave att hhee rd exmietr yurse® Gigs &nll ow e 5

(M|l erKeener.Bet atéheg ansmi tt ance of the wowndvabe sho
| argeuch-déoswi ty i aase dtetnsa t(yFOIO€Ckbg noher t he weat her

crumagl|l devewWeophhave described the 2future challenges

Reference:
Mel | er F. and Kedlem AB| at EonoMeasnr 8ments on M
Gl aciommos5,8https://doi.org/10.3189/S00221430000 2(

Li n 64 &4

Further studies on the opt,beabuskatheteristicstet
on the broadband ifelluxsteéetrimmatei,ompreodfofuis studi es r
of a porous ice | ayer known as the weathering cr
Fynn and Edwards, 201 4; Stevdpassisoyyetklé shama022) . T
50 O M¢l ler and Keeler, 1969)r aBsoaaislad chee Isarogédr
i al odvensi ty th@mi biectehadnensi ty case ass¥®medidlign t hi s

al so develrop he wdatdecsinmué&Eclayuestt empor amocbhange i

detailed suirsaumda Wweeaet peopegtcrust | ayfart@ehroul d be
mo dien g .

Section 3.3: | am quite untrusting of ablation me
me | t into the ice unl ess tdheefyi nartee |l iyn gtearaliend wdkd dp
bottomuld you comment further, or note it as a po
better, but | acknowledge that opinions vary!)

I n t he ovwe elrwraita d nt,h el mBdteaplt ha nignl &t ceteca dtichedt ih @ a fy
postTunree expl anati on shee®bBbeen added. (Line

Li n26 2 &:
To coll ect in situ data that can be used for the

were observed gsdagi tbe wbhnc h olcabpnssel sct eende roafs tawso we



plastic stick positioned in thercedtte afppao&Hma:
m depth in the ice body (Fig. 6a)

L296: A climate modébbuanadmarlye conhaed tdiomectalt heas tdan
this is one of the great applications | can see f
Thamndebave a plan to do so

L298: I di dnot foll ow that sentence.
The sentence tlhdisfriheeemt(dnst® 239 d

L i n3e5s357:

The sensitivity experiment regceY-@x puyggselheasshort w
CHs t endarndbe viedlogpgh e d ndliefct osnponené s pa&mdéoim enlayn,t
(FO9mg)We t hen compared the contributions of each r
during t ha&pex(pkeidr.rraeimadl Lehes

L385: Conclusion that diffuse component dominat es
find i f acecedimtichgohoor partial shading as noted
As our response tothewat enaj oef rachtaieo tn g4 rdhda,rpda ryt iaafl
CH deipnt htshe stsuug gedstgd mapchseerxpn addietxipo ot giRest s t

CHs tend to decay and develop in the case of tha
respe.dtuirv dilehyenactr ec,omposasgqgétsthamta IGH idse pt h i s governec
bet ween tdfe diimMfefaursseidt ydoomvmovree rdt schfor t wawver balde mt i on
heat tBaaersdf en. twe steaputehsludctos ¢ | u s ithodni ndee s&5 bed i n

Table 1: great i f the symbols are |isted alphabet
We hlaivdatlepohabeaclc asyhmiwdbhblne 1

Fig 5: you have plotted a single model run based
runs, covering a range of plausible parameters, &
a asched band? It would help interpret the discrepa
Weadditionally conducted npoadealmediemws| aotfi aincde ussu rnfga

pl ot treas ulhtes7a(nf8li giunr etshe reyi sdtie mpauasoeedt (aders ar e

standar d tdhemei isstuirdmcoef refl ectance shown in Tabl e
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Figure 7: Temporal changes in cryoconite hole (CH) depth at (a) Site 1, (b) Site 2, (c) Site 3, and (d)
Site 4 in 2014. The CH constants, ice surface albedo and air temperature correction are described in
each panelThe black solid line and shading indieanodel results using the average values and
standard deviations of ice surface reflectance, which is assumed»* sleown in Table 2The

missing grey solid line in panel b denotes the CH collapse period.

Suppl ement : I t wo Wled abveo i gdreeda tc oi®fp | telwied ¢gc dEli e mB L n
a multipart fig in the main text. The text on ext
an interesting part of the model. Fig S5 can joir

The suppl emearhtail ndteixan coefficientFilas ebse SNl nmnwe &
have mbeerd t o tbheec amasien ttheestee § p @auir@fshyameperiaatt b
extinctionhFicperfds c2 eamnd 3 imi glthree reyéedaeni miankisgui

3(Figure 5 in the revised manuscript).

Fig S6 (move to main text), can the individual R s
Figure S6 has beerf Fngwedc tld ti me t dTahien dtisdete ¢l md n u s



t he( alald,i adii roenc tc,0o mpiofnfensg es, tr,ansmitte

i t e ftemen eicnefdosraamtae atdoe o ffhuatvibkdbaedmo di f i e
to vy

alplatterns of
t hink

sawe don''t
i hot hei f y(gyemwe hd gy eshede okirgurees pbh s e

the | abel s
comment (1)



RC2: ' Comment-20m53e' g,u sApnhoenryemous Referee #2, 20 Mar

General statement:

The albedo of the Greenland | ce Sheet is of centr
abl ation area, the albedo is determined by whet he
in cryoconite holes (CHs), so modeling the evolu
inputs to the model c enoldce obuet pauktt. a i Tnheids fpraopne rc | ci omu
i mportant, but in its current form it is difficul
The abstract could be improved by adding some key

comments bel ow.

We would I|like to thank you very mudbk Boere hakbngdt
that you apprAecccioartdei nogu rt op rsoujgegcets.t i ons from two r ey
code sl ig-bbhgucatnedd rreumer i @alng sitrel age roxist iividlyu
Accordingly, we have Thecmasaddmmumteth atalea breadl lets s
careful twmakeve @dstidoerd e rtsht ea nadihtee dtet ai | ed our respo

commentbehow. as

Maj or comment s:

(1) CHs develop because the albedo of <cryoconit
surrounding bare ice (ai). I't would therefore
equilibrium CH deapatch) ,onandciadditfifeesreenrcees ul ts to t
Regarthdae ndi fifnerad hbceed o bet ween i(a@ae gniynlusceaamgnd mMCH bo
theftlefredrmeg Ureee Xfgdi)n t he e g paeen Inelnrnlth e;afri engdu Ictat e s

t h@QHt entds deweltchpet hgease dt 6f breea ween ai anMotaazblay, you
the sensitivity tests showed that the CH depth d
studied gl acier, where theftokeedept begg ueialtihbersinun & i
|t suggesttsi ctahhatdy nariyc sd epfenot®bid p maihe al bedos b
met eorol ogi Aatocdhndgtt onweo uhhaadvsbe lghgoeiismiti Aldst r act ani
Secti.0Ohisdh&®94

Abstract:
AbstrCagtoconite hol-tsl (€Hsgylar ed wiad &Ir -chod loeausr ewi t h



sedi ment) deposited at their bott oms, forming on
wor |l dwi de. Bzpgaesemagt CHscmwdrdse cryoconite on the
decirergstshieg fiacemcalubad ®of6i mheat empor ali a&shsaenmgteisali n
faurnderisntga@edsur face melt. We established @« novel r
in CH depth usdalgc uhieaddteqpdbndgretlsy at the ice surfac
hobkkbape geometry. We e vsailtuuatcehds drihvea t@iebchdek potflh $ h o m n
Qaanaexp n Nort hwest Gr2doddr2l, adAdiprl iamd etaltseo ns . The
repr owalcledt he observed dept h .c hAalntgheosuigshe d mbhiehg b
shotwmat CH stepbbkb tileeder when doiwswantesboertwawvese
tests s uWepeqgst edtbdoa tfwhhrem t he di ffuse component of
radiation i s Glbtnd mda nttg bmveh eghlealsl ower whenlthe dire
addition, the total heat sHaorxt weove hrea dCiHa thiod t otnr d rs
ice rather than that directly frobfihBheat@ste mout hs
shortwaveéermaadimat it ewarnte Erchbeu gH i legtatr dlness G6H CH di ar
deptinliiskleé&cywrtel at ed wiTthe CHI|I dit amesd@i p i s consi s
observati Pnat het snodmelshait ghleddsiydtdi f i@ memdededo bet we e
i ce saunrd aCH wesat tfe@ycftoorr r eproduci ngl t &dgs & impiai g sof C
| oew cseur b bedalndl@decol | talpssecefsamd her tl meveaHelmdyd o f

component analysisi gaggrenseds bhath&€&Hbalephtbhe bet we e
di ffuse dodommpowaemd HDhoranvhtvieh & aldeée matt.Tlhhe@ate ftomr &n s ft dre s
met eorol ogical conditions may be i mportant factor

Greendahreadti and other glaciers via the redistribut

L i n3eBs3 S:

The sensiti vietgya t dlaemappod ctheentice sur f ajc-expndn@H bott
exp) ssughuerf f er ence bel" vaemadn CiHc & ost¢* jodreaic mp or t an't

f acftoorr reproducing the CH dyHoami a pCsHd e p Pnhcerieaalsleys t h
with an | ncwienags et oi id,e cwleearsé angy it decr g aosweisngwi t h a
t decr el s(fingesa nfjl . Notably, tthts#Hd slempsivbEwigregadver t ha
that .tdhis is probably because shortwave radiatic
CH bottom.| lexpaddigtgieen ,s thatndaucOe.sl QdH ccrod a saep sien 0 n ¢
Al t houighhnown at &k elye par amdati enrg Hiiteheep sn imudg r at e ( Podg:
Grenfell, 1996), tahdr ec 656 ( @ mn dBl eeg aiuesfeacsaerdd ti aomt
valu¢sam™inf-exp |-agp resptele i €lsl egrespitthihecl bisd o

equi vatlheeah stdibf vét g ncl- ah|”tTwheeernecofi b r el gl i ght t he

i mportaheedioff er|-ana|” ibnetsweneul ati ng viem tw@hhdh CH v a



t estdd dewieglhoepat bedbf eemaln ove .ce ver sa

(2) Equation 13. 't fusestrmrdang@e unadecomp wtuel f e mdit
surface, because the causality is backward: in r
cloud thickness.

As shown by van den Broeke et al. (200udn)d,ernet | o
cl owsldy conditionsky whedeas onl «eam be recognized w
at t hei ssumrefgaactei ve and at a mimé muenf € oenaeghaenbe¢e
t hseent ence (oLfilBEq . (13) .

Ref erence:
van den Broeke, M. , Rei j mer, c., and van de Wal ,
measur ed wi t h automati c weat her stations, J

doi :10.1029/2003JD004394, 2004.

(3) Eg. 15 (and otahdaroneq uwetpiloyn so)n.l yTheos e heequcent er
of the bottom will stild]l be in shadow for any no
your <calculations, but at |l east point out that yc
I n resmRewmsewdro 1's tbemermrns(hd]jbomugnena n d), wé
additcondiskeynesd ti vity tests to assess the sensiti
(—eXYpndeni th angl e ddfen ttwmhiee tehdeg edH-e ¥ Atctcomdi ngl vy, we
haweodard gdn(é&i gure 9 in thanthblVes@8ddedddisscupsi)on
Sectiamd.55 .24

Li nleldl 2:

whe®e is the CH depth @l onthe¢ i mel steapt bedtortehe C
than that at tOh)e, itclee s@H §cheget d( vieceepemer ®a.t The i nj
O mi €ryHes a presstahbedi nFort isailmpclaiscsiatiie o mweat bal anc
at hereceonft t hec&hW beptement that of the entire bot

Li n283 2

We conducted tsoensssdss ttyhletees@ itsa eipwphuty oddta and
constants, s uc hY-eaxsp )a, i rr atdei napt &vreant pur emp(a'® &ixpd , ept h
hole dWweamp) era( bedo | aetx p)h,e alchee dsau rafeaxgpeheek tCiHn dtoit d ro |
coefficieltexpgf adit-eddpf)f (wssedil(ari ae—e x,m)nalagi eh (
anglfe the edge from th—ep¥idaabbteeBpt RiSti € El2, biont2dMl4



was used as the conseons$si teixypiptpy medbhtes o@@Gtglbs of t
parameter s, which are summarised in Table 3, wer ¢
2)The extincti opgreg pedadnideeirednt i fed | € p hymicngpr s of
0.i2450t0he origmThal faawassasasgemedr biyng to the diffe
the spectral flux extinction coefficient and ab:
refractive iFn®@exiyefpyepurses sucefd(Eq@and{®) Obealnd n

Sd 8ttdsshown i,n MTadppReda edddywr ot cloingh fdreant ti é e

aiwat er isnurtfaecceClldt @ eer ef r & ¢she nosniateidvfi—tey)@ s i ng
variioecs dest—).Adn dildeeg thetat bal ance at the CH bottom
of the hol e, particularly hetwawsametdhédemar thbltad am c &
tecentre of the CH bottThm fedff edihéed gl el s sé wmalll md ti &
chan (—@x)pn —expn—ex,—an—cal cul atedwemephacmnddel
wit hveal sikrcwimablrees3pecti vely

Li nesd44 22

The sensitivity experi —enxtps—malpdr duggetshethani dh
in the zenith angles have thetl ast athtea echavemwbarrcd H
shortwave radiation al ways rea— mnjJ —telxep GH olwatdt om
t hat CH dept — wwmist hs ha |l h iogvle & r, o0 (i gaon —e)XmEcrease
showed that CH —ep&shswi lralgl 6 @Wwer Not abggesthe e
thaot—man—hardly affawove®HLiIdE epehowe PpgctiSnel |l s | :
st at etshcet hectct component of i nci dentiwartaedri ag u rofna cies.
Accor dtihnigsthtétoamwe f r act i on anAslmea ltilseama ptphied R i—mabelhy e2 0
therefore the deéeréecwnwamposkoatt wdved hradi ati on mo
bottom from the hole mownhhhitkddfbfweote rlCeHcsa—sghae h e f r a c t
al wgyeat BBatthhea nsitautdiitedddehough CO yaHohceent cal af eshe C
bottom—w imag differ at the northern and southern
zenith angl es edfgetshked CHli —fo—e@fnr e mg gCets tdse ptthhati s

t e mpiglr @mwmi foor mhe nosrawhtelrenr mneddges of the CH botto
| i kbeelcyounreisf or m again ovC-expi mendeedr dimg siomul at e
adi ff—rceomtverged within apprpAXirppati @luyy tswadwe slug g
t hseur f a cH obfodtrthosmt e-e b 0 p bi nsgotmind ddoureme toer ogpaedeatbon
reaching tHH€ob6K PkotBeicrmaus20amd.cabsloppep e u Gii aack €

bel dewnsio welsrtespedhia velfgctehlmo tCiHogohé mainnf orm on such
gendgdutlhormpg. i ce



Li n er&48%4

Our model doesenbdbecltinodiemiie@ikbsh on t he ChHbatt bml ance
because a quantitative understanding of the mech:
effecti hgwathen i s i nilsiufdwactiieen ti.n SUHsh hnea yh eaaftf eecx ¢ h a
bet ween the atmosphere and CH bottom. Heat exchart
water sur fAddens tngant €Hs Il ev el in CHs is not estimat e
t hr dahggiwat er surifsanclei kienl yCHso af fect CH depth in th
regar—exm. However,i dthtentrreifbruatcet i toomi M@idiw edre vle & to ip tme h &
regssamh as As$senal,arwhzeerrei t h anraltehra ns ttdipeagtindiirfoinrceagnt |y
I n addition to the refraction, thaemduwenctt amfc es hadr ttvha
radi ati on r eacTha nsgi mihlea tCH Mt td epf k< t g Ineaflya thtagrre D wc |
incorpofCay Besildtexgwat eag i n CHs, t heatthhei cCkHh ebsost toofm,c
which cionsnd€redobpyis also |ikely toCHde aanek ey f ac
and dleamaepoetaon of the absor beaetd trlaed i @H Ulbat tbhamt h e
transferned theermke(l odkbheetCHLIoOR,22D0A 2
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Figure 9 Sensitivity experiments of the tempordlanges in cryoconite hole (CH) depth to model
parameters and meteorological conditiatsSite 2in 2014 (a) Air temperature Y -exp), (b)
shortwave radiation'{ -exp), (c) initial CH depth@ -exp), (d) CH diametef4gexp), (e) ice surface
albedo( -exp), (f) cryoconite albedo (-exp), broadband flux extinction coefficient of ice the

(g) direct componentl( -exp) and (h) diffuse componetit ¢exp), (i) solarzenith anglé—exp), and

(i) zenith angle othe edge from the centre of the CH bott(—+exp) Black lines in each figure

indicate the control experimeri Geaxp).Note that lines for 15, 30 and 45° in the bottom right panel

in (j) are overlapped with the line for Control.







