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Abstract

D('spit(l IH'in,L!; Il!Jiqllitous in t h(' ~Ial"ke'nzie Riypr Basin (~IRB) of Canada. thp roll'

of SIlOW in its ('Ilprg~· and wat<'[ Im<ig;('ts an' still Op<'ll to llltlt"h spt>l'triation. This

tll<'sis pn'sPIlts a llllllti-sl"aip anal.\"sis of th(' nHltrihlltioll of !Jlowing snow to the' hy­

drullll't ('u[ulugy uf t h<' ~ lRB" .-\ diIlla t ()log~· of ad \"('rs(' wintf'rt inu' wpatlu'r ('n'nts

is O[st pn's(,nt<'d and d('Illullstratl'S t hat hlowing SIlo\\· ('\"('Ilts arp rèl[{' within tlll'

fun'sTPd S('l'T ions of dl<' ~ lRB Imt 1H'("tHlH' Illon' fn'qtH'nt in tlH' nort h(,1'll pans of

tlu' basin ("()\"('r('d b~" Arct il" t Iln<\ra. Ir is rh('sC' an'as which <'xIH'ril'Il("{' t hr' la1'gpst

irllpacts of hlowin,L!; sno"· transpurt and sllhlirllatioll dtH, tn larg('-scalp proCf'SSPSo To

f11rt IH'r ass('ss t IH' Ill('SOsca1<' and micruscalp ('ffpl'ts of blowing SIlUW to t Il<' nort hp[n

n'gions of rhl' ~ l11 8. t hl' d<,\Oploj>IlH'llt of Cl. hllik blowing SIlOW Illodpl is t IH'n d(l­

:-icrilH'<\. TIll' singlp- alld dOllblp-lllUnH'nt \·prsiolls of th(' PIEKTCI~ blowing SIlOW

tllodpl an' Sh()\\"Il tu p["oeitH'P ('qlli\·al<'llt n'strits as a P["(l\·iOlIS sp('l'tral \"prsion of thl'

111111H'rical ll1o(i<'1 whil(, oIH'rating about 100 tillH'S fastpr. TIl<' application of the

dOllb1<'-llluIIH'llt PIEKTll~ Illo<kl (PIEI~TL·K-D) to a CanadiaIl _--\.rctic tundra sitl'

l1('ar ril(' nort lt(ll11 t ip uf t 11<' ~IR B [('\·('als t Itat hlowillg SIlOW sublimation cl(lp[<'t('s

~ :3 IIllll SIlO\'" w<ttpr ('<tUi\<l1<'nt (swp) from t 11f' sno,,"pac:k o\·('r a p<,riod of 210 days

<lnrinl-!, thl' willtl'[" of l!J9G/199ï at Trail \-aIIpy Cre'pk. :\orthwpst T<'1'rito1'i('s. \·arious

a.sslllupt ions on t1H' st at(' of t lH' hackground t hC'rnlodynalllic profiles and their ('\"0-

11
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lution dllriIl~ blowinp; SIlOW. hO\\,PH'r. l'an yidd sip;uifieantb' hi~IH'r (> :300'i('·) ratl'S

of sublimaI iOIl o\"pr t IH' Sclll}(' ppriod, PIEKTCK-O is thPll {,()llplpd to thp ~d(,sosl'al('

COllLlH'pssihlp COIlUllllllit.\' (~IC2) IllOclpl for ail illtpracti\'p simulation of a ground

hlizzard at Trad \ "allp.\· ('n'pk. This l'onpll'c1 llLPsosl'alp simlliat ion r('\"pals that Illoist­

('uiug; aIld ('()olillg of IH'èll"-Surfa('p air assoc-iat<'d with hlowiug- SIl0\\' sllbliluation is

o!>spn'pd but miri~at(ld in part hy adH,<'tiH' aud pntraiIlIlH'llt (H'()(·('SS<'S. COIllbiIH'd.

hlo\\'iug SIlO\\' S11 hlilllar iOIl alld mass di H'rgl'Ill'P an' tlwu ShO\\'Il to n'lllO\'p 1.-1 BUll

s\\,p (H'r da.\" durillg dU' ,-\.r('ti(" grollIld blizzard at Trail \·a11('.\" ('n'pk. ~l'\·prthpl('ss.

hlo",iug SIlOW nmt rilmtps ru il [('ss('r dq!,n'(' tu t h(' surfan' Illass Imlalll'P of t hl' l'Btin'

~IRI3 h.,' ('rlldiug O.l);) r() (J.l mm s\n' p('r ,\'par l'rom tlH' slluwpa('k .
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Résumé

~Ialgrlo SUIl ubiquitp dans 1(' uassin du ftPU\"(' ~Iackenzie au Canada. le rôle de la neige

dans sps budp;NS (;nerp;Ptiqut's pt d'pau cleInellrent toujours des sujets de spéculation,

Ce Iupmuirp dp t hès(' prpspnte donc UIle analysp à échelle llluitiple de la contribu­

tion dp la poudrerie dans l'hydrométéorologie du bassin du fleuye ~Iackenzie. En

pn'IuiC'r liPll. HW' cliInatolu~ipdp processus IIlètPorologiques hi\'ernaux est présentée

pt cl{'Illontrp qtH' l('s ppisodt's d<' poudrerie' sont plutôt ran's dans les n~~ions boisées

du bassin mais C{u'Pllps dpyipnnpnt plus abondantps sur la toundra arctique, CP

sont ('('s dpfnil'fes l'logions qui subissent les ('ffets les pIns iIllportants cl 11 transport

pt dp la sublimat ion ch, la llf'igp dans son ciép1ë:u'PIllcnt éolipn à grande échelle. Pour

obtpnir 1lIl(' ("\'aluatioll il méso-édlC'lle pt à micro-échelle de la poudrerie dans les

régions nordiqlH's tpllps que l'pllp du ftC'U\'P y.Iackenzie. une description cl 'un Illodèle

IluIlIPriqw' sirnplifiè du pru("pssus pst donc ensuite (;laborèC'. Il est déInontré que

Ips n'l'sinus il 1ll00IlPut llniqllP pt double du IIlOd('le PIEKTCK reproduisent des so­

lutions ('omparablps il la \'('rsiun spectrale antècédente du modèle numérique mais

opèrp <'Il\'iroll 100 fois plus rapidement. L'application du modèle à double moments

(PIEKTl"K-D) à un site dans l'arctique canadien. près du bassin du fleuve ~Iacken­

zif'. révèle 'lut' la subliInatioll durant des périodes de poudrerie. érode environ 3 mm

èquivalent eu pau de la COU\'erture neigeuse sur llne période de 210 jours pendant
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Iïü\"pr dl' EJ9G/l!J9ï Ù Trail \Oal1ey Crpf'k. Territoires du :'\ord-Ouesto Cne \Oariéh;

dl' suppositions au sujet de ["(;tat dtlS profils tlwrmodynaIlliqups anlbients durant

rè\"olutioll dl' la pundrpri(' [)(lut cppl'Ildant augmenter les taux dc sa subliIuCltion

par :30()!j{ on plus au ('ours dl' la mrmp p(\rioeipo Lp modèle prEKTl"K-O pst ('Ilsuitp

Ulli au I1lodi'h' il I1H;so-(;dlPllp ('omprpssibll' ('OIIlIIlllIlëlutairt' (:\IC2) pour eutretPIlir

1111<' simulation (["un hlizzard il la surfacp <1<' Trail \Oall('~O Crp(lk. CPttf' siIIlulation il

[llPso-édlPlll' n;\"(\ll' q11P h' n{roidissPuH'nt (·t 1111lIllidification dp rair dus à la subli­

[Ilat ion de' la poudn'ril' sout ath;nul;s ('Il parti(' il causp du pro('pssus cl"adypctioll pt

d"PlltraiIlPIIH'llt dalls la ('oudw lirllite dl' l"atIIlospl1i'rl', Il pst dèlIlontré quc Il' trans­

port (;Olil'll dl' la Il('i~(' pt sa suhlirnatioll (;rOciPI1t eIl\'iroll 1.-1 IUIlI eqlli\OaleIlt PIl pau

durant ("C' hlizzard arctiql1(' il Trail \'allp~o en'pk. \"(;allIlloins. la pOlldrprip \'olatilisp

tollt ail plus dl' O.O::J il O.l Illm é<[ui\Oall'llt t'Il ('au aIlIlupllpulPnt dl' la COU\T'rturp

UpigPllsp dll imssill du Hl'u\"(' ~la('k('llzi(' PIl (,Iltipr.
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\'allp.\· Cn'pk. \'urth\n'st T<'rritorips. !Jptw('l'U Il S('ptl'Illl)('r 109G tu
S .--\pril 199ï. \"otl' that a IH'gati\"C' \'allll' of QT~llrf inclicatC's IH't
dpposit iOIl at t hp SIlO\\' sllrfan' , .. 10::i

Article 5

TIl<' ("lHIlpil't(, listing; of tll<' "prti('all('\"pis Ilspd in Tll<' IlIIIIlPrical <,x-
IH'riIll<'Il ts. . . . . . . . . . . . . . , , . . . . . . , . . . . . . . . . . , 1:3:3

•

.) TIl(' tot al SiIIltliatPd blowing SUO\\" slll>liIllat ion and mass transport
at Trail \·all('~· ('n'pk dnrinp; thp pC'riod l~O() eTC Oll 1G \"O\'PIIlber
lO!)G to 1200 l'TC ou 18 .\on'IIlIH'r UJ9G a('t'ording to ('oupll'd (CPL)
IlH'soscal(' and staud-aloIlP (ST.-\.) !JI()wiIl~ SIlOW siIIluiations. . .... 152
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~Ipall nHllpOIll'Ilts of t Ill' sl1rfacp ('IH'r~~' and radiation hudgpts at Trail
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Thp Blain orig;iual aSI)(lcts and fillciings of this dissprtation arp as fol1ows:

1. .-\ diIllatolog.\' of adn'rsl' wintl'I'tinu' l'n'uts d('IIlonstratps that blowinp; SIlOW

('\"('Ilts an' fn'C(tH'Ilt in the' Ilortlll'rIl sp('tions of thl' ~[ackpuzip Rin~-'r Basin

(:\ 1nB) c(J\'('n'ci h~' .-\rct ic t Iludra. Imt ran' in the fon'stpd r<'gious of t.1H' basin.

,) It is fOIlIHI t hat the' o\'erall larp;(l-scalc' IIlélSS halaul"P of t hp :\IRB is Ill'gligibly

ilIlpa('tpd I>~' hlowiug suo\\" trallsport and sllbliluatioll, How('\·pr. thl'sP tpnns

an' Illon' significaIlt locall~' in n'g;ioIls Slls('pptihlC' tu fn'C(Ill'Ilt blowing SIlOW

('\'('ut S s!lcll as t 11(' .-\rct ie t ll11dra.

;3. .-\u iUIlO\ïltin' IlH'thodology for thp lIlodC'lliug of hlmriug SIlOW is dpscrilH'd,

Sinp;l('-IllOIIH'ut alld dou hlp-lIlOIIll'Ilt n'rsiOIlS of Cl hlowing sno\\" lllodei naIIled

PIEKTCK an' sho\\"11 to aclli('\'p high cOlllputatioual pffici('nc~' npcpssary for

lOllgtprrn iutC'gratiolls or cOllplpd silIlulatiolls \\'ith other atIllospheric nlodels.

-1. R('slllrs of a Iluiqu(' ('ollplpd hlowing snow/IIH'soscalp mode! siumlatioll of a

rt'1I1arka!J!(' g;rollnd blizzard which O(TlllTPd o\'pr the Ilorthl'ru sections of the

:\ 1RB and adjcH'l'ut 8('ëlllfort Se(l in IHid-:\"O\"(llllbl'r 1096 are discllssed. The

XX\'iii
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silIllllatioIl ['('\'pals t hat blowing snow sublimation and rnass din'fgpucP l'fode

1.-1 BUll SIlow watpr ('qlli\-aleut from a typical Canadian .-\.rctic tlludra site

clllriul!; thp I!;rollud blizzard. Thp sublimation of blowing SIlOW is shown to hl"

('Illiau('('d h~' ~ SWÏc whpn a(l\-pcti \"(' and l'IltrainIIll'ut processps in the atrllo­

splH'rÎ<' !>olludary la~-('r ar(l ('ollsidpfed,
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Prologue

SIl<' said..Do yon WHIlt OIU' of thosp simoons. or blizzards. or mistrals.

or whatpn'r ~·on calI tlH'Ill"! Do yon want hUllpS of Ïl"P and falling watpr

and blllwi[lJ.~. whist ling air?

H(' liftpd his ('~·pbro\\"s at lu'r. .l t"s Ilot t hat bad. TIH'[(' arC' storrns

o(Tasionali.\·" but t hp~· l'Hn 1)(' pn'dictt'd. Act llally. tll<'Y' n' iJltPl"l'sting­

WIH'll tlH'<n\ Ilot too bad. It's fascinating-a littlp c:old. Cl littlp heat. a

linlp pn'("ipitat.io[l. It. makt's for \"ariatioll. ft k('pps yon afin'.'

- Isaac Asimo\" (.V(~!1l(~8i8)

xxx
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Chapter 1

Introduction

1.1 Cold season processes in Canada

Canaclian \\'('atllc'r is rPIlO"'Il for i ts long, frigid \\'inters. Their persistent S11 bfrflPzing

conditions proruotp the a<TtlIlltllation of SilO'" that is ubiquito11s of the Canadian

lanclscapp and P\"PJl lifpst!"lp eiuring tllP cold spason, Dpspitp their êlPsthetÏc and cul­

t llral asppl"f.s, \\,iJltpr and sno"', 11 Il furt 11natd!", also han~ 11(\gati\'p impacts on Cana­

clialls. For iJlst alle'p, iutpuse' coId assoC"Ïate'c1 \\'i t li high windchills r<'lllains Canada ~s

most clC'\ïlstating; ni:lttlral hazard as about 100 I)('oplp IH'rish ëlllllually from pxpo­

sun' tu thp ("old (Phillips. I090), SC'\'Prl' willtpr ",pather that accompanics blizzards.

sIlo",drifting or fn'C'zing rain stonns also spriously disrupt. at times, the daily ac­

ti\'itips of luillions of Canadians, A sppctacular pxampl(' is the' 1998 "Iee Stonn" in

Eastpl'n Canada ",hich cCl11s('d 0\'<'1' et billioll dollars of darnag(\ and "'as responsiblp

for tllP cl<'aths of duz('ns of people (5z(,to pt al.. 1999: OcGaetano, 2000),
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Ol'spitP thpir lIlany iInpal'ts on Calladian socipty. processes rpsponsible for the

fonnation and p\·olution of wintpr stonns and the sPëlsonal sllo\\'pack arfl Ilot fully

Ilnderstood, S[H'cnlatiun on snch basic IllPtporolo,gical qUHntitil's as precipitation

and P\"aporatiotl [('lIlains du(' to tlH' sparsp o!>sPr\'atioIlal Ill'twork at high latitudes

and altituc1ps in Canada, COIH'prns of a changing climatp and a possiblp rpductioll

in tlH' StlO\\"('O\"Pr. with illLplications to thl' hydrolop;ical cycl(', llél\'P fortunatl'ly ll'd

to an ('sc,llation in du' r<'sparch of cold-spëLson proC('ssps and storms in thp past fpw

ypars. OU(' r<'gioll in Canada su1>jPct to IILUCh oIlgoiug iu\'pstigatioIl is the ~Iackenzie

River Basin (~[RB) of \\,pstprn Canada (Figurl' 1.1), The ~IRB drains approximately

1.8 x IOfi kIIL:!. makillg it tlH' t(lnth largpst \\'orldwidl' hy catdlIllPIlt areël, It also

p("o\'idps Cl crucial northward iIllport of fn'sh watt'r into thp Bpatlfort Spa and the

_-\("ctic· (kpëUl. Suhj(·(,t to SOllH' of tht' strongl'st signattln's of tPInpPfélturp increases

o\'pr the past ('('nttLr~' in the \""orthprn H('misplH'n' (Stc'wart pt al.. 1998). the ~IR.B

('nH'rges as a kpy sitp for dl(' stlld~' of onguing high-Iatitudp dilIlatp (·hangt'. Thl'

.\ [ack('nzi(' GE\\'EX Stud~· (~IAGS) is mu' of t hl' major rpsparch pxpc'riIlleuts held

ill part within thp .\IRB (Stpwart t't al. 1998: Ronsp. :20(0). Its main ob.ip{'tin~ is ta

OI,SPIT(', qllaIltif\ and silll1l1atp tlL<' llLoistlll"C' and PIL<'r,gy !JUd11pts of tlH' .\IRB in its

past. ('UITPllt and possible' future' statc's,

Gh'C'n that thp .\[RB n'Illains SllO\\TO\"prpd for a sll1>srêlntial part oftht' ycar (up

tu :2;jO da~'s ou t IL<' An·t ie t Ilndra accurding tn Philli ps (1990)), SOIlH' of tlw processes

iuHuPIH'ing its surfacc' mass balance an' potC'Iltially linked to thl' transport of winci­

drin'Il SUOW that O(TUrS dllring blizzards and othpr high willd {'\'cuts (sep Figure

1.:2), Driftillg and blowing SIlO\\' {)CTllr if \\'inds surpass a ("{'rtain threshold \"Cllue

aud th{'Il ('l'oeil' SIlO\\' froIIl pxpos<'d surfan's to n'loeatp it to zones of aCClll11ulatioIl

SUdi as \'{'~etat{'d an'as or d('pn'ssioIlS, A spcoudary procpss dllrîIlg acl\T'ction îs
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Flel"RE 1.1: Gl'ol-!;raphicaI lIlap of the :\Iackenzie Ri\'er Basin. (:\Iap produced by Eric Lcinberger
at thl' l"nin·rsity of British Columbia for tllP :\Iackenzie Basin Impact Study [Cohen, 1997a, bD.
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FI(;l'RE 1,:2: Schematic diagram of the components of the water and ('nergy budgets of the ~Iacken­

zie Rin~r l3a..-;in (from Ronse_ :2(00).

su blimar ion (phasp cliangp uf icp ro wëltpr ,-aponr). pro"iding an additional source of

tIloistlln' whih' acting as a sink of sensible heat to the ëltIlloSplH'ric bOllndary layer

(ABL: D(\ry and Taylor. 199G),

Dpspitp t Ile' n'cent progn'ss in thl' study of blowin~ snow. IIlëlny questions rcnulÏn

["('gardiug t li(' l'ol(' this procpss plays in thp surfacp InëlSS balance of high-Iatitude

rpgiolls sUell as thp y,IRB (Lawfonl. 199-1). In tlt<' following section. a brirf rcview of

pnst and ongoing l'flsl'arch in this field is prescntpd as weil as sorne of the questions

that r('main unëlnswPl'pd. follo"'pd by the I11oti\"ëltion and goals of this thcsis .
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[Il CanadêL "Iowing SIlOW has attractpd growillg attPIltion iu the past [pw dt:lcadps

from sl'n'ral diseiplinl's inclllding t1w pugiul'priIlg. IIwtporological and hydralogical

scipncps. For installCl'. l'nginel'rs han' sp<.'nt considprable efforts in Initigating the

pffects of snowdrifting on structures and transportation routes in Canada. :\ conl­

Illon pXêuIlplp of such is rlu' installation of SIlo\\" fpIlees alüng roads ta l'l'duce the

pffects of wind-blowIl SIlOW (\-l'r~l' and \\ïlliaIlls. 1980). \\ïnd tUIlncl Iueasurements

b~- Kiwi (1976) and otlH'rs han' <tlso lwlIH'd pnginpprs llnderstand the air fla\\' that

Ipacis ro rh(' dl'position of SIlOW in drifts that smotlwr buildings and highways with

a t hick hlankpt of snow ('\"('n whell precipitation is not occurring.

Thp hazardotls aspPl"ts of blowing SIlOW. incIuding the forrnation of snowdrifts

and thl' rpdunioll of oprical \"Ïsibilitil's. has lpd Canadian IlIPtl'orologists ta forecast

and tu talmlatp r his piH'IlollH'non for d{'cadps follo,,-ing st êlndard procedures (_-\t­

lllUspl1pric EIl\'irOIlllWut SPITÜ·P. 1977. (988). In Canada. hlowing sno\\' is rpcorrlpd

Wht'Il horizolltal optical \'isibilitips an' 1"('<1II<'P<1 ro l('ss than 1 km at PYP 1<'\'('1 by

sllsppndpd SUU\\". OH t (1(' ot hl'r hand. driftinJ.!; snow sp('cifips t lw transport of SIlOW

that ()(TUrS \'('r~' IH'ar thp surfac(' withollt a significant r('eiuction of \-isibility at f'YC'

l('\-p1. I3aspd on t (u'sP obspryat ions. liIllitC'd climatologies of blowing SIlOW have (wen

('OIIlpilpd b~' ~Iax\\"('11 (1980) and Phillips (1990). Thpir works sho\\". for instance.

rhat blmdng snow O(TUrS llI)\yards of 100 days r)(lr ~'par in cprtain sections of t1w

Canadian Arctic, Tlu's{' cliluatologips. ho\\"pn'r. do suffpr fnHIl thl' sparsf' observêl­

rioual IH't,,"ork at bigh latitudps and altitudps and do Ilot explain thoroughly the

IIH'('hanislIls t hat Ipad to blowing SIlO"" <'n'nts and their inlpacts ta the surface mass

balancp.
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A gPIH'ral lack of knun-Ipdgp ('(}[Il1>inpd with a gron-In~ intprpst III cold diluëlte

pro('pssps lt'd Calladian aUlluspheric scÏt'ntists aud thpir colleagups to initiate s('n~ral

pxtpnsi\'p fit'Id (ïtIllpaig-us in t1lP 1980s and 199Us. Thp Canadian .-\tlantic StornlS

Prog;ra1ll (CASP: St('wart. 19D1) and thp BpéUlfort and _-\rctic SPëlS ExpcriIIH'Ilt

(BASE) arp two of thp ('OIllprplwnsiH' ohsPf\-atioual PXI)(lrinH:'llts that spurred a

filllT~' of actidry in wÎlltpr storm n'sPaITlI..-\lthough thpsp fipld progralIluH'S did not

[l('('pssaril~' f()('1IS ou hlowiug suo\\", SOlI 1(' ant1lors han' uouptll('[pss iUH'stigatPd This

pro('('ss, III East Coast wintt'r stol'ms. for illstallcP. StP\\ëut pt al. (1995a) fouud

t Itat hluwiug snuw t~'pi('ally oc('urs alH'ad (1)(' hiw[) of a WarIll (cohl) front passage

and has a tpmporal scalp t~'pi("al of mpsoscal(, pro('pssps. l-n[ortullately. no ('ffort

was Iuadp to ('st ablish t II(' contribution of hlowing snow to t 11f' \\'atpr IHldgct during

t h('sp ohspryat ioual st lldips.

TIlt' Calladiall h~'dr(Jlog;il'al(·()mIllllnit~·also IH'gan pa~-inJ,!; Inon' att('ntion to b[ow­

ing snow iIl tilt' t'arl~' 19S0s WlH'Il tlH' coutributious of ~Ialt' (1980) aud Kiud (1981)

WP("(' pllhlislu'd. TIlt' authors appropl'iatPl~'p\"()kpei rhp hazards of thp blowing suow

phPllOIlH'Il0Il as \\"('11 as its potPllt ial iIllpact tu t hl' snrfac(' Illass balaucp. Suhsp­

qllPIlt ft) tllC's(' \\"orks. \\-00 (\t al. (198:3) pxaIllilwd tll<' n'prpspntati\,PIlPSS of snow

ga ng<' IIH'ëlSlln'IlH'uts {Hl t Il(' aet ual SIIOW éHTIlIllulat iOIl in a higJI Aret il' basin and

fouud significaut spat ial h('tProg;l'n('it~· cl IH' to slHnnlrift iug. Spllrrpd by t ht'sP st nd­

iPSo P()II1('n}~' (1988) pst ablisht'd a ti<'1d PXIH'rilw'Ilt in SaskatdH'wau to ohsPl'\,p and

IllUcld tilt' sllu\\"driftillg plH'IlOIlH'uon. His ("('s('aITh pro\-i(l<'d SUIllP of tll<' first de­

t ailpd u!>spryat ions of hlowing SIlOW in hot h t h(' saltatioll and snspl'nsian ruades

(Po[(H'r()~' and G ra~-. 1!)!)(): Pouwro~- and ~ lalp. 199:2). This l<'d ultilnately ta the

dpypIoplllPnt uf a Il111IH'rÏcal IIloeiP} of blowiug suo\\' calipd thp Prairie Biowing Snow

~Iodpl (PBS~1) w11ich lIas Sillet' hpcn applipd to othl'r rpgions of Canada (Porneroy
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pt al.. 199:3: POIlH'ruy pt al.. 199ï). Thp PBS~[ is a physically-based. stpady-statC'

IllOdpI dpsigIWd to psr iIllatp t hl' h~'drùlogical effpets of biowing SIlOW transport and

suhliluat iou. Thl'SP [('sults. l'OllH'UÎ<'IltIy sUIllIllarized b~' POIlH'roy and Gray (1995).

iIldicatp dt'plptiou ratl'S of IIp tu ï?j<;{ of th(, sPClsonal SnO\\Tm'pr h~' wind transport

and sublimation for \'arious locations iu thl' Canadian Prairips.

[u till'ir pxplul'ation of thl' nurthprIl .-\.BL. D('l'Y and Ta~·Ior (1096) rl'alizf'd thl'

pot(lllt ial pffp('ts of bIo\\·ing SIlO\\· on npar-surfan' air and t hus carriC'd out SOUlt' prC'­

lilniIlar~· ('xIH'riIIlPIlts with th<' PBS~L l"usatÎsfù'd with sl'n'ral aspects of thp PBS~I

indudiug it s assumpt ion of stPéHly-st atl' ambiput IlH'tporological cunditions. D(>r~· Pt

al. (1 !J98) ('()llst rllctpd a ('OlllIllIl IllOcipl of hlowing SIlOW of t h('il' ()\\"ll based np\"('rtlH'­

l('ss ou t Ill' PBS~I frauH'\\·ork. TIl(' inclllsiun of l'n>l\·ing tpmIH'ratnn' and hUluidity

fidds iu t his [l{',," Illodd pntirit'd PIEKTl-K. howP\·pr. {<ld to significëlnt [{'ciuetions

in rill' Illowillg SUO\\" suhlimation rate's witl! tiIlH' or fl'tch cOlllpa[('d to the PBS~I

dw' to rlu' a:-;s(wÎatpd ('{)ulillg aud Inoistl'Iliug of IH'ar-snrfacp air. D('ry ('t al. (1998)

n{('[l'l'd tn r!lis SC'l{lll'Un' (Jf ('n'uts as t hp "spif-limitation" uH'chauisIIl arising froIll

t hl' [H'ga t i,.p T!ll'nrHH l!llillnic fl'l'd backs assul"Îëlt('d wi th hiowing; SIlO\\" su bli Illat iOll,

Tablp 1.1 ilillsrraTPs tlH' Suhstilutial diffl'I"!'IlCPS iu rlH' C(JlllIllIl-ÎIlt.p~rat('d hIo\\'iug

SUo\\" suhlimatioIl ratl'S (2, (UlIll h- I s\\"p) fon'cast h\" tIu'sp twu Il11IIll'ricai IllOc1<'is

ci<'spit l' rhpir mil tdriug illi t ial cunditions.

TllllS. a major ("()Il<:1usiou n'a('hed b!· Dc;ry pt al. (1998) is that the assunlptiou

of fixpd t hl'nnod~ïlaIllie <:oudi t ions in t hl' IlllIlHlricai modplling of hlowing suo\\" l'an

ll'ad tn a siglliticallt o\'pn'stiIIlatioIl of its sllbliluatiou l'atC', \"p\·prtIlPlpss. t.hp 1-0

ic1('alizl'd fraIlU'\\·ork assuIllPd in t IlPir st tld~' [l'Illaius part ly ddiciPIlt. siuc<' i t does Ilot

cousic1pr otlH'r possibll' iIltl'fëH'tioIlS of blowing snow with th<, .-\BL snch éL"'i adw'ctin'

or l'utraillllH'llt pl'ocpssps that nat.urall~· occnr in aIl dirut'Ilsious. This inlplies that.
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T:\BLE l.I: Thl' \"t'rticall~' intP/!;ratt'd sublimatioIl ratp of hlowillg SHOW ((J.~) for \"arying wind
SPt'('(f:.; pn1dictpd h~' tla' PBS~1 and PIEKTll~ Illudt'Is l km downwinei from thl' initiation of
transport. TIll' data ;uv takl'Il from D('ry pt al. (1998).

[ '10 (2, (mm h- 1 s\n')

(Ill S -1 ) PBS:\I PIEI~Tll~

10 O,OG9:3 ll.O:32-!

1::; n.7;');')2 0.1277

20 :3.9();') ll.29:38

2::; i~":32 () .;'):21:3

t hat atfp('t t he' transit ion of SllSIWud('d in' partidps to \\"atpr \"ilpOllf.

Blowiug SUl)\\" in Ilot th(' sole' co1<l se'asou pro("('ss t hat is nlÏsllIldprstood in t flp

Canad ian S('iPIl t ifi(' ('oIllIllllni t~"" In [aet. in the'ir ("0111 prPiH'nsi \'P [(l\"ip\\" of \\'inter

stOrIll n's('an'h ill Canada, St(',,"art pt al. (i9~);jh) (ëlllH' to thp ('(Hlc1usion that:

..It is apparent t hat IllëUl~' asp(,(·ts of \\"iIltC'r stUrIns iu Canada haw'

han'l~' I)('('u ('xaIlliIle'd at aIl. For pXëlmp!<'. dO\\"IlSlopp ,,"inds, orograph­

i('all~' atfp('tpd stOrIns. sno\\' hands. blowing SIlO\\". and blizzards nppd to

1)(1 st lldie'd iu Illlldi mon' d(,t aiL"

TIlt' tinH'l~' iIIlplpllH1IltatioIl of :\IAGS ill tliC' 1990s has t.hllS pro\'idpd t.ht' [(1­

se'ar('h ('OIllIll1lui ty \\"il h a tlniqlH' upport llI1ity t () illypst igatp thoroughly winter-type

hy<inHIlPtC'orolog;ical pro("C'ssps t hat rpmain partially or COIllplptply unknown, \\ïth

t hl' hplp of ('llllaw'pd u!>sC'f\"iHiuIlS coneiu('t<'d during :\ IAGS. tl1<' present study will
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hoppfull~· pru\"idp a h(,t U'r 1l1Lc!prst ilndillg uf SOllll' of t hl'sp phptlompna indudin~

hlowing SIlO\\".

1.3 Thesis Outline and Objectives

•

Till' gl'w'ral goal of t!lis t IH'sis is tu oht ailL Cl 1>('ttl'r llIldprsralldillg of thp blowin,:!;

SIHm" pl1PIlOlllPllOIl. itS fr('qlH·IH'~·" forcing IIH1clianisms and rolf' in t 11(' surfacp Illass

halan("(' as \n'lI as its interactions \\"ith th(' atmospIlPrt1. Spt'cific o1>j('(tiYPS of This

[('S('(Uell an':

• ro <I('t (lflniw' t Il<' fnlqtl<'n('~" of biowing snow and ot her adn1rs(' l'nId SPélSOIl

pro("('SS('S and SUIllt' of t h(' lllPS()- to S~"IlOpti('-s('alc'furcing IIH'('hanisllls of t hpsp

• ru ('stahlish tll<' largp-scal(' ÏIupact:-; of blowing sno\\" In tl1(' surfac(' mass 1>al-

• t 0 illlpro\"(' and upt iIllizp t lit' tlUIllPricai tIlo(h1lling of hlowing SHOW:

• tll sillllliatt' an (lctllal cast' stHd~" of Cl spn'[p hlizzard ('n'ut tlSIIlg a ('ornpIpx

[ll('sos('al(' nlUdd ('ouplpei to il hlowing snU\\' IlHlc1pI and dH'Il to l'XiUIlÏIH' SOIIH1

of t Il<' iIlt ('ran iOIlS 1H't\\"('('n hlowing snow" t ht' atmosphprp and t Ill' surfan1lllass

halauc(':

• tu quantit\" dw tutal nmtributiull of sllowdrifting to dl<' watpr lmdgpt of tlH'

)'[HB.
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Tu adlÏPY(' tiH'S(' maiu goals. t hp fol1o,,"ing out Iiut' is proposP(L In Chaptcr 2. wc

t'stahlish tilt' critt'ria fur :3 t~"IH'S of culd-spasoll \\"path('r t'\'Pllts tlsing; til<' EllrOp('éUl

('PIlt [(' for ~ I('ditlIll-Rau.~(' \ ,"pat IH1r Forpcasrs (E(,~I\rF) Ii (l-AIlal~'sis tER"\') data.

\\-p iIlf{'r il diIllatulogy (If th('s<' <,yputs for the ~InB and tll<' glolH'. \'ariabilit~" in

t il(' fn'q1l('IH'~" aud forcing IIH'dtauisIIIS of t iH'se {'n'uts arfl also explof('d.

III t h<' t hin! ('haptpr. Wt' l'xaIlliIH' th(' Iargp-scalt' impacts of bluwing SUOW suh­

liIlla t iun and (rallSpUn in Thl' surfan' InélSS baÏëull'(' of t hl' },IRB and th~ glolJl',

EIllphasis is alsu gin'n (li the rul<' of dirpct subliulation from SIlUW and in' surfaces

in ('l)Illparisuu tu tlH' blU\\"ing suow te[lIlS in th(' watpr IHldgt't ('quation,

T]l(' d('\"{'IoPIll('ut uf a nUIl1('ri("all~' dfici('Ilt mud('1 uf bIowiIlg SIlOW is pr<'sf'Iltpd

1Il ChapT<'r ..1. .-\ (rallsi t ion frolll the SP(I('t ra] fraIlH'work uf rll<' original PIEKTCK

bIo\\'ing snow IIwde] to a singl('-IIlOIlH'IJt and t Il<'Il to a dOllbI('-IllOIIlC'Ilt SdlPlllP is

disctlssl'd. TIH' application of thp Ilpciat<'d IIlOdd to ël slllall Arl'tic "'at<'rslH'd pro­

,'irit's additÎuuai n'sults in tht' l'oh, blowing SUo\\" pla~"s iu thp local wiIlt<'rtiIlH' mass

!)aIau("('. .-\ ('umparisuu "'it 11 il similar st lld~· at th(' SëlIIl<' locatiun yi<'lds possibIl'

C'xplanélTillll:-; fur ~uIllt' uf tIlt' dis('I"('piul('i(':-i fUllUd iu (hl' lit(\Iï:lTlln ' IHl tIl(' importaIH"(,

uf blo\ùng SIlu\\" :-;llblilllaT iou in th(' surfac(' IIlaS:-i balaIl<'<'.

TIl(' sllhst'qlH'Il( ('ha pt (Ir d('scri IH's il f{'IIlarkahl(' blizzard aud hlO\\"ing- SIlO\\" ('ypnt

that ()(TllIT('d iu rlH' Ilurth{,rIl portiOIlufth(' ~IRB dllring mid-}\o\'<'Iubpr 199G. The'

{'\"('ut is sil1llllat('d llsiug tIl<' ~It'sosl"al<' CUIllP[{\ssibl<' CunUlllluit.\· (},IC2) nlodpl. Thl'

('ollpling of t h(' ~IC2 and PIEh':Tl"K ulOd<'Is is dpscribc'd as wdI ë:L"'i results fronl tht'

\lIl('(H1pl('ri aIle! ('ollp1<'d simulatiuIls. EIllphasis is gi\'('ll UIl('C' agaiIl to tht' raIe of

hIu"'iIlg SIlo\\" iu rlu' sl1rfacp IIlass halaIlC(', Illt('ractiuus !H'tW('Pll bIowiIlg SIlO\\" and

tll{' alIllospIH'n' art l th('11 iu\"C'stigalPd aud discusspd at Ipugth .
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Chaptprs 2 tu .j inc111sin ' <"ompris(' of piqW[S plIulisIH'd. ill pn'ss ur sllbIllitt{'d

for plll>lici! t ion in pit hpr dl(' .!O'll17UÛ of Gf'op!tysinLi R'~"·;(,flrdl. B01llldllï!J-Layer JI('­

f,'orolo.r!yand Journal of Hytiro7flt'tt'O'f·olo.fJY. Thl' approprialP pPrIllissions han' LWl'1l

oht aiIH'd tu rl'l> 1'0cl ll('l' dl<' papl'rs l!l'rpin. Chaptpr G pn'sPIlts a SlllIlIIHlry of thl'

priut'ipall"l'sllits ol>tainpd iu tlH' tlH'sis and SOIlH' suggestions for future \\·ork .
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Chapter 2

Climatology

2.1 Presentation of Article 1

Gin'll il lack of iuformarioll on rh(~ fn'quPIH'~' of cold-s(,élSOIl processes within the

\ IR Band otiH'r lï'lIl()tp arPélS. \n~ cOIIlpilt' Cl dilua tology of thesp illferred frolll

t lIt' EuroppcLIl C(,Ht n~ for ~IediuIIl-Rang(' \ rpath<'f Forc:céL"its (EC~I\ \'F) Rp-Analysis

(ER.-\) data. Thp ER.-\ data spall 15 ypars (laïa tu 1993 inc1usi\'r) and alla\\' a

!OIlg-f ('fIlI aIla.I~·sis of hh)\\"Îllg SIlO\\". high \\-indchill and blizzard pn'Ilts on a global

scalP. \ -aria bUi t ips in t h(' Illlllll)(lr of O<Turreucps and t hp nwchallisllls respansi ble

for t hpsp an' also iUH'stigat('d .

12
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"-\ diluat ology of adn'fSl' \YilltPf-t~THl wpatlwf (l\"puts. By St<'phl'n .J. Dl;f~' and :\1.

K. Yall. 1099: ./. Gt'op!L.lI'''i. Rf'."i .. l04( 0 1-1). lG.G5 7-1 G.G72.

Cop~Tight h.\· t lit' ..-\.uH'ricëln Gt'oph~'si('al C Ilion .
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A climatology of adverse winter-type weather events

Stephen .1. Déry and M. K. Yau
Department of Atmospherlc and Occanlc SCIences, McGiIl C'nivcnHt)', ~tontréa1, Québec

Abstract. Using the European Centre for Medium-Range Wcathcr Forccasts
Re.Analysis gridded data, a global climatology of blowing snow, blizzard, and
hi~h-windchillevent::l i:; conductcd for the period 1979-1993. The results show that
thesc phcnorncna occur primarily over flat. open surfaces with long seasonal or
perennial snow covers sucb as the Greenland and Antarctic ice fields as weIl as
the Arctic tundra. On a regionaJ scale, emphasis is given to the Mackenzie River
Basin (MRB) of Canada, where fewer events take place within the boreaJ forest as
opposed to the Arctic tundra. Interannual and monthJy variabilities in the number
of events are abu evidcnt and are due primarily to lO-m wind spL'Cd anomalips at
high latitudes for blowing snow and blizzard events, while high-windchill cvents are
more sensitive ta air temperatures near the surface. We aIso find that high-windchill
episodes are the more frequent events, since they uccur at 9.3% uf all pussible grid
points and limes 011 a ycarly basis, whilc blowing SIlOW at 6.5% and blizzards at
1,4% arc lcss common events. Compositin~of principal meteorological fields show
that anticyclones and lee cyclones are prominent features ~ociated with blowiug
SHOW events in sorne sections of the MRB.

14
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1. Introduction

Cold-seasal! praccsscs aftel! dorninate the wcather
of high-Iatitude regions. Wintcr storms combine high
windchills and blowing snow that produce blizzard c:on­
ditions over wicie expanses. cripplinp; hurnan activity
omri lcading to substantial cconornie and social lasses.

Dcspite the rccurrcnce of adverse wintertime weather
over widesprcad areas of the wnrld and incon\'cnicnce
to people, liule is kuown on the actual frequency of
thcse eyents. Observations arc partieularly difficult ann
scaree in the remote polar areas and o\'er sea iee. AI·
though diruatologica.l works for the Antarctic and Are­
tic arc not uncommon [e.g., Maxwell. 1980: Woo and
Ohmum, 1997; King and Turner, 1997J, few provide
c1irnatic data on adverse conditions. Othcrs have ex­
amincd winter storms and associatcd processes withom
assessing their year!y distributions [e.g., Stewart et al.,
1995aJ; hence our goal is to providc an analysis of the
frcqucncy of thcse evcnts.

This study is moti\'ated in part by the ~Iackenzie

GEWEX Stlldy (:'vtAGS) [Stewart et al.. 199B]. the
Cculadian component of the Global Ener~y and Wa­
ter Cycle Experiment (GEWEX). The ultimate goal of
MACS i!l ta cvaluate the energy and moisture Huxes
for the entire Mackenzie Rh'er Basin (MRB) of western
Canada (sec Figure 1). Since sorne of the processes in­
fiuencing the wintertime wnter and energy budgets of

COPYright 1999 by the Amcrican Gl'Oph}"sical Union.

Paper Dumber 1999JD900158.
0148-0227/99{1999JD900158$09.oo

the ~IRB arc potentially associated with the transport
of wind-driven snow and concurrent suhlimation that
uccur during blizzards and other high-wind L'vents [Law­
ford, 1993, H194J, a dimatology of these cvents must he
l'stablished. Given that the gridded data uscd in this
study arc global, CUL analysis i:; finit presentcd for both
hcmispheres. We then procœd by cxamining the hemi­
spheric trends and sorne causes of anomalous numbers
in these cvents. Suhsequently, we examine more closely
the dimatology as well as the synoptie-scale signatures
of blowing snow events in the MRB, followed by a dis­
cussion of the results. The parer begins with sorne
background information on the thrce significant \\'În­
tcrtimc proccsscs of intcrcst and a description of the
methodology used to compile thesc events.

2. Background

2.1. Blowing Snow

A notahle weather hazard associated with snowstorms
is blowing and drifting snow. Intense blowing snow eCUI

decrease visibility to ncar zero and cause drifts se\'eral
meters decp, making transportation extremely difficult
[Kind, 19811. Blowing and drifting snow occur when
wind spceds excced a certain thrcshold value and initi­
ate the transport of snow that was formerly at the sur­
face. Precipitating snow may aIso induce blowing snow,
making the source of blown snow somewhat difficult to
resolve in many instances. Two substanti\'e processes
are involved during blowing and drifting snow: salta­
tion and suspension. Saltation is snow particles bounc­
ing alang the surface at heights of a few centimeters,

16.657
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Figure 1. Geographical lllap of the !\fackenzic River
Basin. (~fap proriuecd by Eric LClIllJerger at the Vlli­
\'crsity of Oritish ColuUluia for the ~IackcnzieDasin Im­
pact Study [Cohen. 1997a. 01·)

providing then a sourCC for SUuw suspl!nsiou [Pomr.rny
et clL.• 19971. SuspeTlsion occurs when snow particlc:;
.U"e entrained h)' turbulent motions within the atma­
sphcric boulldary layer (ABL). In this mode. parttcles
ma)' rise to 100 m or more abavc the surface [Pomeroy
and Goodisoll. 1997; King and Tu rn t'r, 1997J.

Although blowillg snow I1sually rl'fers tu suspcnded
snow that rMUCC'5 visibility al. cYl' Icvd anù ùriftin~

SIIOW tu SIIOW transport beluw that height. we make
no distinction betwœn the twu definitions in this work.
and wc will rcfer tu the proccss as simply blowing snuw.
The IO-rn ..... ind speed thrcshold (Ud for itutiation uf
transport is l1sUlllly in the vieinit)' of 5 to 10 m ç 1 [King
and Turner. 19971. dcpcndillg on severa! cm'iranrnental
factors such as temperature and maisturc conditions of
the snowpack as weil as the age af the snow [Schmidt.
1980J. Hcrc wc fallaw Li and Porncro" [19971. who have
found il. dependence an the 2-m air tempcrature T" (oC)
far U, (m s -l) iLS

Ur == Cto + O.0033(T.. + 27.27)2 (1)

where the minimum value of the thrcshold 100m wind
spœd. (lIa 1 is cqual to 6.98 m S-I and is reachcd Olt
about Ta = -27"C. This parabolic equation predicts
higher resistance to transport at very cald tcmperatures•

­...
.;

~.. ;

==-....
&---~--\8 -~.~ l'1ft'. .. .

and ncar the frt.'t.'Zing point. Neac ooe. the snow tends
to he wet. and the imbeddcd water leads ta highcr cohe­
sion of the snowpack. On the other hand. at very cald
temperaturcs. cohesion iI.'lSOciated with strengtbcning
elastic and frictional forces again reduce the capacity of
the wind to displace snow frorn the surface. The inter­
rnediate range -25°C < T.. < _IODe is dcfinecl by li
and Pomt!roy [19971 as the cold cohesive reglmc in which
wind transport of dry snow is gcncrally most favorable.

2.2. WindcbiIl

The combination of cold air and high winds Icads to
rapid 10ss of budy heat. a proccss termed "windchill."
which was first exaInined by SipL~ and Passel [1945) and
subsequently by Steadman [1971). among othcrs. An
empirical relationship for windchill (WC. W m- 2) was
derivcd lu be [Siplt' and Prusel. 19451:

wc = (lU.7 - 0.32JT,,)(3i.62 + 36.0U~à5 - 3.GUlO ) (2)

..... ith TB in degrces Celsius and l-'IO the lO-m wind spœd
(m S-I). As an cxample, for a wind of 11 m S-I and
TB = -20D C. equatiou (2) yiclds WC = 2.0 kW m-2•
a commun threshold at which windchill warnings arc
issued in Canada [Atma.•pherir. Enmronment SCrtllcc.
L988) and a value apprmc:irnatp.ly at which exposcd skin
frC(".ws in less than a minute.

2.3. Blizzards

"D1izzards" are winter storms that combine bath
high windehills and blowing snow, reducing visibilitics
marked1y. as weil as snowfall. "Ground IJlizzards" are
winter storms with the SaIne characteristics as blizzards
but with no apparent snowfall. Although definitions
may vary from region to region [e.g., Blucstcln. 1993;
WiLd, 1995; Brunick, 19971. a blizzard warning is usu­
ally issued in Canada when the fallowing criteria arc
met for a pcriad of at lcast 4 hours: (1) wind speeds >
11 m S-l (:: 40 km h- I ), (2) windchills > 1.6 kW rn-l,
and (3) visibility < L km in snow and/or blowing Snow
[Stewart ct al.• 1995aJ. A temperature norm is at times
utili1.cd in place of windchill values. with Til < -12°C.
along with the other stipulatcd clements, usual1y mark­
ing the onset uf a blizzard (Phillip8, 19901. Omitting the
lime component, blizzard conditions can occur at any
time. and "blizzard hours" or "days with blizzards" are
the most often recordcd climatological quantities.

Even though blizzards are common phenomena in
many re~ions of the warld. such as Antarctica [Alvarez
and Licskc, 1960]. Eurasia [Mikhel' et al., 1971] and
North America [Stewart et al.• 1995a; Branlck. 1997),
few in-depth studies of blizzards cxist in the literature.
The clilnate studics of Burm [1913J, Maxwell [1980).
and Lawson [19871 proviclc some insight on typical con­
ditions favoring the developrnl'nt of blizzards and the
frequency of such cvents in Canada. ExceptionaJ cases
have aise becn d~cribed by. for instance. Babin (1915).
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GrajJ and Strub [19751, 8UTTOWS et al., [19791, Salmon
and SmIth (1980). Eagleman [1990]. Kocm and Uccellim
[19901, and Wild et al. [19961.

wherc V /5 is the approximate visibility (m) at CYl' level
in blowing snow. A. is a constant set to ION 016 g-5. and
L'IO ig in m 5- 1 . \Vhen VfS = 1 km. wind speeds art'
10 ms-l, corrcsponding essentially to the wind spccd
criterion for blizzard conditions. Although precipita­
tion ma)' also reciuce the visual range. the wind speed
threshold for blizzards ensures the incidence of hlowing
snow and ensuing deterioration in V [S bclow 1 km. A
snow-co"'cred surface (land or sea ice with concentration
> 50%) is a further requirelnent imposed for blizzard
c\'cnts. ~ote that unlike the case of a blowing sno,""
event or a blizza.rd l'vent. no ternperature or ....;nd speed

3. Methodology

3.1. Definitions

Since observations of adverse wintcrtimc prucesses
are scarce and conducted in very harsh candi tions, we
have compiled a dimatology of thcse cyents using grid­
ded reanalysis data. Thus a 15-ycar (from 1979 to
1993 inclusive) dimatology of significant cold-seasol1
"t'\'ents" for the MRB and the ~lobc is obta.ined from
6-hourly European Centre for Medium-Range Weather
Forccasts (ECMWF) Rc-Analysis (ERA) da.ta. on a 2.50

latitude x 2.50 longitude grid [Gibson et al.• 19971. Sub­
sequeutly. the results are converted to a polar stereo­
graphie projection, silice the processes of intcrest oceur
mainly near the pales. The dornains of the grids depict­
ing the polar stereographie projections arc wrnposed of
50 x 50 points Cl'nterecf OVf'r the poles with a horizontal
resolution of 250 km tnle at 60°l'i or S. The prCSence
of snow is determined from the snow depth parameter
of the ERA data that is based on station observations.
but sca ire coyera~c is provided by the Canadian Mece­
orological Centre (CMC) at the same fI'solution as the
fonn~r.

Definitions of the c\"(!nts ar(~ as follows. A blowinl{
SnoW l'\,pnt is defincd as any day \vhen thl' surface was
snow-{:ovf'rf'd land or sea ice (in concentration of 50% or
more). the tempcrature \Vas below U~C, and the thresh­
old \'l'loeit}' for transport W.1S exct'p.ded. ~"i determincd
from equation (I), at any ~rid point. On the uther
hand. wc consider a. high-windchill C\'ent ilS any da)'
when WC > 2.0 kW m-:Z at an)' gtid point. Final!)',
a. blizzard f'\'ent is interpreted as any day when bliz­
lard conditions are met (see section 2.3) at an)' grid
point, using the windehill and wind speed criteria, but
ncccssaril)' omitting the time cornponent given the tem­
poral resolution of the ERA data. In addition. the vi­
sua! range is not a parameter in the ERA data set and
is thercfore l'st.irnated from the folJowiJl~ rclationship
rTabler, 19i9]:

•

\ .1S = .-llJl-.; (3)

thre.'lhold appears in the dcfinition of a high-windchill
event. Therefore a high-windchill event can occur if
the temperature is cold cnough, even for a small wind
speed, as long as WC > 2.0 kW m- 2 •

The ERA data are a\'ailable four times daïly (0000,
0600, 1200. and 1800 UTC). An event is considered to
have occurred if the criteria for a specifie event are sat­
isfied at an)' one of the four times. However 1 for aIl
grid points we lirnit the number of events to a maxi­
mum of one per day. This allows a comparison of our
results with observations, sinee significant cold-scason
processes are often reeorded only on a daïly basis. i.e..
a day with or without sucb an event.

3.2. Validation

To detcrmine the validity of our analysis, tests wcre
first eonductcd to vcrify the prediction of evencs with
houri)' surface obscn'êltion (SA) reports at several Cana­
dian meteorological stations during the 100mb of March
1993. As an example, Figure 2 shows the near-surface
fields ofsca level pressure (SLP), temperature, and wind
speed. as well as the areas cxpericncinJ; sorne type of
adverse wintertime weather at 1200 UTC on !\.larch 14,
1993. An intense law-pressure system, known as a "5u­
perstorm" fe.g., Huu et al., 1995]. is battering the Ea'lt
Coast of ~orth America. At the same time. an en­
hanced SLP gradient and strong winds are occurring
over the Deaufort Sea in association with an anticyclone
north of Alaska. Table 1 lists the surface observations
recorded at SL"C rnctl.'Orological stations across Canada.
The locations of the stations are shown in Figure 2d.
In gcneral, the surface parameters indicate reasonablc

agreement considerin~ the resolution in our ERA data.
Blowing snow is inferrcd from the ERA to occur along
the Arctic coastline and in southern Québec and the
Maritime provinces (Fibrure 2a) and is observed at four
stations in the area, i.e.• IUIlVik, ~fontréa1. :'ol'atashquan.
and StephenviUe (Table 1). CoId conditions prevail in
the ~unavut Territory (NVT) and the Northwest Tcr­
ritories (NWT), with most area,o; surpassing the high­
windchill threshold of2.0 kW rn-:Z as observed in Baker
Lake (Figure 2h). High windchill values and stron~

winds near the Gulf of St. Lawrence lead to blizzard
conditions associated with the aforemcntioncd Super­
storm. Surface observations at the coastaI stations of
~atashquan and Stephenville in eastern Canada revcal
the blizzard event that wc infer from the ERA data
(Figure 2e). Thus wc are capturing accurately these
synoptic-scale events from the reanalysis data set.

In addition to the above tests, we compared climato­
logical observations of Ta and VIO in high-latitude re­
gions to those of the ERA data and find generally good
ilj,rreement (Table 2). As the data in Table 2 suggest,
however, the ERA exbibits in sorne locations a signifi­
cant negative 2-m air temperaturc bias. This bias oc­
cues during winter and spring at high latitudes and is
forccd by the unrealistically high values of the surface
albedo assigned to a snowcovcr [Kcillberg, 1997; Slingo
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Figure 2. The contours of (a) the sea leve1 pressure at .; bPa inten;a1s. (b} the 2-rn air tr!m­
perature al 5"C intervals. and (c) the lo-lU ......ind speL'd al. 2 rn ç 1 intl'rvals. at 1200 UTC on
~Iarc.h 14. 1993. Shaded areas indicate (a) rc~ons l~xpt!rienrin~ a blowinl; SflUW ('vent, (b) a
high-winrlchill e\'ent. and (c) il. blizzard l'vent. as inferml Crom the ERA data. Refer ta Table l
for the lucatlons numbered in Fi,..;urc 2d.

•

et al., 1998]. \\ïnd spccd biascs in Loth hemispheres are
;ùsa e\"idcnt in Table 2. The ERA undercstimate; wind
spceds in the Antarctic coastaJ areas (e.g., ~firny) sus­
ceptible to frequent katabatic wind episodes [King and
Thrner, 19971. Intense katabatic winds arc mesoscale
phcnomena whi(:h may not he propcrly rcsolved by the
ER...\. dataat a resolutiun of2.5°. In the l'arthern Hemi­
sphere. bath positive and negati\'e wind speed biél.'les
(±1 m çl) are obser\'ed. Negative wind SPL'CÙ bia,s('S
would lcad ta an undcrcstimate in the number of aIl
three types of events of interest. On the uther hand,
negative temperature biases will reduee the frequene)'
of blowing snow events when Ta < -27°C but inerease

the number of cvenls in the range -2?OC < Ta < QOC,

following our assumption for the threshold velocity Cor
transport. For high-windchill and blizzard events, neg­
a.tivc tcmpcrature biascs will increase the frequencies of
each. Note. however, tha.t our sampling rate is limited
la four times daily, whereas surface observations are of­
ten continuous in time. This may contribute ta a lo\\-er
number of days with a specifie event as inferred from
the ERA in comparison to actuaJ observations.

For reasons of economy, we have used the ERA data
at a resalution of 2.50

, which however, brings about
limitations in dctccting sub-synoptic-scaIe events. Both
blowing snow and blizzard events are knawn ta occur on
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Table 1. Surface Observations of Sea Leve! Pressure (SLP), 2-01 Air Temperature (T,.).
lU·m Wind Speed ((;10). Windchill (WC), and Precipitation and/or Weathcr Type (PWT)
Recorcled al Selectcd Canadian ~leteorologicalStations at 1200 eTC on ~larch 14. 1993

:So.& Station SLP, T.. , lllO, WC, PWT b

!aPa 'c m S-l kWm- 1

1 Inuvlk 1036.3 -21 G.i 1.86 S-,BS
2 Ycl10wkmfc 1020.3 -24 3.6 1.il 5-
3 Baker Lake 1017.8 -37 9.3 :.!.58 lC, IF.. Montreal 981.3 -13 9.3 169 S-, DS
5 :"atashquan 992.2 -lU 12.3 1.66 S-,85
6 Stephem'lIle 992.6 -6 18.0 1.58 :P-, 5-, DS

-The station number (:-la.) rcfers ta Its location ln Fil;ure 2d.
hThe precipitation and weather types and thcir abbreviations are snow (S), blowlnl; snow (OS). ie..

crYlltals (1C), lee fog (IF), ;U1d lee pellet.'i (IPI. A ~-" indieatcs lit:;ht precipitation.

16,661

18

the mesoscale as wdl as the synoptic scale [e.g.• Stewart
Pot al.• 1995b: Szeto and Stewart. 19971. and wc recog­
nize that these ma}' not bl! entirel)' accounted for in the
present work. In addition. alpine evcnts arc unlikely to
be detectl!d at this J!;rid rcsolution. Althollgh mc.soscalc
iUld rnollutainous events would increase the ovcrall fre­
qucncies of occurrences. particularly on a rc~ona1 basis,
we will show in the following section that our compiled
frequency of adversc \\;nter-type weather events mm­
pares favorably with the Cew observations found in the
Iiterature.

4. Results

4.1. Global Climatology

Figure 3 depicts the numher of blowing snow C\'l'nts
for both the :'-Jurthcrn and Somhern Hemispheres (:\H
and SH, respccti\'ply). B1owin~ sno\\' cvents are most
prominent on the windy and snow-co\,pred ice fields of
Antarctica anu Grecnland, as weil as u....er sca iee. :\

high number of events aIso occurs on the Arctic tundra
of Canada and Russia as weil a.'i the neighhoring frozen
sea.'i and lakes. Forestcd areas incrcase surface friction
and reduce wind spœds. limiting the numlJer of occur­
rences there. This il' l'vident in bath :-':orth America
and Asia. where the boreal (orest endures fcwer blow­
ing snow t'vents than the open plaiœ south of the bo­
rcal forest (e.~., the Canadian prairies and steppes of
Kazakhstan). Although climatological records of bIow­
ing snow are rare and dcfinitions of l'vents vary. we note
a good correlation to that of Phillips [1990J. His blow­
ing snow dimatology for Canada portrays a similar lo­
cal maximum in the prairies and a peak in the num·
ber of ('vents in Hudson Bay, the NVT, and :"lWT, but
with highcr frequencies for the Arctic Islands and the
prairies. The high numbcr of l'vents in Kazakhstan and
i\long the Russian Arctic coastline also corresponds weIl
to the regions of large volume transport reporte<! by
I\-fikhel' et al. [19i11. We remark, howcvcr, that alpine
areas, prone to man)' blowing snow cvents [c.g., Bt!rg,
1986; Barry. 1992J. are not weil rcpresented here. except

Table 2. The Obsf'r'Jed Mean Annual 2-01 Air Templ.'rature 1'.. and lO-rn Willd Spœd (;10 al Sclectcd High­
Latiturie Climatolo~icalStations Compared ta the Values Obtaincd From the ER:\. Data

Slation Latitude. ;Y:, oC UIO , III S-l Souree
Longitude Obscrwd ERA Oh~l'rved ERA

Northr"1 Hr:muphl'.N':

IlJuvik. Canada 68° N 1 1330
\\' -4.5 -7.5 2.8 3.3 1

:"iovosibirsk, Russm 55°N,8rE -0.2 1.7 3.B 3.7 2
VilY1lysk, Russla 54·N, 1220 E -9.2 -10.3 22 3.1 2
Yellowknife, Canada 62°N, l1ot°\\, -5.4 -6.4 -I.J 3.1 1

SOllthtm Ht:muphru

Oyrd. Antarc:tic:a SOoS, lIgo\V -27.9 -32.0 86 2.9 3
Halley. Antarctica 76°S, 26°W -18.5 -12.7 48 5.S 3
~[irnYI Antaretica 61"5,93°E -11.5 -15.0 11.5 8.6 J• South Pole, Antaretica 900 S -49.3 -52.7 ·'8 5.0 J

SUllfCCS: l, Enulmnment Canada [1993J; 2, Lydolpl1 [1977); 3. Schwt!rdtfr.ger [19701.
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A dimatology of blizzard events is aIso inferre<! from
the ERA data. and tbis is plotted in Figure 5. !'ote the
separate sc-.ales uscd for the ~H and 5H. We first ob­
serve a similarity between the zones of frequent blizzard
cvcnts with thase of blowing snow and bigh-windchill
events shown in Figures 3 and 4. The iee-covercd Arc­
tic Ocean and polar sea.'l, the ice fields of Greeniand
and Antarctica, as weIl as the barren lands of the Arc­
tic tundra are favorable locations for the development
of blizzards. Local maxima in f'orth America are found
in the Great Lakes rcgions (associated with lake-effect
storms whlch are inrluced by the passage of cold air
ovt!r the relatively warm open \\'aters of the lakes) , the
Canadian prairies and U.S. Mirlwestern plains, althougb
the frequencies of events found with the ERA data are
somewhat lcss than observed therc [Lawson. 1987: M.
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?;1iO
;:::m
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?: 10

•

Figure 3. Mean annual Humber of blowing snow events
(iL'! defined in the text) Cor the period 1979-1993 in (a)
the Northern Hemisphere and (h) the Southern Hemi­
sphere,

pcrhaps the Tibetan Plateau, ùue to the resolution of
the gridded data.

In the SH, a "ring" of maximum blowing snow events
is associatcd with the stormy eoastal rcgions of Antarc­
tka and the cireumpolar trough. with some areas eX­
perienein~ bluwinj!; snow daily more than twu thirds of
the year (Figure 3b),

The annua! number of days when WC surpasses 2.0
kW r.l-] is presemed in Figure 4. This shows that, on
an annuaJ basis, a greater number of blustery days oc­
eur in Antarctica as opposcd to the ice-covered Arctic
Ocean. However, the Asian and ~orth Arnerican con­
tinents surrounding the Arctic Ocean promote a south­
ward propagation of high-windchill events as far south
as .lQO N. In the SH these eold episodes rarcly oceur aver
open waters or even sea ice and do not extend much far­
tber north than 70°5.

.... ,
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Figure 4. r"tean annual numbcr of high-windchill
events (as defined in the t!!Xt) for the period 1979-1993
in (a) the Northern Hemisphere and (b) the Southern
Hemisphere.
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Figure 5. Mean anoua! numbcr of blizzard c'w"cnts (as
def1ned in the text) for the pcriod 19i9-1993 in (a)
the ;':orthern Hemisphere and (u) the Southern Hemi­
sphere.
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L. Br,ulÎck. unpublishcd data, 1998J. C,U1ada's East
Coast is notoriOllS for its frcquent winter storms. man)"

uf which reach the status of blizzard. However, fcw
blizzards are experienccd where boreal forcst prcvails,
again duc tu a significant rcduction in high wind speed
l'vents there. In the SH, rnost c'w"cnts occur along the
storrny co~-;tal enviromncnt of eastcrn Antarcr.ica, with
sorne regions experiencing blizzards no less than 120
day~ annuaUy.

4.2. Thcnds and Anomalies

Over the course of the 15 years invcstigated in this
paper, monthly and annuaI variabilities in the number
of advprse winter-type weather phenomena are l'vident
from the lime series of blowing snow, high-windchill,
and blizzard events displayed in Figure 6. The time se-

w 4e+03
ID

vV
1994

Figure 6. Monthly (solid lines) and annuaJ (dOL")
trends in the number of blowing snow events (OSE),
high-windchill events (HWE), and blizzard cvcnL'i (BE)
for (a) the i\"orthern Hemisphere and (b) the Southern
Hemisphere. Yearly values have becn normaJized by a
factor of 12 for comparison with the rnonthly frequen·
des of events.
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Percrntlle values mdlcatc the frcquency uf events on il

vearly nasL" o\'"l'r ail ~nd pOlOts and urnes. I.e.. the 'lctUal
dividL-d bv thc total possible nllmber of ('\'cnts

ries are presented for each hcmisphcre. and the monthly
trends display pt~ak:; in the Humber of C\'cnts during
each hcmisphcric winter. In the :"lH. monthly frt'quen·
ries attain a maximum typicall~' bctwœn Jalluary and

~1arch. while in the SH the maxima arc rr.achcd usu·
ally bctween July and Scptcrnbcr. Note the absence
of high-windchill and blizzard e\'ents in the :"JH during
its summer, whereas the SH cxperiences these episodes
ycar-round duc to the calder sununertime temperatures
l)\"('r Antarctica compared ta those of the polar NH sum­
mer.

By oDserving the annuaI trends, we see that about an
equaI number of blowing snaw events occurs in the l'\H
and the SH but that considerably more high-wi:ldchill
and blizzard events take place in the 5H (Figure 6). In·
terannual variability is also evident in the yearly trend5
of blowing snaw and blizzard events. but the llumuer
of high-windchill cvents is nearly constant in the SH.
Table 3 lists sorne of the absolutc and relative V"dJues
of the frequencies of aU three types of eveDts. \\Te Sl~

that. on average. the number of occurrences is of the or­
der of 10~ annually for the original latitude/longitude
grid uscd in this study. High-windchill events are more
comman than blizzard events despite the higher Ive

Globe

lA32 6.51
3.485 933
0.537 1.44

685
13.40
181

SH

1.279
2.502
0.338

:"H

1.152 61:­
0.983 527
D.l!!!! 1.06

Type of
E\'ent

Table 3. Averag!! Annual :\umbcr of Blowing Snow
Events (BSE), High-Windchill Events (HWE) and Dliz­
zard Events (BE) in the l'\orthcrn Hemisphere (~H),

the Southern Hemisphere (SH). and the Globe for the
Period 1979-1993

B5E
HWE
BE

•

criterion for the former relati\'e to the latter. This is
dUt! ta the strict \\'ind speed threshald imposcd in the
dcflnition of a blizzard c\'ent, whereas a high-windchill
cvent is not required ta satisfy a critical \'a1ue of either
Tu or F IO • as long as WC > 2.0 kW rn-:Z (sœ section
2).

Anomalies in blowing snow, high-windchill. or bliz­
zard events may he due ta severa! factors, induding
SLP. air temperature. and wind spceù fluctuations, all
factors affecting thcse processcs. Figure ï dcpictS ar-

Figure 7. The positive (negative) monthly anomalies.
shawn by solid (dashed) lines, of (a) sca lcvcl pressure
(intervals of 1 hPa). (b) 2-rn air tempcrature (inlervals
of 1°C), and (c) 1().m wind spœd (intervals of 0.5 m çl)
for February 1993 from the 15-year (197!}'1993) means
fur February. Shaded (cross-hatchcd) rcgions indicate
areas with positive (negative) deviations of two or more
rnonthly (a) blowing snow, (b) high-windchill, and (c)
blizzard c\'ents.
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Figure 8. ~fean annuaJ Frequenc}' of (a) blo\\'ing
snow, (t:.) high.windchill. and (c) blizzard cvents in the
Mackenzie River Basin (denoted by the thick !ine) for
the period 19i9..1993.
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eas that experienced in 1993 positive and negative de­
viations oC at lcast two or more blowing snow, high­
windchiU. and blizzard e\'ents from the 15-year mean
far the month of February in the \'icinity oC the MRB.
Clearly associated with the positive blowing snow and
blizzard event anomalies are significant deviations in
U10 (up ta 2 m S-1 from the rnonthly average) \\'ith n~
ticcable positive Ta fluctuatians ncarby. This confirms
that a strong correlation exists between \\'ind specd and
blowing snaw and blizzard cvent anomalies. We also oh­
serve an SLP anomaly of 2 hPa from the climatological
mean centered over the MRB. The neac-surface air tem­
pcrature is a more critical parameter for the number of
high-windchill events as positive (negative) deviations
in frequency are coUocatcd with ncgative (positive) tem­
perature fluctuations.

4.3. Climatology for the Mackenzie River
Basin

4,3.1. Frequency of events. Wc now empha­
size the clirnatalogy of significant winter-type weather
e\'ents for the MRB. which is the arca oC interest of
MAGS (Figure 1). The MRD drains approximately one
fifth of the Canadian landmass and is situated in an
area wher\! wintertime processes arc important [Law­
ford. 1993, 1994J. Although mast of it is farcsted.
the Dorthcastern and northern sections of the basin lie
v.;thin Arctic tundra. Thcse barren lands are conclucive
ta frequent blowin~ snuw ('\"(!Ots (~ ID per year) which
decline rapidly in numbcr within the ta.iga, where fewcr
than !ive annual episodes occur (Figure 8a). The num­
ber of occurrences bcgins to increase southward as the
borcal forest gives way ta the open prairies. In compar­
ison ta Phtllips [1990J, we undcrestimate the frequency
of blowing snow cvents in the forested regions of the
MM. where the ERA displays a negativc wind specd
bias (Table 2).

High-willdchill cvents are also most cornmon over the
Arctic tundra (Figure Sb). !\'car the sauthernmast sec­
tions orthe basin. no more than a few da}'s per year v.ith
WC ~ 2.0 kW m-:l are expected. Ho","'Cver, the numbcr
of events incrcases moving ta the northeast suth that
as many as 60 high-windchiU events occur over the cold
Arctic tundra. which evidently coincides with the area
of highest blizzard frcquency (Figure Sc). Blizzards arc
uncommon in most sections of the :VIRB; nonetheless.
pcrbaps one such storm ma}' affect the lowcr ~facken­

zie Valley evcry 2 years, whereas the coastal regions
may cxpect more than fivc events annually. These re.
sults confirm the conjecture by Stewart et al. [1995aJ
that two blizzard regimes exist in the NVT and N\VT
of Canada, witl! the areas of high and low frcqucncies
delineated by the treeline.

4.3.2. Forcings of events. Compositing is an
averaging technique used ta reveal atmospheric pat·
lerns common to a mctcorological event. The method
has becn applied, for instance. ta detcct synoptic- or
planctary-scale signatures of widcspread hcavy precipi-
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Figure 9. Composites of the sca le...el pressure at .. hra inten~dLo; (a) 2·1 hours prior lo (T -24),
(b) durmg (TOO), and (c) 24 hours after (T+22) 11ltlowlUg snow p\'p.nts aS...;ociatcd with winds
from the SV.'' quadrant near Yellowknife (cipnl1tcd l.Jy "Y"), Shacied areas dcnute lO-m wind
speeds >6 m ç 1. Positive (negative) dcnatiolls from the 15-year c1irnatolo~ical nll'an SC''l Icyel
pressure (hPa) during the events (TOO) arc shùwlI in Figure 9d in soUd (dasht.-dl lines .....itil 2­
m air temperature anomalies of >5"C « -SoC) from thp 15-yrar cJimatolo~cal ln('an shaded
(cross-hatched) .

•

tation cpisodes in the MRB [Lackmann and Gyakum,
1996]. Ch'cn that our primary interest lies in snow
transport. wc apply the technique at a particular loca­
tion by averaging the fields ofSLP. surface tempt'raturc.
and wind speed during blowing snow events. Sorne pre­
Iiminary tests revealed that stratification of the events
with respect to wind direction yielded superior f(~ults.

Wc therefore classify blowing sno~' events into four cat·
egories, depending on the wind direction quadrant. i.e.
(winds from the) SW. NW. NE. and SE quadrants, The
results sho~'n hcre are (or blowing snow e\'ents that oc­
curred during the months of January ta ~-tarch 1979
ta 1993. inclusive. near Yellowknife, I\'WT (62a 28'N.

114°27'\\'), chosen for its central location within the
~IRB (sec Figure 1). Ta ensure the significance of the
results. we applied a Student's t test [Wilh. 19951 to
the data. This statistical test is commonly cmployed
in the application of the compositing technique fe.g .•
Lackmann and Gyalcum. 1996]. with the threshold con­
fidence level of 95% often used to assess the validit}' of
the results. In our case. a confidence level ~95% limited
our compositing ta within ±24 hours from the lime of
the cvents .

Figure 9 is a composite of the SLP field with super·
imposed regions where winds ~6 m 5-1 when the e\"ent
is occurring (TOO). as well as 24 hours prior to and
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outer the C!VI~nt (T-24 and T+2·t. respectively), whilc
Figure 9d rcprcscnts dc\"iations of SLP and T., from
the lS-year (19i9-1993) monlhly dimatolo~ica1 means
'Lt TOO. Thus Figures 9a-9c show the temporal evolu­
tion uf SLP and wind fields that favor southwesterly
hlowing snow events near Yellowknife. At TOO. wc
obser....e a composite anticyclone that has moved iuto
the Canadian prairies with central SLP of 1042 hPa
and a trough in the lce of the Mackenzie ~Iountains

iUld an associated cyclone to the north that lead ta an
enhanced SLP ~radif!nt near Yellowknife. ~kan wind
sppeds there arc about 8.0 m s -\ with threshold for
treUlsport. ap;ain computcd fol1owin~ cfllIation (l J. near
i.n lU S - 1. As~ociated with thcse strouj!; southwestt'r1)'
winds in thc ~lRD are positive temperaturc dcviations
of aoout ;j"C from the c1imatolov;il:al mean northwcst of

Yc~lIûwknife. while the prairies experiencc calder than
norma! conditions (Figure 9d). Subsequentl)', the c)'­
done maYes castward and intensifies along the Arctic
coast of the NVT. whercas the high-prcssure system
has mm'cd southeastward iuto the United States. Fi,;­
ure 9d reveaJs the SLP departurcs from the monthly
dimatological means at TaO rf!sponsiblc for the blow­
ing snow cvents at Yellowknife. A decre<\Se of up to
12 hPa in SLP to the northwcst of Yellowknife. while
ta the southeast, an increasc of up to 22 hPa in SLP
from the dimatologir.al meall contributes to high wine!
speeds and blowing snaw events near Yellowknife.

.-\. developing anticyclone iu Alaska is il dominant fac­
tor in producing hlowing snow e\"clIts occurriul!; with
northwcsterly winds (Figure lOlo This high·pressurc
systt":m mo\'cs southcastward iuto the Yukon Territory

• Figure 10. As in Figure 9 cxcept for 78 blowing sno..... ('Vl'flts associated \Vith winds from the
~W quadrant near Yellowknife (cienoted by "V").
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Figure Il. .-\s ln Figure 9 f'-xccpt for eight blowing snow p\,pnts associated with lI;mds from the
:"E quadrant ncar Yp.llowknifc (denotcd br "l~).

•

(l'T) at Tao. while a quasi.stationary cyclone remains
in the Hudson Bay arca. Wind speeds reach ..alues
of 81 rn s-(. again 1.0 m s-Ion average abO\'c the
thrcshold. while warmer conditions than normal prevail
throughout the ~fRB. As in southwcsterly events. there
i5 both a maximum and minimum in SLP devia.tions
frorn the climatologlca! mean; however. positive changes
in SLP are ta the west of Yellowknife over Alaska and
the YT. while ncga.tive changes in SLP are centered over
the r\VT. Warmer air than usual is also found durinK
these blowing snow l'VentS.

Strong winds frum the NE quadrant occur infre­
quendy a.t Yellowknife. HO'Q,'ever, the few blowing snow
events associated with northcasterly winds are associ­
ated wlth cycJogcncsis in the lce of the Rocky Mountains
in Alberta. Prior to genesis (T-24), a ridge of high

pressure dominates the SLP field over western Canada
(Figure Il). HO'Q,'ever. a low in the Gulf of Alaska is
also a promincnt feature in this case as weIl. Troughing
IDto the interior lcads to cyc:logenesis in central Alberta
and blowing snow in Yellowknife. Subsequently, the
low-pressure system moves quickJy into Hudson Bay.
allowing a high4prcssure system to take its place near
Great Slave Lake. [n this case. only a strong dedine
in SLP WÎth minimum of 19 hPa is notable, while sur­
rounding arcas experience little change in SLP from the
climatological mcan. The weaker SLP gradients signify
that wind speeds are, on average, only 7.2 m 5-1 for
the northeasterly events, at lcast 0.5 m S-1 lcss than
the other quadrants.

For the final sectar. an anticyclone cast of the Great
Slave and Great Bear Lakes and an Aleutian low are
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initial signatures of a hlowing snow cvent with south­
casterly winds near Yellowknife (Figure 12a). This
high-pressllre system propagates southcastward ta lie
O\'er eastern Saskatchewan, with troughing aIong the
~Iaclœnzie :-'lountains rielding lower SLPs in the north­
western section of the basin. The strong SLP gradient
r('Sults in rnean wind speeds of 78 m ç 1 in the Yel­
lowknife area and warmer conditions than usual in the
'fT. Troughing into the MRB leads t.o cyclogenesis. and
this low mm'cs rapidly northeastward over the Arctic Is­
lands Olt T +24 as it intensifies. As in the southwesterly
cases, a decrease in SLP from the climatological mean
exists ta the northwest oC YellowkniCe. while an elon·
gawd region oC positive de\'iations ln SLP is centered
ta the cast of Yellowknife.

For the four quadrants combined. 134 blov,;ng snow
l'vents near Yellov,'knifc arc inCerrcd for the 15 years oC
the ERA data. This is an average oC about nine l'vents
annually, one less than the observcd long·term climatol­
ogy [Enmronment Canada. 1984]. Most blowing snow
events at Yellowknife are observed ta occur with north·
westerly winds (A. C. Giles. persona! communication.
1999). as we find in our c1imatology.

5. Concluding Discussion

Using the gridded ERA daLa. we have compiled a
global 15-year dimatology oC blowing snow. blizzard.
and high-windchiU events. The results confirm that
the blustery ice fields and ice shelves of Antarctica and
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Grœnland, the ice-cm·crcd Arctie Ocean and polar scas,
'1.<; wdl as the ArC"tic tundra are high-frequency zones
of si~Ulficant \I,'intcr-type weather proccsses. We find
that the most common type of adverse cold-scason pro­
œsscs arc high-windchill cpisodei which oecur at 9.35'c
of aU possible grid points and Limes on a ycarly ba­
sis, followed by blowmg snow (6.5%). and then bliz­
zani (1.4%) events. These are controlled primarily by
gcography (c.g.. surface cO\'cr, lc:..titudf', altitude) and
meteorological variables, most notably wind spced for
hlowing snow and blizzard t'vents, and air temperaturc
for lugh-wmdchill ('veuts. ln the MRB. we find similar
results, as fewer ('vcnts occur within the horeal forest
t.han the nt'Ighbonng pra.1nes or Arctic tundra. Trends
in the frequency uf l'vents Wl'rr' t!xamined and showed
bath monthly and lUtcrannuai \-ariability. Stormy pe­
nods at IlIgh latltudt-'.S are Iikely to he accompanied by
higher trt'<jlwrlcies of blowing sno\\," and blizz..:vd events,
whereas colder than usual conditions will producc a
hlgher number of wmdchill cpisodcs.

The compositing of the near-surface fields of SLP,
tC'mpcrature, ;Uld wind speed has revl!a1ed sorne of the
sYIloptic~scaic Sl~natures that pruduce hlowing snnw
l'Vl'nts near Yellowknife, NWT, locatcd centrally withiu
ttlf' MRB. Th!' presence of strong SLP gradients pro­
JucU1~ wlUd spet'd~ >ï m :; - 1 and subfrl'(!zing temper­
at.ures are the neccssary lnl;redients to producc Lluw­
lU~ snow O\'er il snuw·covered surface. For the four
quadrants cxamined in section 4.3.2, we note that in­
lf'nsifying antlcycloncs are dormnant features lU ail but
lIlH' uf the four cumposites. Additional strengtheninl!;
of the SLP !!;radil'nt 1:; prm'ided Gy trou~bing and ~'­

clo~enesls m the 1('(' of the MackenZie ~Iountains fur
S\\' iLnd SE l'vents and of the Rocky :"1ountains for :"E
('V('lItS, whil!' ;~ quasl-statlOnary inw over Hudson Bay
I~ cntical for ~\\. (·vents. TIH!se fcatures lead 10 (h'vi­
a.tlons m SLP rrom tile Ulonthly c1imatoluJ?;ical mCa.11S
r.hm show il "dipolp" structure in three our. of the four
cmupusiws, \\'lth Ydlowknife sandwicherl bl!twt'en an
art'it of pOSltl\"l' and nf'1!;ati\'(' SL? d('partures . .-\ sinll­
lar dipult' featur!' wa.... aJ!.;o observed hy Lackmann and
GyaJ.:urn :1996; \Il 500 hPa ~('oputentl;ù IWlght anoma­
lies \Il thelr studv of hi/!;h·~reClpitatl0n e\'elltS \li the
MRB. Thus stronp; dcparturcs from the climatological
mean SLP ur 500 hPa ~eopotentialhelghts ln the \'lcin­
Ity of 'Yellowknife ;Lre conducivc to adverse mcteutolog­
ICai conditions therc. \Vc albo notcd positive tempera­
t.Urf' de\'iations from the climatologleal means near or
at YI!llowknife in ail four composites. The prevalence
uf I:uld iUlticydurws and accompanymg calm wcather
in this region during winter indicates that stormy pcri­
uds arc gcnerallr i1ssociatcd with warmer than aV(~rage

temperatures in the MRB.
The result.'i ln this paper ha\'e focused on the rre­

qucncy of blowinp; snow c\'cnts, since the water budget
of nival regirnes cau 1)(> influcnccd by t'Wu related pro­
cesses: (1) the Tt!distributiun of snuw by wmd can Icad
to signiticant crosion of ruass in open, wmdswept a.r·
Pa...; and an:umulation in ot!Jers and (2) the concurrent

transfer of iee particles to water vapor during trans­
port can lead to further snowpad depletion. A num­
her of recent studics have assessed the contribution of
these processes ta the surface mass balance, \!'ith signif­
ieant \'ariation on the importa.nce of the blowing snow
sublimation component [King et al., 1996; Pomeroy et
al., i997; BintanJa, 1998]. Ta that clfect. Déry and
Taylor (1996J and Déry ct al. [1998] have de\'eloped a
blowing snow model naml.'d PIEKTUK that considers
the negative thermodynamic fccdbacks of the blowing
snow sublimation process in the ABL. They condudc
that in sorne circumstances this process is self-limiting,
thus supporting studics that Yleld lower cstimates of
the blo\l,;ng snow sublimation component to the surface
watcr budç;et. With hlowing snow occurring rarel)' over
the forcsted areas of the f\.1RB, the watcr budget for
the basin will not likely be affectcd if storms and strong
wmd conditions are confined to the southern portion of
the ~tRB. Howcvcr, \\'ben stOTIl15 and strang v.;nd con­
ditions affect the northern part of the basin occupied by
Arctic tundra, the blowing sno\\' component may not be
nc~Ji~blc Wc arc presently coupling a modified version
of PlEKTUK ta the ~·tcs(Jscale Compressible Commu­
nit)' (MC2) model [BenOIt t:t al., 1997) to provide more
arcuratc evaJuations of the importance of blowing snow
ill the cold-scason water budgt't of such rel;ions.
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Chapter 3

Mass Balance

3.1 Presentation of Article 2

Tlw dirnatolog~' prpsPIlted in thl' p[(:'\'ious chapter provides us with aIl idpa as ta

the locatiuns wllP[(" blowiIl~ SIlOW rnay ha\'p a significant impact to the surface mass

balan("f'. In this dlapter. w(' extend tlll'se rf'sults by qualltifying the raIe blowing

SIlO'" subliluatioll and transport. as wplI a..~ surface sublimation. f:'xert in the wa­

tpr blld~Pt of hip;h-Iatitucle regions. Pararnetrizations describing the blowing snow

transport and sublilnatioll rates are applied during blowing SIlOW events that are.

onn' again. illfl'rred from thl' European Centre for ~Iedium-Range \Veather Fore­

casts (EC~I\\'F) Rp-.-\nalysis (ER--\.) data, For completeness. surface sublimation

is ('urnplltf'd at aIl ot her times \\'hen temperaturps are subfreezing. Two sensiti\'ity

studies with n>gard ta the background thermodynamic conditions during blowing

snow arp conducted and are followed br comparisons with other large-scale mass

30
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balanLC' :-;t udies.

3.2 Jlrticle 2

Thl' larg('-scah' Iuass balanCl' ('ffpcts of blowing SHOW and surface suhlimatioIl. By

St<'plH'Il .J. D{'r~· and ~r. K. Yan. :2001: slL1>mitt<'d to .J. C~()ph!Js. Res.



•

•

32

The large-scale mass balance effects of

blowing snow and surface sublimation

Dt'part lw'nt uf .-\t lllusphprü' and On'anie SCiPIll"l'S. ). [cCiIi L" ni \"prsi ty

)'IoIltn·'al. qtl(',!H'{"

SUlJ111itt('d tu Journal of GCOp!tllsical Re.'if'ardl

Abstract

This stud~' ('XéUlliIll'S thp pff('cts I)f S1lrran' subliIllëition and hlowing SilO\\" to thC' sUr­

fan' Illass balaw'{' ou a global and basin scalp llsing t Il<' EC).I\\"F Rt'-.-\nal~·sis data

at a n'solution of2.;j: tltat span tlH' ~"pars 19ï9-1D9:3. Goth surfacp aIld blu\\'ing SIlO\\"

suhliluarioll pla~" significaIlt rolps in thc' \\"at('I' budgpt of high-Iatitudp n'giotls. Ho\\"­

('\"C'L \\"(' find t lIat IH'ar-Slll'fan' air o\"C'r largt' portions of tht' :\ortllPrn HPIIlisph<,f('

and. tu a l<'ssl'r d('gn'('. tht' SUlltlH'rn HPIIlisplH'[('. is oft<'u su!)('rsaturatpd \\'ith n'­

sp('('t tu in'. inhil>iting t 11('s(' two procpssps. :\p\'erthdpss, the combined procpsses

of surfan' (G(JI;{) and blo\\"ing SIlOW (-l(Jllc) subliIIlatioIl an' pstiluatpd to f('IIlO\'(' 20

IIII Il a -( SIlO\\' \Yatpr ('(llli\ët1pnt (s\\'p) o\'('r .-\ntarctica. [n the :\orthern Hemisphere,

t IH's(, pn)('pssPS an' g('IH}rall~' [('ss imporr ant iu ('outiupntal éupas t han o\'(~r the fl'ozen

.-\rct il' O('p(ln aIld polar SPi:lS whprp surfacp and blowing SIlOW subliIIlation deplc~tc
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Ilpwards of 10 mm a -1 SWl'. .-\n~as with frl'quent blowing SIlOW ppisodes such as

the coastal 1"('gions of .-\ntarctica and t h(' Arctic On'aIl are aIso prone to a mass

transport > 100 :\ Ig m- 1 a ~ 1• .-\1 though important locally. nL1lH's of th(' divprgC'Ilce

of Illass t hrollgh wind n'distribution arp gpfl('rally twu orciprs of Iuagnitudp less than

sarfan' and blowing SHOW snblilllation WllPIl a\'c'raged o,'pr largl' areas, For thp pu­

tin' :\Iackpllzi(' Ri\"('r J3asin of Canada, dl'position on'rwhehlls the ('ff(~cts of blowiug

SIlOW as tllaSS accllIIllllatc's to dl<' ratl' of 0.-1 mm a -[ swp whpn the df<'cts of these

proc<'ss('S is SlUlUlH'(l.

1 Introduction

At high latitlHlPs and altitu<!C's. (H'('cipitation tpnds tu faH in tlH' form of snow that

èUTlLIllulatps at thp sllrfa("{'..-\ rli\'al rC'giIlH' constitlltPs an iluportant fonu of storagp

for watc'r whidl llla~" IH' r<'1pase'cl during mdt to tht' pn\'ironUH'ut or accllmlllated

iutu ail icp sl1PPt if sul>fn'('zing ("(Hlditions I}('rsist.

:\lO\"C'IlH'IH of air a1>o\"p a sllowpa('k ilIlpacts tlH' slLrfa("p rIlass balauce in sP\"('ral

\\"a~"s. For illstaun', wiucl may n'IllO\"C' SIlOW froIll Pëlsily prodibl(, sllrfacps to deposit it

in èH'C'lllIllIlatiou an'as such as dC'(H'('ssions alld Imshe's, leading to sllbstantial he'tpro­

gPIll'itips in tlH' SUO\\TO\'P[ with h~'rlromPt(l(}rologicaliruplicatiolls. In sllbsatllratpd

air with ["('sI)('('t to in', t11(' suhlimation (phase chauge of in' to watrr nlpor) of SllS­

)('ndpd hlowing SIIOW partid('s IIlay n'(H'pspnt ail additional sink of mass fronl the

sllrfacp. III a procC'ss rpfpITPd IH'n~ tu as sllrfacp subliIllation, sllpplemcntal water

\ëlpOr IIlaY Iw din'ct.l~' transfl'ITl'd l)('twC'(ltl thl' atIllosphcric bOllIldary layer (:\BL)

and thp sIlowpark. pn'n \\"11(\11 wind sppccis do not exceed thp threshold for transport
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()f SIlO\\"o

TIH' :\Iackpuzip Rin'l' Basin (:\IRB) uf \"orthwpstprn Canada is one region sns­

('pptible to loug spasollal sno\\*('on'rs. with SorBe' spctions of thl' basin hlanketed by

SIlOW mon l t ban :20() days il. ~'('ar (Phillips. 1990) _ Bping ubiquitons in t hf' :\IRB.

pro('(ISS(IS inn}l \"illg SIlO\\' alld in' tHay t 11l'refon' ilupact significalltl~' its surfacl' watpr

budgpt (St('\\"ilrt pt al.. :20(0) _ For illstaw'p, D("r~' and Yan (1999a. :200 1) showpd that

blowing SIIOW l}Cc'urs IIp to GO da~'s anntlaIl~' O\'l'l' thl' north('fll s<'ctiuns of tll(' :\IRB.

To <,xiunillP t hp (,(Hltrilmtion of sllrfan' and blowing sno\\" suhlimation and transport

tu tlu' :\IRB's \\"att'r budg('t. WP llSl' griddl'd n'-anal~'sis data that are global and

tlH'rpfon' pn'sPllt n'sults [or both hf'llLÎsplH'n's in addition ta thl' :\IRB. The :\IRB

is our principal an'a of intp[pst as it is sllhjl'('t tu an intcllsin' fipld calupaign titlpcl

t IlP :\ Iack('IlZi(' GE\rEX StlHh' (:\1.-\G5: Stp\\,lrt pt al.. 1998: ROllsp. 2000) lallUdH'd

to pl'o\-idl' fllrtlwl' iuformation ou thp \\"atc'r and l'IH'rg~' cyclps of this largp nortlH'ru

basin_

Thc ' pappr f)('gius \\"itb SOtlH' backgrouud iuforrnation ou tlU' processes af[l'cting

r IH' surfan' tnass balaw'p of culd n'~i()ns. \rit Il sppcial attPIltion gi\"PH t.o the sllrfa("(\

suhlima t ion and hIo\rin~ SIlOW COIIlpOIH'nts. SllbsC'qm'ntly. the' IIlpt hodolog~· is ck­

s('ribpd [ollo\\l'<! hy SUUlP n'sults. s<'usiti\"it~, tC'sts. and tlH'Il ('otllpari~Olls with otlH'f

st udips. TIl(' pap('l' dosps \rit h a ('ulldudiu1!," discussion of our nlldillgs,
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Sp\'('rai ("old-s('êlson prO(TSS('S Illa~' infiupnc(' t.1l(' wat.('r hudg('t of a snow-co\'p["('d

surfan'. Following; King; pt al. (199G). tlw allIlllai surfacp mass balance fOf a nival

regiIIH' Hla~' \)(' PXIH'('sspd as:

5 = P - E - JI - D - (2.0; ( 1)

•

wllC'n' S is t h(' storag;(' or ëHTIlIlllllatioll of SIlO\\' at the sllrfacp (in mm a -1 SIlO\\'

watpr pqlli\·alpllt. sWP). P is tll<' prp('ipitation ratp (in mIn a- I S\\'(', positivp down­

ward). E is t h(' p\'apora tion rate' whidi iuc1u<i<'s t 11<' surfacf' suhliIuation rate Q.mrf

(llOth iHUlIll a- 1 SWe'. positi\"(' IIp,,,ard). and JI is the di\'prgl'Il(,(, of\\,atPf after rllelt

and rllIloff (iu HUll a -[ s\\'e'). The' t\\'o tprms associat<'d \\'ith blo\\'illg SilO\\' arp n'prc­

s('ntpd h~' D and Q\. t h(' di \"('rg;PllC(' of SIlO\\' b~' \\'ind traIlsport. (iIl mm a - i s\\,p) aud

th(' suhliIuation of 1>lo\\'ing; sno\\'. (in mm a -1 S\\'P. [>ositÏ\'p Ilpward) rC'spp{,tin'ly.

The'n' has IH'('n l"('("('llt ly sllhstantial pffort iu dH' litPfat IU'e' tu dptPfllline thl'

alIlouut of pn'cipitation Ipss p\'apuratioIl (P - E) in tlU' polar n'gio!Ls. Ilotabl~' for

.-\Iltar("ticël ('.12. .. Gio\'iu('tto Pt. al.. U)92: C()IlIldl('~' alld Kiug. 199G: Cullather et al..

1998: TllrIH'[" pt al.. 1999) as \n'lI as for t.h{' in'-co\'PH'd :\l"ctic Ocpan (\ralsh et al..

1994. 1998: Cullathpr pt al.. 2(00). In must CêlSPS. thcs{' studies han~ ncglecter[ t('fIllS

linkt'd tu blu\\"ing SHO\\" as th('y \\'{,l"<' ('ollsid('rpd uegligiblp. at Ipast OH a continental

scalp (C()nnpl1('~· and I\:illg;. 109G: TUrIH'r pt al.. 1999). ~('\·('rthplcss~ Giovinetto ct

al. (1902) ('stirllatc Cl npt transport of about 120 x lOi:! kg a-lof mass north\\"ard
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alTOss IOoS throllgh blowing; snow. l'quivall'nt tu the rClllOnli of -l.8 IllIll a -( S\H' O\'pr

tlw an'a south of tltat laritudp, Orher authors ha\'l' suggpsted that the subliIllation

of hlowiu,!!; SUOW 11l<1~' also l'rodp sllhstanrial amouuts of Illass frOlll the .-\utarctic

cOIltiUl'Ilt (l.,!!;,. 8iutallja. 1998: Gallèp. EJ98) or th(l .-\rctic tlllldra (Pomeroy pt al..

1991: Esspr:,' pt al.. 1999). Fpw stlldips han' pxamiIH'd 1.hl' iudi \'idllal contribution of

sllrfa("p sllhliIllarioll 1.0 tlU' watpr hudgpr of polar f(lgions un a contiuental or hasin

sc'ah', wi t h (H'rhaps dU' ('x('ppt ion of \'aIl cleu 8ropke (1997).

For dH' :\[HB, pn'('ipiratioll and P\ëlporat.iun pstiluatps \'ary cOIlsiderahly. in part

cllH' to t IH' lack of OhS('ITations in t IH' hasin. most Ilotably in tll<' :\[ackenzip :\Iolln­

tains. C'UlTPut pstilIlatps han' thl' aUllual (P - E) ël\·prag;pd for tlH' :\[RB t.o IH' at 180

mm a - [ (Stpwart ('r al.. 1998). Although muclt attention has bePll [('('cutly gi\"pn ta

thl' infillx aIld l'fftux of atmospherÎl' war('r YëlpOllr in the :\IRB clamain (Bjornsson

pt al.. 1900; Lackmarlll and GyaklllIl 199G: Lacklnëlull pt al.. 1998: Smirno\' and

:\IOO["(l, 1999: :\[isra ('r al.. 2()()O). nonp of th(,sp elllthors ha\'p attpmptrd to p\'aillatp

thl' illlpan of hlowiu,!.!; suow to rll(' surfa('p mass balall('(l of tll(' :\IRB as Cl ",hole.

Al t hOllgh \ ra lsh ('t al. (19Q-l) and I3('US and \ ï tpl'ho (:!OOO) pXelIIliIH' tlu' role of sur­

fan' suhlilllariou in thp :\1110. thl' authors COIlH' tu contradictory c()uc1tlsions. with

thl' fortll('r .\·iplding si,!!;niticëlnt dppositioll during wiIltP[tiIIIP o\·p[ thp :\IRB and the

lattl'l' stl'Oll,!!; suhlimation. TIl(' lack of a("('urat(' (if any) inforrnarion on thp rolp of

I)lowiu,!!; sno\y and snrfëln' sllbliluatiou in thl' watpr balanc(' of cold climate ["(lgiaus

iucllldillg tlH' :\1813 \\'arrants this study.
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Bpforp wp procppd. a brida discussion on t.lu.' isstlP of the éllubient hUIllidity is required

sinn' subli1llatioll pro("('ssps dp[}('nd in part on tht' Illoisturl' content of thp .-\.BL. Ta

dt'ri\"p the n'latin' ImIIlidity with n-speet tu ice RH, fro1l1 the' dewpoint temperaturc.

\\"(' Illay IISP tlU' ~Iagtltls ('quation to ("omplltt' t h(' sat llration IIlixing ratio on'r ict'

l/.'I (k14 kg -1) (I~OI1g and Yall. 190ï: PrllppadlPr and KIl'tt. l OOï):

:3 .8. ( 21.8ï (1:1 - To) )
(/ - - PXI)

'1 - p~' (1:1 - ï.GG) .
(2)

•

wl1('["(' P, is tlH' surfant atrllospheric pn'ssun' (hra). Tel tlU' air teIlllwratUft' (K)

and Til a cOllstant with Cl \"ahu' of 2ï:3.1G K. SilIlilarl~·. the saturation mixing ratio

O\'pr watpr (}, (k14 kll;-l) is obr ailH'd b~' (KoIlg and Ya11. lOOï):

Ch"pIl tll(' dpwpoiut tPIll[H'ratU1"(' Tri (K). \\"p Illa~" thpIl COInpute the specifie

hllIIlidit~" (/'" (kg kg- l
) in tll<' air h~' substitllt.ing 1:1 by Tri in Equation (:3). TheIl

thl' rf'lati\"p hIlIIlidit~· \\"ith rpsl)('ct to in' is simply RH! = (h./(J.~, while' t.llt' r<'lati\"p

hlllllidit~· with 1"('S[)('("t to watpr RHI!' = '/r'/(l,. SiuC(' at sllhfn,pzing tpmperatllrC's

(l" :s (l, at al! tiIllPS. il. is possihlp that air subsatllrated with rpslH.'ct to \\"atpr 1nay

)(' Sl1[)('rsat l11ëHpr! wit li 1'('S[H'ct to ic('. t h('["('!Jy prOilloting deposition rather than

sllhliIIwtion. This iSSliP will )w discllss('c! at l('ug-th later in the paper.
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Sllrfacp suhIiluatioll n'prpsPIlts the cOIltinuaI pXt'hangp of watpr }wtWt"f'Il thp air (in

t hp '"'1por pliasp) to or froIIl t h(' icp- or sllowpack (in tll<' solid phas!'), Herp. we

follow tilt' lll('th()dolog~" of \'(Ul dpll 8nH'kp (1997) hy pstiIllating Q.mrJ from

(2.\urJ = p'Il.(/a, (-t)

wh<'rp li a (Ill S -1) is thp friction n'locit~· and fi (IH'gatin'l) is a conn'rsion factor to

units of IllIll a -1 SWP. .-\.ssllIlling IU'lltral stability Il('ar the sllrfacp and a logarithIIlic.:

\'ariatiul1 of willd spppd with h{'ight. Il. call hp o!>taÏIu'd froIll (Garratt, 1992):

h'C
il. - --(---.III (= ~=o) )

-II

(5)

III which C (Ill S-I! is t IH' wind SI)('pd at a hpight :: (Ill) aboH' the surfacp. h"

(= OA) dl'pi('ts du' nm I\:.lnwln ('onstallt alld ::() (Ill) n'IH"psputs tll<' aproclYllaIllic

rougluH'ss h'I1/!;th for mollH'IltllIll. lu a similar fashioll. tl((' llllIllidit~· scalp '1. (kg

kg- ' ) is d('r1u('pd from a logarithruic Illoisturp profi1<' I>y aSStllUiIlg saturation with

n'SIH'ct Tl) in' IlI'ar Tht' surfacp sllch that (Garrat t. 1992):

(/. = (6)

•
in whidl =" (lU). takptl 11<'r(' as (-'quaI to ::0. dpIlotes the rOllghIless length for nlois­

rurt' O"P[ SIlO\\", Sllrfac(' sublilnatïon therpfore dpPl'llCls critically on the gradients of
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bot h }l1lIIlidit~· and \"iud spt>('d uC'ar tht> surfan". ~ott' that WhPIl RH; > 1.0 and Cf.

bt'COIlH'S positin'. dpposirioll ro thf' surfacp (or tH'~atin' sublilllatioll) is said to Ol'-

CUL For SiIIlplicir~·. \H' Ilt'1!;l('ct adclitiunal sublimatioll [rum snow-euH'rpd \"f'getatioll

CëlIlOpit's \\"hich call t'Uhall("(l rhp o\'prall suhlilIlarioIl ratC' (Schmidt. 1991).

2.4 Blowing Snow Sublimation

Blowill).!; SIlOW OITurs WIH'Il luosfl partidps of SIlOW arp pntraiIlPd by winds pxcppcling

il c'Prtaill t hn'shold fur transport. As partidps !H'COIIH' SllSlwudt1d in a subsaturatecl

(with rpsIH'ct to in') .-\.BL. thp~" sublirnatp at rt>lati\'p}y fast ratps dpspitp exhibiting

('Prtain splf-lilllitiIl).!, propprtips (Déry pt al.. 1905: D(;r~' and Yau. 1999b: 2001).

Tht' lllodplill).!; of blowillg snow lIas n'c{'llt l~" art ractrd Illtlch intprest in the hydro­

[1l(ltPorological nHll[nlluit~· gin'n its possiblp t,,"ofold iIllpact to t Ilf' watpr 111ld~('t of

snO\\,-t'o,"pn·d rq!;ions (P.,t!, .• Bintèluja. 100S: Essl'ry pt al.. 1909: Xian pt al.. 2000) .

.--\lt hOllgh Biut flnja (1 99S) and Esspr.," l't al. (1999) pro\"idp paraIlH'tprizations

for dU' sllhlilllatiou rarp of hlowing SIlm\'. D("r~" and Yau (2001) point ont that

n<'irlll'r {'(msidprs thp (',"oh"in).!, and liIIlitiug thf'rmmlynflmic conditions arisin~ dllring

snow traIlsport" TIH'n>fort'. to ('stÎlnatp blnwiIlg SIlOW sllhlirnarion. \\,P llSP hen' a

paranH'tt'rizarioIl fur (2, c1c'rin'd by D6r~" and Yau (2001) !HL"ipd Oll tht' de\"C'lopnH'llt

of a dOllhlp-lIlOllH'Ilr blowing SIlO\\' H10dt'1 (PIEI-\Tl"K-D). TIl<' rlllthors found that

tIlt' rt'lariollship

• c[- . c')[' [.') cr 0') LO

" ) ILo
,

+([.'Il., lU + ([fjl., - 10 + (lï io + (]Xl.,'-' Ïo + (J~J io ' . (7)
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IH'U\'idpd \"pr~' ~o(Jd pstimatps (R:! = O.g.)) of Q.~ (hpn' in lluits of IUIIl cl -1 swl')

at a Canadian .-\.r<'t il' locatiun (D(;ry and Yau, 20(1). Equation (i) shows that tlw

l'at(' of hlowiu~ snow sublimatiou cleppnds on tlw 2-111 air tPIllI)('ratllrp and hUlllidity

througl1 a t IH'l'n1odynalIlie tprIll ~ (-1 X lO-I:! Ill:! S-l) as wdl as on tflP 10-111

wind s()('pd [-lU (Ill S-1). \"ot(' also that t ht' rplationship is nOrInalizc-d by a factor

C' (diIlH'Bsiunlpss) tu n'IllU\"p a d('ppnciC'IH'(' ou thl' saltation mixing ratio and that

\·aI ups for t I1p l'lH'ffici('nts (Jo - a'l a1"(, gin'Il h~· Déry and Yau (2001),

2.5 Blowing Snow Transport

.-\. nUlulH'r of l'1llpirical rPlationships <!(,s<Tibing dl(' transport of bluwing SHOW in

t('l'BIS of t 11(' wind SI)('('d ('an bp found in t he' litpratun'. as S11I1l111arizecl hy both

Gio\·i1l<'ttu pt al. (1092) aad P()tIH'ro~' and Gra.\' (19!)')). Siu{"(' dU' ["('suIfs ofPoIllProy

and Gray (L !)!):j) an' iJas('d ou UH'aSUrPlll<'nts ('oud HctPe! in t Il<' Canadian prairies

whil"h ('xtPIld iut 0 t il(' southprrl S<'ct iOl1s of dl<' :.. IRB. wp follow thpir [('s1lits which

-( .(2, = il [ 10' (8)

wl1l'rl' I3 == 2.:1 X 10-1
; kg s:l.llt 11l--'.lJ.l and C' == ..LO-1. OIlCe' tl1<' hIowing SIIOW

transport ratC' is knowIl. its 11<'t ("olltrihutioll to the' snrfacp tllass balance is round

•
(9)
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with fJ (kg III -1) IH'illg th(' air dt'nsity. ~otp that positin~ \'alues of D indicate

c1in'rp;PIH'(1 of lliass throllgh wind n'distribution. and heIH..:e a sink in the mass balance

PC(uat ion.

3 Methodology

3.1 Data and Events

ThC' ~ridd('d dat Cl llspd in this stlldy arp t h<' G-hollrly Europpan C<'ntre for ~I('diuIIl­

n angp \r('atIH'r For('casts (EC~1\rF) R('-.-\.nalysis (ER.-\) data on a 2.50 latitlld('/

longituc1(' ,!.!;rid ("()\'('riug tll(' lH'riod [roIIl 1979 to 19~):3 iIH:!llSi\"p (Gihsoll pt al.. 1997).

8('fon' aPJ>I~"iug dlP rplatiouships for t Il<' computations of blowinp; snow transport

and sublimation. a "bIo\\'ing SIlOW ('\'C'llt" must 1)(' inf('IT<'d ffOIlI the ER..-\. data and

h<'[(' WP l'oHm\" tll<' IlIPthod of D(;ry and Yan (l9ŒJa) to dC't.('ct th('s(' ('n'uts, I3ridly,

t h('~' d('fiIlP a hiowing SIlU\\" ('\'put as any tilll<' wlwn thl' IL<'ar-snrface tt'IllfH'rèHllfP

is subfn'('zing and il th t'pshold wiud SI)('pcl for transport. ('OIll puu'cl fnllO\\'ing Li and

POIll(It'O.\· (lD9ï). a1'(' lllPr at a grid point wlien' tIl(' surfêu'p is SIlOw-c()\"pn'd land or

spa in' (in ("O!H'Plltratiou of mon' rhan ;j()(!c') .•-\ "surfan' sulJliIllatioIl ('\'PIlt" oCCllfS

",IH'n aIl t IL<' ('ri t('ria for a hlowing ('\'('nt an' lIll't l'x{'ppt t hat winds must 1)(' Iess

t.hall t lu' sp('citiC'ci t hn'shuld for transport.

Ol1{'(' a sarfa{'(' sublimation or a blowing; SUOW pn'Ilt has 1>('('11 det('ctpcl. q,Htr/'

(2,0; aud Q, an' {,OIll(HLtpd following t.IH' pC(HatioIlS r<'po1'tC'd in t h<' pn'\'iollS SC'ctiOIl.

Thpsp rat<'s an' assHlllPd constant for t Il<' G-hollr p('rioc1s of t he ER.:\. data. Howe\"eL

w(' PIlsurp that tlH' Illass pro<it'd throllgh any of t IH'se processes does Ilot exceed that
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pn'S(,Ilt at t h(' surfacp as d('dlU'{'d ffOIll t lu' ER.-\ data. \"otl' t hat w(' cornpllte RH,

ulll~' \\"lu'l1 air tl'mp{'ratuft's an' 1)('10\\' thp frl't'zing point. lu tht' ('\'put that RH, is

> l.O, w(' spt (j. tu Zl'l'U cit'spitP tilt' iufp[l'Il<'p uf a hlowiug SUOW ('\'('Ilt. .-\cl"L>rciing

tu D("r~' and Yau (2001), This ("au lf'ad tu thp uud<'rP\'aluation of thp total blowing

SIlOW suhlimatiun ratt', Tlwf({of(', an additional t'x(H'rinwIlt is couciul"tl'd in Section

;, to t<'st tlH' sPIlsiti\'iry ofthp rpsllits to this assUIllptioIl, \"oIlt'thf'lpss. df'positioll tu

thl' surfan' is ("OIllPlltpd Wht'Il RH, > l.O, Oun' tlH' data ha\'(' 1>{,{,11 l"oInpilf'd for tilt.'

1.) ~'t'ars t ha t spall t hp ER,-\ <lat a. \H' P[('S('Ilt our r('sults llsin~ a polar stf'rpographic

projt'('tiull silH'(' I>lowing Sllm\' and sllhliluation ('\"('uts lll'CUI' most freqUE'lltly ill polar

ft'giolls, Thp 11t'\\' grids arC' ('OIllpos('d of :j0 x ?j() points ("('ntt'rt'd o\'pr t Ill' poles and

han' a llOrizolltal n'sollltioll of 2Zi() km tnIt' at GO e
\" or S.

3.2 Biases and Litnitations

,-\S llou'cl h~" Gi bsoll pt al. (1997). t Il<' EfL\. ('xhibits Willd sp('pd and tt'Iupprat Ilr{'

hiëL"iPS. Dt"r~' aIle! Yau (HJ90a) pXiuuiIH'd du's(' hiasps at st'\'t' rai high-Iatilud<" di­

matolugical statiolls aud o!Js('l'ypd th(' lH'gatin' air t('lIlIwratlln' hia..'" <!pscTihpd h~·

GibsOll pt al. (1907). This tt'lIlppraturp bia~ will Ilot affpct Illuch thl' cëllculations of

Qt but Illa~" [('<1u('(' \"altH's of Q."Lrf ami Q, as huth d('IH'lld on T:J and RH,. \\ïnd

SIH'('ds <1('dlH'('<1 frolll dl<' ER.-\. an' g;PlH'rall~· lpss t han ubsprypd for .-\Iltarctica (D<;ry

and Yan. 1990a) and this ft'alun' t<'nds tu [('<1u('(' tht' 1Jlm\"Îng SIlUW transpurt and

sllbliIIlation ratt's t h('[('. \"otp huwpypr t hat t Il(' tPlIlppratun' alld WiIld s[)('('d hia."ips

also han' an pff{,(·t on t 11(' d('tpfluiuatioIl of t lu' 1Jlu\\·ing SIlOW ('\"("ut.s through the

t hrpshold wind spt'<'c1 for transport,

D{'spit!' t Il<' a(TllraC~' of t Iw ERA to n~produ('(' \n'Il t}w large-scale atlllospheric
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PIl\·iroUlIH'llt. llsmg t IH'sp lH'clr-sllrfacp clat a at a n~sol11tion of 2.5 C and at fi h in­

t{'ryals inq>usps ('('rtaiu limit ations on t h<' n'nH'it~" of tlw [Psnl ts p[psflnt.ed in tllP

ful1owin).!, SP('ti()ll. Sinn' tilt' surfacp sllblinIation. blowing sno\\" sublinlation and

t raIlspurt rat('s \'ar~" llollliIH'arl~' \\'ith t Ill' alllbipnt conditions of wind slwpd. tPII1­

IwratllI"l' aw! hIIIIlidit~"" t hp tPIllporall.\" and spat iall~' (l\'prap;<'d IllPt('o[l>logïcal fiplds

rna.\· Illask Ilatnral \"ariahilit~·and ('xtn~I1H'{'yputs. For instarH'p. katahatil' winds O\'pr

t Ill' Gn'('nland and .-\ut an'til' icp ti<'lds arp llot IH'{'pssaril~' \rpIl rppruc1Ul'C'd within tIl<'

ER --\. and Illil~' I{'ad t () ;1 possibh' llur!('rpst imat ion of hlowing snow ftuxps in t IH'SP

["('g;iulls (0(;1',\' aIlC 1 YèlU. l 099a). Siun' the' [[H'tPorologicai \'ariahl('s l'an \'ar~' sul>­

st ant iall~' oll tIlt' Illt'S():-int!p. WP l'aut ion t hl' ['('a<1P[ t hat tIl(' [Psults pn'sPtlt<'d iH'[{'in

d('pict solPI~' dl(' larg<,-scalp im pacts of slIrfan' sllhlimat ion and blowing SIlOW to thp

surfcl('(' mass Imlan('('. Thus significëlut \'ariat ions frolll tIH' [{lSlllts caIl bl' PXI)('{,tpd

lm t IH' sullgricl-scalt'. This ['('wh'rs t IH' \'alidat ion uf our r('suIts wit h poiut ohspr­

\"atioIls :-iOlllt'\\'hat diffil'ult. ""p thprpfo[{' pustpuw' to thp final S('('tiUIl <'oIllparisoIls

nf nul' fiIldiugs with otlH'r C'outirl<'llral-sl'alt' ~tudi('s of thl' surfan' mass balauc(' at

high-latitud{' ['('giulls as il UH'au ro \'alidat(' tlH' n'sults IH'[<'ill.

4 Results

_-\s \\"as st atpe! ('arli('r. hlJt h hllJwing SIlo\\' and sllrfan' suhlimatioIl d('I)(,I}(1 highl~'

(Hl nHldit iOIlS nf RH, IH'ar t Il<' surfeu'('. \ \"(' first In-('S('Ilt. th('rC'fuI'f'. a\T'rage' \'alues

of RH, \\"Il<'ll T,I < (f C in !)()t h IH'IllÎsplH'[('s (Fign[{' 1). This shows tbat in tl}(l

\'ort IH'rIl Ht'IllÎsphpn'. oIl ël\'pragp for t Il<' J)('riurl 19ï9 tu 1993, saturatpd tu super­

sa t urate,cl cOlldi tioBs (wi t II rt'sp('('t tu in') ('xist {)\"('r must of tIll' iCP-coH:>red Arctic

On'all alld tlH' G['('<'nlauc! i('(' slH'Pt (Figurp la). On'[ SIlO\\"-('O\'prpo land surfaces of
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Russia. Alaska aud \"orrl1PrIl Canadël. induding th(, :\IRB. thf' ER.-\. also f'xhibits

slllwrsat ural ion ,,-it h l"('sppn to ic('. HOWPH'L in tllOrp soutlH'rn f('gions snch ël-"i the

Canadian prairips and C nit('d Statf's :\Iidw('sr('rIl Plains. R.H, is on a\"f'ragp less than

unit~". D('spil(' dl(' hi/!;h fn'qll<'ne~' of I>lowillg suow ('\"('nts f('port('d !>~. D(;ry and Yan

( 199fla l O\"('I" t IH' .-\.n-t ie t llndra aIHI tll(' in'-eon'rpd .-\[ct ie Ol'['an. tilt' p[p\-a!t'Ilt'f'

of slqwrsatllrat('d cOIldit ions will n'du("(' tlU' put l'ntial nmtrilmrion of I>lowing snow

sublimation t lu'r('.

III t ll(' SUlIt IH'rIl HP1Uisph('n'. \\'{' find g,rpatpr spatial 'ëlriabilit~"of RH, \(·tlues O\'P[

thp _-\.ut arctic icp SIH'pt. wit h SOIllP rpgiolls showing a ~-f'arl~' IlH'aU supC'[saturation

wirh rpslwct tll icp as high as 201,:{ (Figun' lb). Lo\\"{'[ RH r ndll('S a[f' round along

t IH' Ant an·tic coast li1H' and on'r spa in'.

Figur<' :2 dppicrs dH' zonal m"pragf' of RH,. \Yit II and wit hout the oc('urrf'nce of

!)lowing Sllll\\- ('\"('uts" \\-p S('(' tlIat at hi,gh latitudes. conditions of supp[saturation

with ("('SI)('ct tll in' an' pp[sistt'nt throllghuut dl<' cold spason. with highf'r "alups of

RH, ohsP1"\"('d dllrillg blu\\"ing snuw l'n'nts_ In addition to thp cold lf'rnppratnrps.

t 11('s(' rlm!>iPIIt hIlIllidit~· clluditiuIIS \yill inhil)it w'ar-surfan' hlowing SIlOW sulJli1Ila­

fioll.

Fig1lrt, :3 nmfinns t lIat s1lrfan' sublimatioIl is sInall ()\'Pl" must continpntal n'gions

slwh as t 1I(· Arct ie t undra uf CaIlada aud Si IH'ria. and tlH' Gn'('nland and Ant arctic

in' fiplds. III dl(' \"orr !IPrIl H<'IIlispIH'rp. snrfe.H'p sllbli1llatioll rpadH's values > 1()

nUll a -( s\\"(' llul~" un1 [ iC('-('OH'rpd rpgiulls. Opposition. ralher t han sublirnatioll.

pn'c1orIliIlatPs t IH' an'él draiw'd h~- t Ilf' :\Iack<'nzie R.i\,pr. HmH'\,pr a rliffprent scpnario

('xists aluIlg cuast al s('ct iOlIS of .-\ntar('tica and 1l<'ighboring spa i('e as rna.ximum

\,..Li lH'S of (2.~llrf n'êlch :j() IIlIn Cl -1 s\n' or 1110[f'. Significarlt deposi tian is IlanetheIess
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FIGI"RE 1: TIlt' meall relat.in· hUlllidity with resp('ct tu ice for the perim! 1979-1993 when TrI < QOC

in (a) tlH' ~orth('rIl Hemisphere and (b) the Southern Hemisphere. [n this and subsequent figures,
the ~[ack('IlZil' Rin'r Basin is outlined ill bold in the :\orthern Hemisphere.
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infprrt'd on'r t IH' lllountainolls regions of tlH' .-\.ntarctic Peninsula and \Ïctoria Land

wpst of the' Ross kp Shelf. Surfacp sublimation r<,[lutins nl'gligible o\"er the interior

of tlH' .-\.IltarctÏc' ('oIltiIH'nt \\"1H'r(' conditions arp lIlUdl ('older than in the hareal polar

rpgioll (t',g.. tiH' Ilu'all allnllal tPmpl'ratlH'p at tlu' South and :\arth Polp is :::::: -50 0 C

and - L.j'::C. n·sppcti\·pl~·).

Tht' sublimation uf blowing sno\\' (,()IIlIH1t('d following Equation (ï) IS shawn iIl

FiglU'P -1 fo nmtrilmtp signincantly to tlH' watC'r budget of snow-('on'n'ci spa ÏcC'

in t hp SOlItlu'rn HPIllisplH'rt, and. to a kss('r <,xtput. in tll<' :\ort IH'rn He[nisplwre.

CoutiIlt'Iltal l'('14ions SUdl as tlH' ~IRB an' gt'IH'rally Ilot infful'ucpd by blowiug SIlOW

su bliluat ion \rit li rhp ('xcpptiou of Ilort Il<'rn are'as wlH'rc' high winds enhancl' tlw

sllblirllatioIl IJl·(}(·('~S. Q.\ ['('adu's \,ûu('s 2:: :)0 rllm a- I
S\\T' along tht' wpstern .-\.ntarctic

('oëlstliIl(' but atrains ".dues only 2:: 20 IIlIll a -1 SWP lH'tw('pn Gn,pnland and Il'l'land

in t h<' :\ort bPIïl Hl'lllisphe'1'(', Th(' .\rctic Ol'('rln is mun' slls{'('ptiblp to blowing; snuw

('\,('nts (D("r~' and Yau. 1999a) and tlH'n{o1'(' pxppripIlc('s grpater dfects of snowdrift

sul>liluatiou than t lu' int<'rior of .\utarctiea.

Sinn' t hp ('rit pria for a blowing SIlOW pn'nt arp lIH't to apply th<, transport cal­

culations. \\'p find t hat. as (·xp('ct('d. an'as wi th th<' IIlOSt blo\\'iIlg SIlOW P\T'Ilts (sep

D(;r~' and Yan. 1999a, coincid(' with 10catioIls of lar14(' mass t raIlsport (Fip;UfC' 5).

SOIllP SI'('tioIlS of Gn·Pldaud. thp frozC'Il .\rctic (kC'aIl and .\Iltarcti('a an' suhj('('t. to

the' rl'distrihlltioll IOO \Ig m- I a- I or Illun'. :\ote alsu tllC' local maximUln in SIlOW

transport in t.h<, Canadian prairi(\s and Cnitf'd St.at.('s Great Plains \\'here hlowing

SIlOW is morp frC'qUf'Ilt thall IlC'ighboring forestpd rpgiolls to the north snch as the

~IRB, Only nortlH'rn and Ilurtlwastern s('ctions of thp ~IRB arc prone to large [nass

rpdistribution (of the order of 5 :\[g m- I a -1) throngh wind transport.
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F[(;nu: :3: Tbe lw'an allnual surface sublimation rate (mm swp) for the p~riod 19ï9-1993 in (a)
rllP :\unlll'rn Ht'Illisphere and (b) the Southern Hemisphere.
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Frc;nŒ -1: TIl{' nWéln tlllnUéÙ blowing snow sublimation rate (mm swe) for the period 1979-1993
in (a) Tlu' ~()rtlll'ru Hl'misphere and (h) the SoutllPfn Hemisphere.
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FI(;l'HE 5: TIll' Ul('an anIlllal blowing snow mass transport rate (:\Ig m- l ) for the period 1979-1993
in (a) dll' :\ortlu'l"n Hemisphere and (b) the Southern Hemisphere,
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FIGt"HE G: The Ulean aunual IJlowing SIlOW mass transport yectors (~Ig m- 1

) for the pcriod 1979­
1993 iu (a) the ~ortherIl Hemisphere and (b) the Sonthcrn Hemisphere.
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Taking into consideration the wincI direction during tht~ blowing suo\\" events. wc

IHay n~pn)s('nt t ll(' Inass transport as \'pcto1's (Figure G). ~ote he1'e that the scales

an) diH'prpnt in f'Clch hPIllisph('n~ and han) llnits of :\Ig 111- 1 a -1. In the :\'o1'the1'n

HPIllispl1pn'. wC' OhSCITP once again the la1'gest IIlass transport ovcr the frozen .-\.rctic

OCl'an and acijcu'PIlt s{'as, For iIlstancE'. on the PClstcrn shorrs of G1'penland. strong.

nortll<)astf'rl~'wincb d1'i\"PIl by thp dirnatological Icelandic lnw force massin) arnounts

uf snuw on'r t IH' O(H'Il waters of the ~orth Atlantic Ocean, [n westprn Grcpuland.

winds han' a st1'ung southprly cOIllponent and displacl' SIlO\\' in a polewarcl direction,

~otP also thp dHux of sno\\' from tlH.' [3Pl'illg Strait. tlH' Spa of Okhotsk and tlH'

Labrador SC'a iIlto oppn watrrs. ~ear the ~IRB. the transport n'ctors are IIlUCh

snlallpr in magnitude. illdieatin~ uf tlH' lack uf strong and Frequent hlowing snow

p\"(~nts in t hl' an'cl.

In t h<' Sout hPrIl HPIIlisph<'rp. mass transpurt n'l'tors are gencrally higher in rnag­

Ilitlldp t hall in th<' ~ortlH'rn HPIllisplH'n'. C'sIwcially in thp wind~" coastal areas of

.-\Iltarct i('a (Figll ["(' Gb), TIH'rl' is considprahlp eff!ux of mass from the contin('nt to

rhp 0IH'n warprs and frozPIl S<'ClS n<'ighboring- .-\ntarctica. TIl<' transport \"(~ctors a[so

rp\'pal SU[(H' of t ll(' c1iIIlatological fpatnl"<'s of tIll' austral polar n'gion. IlluSt Ilutal>ly

thp circuIllpular trough and tll<' eiolnilletll('(' of high pressure systPIIlS ill the int('rior

of .-\ntarct i('a (King and Tul'IH'r. 1997).

Corllpnting thp nwss di\"(~rgpncp from tlH's<' transport \"('ctors. wC' Illay thPIl p\"al­

uarp dl<' IlC'r colltribut iUIl of SIlO\\' transport tu thp local water bndget (terrIl D

in Equation 1). Figul"P 7 cleIlloIlstratps t hat in the Xorthern Hemisphere. a singll'

pro[llill<'nt ZOIlP of IIlass din'rgC'ncp is inferred o\,pr Cl)Iltral Greenland with the loss

of np tu l nUll a -1 S\\'P cl 11{, to drifting SIlOW, O\,pr Antarctica. katabatic winds tend

to n~lIlO\'e Illass frorll tIl<' interior regiolls of the contineut aud displace it to coastal
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arpas or o\"('r spa i('t'. \"ot(' t hat Il('g;ligiblt' ,'(d1lE's uf D are' found withiu thp :\IRB.

FigUrE' 8 illustratps tiLP (,olubiued Iarpp-scalc' t'ffl'cts of sur[(u'(' subliruation and

hlowing snow to t i1(' g;lobal surface mass balancE'. In buth heluispheres. these tenus

hayC' t hl' largC'st iIllpact o,'pl' spa il'r and thE' [warby coastal n'g;ions. In cOlllpari­

sou. cOlltiILl'lltal an'as e'xI)('ripuct' littip ('fft'ct froIIl thest' colel diruatt' procpssps. ...\.

SlllIllIlar~' uf tilt' nmtrihlltion of tlH' surface' suhliluatioll and hlowing SIlOW proce'ssps

to t Il<' largl'-scalt' surfan' mass balanc(' is prE's(lntpd in Tablp l for splpctpd ar('as

of inte'["('st. :\re'all~'-a"e'l'agl'd on'r zonal bands of 10°. '\"C' UbSPIT(' the strong lati­

tlldinal ,"ariation uf Q ~Ilr f and (2.~. with total contribu tian approaching G5 IIUIl a-[

sWP 1H't\"l'e'n GO and ïOoS. In tht' \"ortlH'rn HpIllisphere. surfact' and hlowing snow

subliIUi:ltioIL han' ft lpssC'r iIupact to the' surfacp Illass halancp aS cunditiolls are not

as cOllchlC'in' for t Il<' (){TUITPIlCP of th('sC' proLt'SSPS (Tahle l). Fip;ure 9 [(',"pals that.

wlH'1l zonall.,"-an'ragpd. Q~rt"f and Q.~ r<'ach Iwak "a1tl<'s of::::::: GO and :3.j BUll a -[ swp,

1"('SIH ' (·tin'I.,· at G;j'èS in tlH' SU1lthl'rIl H('IllispIH'['p and ~ lG and .ï [(un a -[ sWP. [('­

S[H'C't i\·d~· at ïï ..j ; \" in tlH' \"ort ht'rIl HpIIlisplu'l"{'. TIH' di\"('rJ.;c'(lcC' of Iuass throllgh

wind transport is gp(lprall.\" two ordprs of maJ.;nitlldC' l('ss than both (2.wrf and Qs in

all n'gilJlls (Taille' l) and is thC're'fo["(' Ilot indllde'd in FignrE' 9. In tla' :\IRB. aIl thn'('

t('rIllS C"ombiIlC' to a IH\gligibh~ aCC'lullulation of 0.-1 BlIll a -( sWP in rh(' basin-scalp

watpr !Jlldgl't.

5 Sensitivity Tests

.-\lthollgh the' slll>liIllation of blowing SIlOW lias attracted IIlllch attention of latp in

thE' litpratllr<'. rh('n' is sigllificant \"ariatioll on the [('SllltS presPllted in these stlldies
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FH;t'RE 7: Thl' 1I11'ëUl anllllal blowiIl~ SIlOW di\"prgr'Ilcc rate (mm swe) for the period 1979-1993 in
(a) tllP ~()rtlH}nl H(,Ulisplll'l"(' and (b) the SouthprIl Hemisphere.
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FIGlïŒ 8: TIl(' mean élnIlual total surface sublimation. hiowing suow sublimation and di\'ergence
ratps (mm SWl') for rhl' (lPriori 19;9-1993 in (a) the Xorthern Hemisphere and (h) the Southern
Hpmispherl' .
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TABLE 1: TIll..' areally-ayeraged contribution of surface sublimation (Qsur f). blowing SIlOW subli­
mation (q.~) and div('rgencl' (Dl ta the surface' mass balance within latitudinal bands of lUe in tl1('
Soud1('rn and :\'orrlH'r11 Ht'Illispherps. as well as for Antarcrira (.-\~T) and the ~Iarkenzi(' River
Basin (~[RB). AIl uuits are in UlIIl a- 1 SWl'. with positiye (negati"e) numbers indirating a sink
(sourn') (<'rIll in du' surfan' mass balance.

Rpgioll Q.Hlr! Q.~ D SUIn

SOCS-9(fS 2.5ï:3 1.762 -1.956 x 10-2 -L315

iO':S-SOcS 20.60 10.60 0.-186 x 10-2 :31.75

G()sS-7(Y:S -i0.00 2-1.90 -:3.855 x 10-2 64.86

:j()C S-G(rS -1.727 :3.-lG8 1.90:3 x 10-2 8.21ZJ

A~T 11. 71 8.099 -t.29-t x 10-2 19.83

SO ~ \"-90: \" 1:3.-l-i -t.017 :3.187 x 10-:! l7.-t6

10: \"-8(f \" 10.12 :3.938 ~ .).).) x 10-:\ 1-1.08.J. ___

GO': \"- 70e
\" :j.198 l.S7G l.G:21 x 10-'\ 7.076

;)(f \"-GO: \" 2.212 0.8-t9 --t.-l56 x 10-:! :3.057

~IRB -0.-185'1 0.05092 1.:j30 x 10-:\ -O.-l195
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with regard tu its impact in the nlélSS balance equation (e.g.. King et al.. 1996:

Bintanja. 1998: Gallèe. 1998: Essery pt al.. 1999). The caleulations of blowing

SIlOW sublinlation rates are particularly dependent on sanIe of the chosen model

parameters. initial and bOllndary conditions (Déry and ïau. 1999b. 2001). In order

to obtain a range of the' possible impact of blowing SIlOW sublirnation in the surface

water budget of polar rl"'gioIlS. two additional experiments are discllssed in this

section.

In tll(' prp\'iollS spctÎOIl. wC' han! shawn that. according to the ERA. wid(' expanses

in the polar rl'gions han.l dinlatological yalues of RH l that ar(' at or abo\"(.l the ice

saturation point. Figurp ~ coufirms that such conditions arp ('yen nlore pronlÎnent

during blowing SIlOW P\·puts. In fact. no less than 627f of aIl blowing snow eyents

inferr('d froIll tll(' ER.-\. OCCllr when RH, 2:: 1.0 (Figure 10). Thus the assumption

t hat t}l(l subliIuat ion pro('(lss cOlllplete'l~' shuts off in the entire colurnn of blowing

SIlOW. which at tiu1('S can ('xtend up to spvpral hundred Ineters abo\'e the ground

(King and TUfIl(lL 199ï). bcconles irnportant in cyaluating its total contribution ta

tllP sllrfact' wë-ltt'r budgpt. III this section. therefore. we first conduet aIl experiment

which alluws sublirnatiun of hlowing SIlOW e"PIl when saturation with respect ta ice

occurs npar t hp SIlO\\·-co\'(Ired surface.

R<'l'<'Ilt d('tailpd llllInidity IIWcl.SUrements hy ~Iann et al. (2000) in the :\ntarctic

l'ollfinll past ubspryatio[ls hy Sdunidt (1982) that near-surface air beconles saturated

with respect to icp during blowing sno\\'. Thus Inodel de\'elopers of blawing SIlOW

consistPIltly use' the cOllstraint RH l = 1.0 Ilear or at the SIlOW surface (e.g.. Déry et

al.. 1998: Xiao pt al.. 2000: Bintanja. 2000). In this first sensitivity test. (ST1). wc

relax that assurllptian by allowing RH i 2:: 1.0. but with a maximum value delineated

by thl' saturation point with respect ta water. The hunlidity profile is then initialized
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uSlng EquatilHl (li) ('X('('pt t hat t IH' UlOÎsturp paraUH.'tf'rS an' IlO\\" with n'sppct to

\\"êHPr Înst('ad (If with rpspp("t tu in'. .-\.ppl~'iIl/!, This IH'\\" paraIllPterization to tlw

l;'j-~'{'ar ERA ciatast't. \\'(, n!lsprn' in Figur<' Il rhl' l'xl){'('rpd itHTPëlSpd cOlltrilmtioll

uf hiowin).!, SIloW su bIiIllat iun ru the sllrfac(' mass balalln'. G Iohall~·. sllbIiumtion

raTl'S iIl<TPaSp h~' :J.jIX from thosp prpsPIltt'd in Figuf<' -1. AIt hough a large portion of

hlo\\'ing SIlOW ('\'puts IHTllr wht'u RH, ~ 1.0. thl' f<'Iatin'Iy Illoist PU\'irOIlIllPnt Iinlits

t IH' total sll!>IirllaTion.

lu t IH' s(l("uud S('usÎti\'iT~' tl'st (ST:2). WP aSSllIllt' thi:lt bhn\"Ïng SIlO\\' sllbIiIlla­

t ion ha"i Bo iIllpêH't IHl Tbp background TIH'rIll(Hlynaluic fù'lds. Î.P. t hat a ("prt ain

ulPchanislIl t'XiSTS Tu ("lHlIlTpr t hl' Iwar and IlloisTllrp pprturbations inr1ucpd by t Il('

pIH'Ill)Ill<'IHHl. O("ry aud Yan (:2001) find t hat t bis iL"iSllIllption Ipads tO il :329CX in­

('f('asp of tIl<' sl'asoIlal bIowiug snow SllbliIllatiou ratl'S at an ArclÏc tundra location.

()U("(' agaiu. sl}('('('ssin' iutpgratiuns uf PIEKTl"K-O an' I-wrforIIH'd for il \(uif't~· of

(,(Hlditions and rIl(' rpsll1ts arp pxpn'sspd llsiug il similar paranlPu'rizatioIl as bpfo[('.

As iu our pn'\·iuu:-. ('xpprillU'Ilt. wC' allu\\' i>Iuwiug, :-ium\' sllbliIllat.ioIl wlH'1l RH, > 1.0.

as lung as RH'I' <. l.O. Fig,llfl' 12 illustItu('s dl(' iIllportaw'p (Jf thp abu\'C' asstlIllptioIl

as hl(J\\"iIl).!, SIl(J\\' su hlilllat ion raTps iIHTPéLSP gluhall~' by :3:3-1 lif \du'll t hp splf-liIlli1.ing

aSIH'('t lIf rIH' PfO('('SS is n'Illm·pd . .-\, SUnll11ar~' uf tlIC' iIIlpaet of th('sE' sellsiti\'i1.y 1.psts

is prpsPlltpc! ÏIl Tahl(':2 for tlw Antan.'tic <'olltiIH'llt and 1.11<' ~IRB. ',"p S('P tha1. thf'

t pst in whidl t I1p hal'kgrullud PIl\-irOllIlH'Ilt is tak{'ll il" cunstant [pprpsputs t Il<' llpppr

hlltlIHl for \'altH's of C2, w1H'[{'ëls 1.11<' control PXI)('riIlH'Il1. dt'picrs its lo\\"('[ bouud,
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FIG l"RE 11: Till' IIlean éUlIlua.l blowing snow sublimation rat.e (mm swe) for the period 19;9-1993
in a) t.ilt' :\urthl'l"Il HpIIüspl!ef(:' and b) the Souflwrn Hemisphere. allO\\'ing fur suulimat.ion ta accur
wlwu RH. > l.o.
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FICI'HE l~; TIlt' Irl{'au aIlIlual blowiug sno\\' sublimatioll rate (Ulm s\\'e) for the period 19i9-1993
in a) rlit' :'\onlH'rtl H{,rtlisphere and b) the Southerll Hemisphere \\'heu ~ready-state background
rherrlluciynamic profiles are considerpd.
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T.·U3LE :2: \-all1l'~ of the hlowing SIlOW sublimation rate (in mm a- L swe) areally-a\'eraged m'cr
.-\Iltarnica (.-\~T) and tll<' :\IackeIlzie Ri\"(~r Basin (:\IRB) for T.he control experimcnt and t""O
:;(ln~iti\'ity test:; (descrilwd iu the [ex[).

Locatiun Control ST1 ST:!

A\"T 8.099 10,G5 :3-1.-10

:\IR.B 0.05092 0,07928 0,09:326

6 Comparison with Other Studies

6.1 Southern Hemisphere

,-\r firsr glélIU·(,. tlH' largp ,-alups of IlPar-surface RH l in .-\IltarctÎca may apppar UIl­

rpalistil". D1H' ru its Il('gati\"(~ tpmppratllrp bias (sep S('("tion 3,1). it is cOllcPÎ"able

rhat rll(' ERA data o,'prpstirnatr ,-ahlPs uf RH l IlPrp, Ho\\,pypr. Schwerdtfeger (198-1)

and I~illg and .-\udprsull (1999) both n'port Thar cunditions of saturation. and P\,Pll

supprsarlIrati()Il. ,,-irh rpsI)f'('t to ic'p an' ('OIIlIIlUll in thp austral polar rrgion and

Illay êH.'('()Ill[)(lIl~' "dialllond clllSt'·. a fonu of ch'ar sky pn'C'ipitation, Elp,'ated ,'al­

ll<'S of RH, in assuciation \\"ith th<, onser of blowing snow ha\"l~ aiso bPPIl obsen'pd

in .-\ut ar('tÎ('a (:\ Iauu pt al.. ~OOO). Thus tlt<, dilIlêltology uf RH I preseIlted hprein

Sllgg<'sts thar saturation with [<'speet tu in~ is 'luite ('OIIUUOIl for the :\ntarctic .-\BL,

()ur l'<'Slllts for surfan' sublimation rps('[llblp thosp of "aIl den Bropke (1997) for

.-\utarcricêl, bllt "'ith Ullf study sho\\"ing srnaller \('lllWS for this cornponent of the wa­

tpr hudgpt. \\"p ('an attribut<, this in part to thl' cold temp<'rature bias of the ERA.

but \\"P alsu Il{'pd ru take iuto account that "'e do not compute surface sllblinlation
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dllring hlowing SUO"" (~n~Ilrs" III adciitioll. '-aIl den 8nwk(' (1991) considers (\\ëlP­

ol'ati()u fl'mIl t 11(' ~1l[fal"P ('\"t'Il at tprnppratur('s al>u'"(' oeC' wllPrpas WP IH\glt'ct this

pr()Ct·ss. \ rt' do capt url' IHHlPriH'lpss t11(' high suhlilllat iOIl ratps pxperiPllcpd alollg

tlw .-\.ut aITt i(" coast al [('gions aud sea icp as w('ll as rlH\ f(·dlH'pd fluxes in tht' interior

of th(~ (,(llltiw'I1t (St'P Figurp:3 and ('J" Fignre 9 of "an dpn BrOf'kp (199ï)). lu Tablp

1. '.\"(~ n~port t hat t he total snrfacp sllbliluatiou ratt' fur '-\'Iltarcti('a is abuut 12 InIll

a -1 S\\"l'_ s()[(H~wlli:lt Ipss t hau t hp 2:3 to :3-1 IIlIll a -1 swp pstimatp of \"élll dPll Bropkp

(199ï). Parr of t his difft'f('IH'(' ("an he' (~xpIaiIH"\d h~- t hp sublimation of hIowing; SIlOW

,,"hich_ iHT()rdiug tu (JIll' f('sldts, rPIllon~s an additioIlalS lllIIl a- I s\n' fronl tht' Sll[­

fan' Illass IlalaIW(' of .-\.l1r ar('t ka. This YaltH' is Illl1ch Ipss t han the 17 or :38 BlIll a- I

s\\"{' lï'IHH·tl'cl n'~I)('ct i\"pI~" I)~" BiIltanja l199S) aIlcl Gall{>l' (1998). HmHl\"e'r. t h<' sPllsi­

ti\·ir~" tl'Sb ('(Hldll('tpd iIl 5l'('tiun ;j ren'aI Thar h~' asslIrniIl~ stpady-statf' backgruuIld

t h('rnH)d~"Ilallli{' hl'Ids. wC' inl'n~as(' dl<' tot al ~ubIiIuat iun rarp tu :3-1 mIn a - 1 S\\,P for

.\utarcrica. lIlatching rP}ati\"C~ly wplI GaIl<"p's (1998) pstilllatps round undp[ siIllilar

aSSIlI u pt i( ms.

,rf' ltil\"(' Sh()\\ïl ill addition that. as ('Xlw('tpd, rt'giolls sllbjp("( tn ff('ql1<~ut l>lowiug

SIlU\\' ('\"t'uts an' aIsu slls("('ptiblp tu substaIltial Illass transpurt. GiO\'ÏIH'tto pt al.

(199:2) ('(llIlIH1t(l a IlPt transport ufabollt 120 x lOI:.! k~ a- I OfIIlëL"iS nurth,,·ard acruss

70=S through hlu\\"ing SIlO\\'. \'-(' l'stimatp froIll nuI' caklliations the' dispIan'I1WIlt. of

ahout 1 x lOI:.! kg a- I a("ross ;0=5, ahollt twu orciprs of IlIagnitudp Io\\,('r than that

(H'()\'ic1t'd 1l.\" G io\"illC'tt 0 pt aL (199:2), TIl<~s(' diffpf('llCl'S <"au I)(~ (\xpIainpd in part

h~· tlH'ir IlSl' of a katabati(' wind modpl tu c1ri'-(' thpir transport fluxes \"('rsus our

IlSP of tht' ERA dat a ,,"hich f'xhibits 10\\"pr wiuds sp('pds thall o1Jsern-'ci in .-\ntarctica

(D(~r~' éllld Yau. 1999a). In additioll. the high dt'pt'IHi<'Ill'P of tlH' mass transport

l'qllar iUIl Oll tll(' wind sp('{'d IIlPéLIlS t hat slight disparities in the wind spf'pd can yield
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su hst aut ial ditfprp[lcl's in dl<' transport ('stÎmates (Equat iOIl (8)). Fiually. Giu\'Îuptto

l't al. (1992) aSSllIllP t ha t aIl Illass transport at ïO=S is pquatorward aIt hough our

[T'stzlts sho\\' t hat t h(' IllaSS t rallspurt \'('ctors cont ain a larg(l zonal COlUpOIH'nt at this

latituc[P (Sl't ' Figure ïh). Our di\'prgPIlcl' computatiuus for thp .-\ntarctic continent

sho\\' t hc' n'Ill<l\"al of [lo lllOrf' t han (J.OO;') mIll a -1 s\n' off t lIt' contÎIlPIlt t hrough This

pru("{·ss..-\n'l'al2;iIlj.!, \'altu's of D ()\"(Ir widc' a[t'as tends to rC'dlH'p diP iInpact of hlowiug

SIlo\\" t rallS[H lrt t () t hl' Illass l>alauct' as r<',t!;ions of 1I1'1..";S cou\"prgt'w'p will OppOSf' t [('uds

for din'r.t!,l'[}i arpas uf Illass. As statpd h~' sPY('ral otll<'r éluthurs (('.g.. CUIludlt'yand

King. 1U0(j: TllrIH'r pt al.. 1999). mass din'rgt'IH'(' through Willd transport can 1)('

Il('glpc,tPd for lar.!.!;c'-scal(' lllass balanct' hudgpts of .-\utarl'tica.

FUrT hC'l'Inort'. t hl' total contribution of snrfac'p sublimatioIl and blowiIlg snow

tu tll<' snrfal"(' Illass balauc<' iufprrpc! frolli thl' ER.-\ iIl this stud~' ("ullipares quitp

fa\'l)ra!>l~' wit Il t 11(' (I\'aporat ion ('ssPIltially t Il(' sublimatioll) raT('S found by TUrIwr ('t

al. (1909) Ibillj.!, tIlI' SëlHH' daTëls('t for .-\ntarctica. Sppcifically. th(\~" report thp ('rusiOll

uf 21 HUll a- I S\\·(' fur Al1tarctica wlH'l"('as OUI' cakulatiolls sho\,· thpse pro('('sses

r<'lIlU\"P ahuut 20 IllIll a -1 :-j\n' ()\"('r t Il<' SalIH' an'i-L \\"it 11 about -lOci(' attributC'd to

hlu\\'illg SIlu\\'. TItus t h(' n'sul ts pn'st'lltt'd ht'n' an' ~Pl1t'rall~' nHlsist {'ut \\"it h ut I1<'r

lar,t!,(l-sca}(' lllass l'alaw'(' st udips of t h(' 1>arn'll and frOZPll .-\ntarct ic cOIltin<'nt,

6.2 Northern Heulisphere

lu tIH' :\UnIH'111 H(,Illisph('n'. thpI"P afe r<'1ati\'('I~' f('\n'f largp-scaie. colel Sf'ason Illass

halalu"C' studic's fI) \.didat(' our o\\"n rpst'afch, FurTunatp},\". thp \\'orks fl'CPIltly pub­

lisIu'd h~· \ralsh (It al. (199-4. 1998) aue! Cullath('r pt al. (:2000) ha\'p bpgun to fill

t his ,gap iu tll<' lit ('rat un'" HO\\,P\·Pf. to our kno\df'dgf'. noup ha\'p PXéUllinpd the
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largp-scalp illlpacts of blowillp; SIlOW tu t h(' surfan' Illass ualancp in dw boreal po­

lar [('giull, OIl(' possible' px('pption is a IIloIlograph by .\IiklH'r pt al. (L971) which

prpsputs \"()lllIlU' transport pstimatps of suow in Rllssia. As opposed tu our findings

in .-\ntarctica. our calculations of blowing sno\\' transport arp approxiluatPly ont'

ordpr of magnitude' too larg(' whpll cUlllpan'd to this Rllssian study. Our hlowing

sno", transport and sublimation ratps an' sorul'what l('ss than those rq)ortpd by

POIllPn)~' and G ra~' (1990) and Esspry pt al. (L999) baspd on station I1H'aSUrPIllPnts

in tll(' C'anadian prairips and tll(' .-\rctic tundra . .-\ discussion of thpsp diserepaneips

is foulld in 0(',1'.\' and Yau (~OOl) and n'n>lyps in part ou thp assimilation of hUlnidity

I11PaSUrPllu'uts and soIIH' assllmptions in dl(' Illocld forIllulations. Rplatin' hUlllidity

IIH'asurPIIH'uts \\"ith l'('S(H'ct to iet' in 1>o[('al rl'gions an' alsa SeaITP. although \'ow­

inckpl and (hTig (lDïO) rc'(H)rt that saturation \\'ith rpsp('ct tu in' is oftPIl attaincd

(J\'pr thp in'-('o\'prpd .-\n'tic Ocpan, D{lr~" and Yau (:2001) han' also shawn that t.lH'

IIH'an wintprtiuH' \'altlP of RH l is 97<.Ïr at an .-\rctie tundra location SitUë1tf'd IH'ar tlu'

)'IRB.

Fur tll(' .\IRB as a wholp. w(' d('Illonstratpd that thp di\"('rp;<'w'p and suhliIuation

of hl()\\"illg SIlOW mil.\· Ilot ('uIltribtltp sip;nifictlntly to tll<' larp;p-scal<' sllrfan' mass

i>alalH'p SillC(, hlowiIlg" SIIOW p\"('uts arp ran' iu tht' largC'ly fon'stpd hasin (Dpry and

Yan. 1099a). ()IlI~' spctions of tht' .\[RB lying in tht' .-\rctic tllndra an' Sllscpptiblp

to fn'C{ll<'ut hlowiug snow pn'Ilts. but éll'C'ording to th(' ERA data. êlIubient condi­

tions of tpm(wraturp and llllIllidity tpnel t.o inhihit hlowinJ!; SIlOW sublimation tl1('l"{'

as ",PlI. \ralsh pt al. (199-1) Iltilizt'd rawillsondp abSerYëltioIlS to obtain as a resid­

nal thp p\'aporation o\"c'r tIl<' )'[RB. Th('~' found negati\'p munthly \'alues of surface

slll)limation (i.('. dppusition) approachiug in SorBC cases -LO HUll SWC in the :\IRB

fur t hl' ()('riud <)ctolH'r to April for a total of about --t5 mIn swe. In contrast. our
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pstiIuat('S of snrfan' sllbliluatiol1 for thp samp basin art' BlllCh l('ss than thost' of Betts

and \ïtprl)() (2()()()) who ('stablish tIl(' p\"(lporatioll frum th<.' SHOW sllrfaC(' to hp 011

a\'pragp 9:2 lllm a -1 S\\"P for t lip SéUllP éupa o\'('r two ypars lIsiug tht' EC~I\VF furpcast

lllodpl. HowP\·I'r. thp alltliors statp rItat thpir stlldy slIfft'rs from a large positi\'p hias

(of ahollt GO(/{) ill tllP p\(lporation rat.e arising in tItt' EC~I\\·F modei such that this

\'altlP shollid iH faet })(' dospr to :3ï mm a -1 sWP. Csing the ER.-\.. WP dt'tl'nniIl<' that

ch'positioll adds ~ 0,0 lllIll a -1 sw<' O\·('l" thp ('lltin' ~[RB. a \'altll' Iuidway Iwtw('pn·

\ralsh·s (LD!)'-!) ohsl'r\"ational stlldy alld OPUS aHd \ïtprbo"s (2000) study with tllP

EC~I\rf lllOdpl wllPn its posiri\"(' ('\·aporatioIl hias is n'Illo\"pd, \rC' do rPIIlind tht'

rl'adpr. lHJ\\"('\·Pr. t hat our st udy llegl(·cts allY su hlilnation frolll tIH' canopy which

('an significallt ly (InhalH'P t Itp p\·aporatioll of SIlOW o\"pr t.lH' borf'al fon'st. that co\"prs

most ofrll(' .\[RO.

7 Concluding Discussion

To SlIIIlIllarizc', this pape'r (H'o\'ide's a first st pp in pstablishiIlg thp ('()[uhill('d dillla­

tologieal impacts of surfan' suhlimatioll, I>lowillg SHO\\' sublimation and dinlrgellcp

to t hp surfan' mass halaucp of polar n'gions. Th(' blldgt'ts wprp computf'ci llsillg

the' ERA clat a for t he' ~'e'ars l oï9-1 09:3 inc111Si\'C' at a horizontal n'solution :2.5 0
• As

olltliIlC'd in S(lc'tioIl :3.2. \\'(' n'coJ,!;uizC' t!lat using thpsp dat.a hrings about l'l'l'tain

limitatil>l1s. TIl(' (H'(,("l'ciing chapt<'r. ho\\"('\,('r. dplllonstrat,ps tltat our study COII1­

pan's fa\'(lI'ahl~' ,,"ith ut hpl" large'-scall' mass balance assesslllents in the polar rcgions.

:\onptlH'lpss. \\,p bplip\"(' the' n'sults Illay bp l'llhancpd in sen'ral ways. first. the use

of data at higlH'r spatial and tl'IllpOral ('('solutions may ilnprOV(l the cornputations

b~' capt uring munI of t ht' local ta Illcsoscal<' variations of the S11O\\' processcs of inter-
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('st. Infurmation on tlH' \ëlriability (p ,g,. standard c1P\'iation) of tlw Iucteorological

tiplds implicit within t.ll(' data Illay pro\'p IIs({1l1 in distiuguishing pxtn'IllP en"nts that

arp possibly lllaskpd in onr study, FllrtherIuon'. W{~ ha\'(' cuupl('d the PIEKTCK­

o lllodpl (D{·ry aud Yan. 200 1) to t IH~ :\Ipsoscalp COIllprflssiblfl CUIIullunity (:\IC2)

IIlUdpl of 8{·uoit pt al. (199ï) to h<'ttPr ('oIIlprPllPnd thp pro('pss of blowin~ SIlOW aIld

its ('OIllplpx iut!'ra('tioIlS \\'ith tilp pn\'iroIlIlH·nL PrpliIllinary ('\'ideIl('l' suggests that.

blowing SIIOW sllblilllatioll is P1111alH'pc1 b~' alrnost a factor of two in tll<' eonplpd simu­

lations \'prSIlS tllP stall<l-aluIl<' applicatioll of PIEKTl"K-O, In future work. therpfore.

wp will p\.dllat!' tllP illlpact of This finding on our ('lltTPIlt largp-scale surface mass

balanl'P st IId~' h.\· mpalls uf illlprO\'pd blowiuf,!; SIlOW panull<'t.crizatiolls.
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Chapter 4

Blowing Snow Modelling

4.1 Presentation of Article 3

The blowing snow llllII1erical ruodel used in this stndy is based on the "PIEKTCK~'

lllOdC'1 of Df;r~' Pt al. (1998). Beforc t'oapling PIEKTCK ta a IIlC'soscale Iuodel. the

possibility of siruplifying the algorithm and improyc its rllnning rime is inn'stigated.

By soh'iIl~ a single diffusion/sedimentation eqnation for the blowing suow mixing

ratio instead of a sppctrllru of particles. suhstélutial savings in computer time (up

to 100 rimes fast<'r thau the original sIJPctral 1I1odel) are achieyed. COlllparisons of

tll<' blowing suow fluxes and thcrnlOdynamic profiles simulated by bath ,'ersions of

PIEKTCK show few discrepancies .
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,-\ lmlk hlu\\-iug; SUu'" IIlodpl. By Stl'plirn .J_ D{;ry and ~I. K. Yau. 1999: Bou71d.­
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A BULK BLOWING SNOW MODEL

STEPHEN 1. DÉRY and M. K. YAU
D,'pt, (IfAtmmpltaic and Oaallie Sciene!'.\". MeCill Uni\'l'rs/tY. 805 Shabrookl' St. W.

Montréal. {1uébf'c' HJA. 2K6 Canada

(Rccei'cd in tinal fonn () ~ay (lJl)Y 1

Abstrdct. \\'t: prt:scm in lhis papcr a simpk and L:ompmationally efficient numerical modcl
that depiL:ts a L'olumn of -.uolimating. hlowing snnw. This hulk model predicts the mixing
r•.1lin of ~uspcnded ~now ny solving an c4uation that considt:rs the diffusion. senling and
"ublimation of hlowing snnW in a time-depcndem mode, Tht: hulk model results compare ....ery
weil with those of a prL'.... ious spcctr.ll version of the mode!. whilt: incrcasing its L:omputational
dlicicncy ny a fa..:lor of ahout one hundrcd. This will allow the ust: of the model to t:stimme the
dfccts of hlowing snuw lU the mass halance and atmosphcric houndary layer of such rcgiuns
as the \tlackt:nziL' River Basin of Canada.

Keywords: Blowing soow. Bulk modelling. Mackenzie Basin. Suhlimation. Suspension

1. Introduction

In addition to its hazardous aspects. the transport of snow and its sublimation
are being recognized as important factors in the \I,'ater and energy budgets of
\""indswept regions such as the Arctic tundra. Erosion and accumulation of
snow by wind can lead to substantial heterogeneities in the snowcover with
hydrom~teorological implications. In addition ta supplying moisture to th~

atmospheric boundary layer (ABL J. sublimation of blowing snow acts as a
further sink of mass from the surfac~ that can I~ad to ~rroneous estimates of
th~ snow d~pth in numerical models which neglect these processes.

This work is conducted within the context of the ongoing Mackenzie
GE\VEX Study (MAGS~ Stewart et al.. 1998) since part of the tenitory
drained by the Mackenzie River is susceptible to Frequent blowing snow
e\'ents (Déry and Yau. 1999). One of our future goals is to assess the contri­
bution of blowing snow tmnsport and sublimation to the v.'ater budget in this
large northem drainage basin. Accurate and efficient numerical modelling of
blowing snow is thus necessary in this context.

\Ve therefore introduce in this paper a bulk version of a blowing snow
mode! that provides the thennodynamic feedbacks of sublimating. blowing
snow in the ABL "'hile keeping track of its effects on the snowcover. The
numerical model discussed here is based on the PIEKTUK blowing snow
model of Déry et al. ( 1998) and the initial work of Déry and Taylor (1996)
on blo\ving snow. The novelty of the bulk version is that it runs about 100
times [aster that the spectral version but yields comparable results. Since the
spectr..ll PIEKTUK model is ~xtensively described in Déry et al. (1998). we

•

BouTldary-!...m'('T M,'rt'oru/ol!\' 93: 237-251. 19lJ9,
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tirst present only a brief review of its fannulation before examining steps lhat
lead lo a so-called "bulk" version of the model. Subsequently. results, sorne
sensilivity lests and a concluding discussion will be presented.

2. l\'1odel Description

2.l. SPECTRAL MüDEl - (PIEKTUK-S)

The PIEKTUK model of Déry et al. (1998) is spectrcll in nature in that il
depicts explicitly. in either a lime or fClch-dependent framework. a spectrum
of blO\ving sno\\' particles lhat are garnma-distributed at the lower model
boundary and are suspended through diffusion from a saltation layer just
above the snow-covered surface. The spectml number density of suspended
particles F(r.:..t) (m-~) for particles al' radius r (m) is taken to satisfy:

oF(r) () (aF(r) ) aar = d:' K(r}~ + l'(r)F(r) - dr (fF(r)). (1)

for the time-dependent. horizontally homogeneous case. Here. time is de­
noted by r (5), the vertical coord inate by :. (m), and f denotes the rate of
change of radius due lo sublimation. We also abbreviated F(r.:..r) by F(r}.
Three active processes are depicted in the rhs of Equation (1): the vertical
diffusion of blowing snow particles with eddy diffusivity K(r} (m! S-I), the
sedimentation of particles with a terminal velocilY l.'(r) (m s-I) obtained
through a balance between the gmvitational and drag forces (Déry et al.,
(998), and the spectml shifting due to sublimation of blowing snow ~ (fF(r))
(m-~ 5- 1).

Following the work of Rouault et al. ( 1991), the turbulent diffusion co­
efficient used by Déry et al. (1998) considered a reduction ç from the eddy
diffusivity for momentum Km (m2 s-) due to the inertia of the particles such
that:

K(r) = ÇKII/' (2)

(Note that a detailed discussion of the interaction between the spectrum of
particles and turbulence can also he found in Lee ( 1975).)

Values of çare size-dependent and are discussed at length by Déry et al.
( 1998). In near-neutral conditions, we may assume:

•
Km = lI./ .

\5v'ith the mixing length , (m) given by (e.g., Stull. 1988):

/ = 1\(':: + :'0)[ 1+ K(:' + '::0) /1"IIHr 1.

(3)

(4)
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In these equations. LI. (m s -1) is the friction velocity. 1( (=0.4) is the von
Karman constant. and :0 (m) the roughn~ss kngth. Following Taylor (1969)
and l\10bbs and Dov~r ( 1993). an asymptotic valu~ to / of 40 mis represented

by Im'Ll'

Neglecting for the moment the appropriate boundary conditions that are
n:quired [() ~ol\'e Equation ( 1). the abo\'t~ 3 rdationships describe. in pan.
the suspension of blO\\"ing sno\'.' panicles through the eompeting processes
of diffusion. ~ellling and sublimation in the spectrJ.I version of PIEKTUK
(hereafter referred 10 as PIEKTUK-S). Déry et al. ( 1998) typically used 64
panicle size bins ta evaluate the blowing snow suspension and sublimation
rates. For computational simplicity. we therefore investigate the possibility of
lIsing a bulk quamity. namely the blowing snow mixing ratio q" (kg kg- I ).

which is the r.ltio of the ma"iS of suspended iee panicles to that of dry air.
to depiet the amount of snow in suspension. The steps leading to this bulk
approach are described in the following section.

2.2. B LilK MüDEl - (PIEKTUK-B)

2.2.1. Formulariofl
For the sake of computational efticiency. complex mierophysical schemes
have commonly employed a bulk method to derive certain hydrometeor
species in atmospheric models (e.g.. Kong and Vau. (997). We apply here
a similar technique for the computation of blowing snow suspension and
sublimation.

Following Schmidt ( 1982) and others. \Ve assume that blowing snow is
composed of ice spheres sueh that the mixing mtio of blowing snow. q". can
be related to the number density by

41tPI'''1~ ,l/l. = -- r F(r)dr.
3p (1

(5)

with P'U' (= 900 kg m-') and p (kg rn-") denoting the constant densities of
ice and air. respectively.

l\1ultiplying Equation ( 1) by (4rrpIII.r~ / 3p 1. followed by an integration
with respect ta r From () to 00 and applying (5). we obtain

(6)

•
wheœ K" (m2

) is sorne bulk diffusion coefficient and l'" (m S-I) is sorne bulk
fall \'clocity. The sink in li" due to the sublimation of blowing snow. Sb (kg
kg- I s -1) is discussed in Section 2.2.2. To obtain l'b and Kb. we need to know
the exact form of the number density function.
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We begin by noting that Budd (1966) and Schmidt (1982) have showed
that di~tributions of F(r) typicaJIy folio\\" those of a two-parameter gamma
distribution such that:

wÎ(h .v (m - ~ 1 heing the total number concentr..ltion of partic1es. a (dimen­
sionlessl and P(ml the shape and scale pammeters orthe gamma distribution
r.

Substituting Equation (7) into (51. integrc.lting and solving for N. we get:

(8 )

Sen:rc.ll tests with PIEKTUK-S revealed that a varies little with height
and is thus taken as constant (set to :2 following the analysis of King et al..
1996). Using a::;:2 in (SI. \\le can solve for pas

(9)

We now approximate N in Equation (9) by a special solution Nf of
Equation ( 1) as follows. For a steady-state. satur..lted environment. <i.e .. no
sublimation 1. we may write:

dF(r)
K(r)--:\- = -l'(r)F(r).

0-
( (0)

Integrating this equation from the top of the saltation layer .::\. a.ssuming 1~
K(':: - '::tll and neglecting any inertial effects. we retrieve the c1a.ssical equation
for suspended particle concentrations:

[
(-~ - )l -l' 1r 1 1\/1.
~ , ~()

F(r. .::) = F(r. .::\) -' - )J
(~\ ;...()

(II)

•

Integr.lting ( Il ) from r ::; 0 to OQ and assuming that F( r) is given by a
gamma distribution. we obtain

(12)

\Ve no\\' set N = kN\ in (9). Il is found that k :::: 3 gives the Ilest agreement
between the solutions of the spectraJ and the bulk models.
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As a final measure. we need ta specify a bulk terminal velocity that char­
acterizes the panicle distribution and which will vary with height. Applying
the method of Kong and Vau ( 1997). we get:

J;; t'(r)r" F(r) dr
\' -.::....;.;.,.-----

h - J;~ r'l F (r) dr

where n is a moment of the gamma distribution. As in Kong and Vau ( 1997).
we tried setting n equal to 3 such that t'iJ represents the mass-weighted termi­
nal velocity of the ice particle distribution. However. this approach predicts qb
proti les that are consistently too high compared to the results of PIEKTUK­
S. After a number of tests. we find that the fifth moment of the distribution
yields better approximations for q/l in PIEKTUK-B and. for this reason. set
Il = 5. These initial steps. which use information on the assumed gamma­
distributed spectra of blowing sno\\, panic/es now allow us to proceed with
the discussion of a bulk blowing snow model.

2.2.2. Diffusion llnd Suhlimation
As mentioned previously. an alternative ta the representation of the amount of
suspended snow is the bulk quantlty qh. the blowing snow mixing ratio. gov­
erned by Equation (6). Note that although Equation (2) indudes a reduction
in the eddy diffusivity of the particles due to their inertia. we assume for the
moment that ç is unit)' such that Kh = Km as in Bintanja ( 1998a) and depicts
the eddy diffusivity for q/l.

Ta conserve heat and moisture in the column of sublimating. blowing
sno\\'. we introduce two additional prognostic equations in the model for the
ambient air temperature Tel (K) and water vupour mixing ratio th (kg kg- I ).

which satisfy:

and

oTel _ ~ ( aT.'). Q-. - -. Kil '") ,
of u: u:

dt/! _ ~ ( dq\ ) • Eal - d: K, a: ' .

(14)

<15 )

•

with Kir and K, being the heat and moisture eddy diffusivities. taken as equal
ta that for mamentum (Equation (3) 1. The source term for water vapour. E
(kg kg- l S-I). is intluenced by the sublimation process only and therefore

is set equal to -S", The heating mte (negative here) due to sublimation is
represented by Q (K S -1 ) in Equation ( 14) and is computed from:

( 16)
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\vith the latent heat of sublimation and heat capacity for air denoted by L" (1
kg- I ) and cr (1 kg- I K- 1 •• respectively. \Ve neglect here additional heat from
the particles as this component contributes negligibly to the phase change.
Note however that both Tc, and q, are not subject to settling as is q" such that
\\.·e expect greater vertical redistribution of heat and moisture compared to ice
particles.

The sublimation tenn Sh (kg kg- I s -1) is derived as follows. Ignoring
any rJdiation tr.lOsferred to a particIe. the change in mass m (kg) of a single
ice sphere due ta sublimation is obtained through (Thorpe and Mason. 1966):

79

dm 2rr.rNu( 'h!qu - 1)

dl (FI.. + F:/)
( 17)

where '/11 (kg kg -1 ) denotes the saturation water vapour mixing ratio with
respect to ice. Nu represents the Nusselt number and where the conduction
and diffusion terms involved in the phase change are respectively given by Ft
and F;I (m s kg- I ) (Rogers and Vau. 1989).

To obtain the total sublimation r.lte for a spectrum of particlcs. we mul­
tiply Equation (17) with the particle number concentration and perform an
integmtion over aIl mdii. i.e.

Il'''' dmS" = - F(r) -dr.
p 0 dl

(18)

Assuming once again that the particles follow a gamma distribution (see
Equation 0)). the integral yidds the bulk sublimation rJte:

where the mean radius of the particle distribution. Tm (m). is detlned as:

r _.J;~ rF(r) dr _ a A
", - fc~ F(r)dr - p.

( 19)

(20)

Ventilation effects due ta the settling of suspended particles are in effect
introduced by Nu. which is dependent on the Reynolds number Re through
(Lee. (975):

•
N li = 1.79 + O.606Re05

.

where in still air

'2rlll \'/J
Re·= -­

\'

(21)

(22)
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with \' being the kinematic viscosity of air (1.53 x 10-5 m! s-I). Thus to
compute the diffusion and sublimation of blowing snow. it is e1ear that both
r m and \'b must be known quantities.

2.2.3. BOlllldary llnd IniTial CondiTions
Setting proper initial and spatial boundary conditions is crucial to the mod­
elling of blowing snow. Of panicular difficulty hère is assigning the lower
houndary conditions on humidity and the blowing snow mixing ratio and
hence. the panicle distribution. (note that the boundary conditions discussed
here are applied only \vhen snow tr.lnspon is predicted ta occur). At the
present time. we take the lower boundary height :./" to be al the snow surface
and th~ model lid :lIb ta be 1 km above the surface where fluxes of panieles.
temperature and moisture are assumed zero.

At the lower boundary. we take the air to he saturated with respect to ice
for the control case. However. suppIementary experiments will he conducted
to test the sensitivity of this critical assumption. Given a value of relative
humidity with respect ta ice RH, at a cenain level and neglecting stability ef­
fects. the vertical variation of humidity is deduced from a logarithmic profile
(e.g.. Garrdtt. 1992) as:

q. [('::':0)]
Cf, = Cfl' ~ ~ ln --_--

K ~()

(23)

(24)

•

where q. (kg kg- I ) represents the humidity seale. For temperature. however.
we assume initially no variation with height and thut there is no heat flux at

'://1.

At the onset of blowing snow. we assume that the saltation layer instan­
taneously develops. but that no panieles are in suspension aboye .: =0.1 m.
the first leve! above ':,. Thus we set a constant value for the saltation blowing
snow mixing ratio l./h",u l kg kg- I

) in the saltation layer (Pomeroy et al.. 1993):

l/b"lI. =0..385( 1- UI /Ulld
2511

Ill •.

when: L'Ill and U: are respectively the !(}-m wind speed and its value at the
cessation of blowing snow. in m s -1. This quantity is then extrapolated and
tixed at .:: =n.1 m from :. = .:~ based on the analytical profiles for F(r) of
Equation ( Ill. Note that in our initial steps. we assess the vertical distribution
of rm by taking this parameter to be 100 pm al :'.ç following Pomeroy et al.
( 1993). although recent observations in Antarctica suggest rm at '::f may be
closer to 75,um (King et al.. 1996).

2.2.4. Other Modifications
Follovling the detailed sensitivity tests of Déry et al. (1998) with the
PIEKTUK-S mode!. severa] other modifications have been incorporated into
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PIEKTLTK-B. For instance. they find liule difference in assuming that the par­
ticl~s are at the ambient air temperature instead of the ice bulb temperature.
and hence we take ~l as the particle tempemture.

The threshold velocity for transport in PIEKTUK-B is estimated follow­
ing the study of Li and Pomeroy ( 1997) such that:

81

(25)

•

\\'here Tli is in degrees Celsius and the minimum value of the threshold IO-m
wind speed. Utu ' ~~ equal to 6.975 m S-I and is reaehed at about ~l =-27°C.
Equation (25) shows inereasing resistance to transport at temperatures near
freezing and at very low temperatures.

In addition. we do nol assume at t =0 that RH, =1.0 within the saltation
layer. With our lower boundary set to the snow-covered surface. we can ex­
peet that this layer will contribute to the sublimation process and add water
vapour to the AB L.

Given that the calculation of particle suspension is no longer constrained
by the diffusion of small particles eneountered in the spectral mode!. we
are able to reduee significantly the vertical grid resolution while increasing
the timestep, For the resulL" presented in the following section. 24 vertical
le\'e!s equidistant on a logarithmic seale and a timestep of 2 s are used in
PIEKTüK-B, These changes. in addition to the elimination of the 64 particl~

size bins. augment the effieiency of PIEKTUK-B by a factor of about 100

over PIEKTUK-S.

3. Results

In the previous section. we described a simplified bulk algorithm for the de­
piction of the blowing snow process. W~ now perforrn a few tests to evaluate
the model output of the bulk version of PIEKTUK in comparison to its spec­
tral formulation. 80th versions of the mode! have been modified following the
discussion in Section 2.2.4. with the exception of the vertical and temporal
œsolutions in PIEKTUK-S. which maintain those used in Déry ~t al. (1998).
For our control ~xperiment. we take UIO = 15 m s-I. and initially that ~l =
-IWC. as background environmental conditions for a blowing snow period
of 10 min. The initial humidity profile is obtained following Equation (23)
by taking RH, at :. = 100 m ta he 0.7 and constant above that level initially.
Gther parameters required for the integration. such as u. and :o. are calculated
following Déry et al. (1998). The vertical model boundaries are fixed at :'lb =
oand :.,,}. =1 km. respectively.

To e\'aluate the ability of PIEKTUK-B to reproduce the results of
PIEKTUK-S. w~ tirst examine in Figure 1 the profiles of bJowing snow mix­
ing ratio in the control experiment as predicted by both models la minutes
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Figure 1. The: prolilcs of hlowing snow mixing r.ltio as predictcd hy the hulk and spectral
\I:rsions t)f the PIEKTL:K mode! 10 mmutes aftcr hlowing snow initiation for the control
I:\pcrime:nt. The: analytical rc:sult without sublimation C-\nalysis") is also shown.

after the initiation of snow transport. The analytical profile of (jb that arises
through a steady-state balance between diffusion and seuling only is also
shown in Figure l, We see c1early thm linle accuracy is lost in using the bulk
mode! ta predict the variation of if" with height.

For further tests. we examine the blowing snow sublimation and trans­
port tluxes that affect the surface mass balance, The vertically integrated
sublimation rate Q\ in uniL'" of mm h- I snow water equivalent (swe) for a
column of blowing snow is obtained l'rom:

QI = -p' j:"" Sb d:.
.. /1.

(16)

•

where p' is the conversion factor l'rom m s -1 to mm h-1 swe. For conve­
nience. we introduce a negative sign in Equation (26) to report the sublima­
tion rJte a." a positive quantity. The transport rate of blowing snow Qr (kg
m- I s-I) is given by

(27)

where U (m s -1) is the wind speed. The evolution in time of Q.. and Q, are
shawn in Figure 2 and. again. we see that for both cases. good agreement
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•

bdween the bulk and spectral versions of PIEKTUK is found. Sublimation
of blowing snow, ao.; predicted by Déry et al. (1998), reaches a maximum
\vithin a Few minutes of initiation. and then sJowly decreases in time. This is
related ta the "self-limiting" property of blowing snow sublimation discussed
by the authors. On the other hand. Qr increases continually in time as higher
humidities and diffusion act to augment the amount of suspended ice particles
in a column of blowing snow.

Values of the blowing snow transport and sublimation r.ltes predicted by
bath versions of PIEKTUK are shown in Table 1 for three values of the 10­
m wind speed and twa integration periods. The bulk model forecasts of the
sublimation and transport mtes match reJatively weil those of PIEKTUK-S.
particularly at high wind speeds. For the control experiment. we find dif­
ferences of approximately 5 and 3lk between the integrated values of the
sublimation and transport mtes. respectively. as predicted by the bulk and
spectral versions of PIEKTUK. For a one-hour period of blowing snow with
UIO =15 ms-l, the cumulative sublimation rate Jeads to a depletion of 0.09
mm h- I swe from the surface, equivaJent to the removal of:::::::: 2 mm swe per
day. This is very similar to the sublimation rates reported by Schmidt (1982).
King et al. (1996). and Bintanja (1 998b).
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Tahl~ 1. Th~ suhlimation rJtt: IQ,). in mm h- l
..now watcr e4uivaJ~nt IsW~). and transport

ratc 1Ur 1 uf blowing snow. for lhree wind spct:ds and two time intt:gralions forecasl by lhe
speclral (5) and bulk (B) vcrsions of PIEKTUK. Timt:-integratcd values of sublimalÎon (Q~)

and IrJnsporl ((!T,) uf hlowing snow arc also Iisled.

VIII Time Model Q, Q~ Ur Q7t
lin Ç') (min.) Version (mm h- l swc) (mm swe) (kg m- I s-I) (kgm- I )

10 10 S 0.02747 0.004726 0.01592 9.296

B 0.03185 (l.O05570 0.01716 9.939

60 S 0.02223 0.02491 0.01692 58.83

B OJ)2535 (>.02877 0.01~92 64.50

15 [() S 0.1081 0.01973 0.1097 59.~9

B 0.1045 0.01999 0.1065 58.09

60 S 0.06874 0.08882 0.1390 ..B9.7

B O.()6511 0.08644 0.1421 438.1

20 10 5 0.2041 0.03972 0.4903 255.1

B 0.1~97 O.UJ951 0.4619 243.3

00 s 0.1052 0.1550 0.6863 2071.

B 0.09207 n.I-I3-1 n.6510 1962.

[n Figure 3. the thermodynamic profiles are shawn. 10 minutes after the
initiation of blowing snow. for the control experimcnt. These also show good
correlation between the two versions of the model.. Note how the sublimation
of blowing snow Ieads to a weak tempemtuœ inversion in the ABL and a
deviation from the logarithmic profile in humidity similar to the one proposed
by Schmidt (1972) during blowing snow. Thus the temperature and humidity
tendencies resulting from blowing snow sublimation predicted by PIEKTUK­
B match those of P[EKTUK-S very weil.

4. Sensitivity Tests

As discussed previously. the results presented in the previous section are
highly dependent on the lower boundary conditions imposed on humidity.
Maximum values of lib are found in the saltation layer which is usually a
layer several centimetres thick just above the snow surface. Observations by
Schmidt (1982) suggest that RH r approaches 1.0 in this region but diffusion of
moisture outside of the saltation layer may promote further sublimation near
the surface. We therefore conduct several additional experiments to test the
sensitivity of the results to this pammeter by modifying the lower boundary
condition imposed on humidity in PIEKTUK-B.
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ln our previous integrations. we assumed saturation with respect to ice
at the surface. In the first test. we tix RH, at 0.95 at the surface during the in­
tegration. As expected. Q~ is higher than for the control run. with an increa.~e

of about 14C!c in Q~ for a lU-min period of blowing snow (Figure 4). In
two other experiments. we allow the lower boundary condition on humidity
to vary in lime (i.e.. an "open" boundary condition) with limitation brought
about by saturation with respect to ice. In one case. the initial humidity profile
is as in the control run. while in the other one. we let RH, = 0.7 initially
throughout the column of air. We see thm both show large increases in Q.~

in comparison ta the control experiment in the tirst few minutes that follow
the initiation of blowing snow. but that both slowly tend towards the results
of our control run in time as sublimation leads to increased moisture in the
ABL. Differences in QT~ in these additional experiments are of the order of
21 to 30Ck higher than the control run.

•
5. Concluding Discussion

The water budget of a snow-covered surface may be affected by blowing snow
through the redistribution of snow by wind and the concurrent sublimation of



•
0.25

0.20
-..
CD
3:

0.15en
"';"
~

E 0.10E-li)

0
0.05

A BULK BLOWING SNOW MODEL

/'- ........., ", ", , ........ ' .....
1 ....... " ' ....

1 • .:."":..:"- _, / .-._- --_.... -..
1 t ----.--.~.:::..-- ... -" --.- -----~~-
l

Control
Fixed, RHj(Zlb) = 0.95
Open
Open, RHj(z) = 0.70

249

86

0.00
o 2 4 6

Time (min.)
8 10

•

Fig Il ft· .J. Th&: tcmporJI evolution 01" the suhlimation rJtc Q, of blowing snow for the control
expcriment and three sensÎtivity tc:sts on the lower houndary conditions for humidity. (sec text
for a description of these tcsts.)

blowing snow. A number of studies have evaluated the contribution of these
terms ta the surface mass balance with notable variation on the significance
of the sublimation component (e.g.. Pomeroy et al.. 1993. 1997: King et al..
1996: Bintanja. 1998b: Liston and Sturm. 1998). For instance. sublimation
of blowing snow is evaluared to erode from a few millimetres swe at Halley.
Antarctica over 6 months (King et al.. 1996) to 37 mm swe during winter in
a high-Arctic basin (Pomeroy et al.. (997). Considering the results presented
in Table 1 for our control experiment in which Qf::::::; :2 mm d- I swe. 17 days
with continuous blowing snow would be required to erode the surface of the
amount reported by Pomeroy et al. (1997). The c1imatology of cold-season
processes compilcd by Déry and Vau (1999) shows an annual average ~

30 blowing snow events for this region. thus potentially leading to the snow
removal rates assessed by Pomeroy et al. (1997).

As discussed by Tabler and Schmidt (1972). Tabler (1975). and others.
the sublimation rate will tend to incrcase with fetch or time if environmental
conditions remain unchanged. However. in their idealized experiments. Déry
et al. ( 1998). as weil as the results in this study. show that the thennodynamic
feedbacks of blowing snow sublimation potentially lead ta decreases in Q.f
with time or fetch. As noted by King et al. (1996). Déry et al. (1998) and
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others. however. the modelling of blowing snow depends critically on the
lower boundary conditions imposed on humidity. We conducted several tests
which showed an increase of 14 to 3ü'k in the accumulated sublimation rate
from the control run when varying the initial and boundary conditions on
humidity. Mixing of dry air from aloft (> 1 km) with air in the ABL may also
promote sublimation of blowing snow. It remains clear that further investi­
gation of the blowing snow process. including the measurement of humidity
and temperature in near-surface air. is required to assess more accurately the
contribution of blowing snow sublimation and transport to the mass balance
of snow-covered surfaces.

To summarize. we have presented in this paper a brief oudine of a
simple and efficient algorithm of sublimating. blowing snow. This blowing
snow model. named PIEKTUK. uses a bulk approach to predict the temporal
evolution of the blowing snow mixing ratio. tempemture and moisture pro­
files. as weil as the interactive feedbacks between these. for a column of air
in the atmospheric boundary layer. In comparison with a previous spectral
version of PIEKTUK. the bulk model successfully forecasts the evolution
of the sublimation mte of blowing snow and its mixing ratio profi les with
significant savings in computer time (by a factor of about one hundred).
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This S('("f ion proposps a furt IH'r l'xrension ro the' bulk n'l'sioIl of the PIEKTCK blow­

iug; SIlOW 11l0dpl d('s('ri!>('d in Chaptpr -1,:2, Although thp adoption of a bulk Sc1WIll0

fur blu\\"ing SIlUn" lllOde'lling (H'o\'idps cH'('Urate' pstimatps of the tPIIlpural p\"olutioll

of flH' transpurt and sllhliIllatioIl ratps of blowiug snO\\", it is d('ticil'ut in d('scribing

tlH' (,\"lillltioIl of rh(' tural hlu\\'ing SIlO\\' partide' [l\lIllbprs, \\"e' thC'refoH' acld ëlllothl'r

prognusric \'ariahlp fur rh<' total nUlllfH'r dPllSity of partid('s. yielding a doubh'­

1l1onH'nt hlo\\'ing SilO\\' IllUdp1. 1t is ShOWIl t hat tlw doublp-IIlOIlH'Ilt SCheITlC ilnpro\"('s

t lu' prpdict ions of t Ill' n'ft ical protilps of t he' rot al numlwr d<'Ilsity of hlowillg SIlO\\'

partide's and tlH'ir iUlplicir distributions. Tht' doubll'-IllOlIH'Ilt n'l'sion of PIEKTCK

is t IH'Il uS(ld tl) deri \'C' a parallH't rizatioIl of t IH' su bliIuation ratC' of blowing SIlO\\" that

d<'(H'llds lJll rhl' ",iIld s(}('(ld and a t('lU(H'ratufI'- and llloistlu'p-dl '()('lldent t('rIIl. 80th

t hl' Il1o<i<'1 and pa raII1Pt rizat iUIl are appliC'd tu t IH' CanadiaIl .\r('t ie \\"hen' blo\\'ing

SIlO\\' is <'srimarpd ro n'Illon' s('\'eral milIiIIH'tr<'S snow warpr <'((ui\·aient frOIU tIH' sur­

[a('1' Illass halaIl<'1' at Trail \"alll'~· Crppk, ~\\"T, Siner' thl' l'ondusions n'achpd in this

stlld~' dt'(H'Ild (,I"irically un rlU' propPI" assilnilation of tl1(' llllIuidity nWaSllfl' II1PIlts

t har \\l'fI' r('("ordl'd ar rhis :\rni(' tlIIldra sÏtP. a t horollgh discussion on t his matter

is round iIl ril<' .\p(H'llClix.

4.4 Article 4

•
SiIllulatioIl of hlowing SIlO\\' in tlu- Canadian .\rct[c llsing a dOllble-lllonteut ruode!.

By SrpplH'Il .J, D(;ry and ).1. K. l'au, 2001: BOIJ.nd,-L(l?Jf~r Afd(~()r()l.. in press,
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SIMULATION OF BLOWING SNOW IN THE CANADIAN

ARCTIC USING A DOUBLE-MOMENT MODEL

STEPHEN J. DÉRY and t\1. K. YAU
lJepI, ofAIl1lVJpherlc and Oaunie Sât.'nCL's. MeCill Unin'rsin: 805 SIIt'rbmokl' St. \\1:,

JfofllreuJ. Québec H3A 2K6 Canada

1Rt:ceived in tinal forrn 7 Jui~ 2000)

Abstr.Jct. We descrihc in this paper the de\'dopmt:nt of a douhlc-moment mode! of hlowing
snow and its application lO the Canadian Arctic. Wt: tirst outlinc the fonnulation of the numer­
ical modd. which solvcs a prognostic t:quation for ~oth thc blowing snow mixing r.Hio and
lOtal paniclc nurnhcrs. hoth momcnts of particles that arc gamma-distributcd. LInder idealizcd
... imulations. the modcl yidds n:alistic cvolutions of the ~Iowing snow paniclc distrihutions.
transport and suhlimauon rJtes as wcll a.-; the thermodynamic tlc1ds at low computational
cm.ts. A parametrization of the hlowing snow suhlimation ratc is suhscLjucmly dcri"c:d. The
modd and parJ.mctrization arc then applicd to a CJnadian Arctic tundra site prone to fre­
Ljucnt hlowing sno\\ c\'cms. O\'l.~r a pcriod of 210 days during the wintcr of 1996/1997. the
n~ar-surface relative humidity consistently approachcs saturation with rcspect to icc. Thcsc
conditions (imit snowpad: crosion hy ~Iowing snow sublimation to ::::: 3 mm snow watcr
l.:Ljui\'akm /swcl with surface suhlimation rcmoving J.n additional 7 mm swe. We tind th:1t
our resull'i an: hlghly sensitivc to the propcr assimilation of the humidity mcasurernems and
the cvolving thermodynarnic fields in thc atmosphcric houndary layer during blowing snow.
These faclOrs may explain thc lowcr values of hlowing snow suhlirnation n:portcd in this papcr
than pn:\'iously puhlished for [he rcgion.

Kep\"Ords: Arctic. Bliuard. Blowing snow. Douhlr:-momcm. \1aàcnLic Basin. Sublimation

1. Introduction

In the Canadian Aretic. land and iee surfaces are predominantly covered by
snm\'. Open and v.'indswept areas thus become subject to Frequent and haz­
ardous blowing snow and blizzard events (Stewart. et al.. 1995~ Déry and Yau.
1999a). As a consequence of these adverse meteorological conditions. the
surface mass balance of the Canadian Arctic may be altered signiticantly by
wind redistribution and concurrent sublimation.

The hydrometeorological implications of blowing snow have motivated
a number of reeeot studies on the topie ce.g .. King et al.. 1996; Pomeroy et
al.. 1997~ Bintanja. 1998~ Essery et al.. ]999~ Mann et al.. 2000). Neverthe­
less. questions remain on the importance of blowing snow sublimation in the
~urface water budget. For instance. Pomeroy et al. (1997) and Essery et al.
( 1999) estimate the seasonaJ removal of 37 to 85 mm snow water equivalent
(swe) through blowing snow sublimation at a Canadian Arctic tundra site.
In contrast. King et al. (1996) evaluate the erosion of no more than 4 mm
swe over a period of six months from a snow-covered Antarctic ice shelf.

.... BOllndary-wwr MeIt'omlogy. in press : 1-20. 2001.
ft © 2001 KJul\'t'r Acadl'11ric PlIbJislrt'rJ. Pnntl·d in Ihl· Nl,tlrl'rlands.
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The reported variations on the significance of blowing snow sublimation in
the surface mass balance are. in large part. a consequence of the numerical
modelling strategies employed by the respective authors. Specifically, as­
sumptions on the background thermodynamic profiles and theirtemporal and
spatial evolutions are critical in evaluating the r..ltes of snowdrift sublimation.

Déry and Vau ( 1999a) suggested thal coupied simulations of a mesoscale
mode!. such as the mesoscale compressible community (MC:!) mode! (Benoit
d al.. 1997) and a blowing snow mode!. such as PIEKTUK (Déry et al..
1998) would improve our understanding of the snowdrift phenomenon and
its interaction with the atmospheric boundary layer (ABL). However. to suit
the requirements of the MC:! mode!. Déry and Vau (1999b. hereafter DY99b)
derived a bulk formulation of the PIEKTUK model (PIEKTUK-B) that in­
creased its computational efficiency by a factor of 100. allowing for coupled
simulations of the two models at reasonable numerical costs.

ln a recent intercomparison project of four blowing snow models (Xiao
et al.. 20(0). it was found that PIEKTUK-B perforrned relatively weil in pre­
dicting the blowing snow transport and sublimation rales and impact to the
thermodynamic profiles. However. its predictions of the numbers and size dis­
tribution of particles appeared 1ess realistic. This deficiency is understandable
because the primary purpose of PIEKTUK-B was to predict accuralely the
transport and sublimation rates. and not the particle size spectra. of blowing
snow. Since certain properties of blowing snow. such as its radar retlectivity
and its impact on the horizontal visibility. are dependent on the numbers and
size distribution of suspended ice particles. it is highly desirable to simulate
realistically the total numbers of blowing snow particles. in addition to its
transport and sublimation fluxes. The first goal of this paper. therefore, is
to remove this deticiency of PIEKTUK-B while maintaining the numerical
dliciency of the model.

Although our ultimate objective for the development of a computation­
ally inexpensive model of blowing snow is to perform coupled simulations
with the MC:! mode!. we take advantage here of its driciency by apply­
ing it to a lengthy and continuous meteorological dataset. These data were
collected at an Arctic tundra site situated near the Mackenzie River Basin
(MRB) in Northern Canada OVer a pcriod of 110 days during the winter of
1996/1997 a.." part of the Mackenzie GEWEX Study (MAGS; Stewart et al..
1998). This intensive field programme aims to shed light on the water and
energy budgets of the MRB, including the largely unknown raie of blowing
snow as a component of the surface mass balance (Lawford. 1994; Stewart et
al.. 1998). Although previous studies by Pomeroy et al. (1997) and Essery et
al. (1999) have begun this process, their high values of blowing snow subli­
mation remain questionable. Therefore, our second objective is to assess the
seasonal contribution ofblowing snow to the Arctic tundra water budget using
an updated numerical model with evolving thermodynamic fields. We will
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th~n consid~r some possibl~ factors that lead to the high values of sublimation
report~d by Essery ~t al. ( 1999) obtained l'rom a steady-state numerical mode!
appli~d to the same dataset.

A third and final goal of this work is th~ pardmetrization of blowing
snow sublimation in t~rms of the ambient meteorological conditions. Ev~n

a simplitied modd of blowing snow can become computationally restrictive
for long-term. basin-scal~ mass balance studies. The paper therefore intro­
duces one such parametrization obtained from multiple im~grations of the
simplitied blowing snow model and veriti~d with the Canadian Arctic data.

The paper is structured as follows. In Section 1. we t1rst describe the
formulation and perform t~sts of th~ updated PIEKTUK model before the
derivation of a pammetrization of blowing snow sublimation rates. The model
and parametrization are then applied to the Canadian Arctic to ~valuate the
possible rol~ of blowing snow in the local surface mass balance. Section
-4. comains a Jiscussion of our results followed by a summary and sorne
conclusions. which close the paper in Section 5.

2. Numerkall\'lodel

The algorithm discussed in this section is an extension of the original spectral
and bulk formulations of the PIEKTUK mode!. which are already weil doc­
umented in the literature (Déry and Taylor. 1996: Déry ~t al.. 1998: DY99b).
The sp~ctral model (PIEKTUK-S) is referred to as such due to its explicit
treatrn~nt of blowing snow particl~s using 64 or more siz~ classes. On the
oth~r hand. the latter model ~xpresseJ blowing snow in terms of a single (and
hence "bulk") quantity. thereby reducing signiticantly the computational re­
quir~ments of the model. To maintain brevity. we now describe steps leading
only from th~ single-moment. bulk blowing snow scheme to one where two
moments of the size distribution of the particles are solved and encourage
the n~ader to the aforementioned references for a more complete description
of PIEKTUK. 'vVe then perform a fe\\' tests to evaluate the updated model in
comparison to its spectral formulation.

2.1. MaDEL FOR~IUlATION

2.1.1. Bulk Model (PIEKTUK-B)
The single-moment formulation of PIEKTUK was developed by DY99b
based on the premise that the evolution of the suspension and sublimation
of blowing snow can be obtained through the solution of one prognostic
equation for the mixing ratio of blowing snow lib (kg kg- I ) instead of the
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spectr..l1 number density F( r) (m -~) of spherical panicles of radius r (01). By
detinition. the two quantities are related through:

94

.hrPIl('l""" ~
l/" = -- r F(r)dr.

Jp Il
( 1)

where p (kg 01 - ~) and P'I(' (= 900 kg 01 -') denote the densities of air and ice.
rèspecti\'ely.

Ba.'ied on the fidd measurement.s of 8 udd ( 1966) and Schmidt ( (982).
DY99b assumed that the panicle spectrum can be described by a two­
parameter gamma distribution of the form

\
' -L.l-I -r ~F . r exp

(r) = paf( a) (2)

with N (m -') representing the total number concentmtion of panicles and
a (di mensionless) and p (01) the shape and scaIe parameten; of the gamma
distribution r.

Substituting Equation (2) ioto (1). integr..lting and solving for p. we
obtain

Equation (3) states that a. p. N and Cf" are aIl interrelated. Ta obtain the
complete spectrum. we need ta have knowledge of only three of the variables.

For the bulk modeI. DY99b specify a and N. but predict the evolution of
l//>. the airtemperature T" (K 1. and the water vapour mixing mtio {h (kg kg- 1 )

in a column of air from

and

dq, = i (1., èJl/') -s
dT d:: '" 1 èJ:: " .

(4a)

(4b)

(4c)

•
where T (S) denotes rime. .: (01) the venical coordinate. L{ (J kg- I ) the la­
tent hear of sublimation. and cr 11 kg- [ K -1) the heat capacity for air. The
terms K,•. K" and Kr (m~ S-I ) represent the turbulent eddy diffusivities for
blowing snow. heat and moisture. respectÎvdy. Note that each equation has a
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source/sink tenn associated with the bulk sublimation rate Sb (kg kg- I S-I)

of blowin1! snow. Unlike the heat and moisture variables. blowin1! snow is
subject to ~edimentation with a settling velocity denoted by \'b (m S--I).

Th~y further set Cl = constant = 2 and N = kN~(:) = 3N{(:). where N~(:)

(m -') is a st~ady-state solution for the (otal particle number concentration in
a saturat~d environmenr. DY99b sho\\'ed that this bulk fonnulation predicts
weil the sublimation and transport rdles of blowing snow. However. N is only
a function of height and is physically less realistic because it does nol evolve
in time.

2.1.2. Double-Moment Model (PIEKTUK-D)
To relax the assumption on N. we introduce an explicit equation for this
quantity. Just as with the other three prognostic variables. N is taken 10 satisfy

aN = i!.. (K\' aN -+- \'.vN) + Ss.
al d:. d:

(4d)

•

Here. K\' (m2 S-I) denotes the eddy diffusivity for N. VN (m s-I) a repre­
sentative termInal velocity for the total number of blowing snow panicles.
and S,,,, (m-~ S-I) denotes the rate of change of particle numbers due to
the sublimation process. Note that other processes such as fractionation or
coalescence of particles are incJuded implicitly in Equation (4d) through the
assumed form of the particle size distribution.

Equations (4a) - (4d) describe the double-moment model. so-called be­
cause the model predicts both the zeroth moment (N) and the third moment
(l/;,) of the size distribution function F(r). As seen in the recent literature.
double-moment schemes have been successfully applied (0 the modelling of
microphysical processes le.g.. Harrington et al.. 1995: Reisner et al.. 1998).

Similarly ta the other turbulent diffusion coefficients. we take KN to be

K,\, = ÇKIII = Çu.l.

where Li. (m s - [ ) is the friction velocity. Km (m2 s -1) the turbulent diffusion
coefficient for momentum. and 1 (m) the mixing length defined as in DY99b.
Note that the quantity ; (= K,\,/Km ). is taken as unity. Our methodology for
the specification of l','" follows that of DY99b for \'b. with the exception that l'N

is weighted by the second moment n of the gamma distribution. We set n =:2
in their Equation ( 13) for the setting of \'x. This value is found experimentally
to give the best comparisons with analytical solutions for profiles of N when
blowing snow sublimation is inactive.

In Equation (4d). we also need ta define the reduction in particle num­
bers due to blowing snow sublimation. In principle. computation of the
number of particles that completely sublimate in one timestep cao be ob­
tained by the integration of an incomplete gamma function. Keeping in mind•
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Figure 1 The: profiles of al hlowing snow mi:\ing rJ.tio. hl lotal partic!e numhe:r densÎly and c)
mean particlc: radius prc:ùicle:d hy lhe: douhle:·rnomc:m and spc:&:lral versions of IhL' PfEKTUK
mot.lc:l (0 minules aflc:r hlowing snow inilialion for lhe l.:ontrol c:x.pcrirncm. The slcady-slale.
analylil.:al rc:sults wilhou[ suhlimalion ,"Analysis") arc also shown. In dl. lhe implicil parti­
de Jislrihulions wilhin lhe: douhlc:-morne:nt schemc arc compared 10 lhe cx.plicil ones of Ihe
~pcl:traJ model. Thick uhin llincs dc:picl rcsulls al : = 0.1 ml: =2.5 rn l.

however. that we aœ striving for a numerically efficient blowing snow model.
it is in our best inteœst to avoid this computationally expensive step. Thus we
emp[oy here the method of Harrington et al. ( 1995) who express SN in terros
of the mass [ost ta sublimation. The assumption here is thm S.v is proportional
to a change in blo\\'ing snow mass. i.e..

S\':11 5,,:11

CI"
(6)

(7)

•

where ill (s) denotes a model timestep. Model results are found to be quite
sensitive to This assumption. but it is shown in the followmg section that this
methodology yields realistic e\'olutions of ,IV •

Boundary conditions on N are imposed as follows. At the model lid (::"b

= 1 km). we assume no vertical gradient in particle numbel1i. During blowing
snow. we take the lower boundary (at ::", ::: 0.1 m) on N to be invariable and
given by

N = .3pC//luJ r(a)
41tp/l't' ri:, f(a + .3) .

where '11I = u~ (m) IS the mean mdius of a spectrum of particles that are
gamma-distributed. This constraint is obtained by solving for N in Equation
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Figun- 2. Thc protilc~ of a) ambient air tcmperaturc and relativc humidity with respect to icc
JnrJ h l ~cn~ihlc ({h ) anrJ latent 1fJ<: 1hcat !luxes predktcd by the double-moment (O.-M.) and
spcl.:tr..l1 vcrsions of thc PlEKTL1K model 10 minutes after blowing snow initiation for the
control cxpcrimcnr.

(3) and then substituting ~ = Tm/a. In Equation (7). values of Tm and qb at
:'/h are obtained by extrapolation from their respective values in the salta­
tion layer. Through its dependence on the saltation mixing mtio. therefore.
N(:'lJ,) is inftuenced by varying environmental facrors such as wind speed.
temperature and aerodynamic roughness Iength of the surface. Further details
on the designation of these boundary ~onditions and values of the physical
pammeters can be found in DY99b.

2.2. MaDEL TE5Tl:"G

•

Ta verify the ability of PIEKTUK-D 10 reproduce the results of its antecedent
spectr.ll and bulk versions. we conduct similar numerical experiments to those
of DY99b. For the control experiment. we take a" initial conditions an isother­
mal ABL at ~, = -1 WC and a relative humidity with respect to iee (RH t )

profile that "anes logarithmically with height from ::: =100 !TI where RH, =
0.70 ta :'1/1 where satumtion with respect to ice is assumed. The wind speed
profile also varies logarithmically with the JO-m wind speed UIO = 15 m S-I.

\Ve also take a =2 at ail heights and extmpolate a value for Tm at :'/b by taking
'm = I<K) pm at the saltation layer height :::, (see DY99b for further details).
Our use of & = 5 s yields an integration that is about 100 limes faster than
PIEKTUK-S.

Figure 1 shows the profiles of blowing snow mixing r.ltio. total particie
number density. mean particle radius. as weil as the distribution of particles at
two levels above the surface. 10 minutes subsequent to the initiation of blow­
ing snow. As shown in Figures 1a and 1b. agreement is very good between
the spectral and double-moment models in terms of the vertical distribution
of Cff, and N.

The profiles of Tm predicted from both versions of PIEKTUK are also
quite similar. with PIEKTUK-D matching more c10sely the analytical profile
(Figure le). Values of rm decrease with height as the suspension of heavier•
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prl:dictcd hy thc doubk-moml:nL and spectral vcrsions of thc PIEKTllK model 10 minutes
aftcr hlowing snow initiation for Lhl: comroll:xperimcnL.

larg~r particJes becornes more difticult. Despile the constraint irnposed on a
in PIEKTUK-D. ilS implicit panicle size distributions resernble c10sdy the
explicit ones of PIEKTUK-S (Figure Id). The observed differences ean be
explained in part by the faet that other spectral blowing snow models prediet
an increase in a with height from values of 2 near the surface to about 3 at
higher elevations (Xiao et al.. 2000),

Figure 2 illustrates the thennodynamic and heat flux profiles 10 min­
utes following the initiation of blowing snow. Although the changes in q,.
and (especially) ~, profiles as a result of the sublimation process are less in
PIEKTUK-D than in PIEKTUK-S. they do have similar shapes. Associated
with the sublimation of blowing sno\\' are perturbations in the sensible QIt (W

m<!) and latent Q(. (W 01- 2 ) heat fluxes. defined here as

(8a)

and

(8b)

•

with positive (negative) heat fluxes directed towards the atmosphere (surface).
The QIr and Q(. profiles demonstrate the potentially large impact of blow­
ing snow sublimation on ABL heal fluxes (Figure 2b). Although the largest
temperature decreases occur near the surface at { = 10 min.. the heal fluxes
reach a maximum amplitude (> 50 W m -2) at ::: :::::: 50 m. In the low-energy.
wintertirne environment of the Arctic. these heat flux perturbations can be
quite signiticant (Déry et al.. 1998).

The next illustration depicts the vertical profiles of the local sublimation
r.lte qmbl = -PSh (kg m -3 s-I) and its cumulative value when inlegrated over
height (using the trapezoidal rule). again 10 minutes subsequent to the start of
blowing snow (Figure 3). Similar q..."bl profiles are predicted by both models
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Tahle 1. The hlowing snow suhlimation ((!,) and tr.lnsport IQrl r.lles for thrcc valucs of
the (()-m wind spced (CIO) and lwo lime imegrations forecast hy the spcctrJI (S) and dou-
hIc-moment (DI versions of PrEKTl!K. Timc intcgr.ltcd values of suhlimation <QT,) and

lr.msport ((!T, ) of hlowing snow arc also lislcd.

L'lu Timc \1odcl (!, (!T, Qt (!T,

tm ,,-l, (mÎn.1 Version (mmd- I swcl (mm swc) <kg m- I S-I) <kg m- I )

10 10 S O.6K·,p ().<~778 0.1076 64.31

D 0.7155 O.lX>4962 0.1095 65.32

60 S 0.5632 0.0259S O.IOS6 388.9

D 0.5915 0.0271 S 0.1113 396.9

15 10 S 2.7~6 0.010.+2 0.2059 117.~

D 2.6SS 0.01971 0.21~S 121.9

hO S 1.767 O.I)l)412 O.::37~ 7X9.7

D 1.766 009286 0.2520 S30.5

20 10 S 5.231 O.l>416~ 0.5691 300.0

D 5.1~5 0.(>4060 0.6167 326.6

60 5 2.718 (J.165~ 0.7811 2380.

D 2JHS 0.1611 <Ue53 25~S.

but with the most notable differences near the lower model boundary. Since
this region is relatively small compared to the overall model domain. it con­
tributes negligibly to differences in the cumulative sublimation rate (Figure
3b). In addition. Figure 3b demonstrates that the region between 1 m < : <
100 m dominates the overall vertical integmtion of qwb/ at this point in time.

We now present the temporal evolution of the tata! column-integrated
sublimation Q.~ (expressed here in units of mm d-[ swe) and transport QI
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(kg m- 1 S-1 ) rates of blowing snow for the two models. These quantities are
defined as

and

1_""
QI· = -p' _ Sb d.::.

./"
(9a)

(9b)

respcctively. In these two equations. p' is a conversion factor from the units of
m S-I to mm d- I swe and U (m s-J) is the wind speed. We observe in Figure
~ slight underestimates of the transport and sublimarion rates by PIEKTUK­
D in comparison to PIEKTUK-S. Additional tests for three wind speeds and
two time periods are conducted and show generally excellent agreement for
both quantities (Table 1).

2.3. PARAMETRIZATION OF THE BLOWING SNOW SUBLIMATION RATE

We have shown in the previous section that PIEKTUK-D yields. at a much
lesser computational cost. similar results for the tr.msport and sublimation
rates of blowing snow as its spectral counterpart. We extend these results by
conducting multiple integrations of PIEKTUK-D in order to parametrize the
blowing soow sublimation rate in tenns of the meteorological conditions of
wind speed. air temperc.lture and humidity. First. we investigate the possibility
of combining the two thcnnodynamic quantities into one. Recall from DY99b
that the bulk sublimation rate of blowing snow is given by

( 10)

where Nu depicts the Nusselt number. 'lu (kg kg- I ) the saturation mixing ra­
tio with respect to ice and Ft and F"c, (m s kg- I ) the conductivity and diffusion
terms associated with the sublimation process. By introducing a new variable
~ (01 2 5- 1) detined as

•
we may then express the bulk sublimation rate simply as

Sb = qb~UÇ.
r;;,

( Il )

(12)
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Figure 5. The variation of the nonnalizcd sublimation r.lle Q~ (a) with ~ for thrcc values of
VIII and (hl wilh Clfl for l\\lO values of~. The variables arc dctined in the ICX.l.

Hence. the effects of tempemture and moisture on Sb are now combined
inro a single term ç that is analogous to the condensation growth pammeter
discussed by Rogers and Vau (1989).

Before proceeding. we also introduce a new variable Q~ (mm d- I swe)
which is a normalized column-integmted sublimation mte detined as:

([3)

where Cf",.til (kg kg- I ) is the saltation mixing ratio and Cff}" (kg kg- [) its value
when the IÜ-m threshold wind speed for transport V r =6.975 m s-I. This
removes a dependence of the sublimation rate on qb",II' which varies with
Ur (see DY99b). Furthermore. we remark that values of RH; and ~l for the
computation of ~ are taken here to be 2 m above the surface. ln this case. a
logarithmic RH, pro fi le is assumed bdow : =2 m (with RH i =1.0 at : = ':./b).

but RH, is taken as constant above this height. The distinct relationships for
Q: in tenns of çand VIO shown in Figure 5 contirm that a parametrization for
the sublimation rate of blowing soow may only involve these two dependent
variables.

After multiple integrations, we obtain the results shown in Figure 6.
Values of Q~ for half-hour periods. expressed in mm d- I swe. demonstrate
a strong dependence on both UIl) and ç. As the wind speed. tempemture and
subsaturation increase. so does the sublimation rate. We can then estimate Q't
from an expression such as

(14)

•
where UIO has units of m s-I and ç has units of -1 x 10- 12 012 s-I, Values
for the coefficients lIO - llg are given in Table n. Note that Equation (14) is
innovative compared to the parametrizations of Bintanja (1998) and Essery
et al. (1999) in that it considers the unsteady effects of both temperature and
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Figure 6. ConLOurs of {!, lat inh:r\'ab nf 2 mm d-! swe: 1in te:rms nf the (()-m winl.! spccl.! VIII
and the: thermodynamil: quamily ~ (as L!c:lincl! in lhe text l.

humidir}'. in addition to the wind speed. up ta heights of 1 km above the
surface. on the process of blowing snow sublimation. The pammetrization is
tested with model predictions in the following section.

T~lblc: [1. Coc:fticicms for Equauun ( J·H.

Cocfticie:m Value Coc:fticient Value

ao 3.78407 x 10- 1 (/5 2A8430x 10-2

al -~.(H089x IO-! ah -9.56871 x IO-ol

a1 -1.60570x [0-2 (/7 1.24600 x 10-2

a~ 7.25516x IO-ol ax 1.56862x IO-~

Cl,! ~ 1.25650x 10- 1
lIl) -2.93002x IO-ol
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The windswept tundra regions of the Canadian Arctic are notorious for their
adverse \\'intenime weather conditions. Given the high frequency of blowing
snow and blizzard events in cenain sections of the high-Iatitude MRB. its
water and energy budgets are potentially susceptible to the effects of blow­
ing snow (Déry and Vau. 1999a). As pan of MAGS. special observations
were conducted at Trail Valley Creek (68°45'N. 133°30'W). Nonhwest Ter­
rilOries (NWT). Canada. between Il September 1996 to 8 April 1997 by
researchers from the University of Saskatchewan and the National Hydrology
Research Centre (NHRC: Essery et al.. 1999). Although not within the MRB.
the Trail Valley Creek research basin was determined to be a representative
Arctic tundm site v..'ith undulating terrain and little vegetation (Pomeroy et
al.. 1997). rvleasurements of air temperature. wind speed and relative humid­
ity were sampled every 30 seconds and avemged half-hourly. Details of the
metearological instruments can be found in Essery et al. (1999).

We have shown in the previous section that PIEKTUK-D yields com­
pamble results to PIEKTUK-S in idealized situations with much lesser
computational costs. We now take advantage of the updated model's effi­
ciency by applying it to the meteorological dataset collected at Trail Valley
Creek in 1996/1997. This allows us to make an assessment of the mie of
blowing snow in the local water budget when the "self-limiting" aspect of the
sublimation process is considered. In addition. it will allow us to understand
sever.!1 factors thatlead to the high sublimation rates repaned by Essery et al.
( 1999) at the same location and time period.

For these simulations. PIEKTUK-D is initialized with the meteorologi­
cal data and the model integrated for,\\'ard in time for each half-hour period.
The initial temperature is assumed constant within the ABL at the near­
surface value but the initial humidity profile is taken to be logarithmic from
the instrument height ta the lower model boundary where saturation with
respect to ice is assumed. A logarithmic wind profile is also inferred from
the mea.."iured values. A uniform. snaw-covered surface with no protruding
vegetation. typical of the Arctic tundra during winter. is assumed within
PIEKTUK-D. Note that the trJnsport and sublimation rates of blowing snow
are computed only when a blowing snaw event. a" deflned by Déry and Vau
( 1999a). is detected. but that the sublimation nIte is taken to be zero whenever
RH, ::: 1.0.

Over the course of this 210-day period. blowing snow conditions are
inferred lOge of the total measurement time. with wind transpon of snow
occurring at least once daily on 71 days. This is consistent with the blowing
snow di matology of Déry and Vau (1 999a). Figure 7 shows the tempoml
cvolution of the meteorological variables during the winter of 1996/1997 at
Trail Valley Creek. including the modelied rates ofblowing snow sublimation
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Fig/lrt' ï. Thl: tl:mporJll:vo[ution of half-hourly averJgcd \'alues of the ambicnt air tcmpera­
turc (T.d. the rdativc humidity with respect to iœ (RH;). the IO-m wind spccd (UIfl). and the
modcllcd sublimation (Qd and trJnsport (Q,) ï.ltes ofblowing snow from II Scptcmbcr 1996
to g April 1997 at Trail Valley Crcck. Northwcst Tcrrilories.
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Tank III. Mean monlhly values of observcd air lempcr.llUrC (Til)' relative hu­
midily wilh respecl ln iœ (RH;). 10-m wind spced (VIOl. and lolal monlhly
values of eSlimarcd hlowing snow lr.lnSpOn (QT,). sublimalion (QT..) and
surface sublimalion r.lleS (QT..llrf) al Trail Valley Valley Crcek. Nonhwcsl Ter­
rilories. helwecn Il Seplember 1996 108 April 1997. Nole lhal a negalivc value
of fJT..urr indicales ncl deposilion at the snow surface.

\(onth Til RH, UIO QT, fJT.. QT.. llrl
(oC) lm s-I) (Mgm- I ) (mm swe) (mm swc)

Sep. -1.1 0.98 2.5 0.632 0.0106 0.718

Oct. -13.0 0.98 2.0 1.98 0.112 lAI

~ov. -1~.5 n.lJS 2.0 14.5 0.820 1.05

Dcc. -23.6 1.00 2.1 J 1.9 (l.O896 -0.0731

J~In. -26.8 O.lJ7 3.2 41A 0.299 0.488

Fen. -24.7 0.99 2.0 1.69 0.00687 0.0560

Mar. -25.1 O.lJS 5A 87.9 0.776 0.677

Apr. -UL4 0.79 5.3 21.0 1.27 2.71

Mean -19.8 0.97 2.9

Tolal 194.0 3.38 7.04

15

105

•

and transport. We see c1early that during the cold winter months. air over the
snow-covered Arctic tundra remains neUf the saturation point with respect to
ice despite large wind and temperature fluctuations. These ambient humid­
ity conditions. which limit Cl priori the sublimation of blowing snow at low
levels. are often observed over ice- or snow-covered surfaces (Vowinckel and
Orvig. 1970~ Schwertdfeger. 1984~ King and Anderson. 1999). Thus blowing
snow events characterized by strong winds. and hence. large transport rates
(e.g.. II March 1997). do not necessarily lead to large sublimation fluxes.
Significant blowing snow sublimation events occur more prominently during
the early or late winter when drier (in a relative sense) and warmer (but
nonetheless subfreezing) conditions exist. such as on 17 November 1996.
This is clearly demonstrated in Table III. which shows that 859é of the ero­
sion of mass through blowing snow sublimation occurs during the months of
November. March and April. For the entire winterof 1996/1997. PIEKTUK­
D estimates the sublimation of about 3 mm swe whereas the wind displaces
about 194 Mg m- [ of soow.

The parametrization of Q.ç discussed in the previous section yields rea­
sonable estimates in comparison to the double-moment predictions for the
sublimation rate of blowing snow. with the parametrization giving Q~ = 3.2
mm swe (Figure 8). The correlation coefficient between the two datasets is
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Fil!lm' 8. Cnmparison of the paramctrized and moddled sublimation rJtcs of hlowing snow
fm Trail Valley Crech:. \'orthwcst Territories. during the: winter of 199611997.

about R2 = 0.95. indicating that. as a tirst approximation. sublimation of
blowing snow can be determined from the parametrized expression.

4. Discussion

•

In the previous section. we estimated that blowing snow sublimation erodes
::::: 3 mm swe from the snowpack at Tmil Valley Creek. NWT during win­
ter. Similar values of the impact of blowing snow sublimation to the surface
mass balance have been reported by King et al. (1996). Bintanja (1998). and
Mann et al. (2000) for the Antarctic. However. in camparisan with Essery
et al. (1999). who assess lasses of 44 ta 85 mm swe due ta blowing snow
sublimation at Trail Valley Creek during the exact same 210-day period. we
significantly underestimate its importance.

Considering that an arder of magnitude separates our results with thase
of Essery et al. (1999). sorne possible factors accounting for these differ­
ences are now investigated. Fallowing the methadology of Anderson (1994).
we find that the relative humidity measurements presented by Essery et al.
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( 1999) are. in fact. with respect ro water and not with respect to ice. Since
the sublimation of blowing snow is constrained by ice saturation. we apply
the parametrization of Essery et al. (1999) for Q.~ to the relative humidity
measurements at Trail Valley Creek following their conversion to RH,. We
then obrain a mnge between Il and 22 mm swe for the total seasonal blowing
snow sublimation. about a quarter of the original values reported by Essery et
al. (1999) for this location.

In addition. we note that the parametrizations of Essery et al. (1999)
are based on the steady-state Prairie Blowing Snow Model (PBSM: Pomeroy
et al.. (993). The PBSM assumes a fully-developed column of sublimating.
blowing snow up to :lIb and does not take inco account self-limitation of the
blowing snow sublimation process (Pomeroy et al.. 1993: Déry et al.. 1998).
In the PBSM. :lIb is obtained through an iterative process and varies with both
wind speed and fetch x (m) for blowing snow (Pomeroy et al.. 1993; Déry and
Taylor. 1996). lncorporating the PBSM assumptions inlo PIEKTUK-D and
taking x = 1 km as in Essery et al. ( 1999). we then compute a seasonal blowing
snow sublimation rate of 14.6 mm swe at Trail Valley Creek in 1996/1997.
This is weil within the range of values found above when the snowdrift
sublimation rate of Essery et al. (1999) is derived from the observations of
humidity with respect to ice. The increase of Il.2 mm in the total seasonal
sublimation rate when a steady-state environment during blowing snow is
a.'isumed points to the fact that it is a critical assumption in assessing its raie
in the surface mass balance.

An additionaJ componenl in the water budget of snow-covered regions
not considered by Essery et al. (1999) consists of direct sublimation from
the snowpack. Surface sublimation is known to remove locally substantial
amounts of mass l'rom the snowpack (e.g .. van den Braeke. 1997: Hoode et
al.. 1999). Following the method described bv van den Broeke (1997), we
computed the sUrfac~ sublimation rate Q.mrl (~m d- [ swe) for the winter of
1996/1997 at Trail Valley Creek from

Q.l"lIrf = pl u.q•. ( 15)

•

where q. (kg kg- I ) is the humidity scale. Here. saturation with respect to ice
at the sno\\' surface is assumed for the computation of q•. Surface sublima­
tion is then estimated to erade an additional 7 mm swe from the snowpack
during the winter of 1996/1997 at Trail Valley Creek. ~bout twice as much
as blowing snow sublimation (see Table III). Depending on the assumptions
that govem the opemtion of PIEKTUK-D. the combined effects of surface
and blowing snow sublimation deplete between 10 and 22 mm swe from
the snowpack. in close agreement with the results of Essery et al. (1999) for
sublimation based on the computations with RH,.

Finally. we need to mention that the results of Section 3 c1early indicate
that. despite values of RH, :::: 1 near the snow surface. substancial blowing
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snow sublimation may occur aloft in the ABL. Thus the assumption that
sublimation completely shuts otf in these conditions is perhaps misleading.
However. without detailed information about the vertical distributions of T.,
and 'h" it is difficult to make conclusions about the total column-integmted
subli malion mte in these circumstances.

5. Summary and Conclusions

An extension to a double-moment scheme of the bulk blowing snow (PIEK­
TUK-B) model of DY99b has been proposed. It is shown that predicting
explicitly the profiles of total particle numbers of blowing snow. in ad­
dition to the temperature. water vapour and blowing snow mixing ratio
profiles. provides consistent results with the spectml version of the model
(PIEKTUK-S) for the evalution of particle concentrations and distributions.
The double-moment model (PIEKTUK·D) also yie!ds comparable blawing
snow sublimation and tmnsport rates as PIEKTUK-B at about the same
camputational cast since longer limesteps are employed in the integmtion
of PIEKTUK-D. Thus. PIEKTUK-D provides a suitable alternative ta the
camputationally expensive scheme of PIEKTUK-S without campramising
some of the implicit characteristics of the blowing snow particle distributions
as does PIEKTUK-B.

PIEKTUK-D is then used ta derive a parametrization for the sublimation
rJte of blowing sno\\' in terms of \vind speed and a thermodynamic vari­
able to include the d'fects of evolving temperature and humidity profiles on
the sublimation process. The mode! and parametrization are then applied to
experimental data collected in the Canadian Arl'tic and reveal that blowing
snov,' sublimation may remove. particularly during the early or late stages of
the l'old season. se\'eral millimetres swe l'rom the surface mass balance. The
l'ombined dTel'ts of surface and blowing snow sublimation are estimated to
erode 10 mm s\ve from the surface during the winter of 1996/1997 at Trail
Valley Creek. Northwest Territories. This total is at the lower end of values
presented by Essery et al. ( 1999) exclusively for blowing snow sublimation at
the same location and time period when their relative humidity measurements
are reported wÎth respect to ice.

Despite the emphasis on blowing snow sublimation in this paper. ils pre­
cise role in the Arctic tundra water budget remains somewhat inconclusive.
This is particularly evident given the sensitivity of the modelling results ta
"arious parameters as weil as the lack of extensive. frequent in situ meteoro­
logil'al and snow stake measurements to confirm model predictions. Since
blowing snow sublimation may significantly impact the heat flux profiles
weil above the surface, assumptions about the background thennodynamic
profi les also become critical in evaluating the blowing snow sublimation and
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transport mtes. For instance. although RH, may approach saturation near the
surface. as is often the case in coId climate regimes. dry air aloft in the ABL
could nonetheless sustain large blowing snow sublimation rates. Therefore.
ta oblain more realistic simulations of blowing snow and its interdction with
the environment. we are currently coupling PIEKTUK-D to the MC2 model
(Benoit et al.. 1997). We anticipate that this work will provide more accurate
estimates of the effects of blowing snow in the hydrometeorology of the
MRB and. concurrently. yield improved parametrizations of blowing snow
sublimation.
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Chapter 5

Mesoscale Modelling

5.1 Presentation of Article 5

In rIlf' prpcpding chaprprs. \yp han' pstahlished a diIl1atolo~y of blowing SIlOW. its

largp-scalp nHll ri lmt ion t 0 rIH' s1lrfan' rnass halallcP as w{'Il (L'i ils efficient nunlerical

llllHldliug. How('\"('r. W(' ha\"p ~'('r rn ('xêulline a sp<'cific case st ud~" in detai!. In

t hp pn'sPlll chapt('r. t h('rt'forp. w<' discnss a ground blizzard t hat caused pf'rsistent

hlo\\"ing SIlOW in rhp l10rt IH'rn s<'clions of the .\IRB in mid-:\on'nlber 1996. The <'(L'if'

srudy is firsr sirnlllarpc1 llsing rhf' ~IC2 modf'l without rhr bIO\\'illg SIlOW ('omponent

fol1o\\'pd h~· a spnmd pxp<,rinlPnt wlH're lhe .\1C2 and PIEKTCK rnodels are coupled.

Rpsul ts on t h<' pffpcts of blowing suow ta dlP surface ruass halance. l'nergy budget

and hackground lllPtf'orülogical firlcls ar(' iJl\·cstigatpc1 .
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SiIIlulatioIl ()f all An·tic gT()llnd blizzard llsing a cuuplpd bluwing snuw-atnlosphpn1

IlHHlpl. B~' STPplH'Il .J. D(;ry and :\1. K. Yau. :200!: submitted to .J. Hydro7neteorol.
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Simulation of an Arctic ground blizzard using

a coupled blowing snow-atmosphere model

Dq>anIllPut of .\t muspll<'ric and OCf'anic Scipncps. :\IeGili r ui\"prsity

:\Iontr(·al. qIH"I)('('

SUlHllitt<'c1 tu JO'f1rTwl of Hydnnnf'tf'()Tolo!JY

Abstract

.-\ g;rollud blizzard (HTlllTPd [roTn IG tn 18 ~on'ml)('r 199G in the northern s('ctors

of t 1)(' )'la('kpllzil' Ri \"('r Basin (). IRB) of Canada and adja('('ut Beaufort Spa" This

lIazardolls ('\"('nt. illTumpaui('d lJ~o a lo\\"-I{',"('I jet \\Oitb wind spppds approaching 20

III S ~ 1 aud ('xt('Ilsin' hlowiul!, su0\'" u('ar t h(' sllrfan' (but c-!par sk~o aloft). is [orn'd

h~" a snou/!, sPCl-lt',"pl pn'ssurp g;radiput t hat fOrIns !H't\\'P{'u a rapidly iutensifying

autic.n'loup ()"pr thp :'\una,-ut and :'\orth",pst Tf'rritories (:'\\rT) uf Canada and an

iUlPIlSP dppn'ssi<Hl UH'r t IH' fruz<'Il .-\rctie On'aIl.

The> P,"PIH is tirsl siIllulatpd at a horizontal grid siz(' of 18 km using th(' uilcouplpd

Canadian )'I{'sosnti<' COIllpn'ssiblp CunlIlluIlit~· (.\IC2) Illoc1('l. This pxpprirllent is

shuwn tu ('apt un' t hl' rapid aIltic~odog;('IH'sisen'ut \yil hin :2 hPa of its ('('nt raI sea-
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len11 prpssurp and the' blizzard conditions Ilear the' Canadian .-\rctic coastlinc and

tlH1 Bpaufort Spa, ~I('t(-'orologicall'ollditions obser\"pd at Trail \"alley Crflek (TYC).

a SIllall An'tic tundra wate'rslH'd wherp ground blizzard conditions ""erp experieIlced

durillg the' PYPIlT. art' also ;-H.Turatply rpproducpd by tlU' uIlcoupled simulation with

the' Ilut ablp PXCl'pt iOlI of t IH' blowing SIlOW procpss. Thus. the nlPsoscaJe nlodeJ is

tlwn coupl{'d t() t hl' PIEI~Tl·I~ blowing SIlOW nlodel and a second siInulation is con­

ductpd. This additiollal pxpC'riment rp,'pals the preSE'ncp of pxtpnsiyE' blowing SilOW

associatt'd wit h Cl strong low-1t"'pI jPt O\T'[ TYC and the adjacpnt frozen Beaufort

Spa. Our nIldings show t hat blowinp; SIlOW affects t IlP surface mass balance through

subliIllation and transport ,,-hich cOIubir}{, tu prodl' ~ 1.-1 Inm SIlO"" ,yatrr pqui\-alpnt

(swp) ppr da~' at TYC. Thl' COlH'nrreIlt moisTPIling and cooling of IlPar-surface air

dup to blowing snow sublilllation PIllerge during the blizzard. but to a lesspr extent

than in an idpalizpd modf'Iling fram('work ël."l a consflquence of ('ntrainmeIlt and ad­

n,cotin' pnH'psspS. TIH'rpforp. hlowing SHOW subliniatiall rates are C'yaluated ta br

1.8 tiIlH'S [ar,gpr t han in tht' stand-alonp application of the PIEKTll~ nloch-.1 to tlH'

saIlH' data.

1 Introduction

\\ït h lIlullIltiIlg c·,·idpIHoP that significant dilnatp change is ullderwa~" in nort hern

high-latitudps (P.g.. DicksOIl. 1999: Rathrock et al.. 1999: Serrezp et al.. 2000). there

is n'npwpd intprest in pxalllinillg hydronlPtparological procpsses in the Arctic. \\ïth

its pn,yailing subfrpezing conditions. procpssps in\"olying snow and ice donlinate the

watpr and ('np[g~" cycles of thpse regions (Stewart et al.. 2000)0 As a surface. sno\\"

and iep hayf' significaIlt IIlPtearological effects ta the oyerlying air and underlying
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ground du<' to tlH'ir tlH'nnal and radiational properties. Any "ëuiation to tla-' pxtent.

t hickupss and/or durat ion of tilt' snow and in' packs as a r<'sult of diluate' change

ma~· signifi{"alltl~' a1tpr t h<' h~"dronlf'tPorolog:," of uortlwrn high-latitude r('gions.

As part of thp Global Enprgy and \rater Cyd~' ExpprinH.'Ilt (GE\\·EX). thf'

~ Iackpuzip GE\\"EX St lld~" (:\I.-\GS) was <,stablishcd to PXëUlliIH' tht> ""ater and PIl­

prg~" buclg('fS and possihh~ diluatf' chang<' impacts within tlH' ~Ia('kt'Ilzic Rin'r Basin

(:\IRB) of Bort hwpstPIll Canada (Stp,,"art pt al.. 1998: ROllse. 2000). Tht' sit<' of IlO­

tabh' tPlIlIH'ratll[(' iUlTPasps aud conCllrn'nt SIlO\\" dl'pth d{'(TPaSPS iu the past 30 ta

-l0 ~"<'ars (StP\\"art ('t al.. 1998: Brown and Braaten. 1998). thl' :\IRB pnlPrges as Cl

proruilH'llt lo('ation for dl<' study of ongoing; high-Iatitlldp dimatp change'" Despitc

p\'idpllt'P of ail inlTl'as<'d duratioll of sllow-frpp days in thl' an' ..l. the ~IRB n'Illallls

1l0Iletiw!<'ss i)lank<'tf'd 1>:,' SIlOW from 150 da~'s anIlually in ifS sauthern s('ctions ta

IH'arl~- :200 da~"s allIlllall~" on tht' Ar('tic tlludra (Phillips. 1990). Its scan·(' \"pgPta­

tion and IOBi!. sPëlsonal Sllu\\"('o\"('rs makp thl' An-tic tllndra ('sIH'ciall~" sllscpptibh' to

blowing SHO\\" and blizzard ('n'nts (D6r~" and Yan. 1999a)_

A part frolll i ts hazardons aspp(·ts such as f<'d uCl'd opt ical \"Ïsibilities. blowing

snow assol"Ïatpd \\"it h blizzards and ot hpr high wind P,"puts is of I1lUch interf'st due

tu its t\\"ofold ("lmtrihution tu dl<' surfacp water and l'IH'rg~' hudgets through IIlëL~S

di\"('rgPIH'p Of ("()Il\Vrg('Il('(' in addition to ("OllcurrPIlt in-transit subliIuation (Déry

and Yan. L999b). TIl<' n,latin' importanl"t' of tht'sP tPfIns. how('\"er. felnains lIn­

('('ft ain gi n'Il t IH' wic1p raIlgp of \"alues for blowing snow transport and. f'specially.

sublimation. that arp fuund in thp litprë:llurl' (('.g.. King pt al.. 1996: Parneray et al..

199ï: Bintanja. 1a98: Esspry pt al.. 1999: D(;ry and Yau. 2001a. u). Déry and Yau

(20Ula) point out that tli(' cOIle1usions rf'acilC'd by each individual study was highly

depl'ndf'llt OB the' modf'lliIlg stratpgy PIllployf'ci by t heir resppcti\'e authors. nanc
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of whidl has indllded tlw full interaction betwPf'n the atmospheric boundary layer

(ABL) and thp blowing SIlOW process_ .-\.lthollgh Gallt;p (1998) aud Liston and St.urnl

( 1998) han' induded blowing SIlOW paraIuetrizatiolls in tlwir rnesoscale rnadelling

of high-Iatitudp procpssps. IlPitlH'r of tlwsp studics cousiden'd illteraLti\-e processes

}wtW{'Pll hlowing suow and .-\.BL heat fiuxes. For tilPse reasous. these studips Illay

oY<'rpstilllat(, significantly' blowillg snow sllblirllatiou rates SiIlCP. in idealized settings.

D(\ry pt al. (1998) and Xiao pt al. (2000) han' dernollstratrd that this procpss has

··self-lilllitiul.( charal'tprisrics. This is in n'sponse ta the [wgatin' thernlodynaluic

f(l('clbacks associat<'d with thl' sllbliluation procpss. .-\.lthough prpliluillary obsernl­

tioual p\-idpnc<' suggpsts thar bluwiug snow suhliluatioll dol'S pxhibit these qualities

[ll'al' the' sllrfa('(' (~Iaull pt al., :2(00), a mon' cOluprl'hl'llsi\'p lIlodplling strategy nlay

hplp us 11Ildl'rsrand SOIlH' crucial aspf'l'ts of dl<' bluwing sno,,' phellolIH'Ilon (in -l

diIlH'nsious) within tlw putin' .-\.BL. illcludillg its apparPIlt splf-liluitatioll.

Tu t hat pff{'ct. wp han' dlOSPIl to ('xaIllinl' a [('I11arkablp ground blizzard ('\"put

that took plan' }H't'H'PIl 1G and 18 ~on'Illl)('r 199G on tlH' Tuktoyaktuk Peninsula

(TP) of t hl' \"ort hwpsr Tprritorips (~\\"T) of Canada and adjoininp; B('aufort Spa

(sC'(, Figlln's Land :2). .-\1 t h(Jll~h ratllPr ("()tllinonplan' in t Il(' Canadian .-\.rctic, this

panicular ('\'put was llIlllsual in its IH'rsistC'IlCP and in that its forcing Inechauisill

was rapid a[lti('~'d(}g{'Ill'sis. Thpsp dear-sky stOrIns are oft<'Il labellpd '~~roulld bliz­

zanis" in Canada sinn' th<'Îr accornpanying arl\-prsfl wpatlwr conditions arC' llsually

('onstrainpd tu riH' lowpst tPIlS of IllPt[('S of ria' atlnosplH'n' (St('Wiut ct al.. 1995),

High win<khills (I rc > 1.G k\Y [Il-~), r<'dul'ed horizontal optical visibilities (\ ·15 <

1 kln) as wpll as stroIlg 1()-m winds (CIO > Il In S-I) nonethdl'ss rcucier gruund

blizzards pxtn'IllPly dang<'ruus in the Arctic,

Past stlldips on Aretie \\"l'atller han~ g(,IlPrally focused on the evolution of cyclones
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FIl:L'RE 1: Gt>ographical lllap of the ~Iackenzie River Basin (~[Rll) and surrounding area of
inrerpst. The orography is depirtcd hy shading at de\'ations of 0.5. l.ü. 2.0 and 3,0 km abO\'c sca
lpypl. :\ot.P that the followinv; abbrc\'iations are uscd: Tuktoyaktuk Pcninsula (TP). ~orthwe~t

Territories (:\\\'T). :\UIla\'ut Tl'rritory (:\\'T). YukoIl Tcrritory (l'T), Alaska (AK). Banks Island
(BI) and \ïctoria [sland (\1),
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FIGt:RE 2: Close-up of the Trail Valley Creek (T\"C) area. The orography is shaded at intrrvals
of 50 Ill .
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and associ,ltPd frontal systl'InS (l'.g_. Serreze. 1995: Hanesiak et al.. 1997: Szeto et al..

1997) when-'as anticyclones haxe attracted relati\-ely less attention in the literatnre.

\"onPthell'ss. SOIllt' exceptions indude thC' studies of Curry (1983. 198ï) who deter­

mined t hat radiati\'e cooling is crucial to the dp\-elopment of these systenls_ Colucci

and Dan'nport (1987). on the other hand_ pxaIllincd tll<' synoptic-scale forcings of a

llum}wr uf rapid anticyc1op;PIH'sis cases_ ddirlC'd as an incrl'ase in the central sea-le\-ef

pn-'ssnrl' (SLP) of thl' systPIIl of .) hPa p(~r clay. and found a reiatiollship betwpcu

thl'sp cas('s and rapid npwind cydoge[ll'sis. Zishka and Smith (1980) and Colucci

and Dan'nport (1987) also demonstratl' that northwestern Canada is a pronlÎnent

location for th(' d('\-Ploprnent of high pressure systerns_ Howe\-er. these authors hm'c

fail('d to pxamiup the inlpact of surfacC' pro('C'sses such as blowing snow on the anti­

cyc1ogpnl'sis. Ipacling possibly to the fon'cast ('rrors in the strength of high pressure

systPIIlS obsen-ecl in SOIn(' \"\rp Illodpls (Colucci and Bosart. 1979: Grllnlill and

G~"akuIll. 198G)"

TIll' ui>j(l("ti\"(' uf this study. thC'refore_ is to concIuet a IIlPsoscale nunlerical study

of a rapid aIlticyclogPIH'sis ('\'pnt and associated ground blizzard that occurred in

mid-\"m"PlIll)('r 1906 IlPar northrrn sl'etions of the :\IRB..0\. lack of prpcipitatioIl

cl uring rhis ('n'ut facili tatps dl(' explorat ion of hlowing SIlOW. its interaction with

dl<' .-\BL and its roll' in thp snrfac(' PIlPrgy and Illass balances at Trail \"alley Crepk

(T\"C). ou t Il(' TP uf dl(' \"\YT for which l'uhancC'd observational data ha\"e ()(leIl

acquirpd. TIl(' paper begins with a brief description of the ('yent of interest followecl

by SOIlW background illfornlation on the Ilurnerical rnodels and the experimental

stratpgy llspd in this study_ Sections -l and 5 present the results of the uncoupled and

('oupled PXI)('rinH'uts. resp('('tiyel~·. followed by a discussion of results and conclusions .
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In dl<' -l8 hUllrs fullowÎnp; 1200 L·TC 011 LG XO\·PIllber IG9G. SPypn' wintcrtirne con­

ditions pn'\'ailc'd IlPar thp UOrrIH!rIl tip of tll(' :\[RB. Public fon'casts releas('d for

tht' an'ël warnpd of blowing- suow and high windchills combining ta produce blizzard

couditions alung tht' Canadiau Arctic coastfine (Buzza. personal carnnulnication.

1999). SUIllP iInpurtallt synoptic-scale [patures are shown to contribute ta these ad­

H'rst' cuudit.ions as dppictpd hy tlH' Calladian :\Ietearalogical Centre (C).IC) surface

èlnalysps (FigUfl 1 :3). Priar to the' den'loprlleut of blizzard conditions alang the TP.

caIrn \\"patlH'r pn'vail('d as Cl snrfacl' rid1-W of high prpSSllre approached the region

fronl thp w('st" .-\s t his system IIlm'pd (lëlstward of t hl' TP. a stroug SLP pn~ssure

gracii<'nt fornwd !>PtwPl'Il thl' <luticydo[lp and a 9--l ï hPa cyclonp situated O\'pr thp

LaptP\' Spa at 1200 LOTe on IG :\"O\'<'Illhpr 199G. During tlH,' ncxt --l8 h. blizzard

couditions. dpfiIH'd as p<,riods when 1re> l.G k\r m-2 . ['·10 > 11 In S-I and FIS <

l kIn (D('lr~" and Yau. 1999a). \\"{1[(' sustaillt'd alollg tlw Arctic coastline and the

I3PêuIf"ort Spa as a snrfa('p anticyclone o\'pr \Ïctoria Island int<'nsified ta 1050 IIPa,

.-\t ;jOO lira. tlH'n' arp two dOlllinant fpaturps on'r tlH' boreal polar rcgion (Figure

-l). ,-\ strong upper l('\'pl ridg(' propagatcs nortll<'astward from Alaska on lG ~ovcrn­

1)('r 19nG to n'sid(' o\"pr Banks Island 2 days later with a central gcopotential height

p('rsistpnt l~o rH'ar ;jG.j claIll..-\ dppp. dosed off 500 hPa low with central gl'opotcntial

he'ig-ht rpaching -lG8 claIll at 1200 LOTC on l ï :\"o\'('rnhl'r 199G is associated witli the

strong snrfac(' C~TIOlW 0\'('1' t hp frozt1 n .\rctk Ocean,

Thp infrarpcl satellite iIlla~ery obtaillcd for the' [wriod of interest rl'veals the gen­

('rall~O ch'ar conditions that prenlÏl during the eutirc C\'ent in the vicinity of TVC

(Figures 0- ï). :\otP that in the regiou of the dcvcloping anticydone. douds cannat
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be discernpd in these iluages. The high resolution inlages confirnl the overwhehning

presenc{' of spa icp intt'rspersed with leads in the Beaufort Sea. \iote also the fuzzi­

ness and darkpr appearanee of the subsequent ilnages O\'er the Beaufort Sea. This

feature is likely <lue to th{' presence of snspended blowing SIlOW particles conlposed

pntirely of in' that l'I1lÏt much more effpctiw'ly in the infrared than water vapour.

As disCllSSpd later. a strong thermal in\'ersion is present clllring the ('\'ent over the

Beaufort Spa tltat significantly warms up the blowing snow particles. Due ta their

{~nhanc{'d tf'mperatures as weIl as scattering effects. the infrared satellite inlagery

takes on a darker and fuzzier appearance than in regions without blowing SIlOW (En­

cloh et al.. 1997). In addition. note that the ~Iackenzie Rh'cr and its delta are clearly

frozPIl at this tinH'. hut Great Bear and Great Sla\"e Lakes rernain partially open and

(lVentllally proIllotp local doudiness. Finally. obspn"p the graduaI northward retreat

of spa i('p forcpd hy the strong southerly winds occurring m"('r the area.

.-\ fpw additionalcolIlIllents on the case described above are in order. The rise of

10 hPa cl- I in thp ('('nt raI SLP of the high pressure systeln over \ïctoria Island on 17

:\o\'pnl1wr 199G 1"('adily qualifies this a.s a rapid ëlnticyclogenesis <'vcnt (Colucci and

Da\'(~nport. 1987). According to their study. the intensification of a high pressure

system at ratps of 5 hPa cl -1 is sufficient to qualify the ('nlnt as "inlplosin~" anti­

(".\Tlog{'[wsis. Cunsistent \\'ith their conclusions. upwind explosive deepening of the

d('pn'ssiull 0\"('[ tlU' Arctîc O('PéHl is obserypd prior to the Canadian anticyclogenesis

pvpnt. :\ot(' also that the high pressure systern builds in an area favourable to the

de\"(:.lopnH'llt and passagp of anticyclones (Zishka and Smith. 1980).

Csing the C~IC surface analyses! we werc able to trace back the origins of the

intense surface cyclone that contributed to the blizzard conditions over most of the

.-\rctic Ocean in nlid-:\on~mber 1996. Interestingly. this systerll is associatecl with
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FIGl"RE 5: Infrared satellite imagery at 1655 eTC on 16 Xm"ember W96 m"er the area of interest.
In the top panel. the image has a resolution of -l km whereas in the bottom panel, the image has
a 1 km rl'solutioIl. both cl'ntred o\'er Inu\'ik. N'VT.
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FIGL'RE û: As in Figure 5 at 1125 UTC on li November 1996.
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FIG[;RE ï: As in Figure 5 at 1114 lJTC on 18 November 1996.
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tllP flxtra-tropical re-intensification of the remnants of Supertyphoon Dale which

formeJ just Ilorth of the Equator on :2 ~O\"ember 1996 (Lander f't al.. 1999) ..-\t one

point during it.s e\'olution. Dale reached a central SLP of 898 hPa and had sustained

winds of ï2 fi S-l. .-\s the weakplüng cyclone (with central SLP near 985 hPa)

approachf'd dU:' Bpring; Spa. it. rapidly rf'-intensified and propagated in a westward

direction in what appears to b(l a wintertime secondary stornl track for the area

(Barr~". 1989), .-\ccording ta the C~IC analyses. the cyclone reached a minimum

SLP of 9-i-i hPa rll.lring its extra-tropical stage. a full 15 hPa lower than any of the

:30 <-,xtra-tropical transition (ET) and rf'-intensification cases inyentoried by Klein et

al. (2000). Finally. it is notf'worthy to mention that the ~orthern Hemisphere expe­

rieIlcpd ail extreUlply large collapse of (l\'ailable pot.ential energy (APE) during this

tinH' ppriod (\\ïntf'ls and Gyakum. 2000: \\ïntels. personal communication. 2000).

Despitp the lluiqupness of these attendant large-scale features. for the time being

uur Illf'suscall' st ud~" will fucus on the rapid anticydogenesis and ground blizzard

(-'ypnts thar occur in tIl(' \'icinity of the \IRB.

3 N umerical Models

3.1 MC2 model

TllP :'\Iesoscalp Compressible Cornmunity (~IC2) model is a widely used prognostic

and diagnostic tuol \\"ithin the Canadian atmospheric scientist community. It has

UPPIl SUtTessfully applipd ta a wide range of locations. scales and cases. such as

diaguostic studips of high wind. flood and pxplosi\"e secondaf}" cyclogenesis eycnts

at mid-latitudes (Benoit et al.. 1997a: Carrera et al.. 1999: ~Iilbrandt and Yau~
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2001). The ~IC2 modC'l has also bC'en l'xtensivC'ly applied ta the ~IRB as a short­

tprm fnrf'casting- tuol (Bl'Iloit f't al.. 199ïb) and in the compilation of sf'yeral water

budgpt st udips for thp basin (LacknlanIl pt al.. 1998: ~Iisra pt al.. 2000).

TIIP d~'IlëuIli('al ('on' uf thC' ~IC2 rnod('l relies on the integration of the Xa\-ier­

Stokes t'quatiuns using the senli-implicit. serni-Lagrangian numcrical technique ~see

Benoit pt al.. 199ïa). The ~IC2 model benefits from a comprehensi\"f' physics pack­

age tha t ind ueles the trpatIuent uf surfac{' fluxes based on rIal force-restore concept

of Of'a.rdorff (19ï81 as \\"plI as the treatmPIlt of .-\.BL prOCf'sses in a turbulent kinetic

('IlPr1-';~' (TKE) SdlPIlH' dl'\'eloppd by ~Iaillll}t and Bt'noit (1982) and Benoit et al.

(1989), Although Ilot exp('('ted to bf' a significaIlt factor in This case. large-scale COIl­

n'ct.ion is paranH't.rizpd follo\\"ing a Kuo-typ(' schelle inlplenlented by ~Iailhot and

Chouinard (1989). The IÙHlg and Yau (199ï. Iwrpa[u1r KY) pxplicit microphysics

packap;f' dpt('l1uirH's dw stratiforrn prf'cipitation through nlicrophysical processes in­

\"()l\'ing four t~·pf'S of wal('r sppcies: watpr \'apOllr (l". cloud water (h. rain water CJr'

and in' and SIlOW lJl' wirh aIl nlixing ratios ('xpn~ssed in units of kg kg- 1
.

3.2 PIEKTUK model

SIlOW n'sllsp('nsion by wiud is a process Ilot takpIl into consideration in the standard

~IC2 model Illicroph~·si('s. Tl) incorporatp t his pro('('ss and its potential impact ta

t.hl' .-\BL. t!l('rpfore. W{' mak(' llSt' of th(' PIEKTl"K blowing SHOW mode! that was

origiIlaIl~' dpy('lopf'd b~' Oèr~' and Taylor (l99G) and Déry et al. (1998). The n'l'­

sion utiliz('d in tlH-' pr('sent study is Olle based on the bulk adaptation of PIEKTCK

(Oèr~' and Yau. 1999b) that was later upgraded to a double-moment. but nonetheless

('omputatioIlall~'inexpensin1. scheme (PIEKTCK-O: Déry and Yau. 2001a). Briefly.
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PIEh:Tl"I~-D d{'picts tll(' rPluporal enllutioll of a colunln of sublinlating. blowing

snow. TIl<' Illude! has four prognostic yariables: thp mixing ratio qf} (kg kg- l
) and

total I1umlwr CUllCl'utration .\" (m-:i ) of blowing snow in addition to the air tem­

p{-'ratlln~ Tel 1K) alld (/"- The rnodpl actiYêltPS unly at eélch point and tinle that a

--bluwing SIlO\'- ('\-pnt"- is clptpcu,d frOIIl rhp arnbient conditions. Follo"'iIl~ Dpry and

Yau (1999a) _ t his is defiw'd as an~- rinH' wllPIl rhe surfacp is sIlOw-coypred. t hat Tel <

()CC_ and that CIll :-iurpassps a ('('[tain thn'shold_ estiIllatpd fullo,,"ing Li and Pornproy

(199ï).

3.3 Coupling of the models

ExtPllsi YI' wlJrk ""as n'qllin'd tu iutprfan' t ht-' ),1 C2 and PIEKTll~-D rllodPls. This

s('ctiOI1 IHltlirl('s SoIlH' asp('("ts of thC' coupling prOl"('SS and t.hPIl d('scribes tht' in­

t(,[ëu,tioIlS \H'nH'{'1l t hp two mud('Is. First _ PIEKTl"K-D WéL~ transfornled iflto a

Sil bruu t irw alld cal1pd wÏt hill t hp .\1C2's physics package. Siun' SIlOW resuspPflsion

and sublimatio[l an'. in ('ffpct. Il1icroph~'sical processps (D(;r~' and Yan. 1999b) _ WP

upt('d tu ndl PIEKTCK-D withill tll(' KY SdlPIIlE'o Clllike otlwr rllicrophysical ëlctiy­

itil'S whi('h ()('c'ur al alllPn'ls, hlowiut!; SIlO'" g(lrH'rall~' ['('adH'S IlPights of t.ellS tn a fpw

illll1<ln'd lIH'ln's al must (King and TurtH'l". 1997)_ Tlwn~fun'_ Wp iut<'rfa("(' tlH' ~IC2

aud PIEKTl'I~-D Illod('1s with part l~- mat('hing n~rtical grids. Siucp PIEKTCI~-D

has :2-1 1('\Opls frorn its luwpr to IlPlwr boundarü's and t hat t i1(' lowest prognostic

t IH'l'IIlOdyuamic l('yPl of t he ~IC2 is at 18 m. only the grid points bet\Yeen 18 ni and

1 km <'oi[H'i<1p with thuse of tllP ~IC2 (Figure 8).

\\ïth thl' H'rti('al grids no\\' fi:w'd. th(~ following deseribes the sequence of en'uts

t hat uufolds duriug a t~l)ical ),IC2 timpslPp ~ ï (s) in a couplpd sirnulation of the
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two nlodels. Firsr. tlH~ :\IC2 model COIuputes the :3-0 senli-Lagrangian adyection

of preciictin-. quantities induding qr' Ta. and the winci components [.~ and F (bath

in III s-!). Tlw :3-0 semi-Lagrangian adypction of qb and .\! is also performed by

the :\lC2 for rnatching Ieyels (i.e. 18 III ::; :; ::; 1 knl). For \'erticai Ieyels exclusive

ta PIEKTll\:-D (.: < 18 nl). wC' assumed that \'ertical ad\'C'ction is sIIla11 and the

:\IC2 perfofIlls ùnly thE' horizontal ad\'ection of qb and .\". In addition. the wind

('OIllpOIH'uts (lfp prpscri IH'd a typicai logarithnlic profile below :; < 18 lU. :'\ext.

tlw :\IC2 l'a1culatps tlU' thprnlOd~'nanlÏc rpndencies that arise due to microphysical

acti"itips Iwfon' l'alling the PIEKTCK-O subroutine. "erticai profiles of q,.. Ta~ C.

, ~. (lb and .\" are' thns transferred ta the blo\\'ing sno\\' model.

Cpon r(",(,pi\-ing This infonnation. PIEKTCK-O first checks ",hether the b[owing

snow critC'ria arp Illet at Pëlch grid point. If thp lTitpria are satisfied. PIEKTCK-O

t hPIl initiaiize's its d~-IlanlÏ(' alld therInodynélluic profiles using thase of the :\IC2

for t IH'ir ('oincidpnt [p\"('ls (i.p. 18!Il::; :; ::; 1 kln). At or her PIEKTCI\:-O le"e[s

(:; < 18 rn). the illirialization of the dynamic and therIllodynaluic profiles is con­

ducted following Dpry and Yau's (2001a) methodolob~·. BrieRy. they assume that

the rplatin' humidity "'ith rpspect ta ic{' RH, fo11o\\"s a logarithmic profile fronl the

IlH'asun'IlH'Ilt IH'ight of:2 III down to tllfl snO\\' surfacp where saturation with respect

to ic:p is aSSllIlH'd. In the' c:ouplpd sinlUlarion. \\.(' follow the saIne Illethodology ta

inirializl' RH, wirh riw l'Xl'<'ption that tlw "nH'ë~llrem('nthl'ight'" is at :; = 18 Ill. the

firsr Iuatc:hillg \'prtical grid point of the t\\"o Illodels. Similarly. using the surface (.:

= 0) and air (:; = 18 rn) tpnlperatures produeed by the :\IC2 Illodel. \\T' prescribe

an initial tPIllI)('rat.ure profile that is also based on sinlilarity theory for.: < 18 m.

This differs from tll(' constant Ta profiles taken by Déry and Yau (2üüla) near the

surfacp. Standard logarithmic profiles arC' aisa assumed for the wind components
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lwlo\\' .: = 18 m.

prEKTCI~-D rIwn IllIIlwricall:,' intPgratl's its four prognostic tlqllations llSIIlg

a tiIllPstl'p ~t (s), DIW to t hl' sIllall-scahl nlicraphysical procpsses and yt'l'y high

\'prtical n'solution Clmsidprpd IlPrp. typically ~t :::; ~ï. In PIEKTll\:-O. blowing

sno\\" particlps arp snscpptihlp to subliIllation. diffusion and spcliluentation. wherpël,""

Cf" ëlnd ~l an' ()nl~" affpctpd by diffusion and blowing SIlOW suhlilnatioIl. Since (j"

and ~, han' aln'cH l~' lllldprgoIlP \'prtical diffusioIl within tlHl ~IC2. wp hayp optpd

to diffusp l)Ill~' t hp thprIllOdynamic p(lrtllrbatiolls d llP ta blowing sno\\' sublilnatioIl

within PIEKTCK-O. Haying intpgratpd to a full ~IC2 timestpp (Ll'. n~t = ~T.

\\'hprp /1 =~ ï / ~t). PIEi\:TCK-O th(lIl outputs the COlUIllIl-iIltpgratprl sublirnatioll

and transport ratps of bhn\"Ïng SHOW, Thp a..~sociatPd thenllodynalllic tenciPIlci0S for

(h' and T,I from PIEKTl"I\:-O arp applipd to thl' lllatching 1(','els of thp ~IC2. Th(l

~IC2 mudPl fiIlall~' adjusts t 11(' I:l and li" fiplds l)(lforp re!wating this spqueucp of

(l"purs lllltii t 11(' (Illd uf t IH' intl'~ration.

3.4 Experinlental Design and Strategy

T\\'o distinct pxperiIlwnts arp ('unciuctpd in This study. In thp first simulation. rp­

fprI"ed to as th(' llIl('()uplpd (C:\C) pXIwriIlu'nt. rl1(\ ~IC~ madel is iutegratcd without

any blo\\"Îllg SIlU\\" pffpcts, In thp subs<,qllpnt modpl rUIl. n{prrpd to as the couplet!

(CPL) ('XIH'ritllpnt. thp PIEKTl9K-O IllOdpl is interfaccd \\'ith the ~IC2·s nlÎcro­

ph~'sics tu inl'orporatP t lU' t.herrnodynaluic f'ffpcts of hlowing sno\\' in the' ABL. Bath

sinmlations are coudul'tpd at a horizontal rcsollltion of 18 kln and élre initialized

at 1200 l'TC on 16 :\o"pnlber 1996 with nleteorological and geophysical fields pro­

"idpd b~' C~IC and rhc Centre de Recherche en Pré"ision ~ulnérique (RP~). The
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TABLE 1: Till' l:omplpt(' listin~ of thl' \"(,rticallp\'els used in the numerical experiments.

~[od('l \" ll[ubpr \ ~(,rtical It'n~ls (Ill)

of l('\'('ls

PIEK­

TCK-O

:\1('2

0.1000. O.1-lg2. 0.2228. 0.:3:32-1. 0.-1962. n. ï -lOG. 1.105. 1.650.

2.-1G2. :3.675. 5.-18-l. 8.185. 12.22. 18.23. 27.21. -l0.62. 60.62.

90.-1 ï. 1:35.0. 201.5. :300.8. -l-l8.g. 6iO.0. 1000.

2.0()(). 18.2:3. 27.21. -l0.G2. GO.62. gO.-li. 135.0. 201.5. :300.8.

-l-18.9 .GïO.O. 1000.. 1,]00.. 20()() .. 2500. :3000.. 3500.. -l000..

-l500.. 3000.. 5500.. GOOO .. 6500.. ïOOO .. i500.. 8000.. 8500..

9000.. 9;:-}00.. 10000.. 10500.. 11000.. 11500.. 12000.. 12500..

13000.. 1:3500.. 1-l000.. 1-l500.. 15000.. 15500.. 16000..

16500.. 1iOOO .. 1ï:jOn .. 18000.

•

intpgratioIlS span a pe'riod uf -l8 li and ('lllplo~' a tilIH'stP(l ...lT = 120 s for the :\IC2

and ...lt = :j s for PIEKTl-I\:-O . .-\ total uf -tG \"(lrtieallp\'pls arC' adoptpd for thl' :\IC2

n~rtical grid with Il of the'sp coineiciillg with PIEKTCK-O Ip\,pls (spp Figure 8 and

Tahl<' 1). :\ut(' t hat tht' hurizontal domain for both the C\"C and CPL C'xperimcuts.

compuspd of ISO x 180 grid points. is illustratl'd in Figuf(l g. HO\\·p\'(lr. results of

t 1H' lluIlH'rical silIllllations arC' pn'sC'Iltt'd un a [PcIllCNl horizontal nlesh (160 x 160

grid points) tu an>id t h<' H)-point rf'laxatiuIl ZOIlP at tht' sidt' houndaries.

3.5 Other 1Vlodifications

.-\part [rom its ('oupliug to PIEKTCI~-O. sen~ral other modifications \Vere incorpo­

ratpd iuto thl' ~IC2 lllodpl. Initial attprnpts to reproduce tllf~ obsenT'd conditions
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at T\"C rPsulted in llcar-surfacp air telnperatures ::::::: .jOC too Lold, .-\s is shawn in

the followin~ SPt'tiOIl. !WWP\"('r. pxcellent results are obtained when the ~IC2 verti­

cal diffusion coefficil'nts for heat A"1l (In:! S-l) are ('nhanced by a factor of 2 in the

first and last 12 h of the simulation and by a factor of G during thp remaining 2-1

Il of t lu' ('\·pnt. This suggpsts t hat the :\Iailhot and Benoit (1982) stability fUIlction

for hpat Oh IH'('oIIles too largf.' for this stably stratifil'd case (s('(' Section 5). This

is Ilot surprising sincp Holtslag pt al. (1990). in thpir fonnulatioll of an air mass

transformatiou Illodl'l. intfo<1uc(' a special stability flluction fOf heat in the Gl.-~e of

Cl \'pry stabb" stratified .-\BL This pren~nts Oh from hecOIning tao large and allows

the n'rtical diffusion of lll'at to persist in \"('ry stable conditions. ~otc ho\\"en~r that

thp diffusion (,{H'ffil'Îl'llts for Illoisturp and IIlOIllPutllIJl kcep tlIpir original fornlllla­

tions (:\Iailhot and I3Plloit. i982), In addition. W(' modifi<'d tilt' calculation uf thp

sllrfan' late'ut lu'at HllX by Ilsing thp latpIlt heat of sllbliIllation instl'ad of tItal, for

p\,lporatioll whpn teIIl(wratllres fall below DOC.

\ "alllPs of thp ronghuess l(\Il~th for a barp surface ZOf) (Ill) pro\"idecl to us from RP~

wpn' a1tPl"('d to l,akp into ëHTOUIlt th(, prespuce of SIlOW at the sllrfacp. .-\ snO\\"CO\"(lr

g(,IH'ral1y pxhibits SIllOot he'r charactpristics than ban' grullIld or \"C'gC'tatecl soils (s('e

for instaIl('('. Okp. 198ï). Following tll(' IIH'thodulogy pmploypd by Dou\'illp pt al.

( 1995) in t Il<' Intl'ract iun lH'tw('pn Soil. l3iosph('f(' and .-\trllosphere (ISBA) land­

surfacp SdH'I1U' of ~oilhaJl and Planton (1989). tht' Ilew rOllghucss lpugth.:o (Ill) is

gin'Il hy:

':0 = (1 - p) ':011 + fJ':o.~ (1)

•
whprp ':0., (Ill) is the roughucss length for SIlOW. The factor p is obtained fronl:



•

•

135

FIGL'RE !): a) The C~[C SIlOW depth (in mm swe) analysis \"alid at 1200 UTC on 16 ~ovembcr

1996. u) the aerodynamic rOllghness length for !lare grollnd =O{I (m). c) the factor fJ and d) the
ratio of :Ob/::O (1\"('[ the l'nt ire hurizontal simulation duméÙn.
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(2)

•

with .:~ (ln) dpnotiug the snow clepth. ':c (= 0.01 ru) the critical suow depth~ 9

(= 9.81 III S-2) gravitational acceleration. and .j.~ a constant equal to 0.408 S2 Hl -1.

Setting .:o.~ = 0.001 III in Equation (1) (Oke. 1987). any snow-co\'ered surface with

':Ob greater than this value will experience a decrease proportioIlal ta the SIlOW clepth

in its o\'erall roughness length.

Ta dl'ri\'(' tllP ne\\" ':0 field. the high-resolution .:.~ analysis of Brasnett (1999)

\'alid at thl' initial tinte of our sinlulations was enlployed. Figure 9 demonstrates

that Illost of Xorthwestern Canada !Lad considerable snow on the ground in mid-

XO\T'nlber 1996. High \'alnes of .:.~ combined with la\\" "alues of ':Ob over the Beaufort

Sect and Al'ctic tunclra yield elenltl'd values of [J in these regions. HoweveL significant

l'l'dlletions in the roughllcss length occur only over the Arctic tundra whcl'e the ratio

':Ob/':O readll'S n1lues from :2 to :3. X0 reduction to ':0 is obsen'cd over the Beaufort

Spa sincp tll<' roughnpss Ipngth is already at thp \'alne for snow in these regiolls.

4 Uncoupled Simulation

In this spctiOIl. wc pn~s('llt rcsults fronl the uncoupled simulation that exclude the

pffpcts of blowing snow. Once we han~ cOIIlpared the L'NC experiment versus ob­

spr\'ational and ëlnalyzed data. wc proceed ta examine several aspects of the reslllts

including factors that favour the rapid anticyclogenesis and ground blizzard condi­

tions iu the Canadiall Arctic. Blowing suow is then introduced inta the ~vIC2 model
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and rpslllts fronI tlll' ('PL ('xperilIlPnt ar(' prcsPIlted in the following section.

4.1 Comparison with Observations

TIH' SLP fi('lds (H'('diet('d from the C\'C sirllulation at inte[yals of 24 h are shawn in

Figurp LO. TIH's(' show that tll(' ~[C2 rlludel eapturps with accllracy the irnplosive

anticydo~('n('sisO\'('r t Il<' \"YT and :\"\\"T. After -l8 h of integration. the central SLP

is prf'dictpd tu IH' unly 2 hPa lower and lacated slightly sOlltheast of its position in

tlw anal~"sis (c.f. Figllr<' :3c). Consistent with Figure :3. blizzard conditions are alsa

inferrpd 0\"('[ the' 8('ëlufort Spa near th(' TP. allwit with reduced areal co\"crage.

TI1(' ~ [('2 IllOdd also pprforrns \·['r~" w('Il at high('r leyels in the atrIlospherc.

Figurp IL shows t Il(' iiOO hPa gpopotl'ntial IH'i~hts 2-l and 48 h inta the integration.

The nortll<'astward propagation of thl' strong upper-Ie\"cl ridge is well captured br

tll<' }.[('2 IllOd('1 \\"ith a diffprpncp of no Illon' thall 1 clarn at aIl tirIles in the forecast

('('ntral gPoIH)tPIltial hl'ight from those of tll(' analysps. :\ot(' also that the location of

the uPlwr air fpatures match \"('ry dosply thosp from tll(' C~[C analyses. CYPII after

-l8 h of intc'gration.

Tu l'urdu'r pyaluat<' tll<' ~IC2 modc'l siIIlulatioIls. Wl' han' obtaincd a. tirne series

of surface' ohservations t'oIlectpd at TYC. :\\YT (68 0 -15' \". 1330 :30' \ \"). These spe­

cial IIH'asurPIIlPuts w<.>re ronducted d llring the \\'inter of 1996/199ï as part of the

~[ack('Ilzi(' G E\\'EX Study (}'I.-\GS: Stewart et al.. 1998). Readings of standard me­

tporologîeal \"ariahlcs wer<' samplcd every :30 seconds and averagcd o\"cr harf-hourIy

periods (Esspry ('t al.. 1999)" Emphasis here is gi"en to the fields of Tell relative

humidity with respect to ice RHi C/{:) and CIO sinec thesc 3 variables determine
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FIGCRE 10: The ~imulatEcl sea-level pressure (hPa) at 1200 GTC on a) 17 ~O\'ember 1996 and
b) 18 :\o\'(,lllber 1996 from the C~C experiment. The shading indicates areas where blizzard
cunditions are inferrpd.

FIGURE Il: Simulated 500 hPa geopotcntial hcights (dam) at 1200 UTC on a) 17 Novcmber 1996
and h) 18 ~O\'ember 199G from the CNe experiment .
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critically the blo,,-ing snow transport and subliruation rates (Déry and Yau. 2001a).

Figure 12 dernonstrates that the ~IC2 depicts reasonably weIl the time series of

observed meteorological conditions at TYC during the -lB-h l'vent. However. th{'

sirnlllatf'd ('ouditions are slightly warnlt'r and drier than observed. especially in the

spcond half uf thl' {',"eut. SOIn{' uf the short-tenn fluctuations in aIl 3 fields are also

nlissed by tiH' .\IC2 ruodel. Perhaps of greater contl'rn is the overestimation of sinl­

ulatf'd winci spl-,pds h<-'gillning just before .JO :322.5_ Sorne factors leading possibly

to t his defkipucy in our sirIlulatioIl are discussed later.

eppe-Ir-air profiles for this ("-l'nt were also obtained for Inuvik (6S 0 IS/X. 1330

29'\\"). a sOllnding; station:::::: 50 krn to tlll' south of Trail \'alley Creek. ~ote that. for

the skew-T diagraIIlS shown in Figure 1:3. w(-' plot the frostpoint temperature profile

insteaci of tlH' llsllal dewpoint temperature profile to reveal any subsatllration with

n'sIwct to in' aboH" the surface. The obsen-ed ternperatllre profiles exhibit a sharp

inH'rsioll (~ L5°C) lwlow 900 hPa which the nlodel depicts accl1rately. Sonle notable

discr('paIlcil's in the frostpoint teInperature profiles are cyident at the end of thc 4S­

h siIIllllatioll. with the' modpl Inaintaining Inore watcr \"êlpOllr than obseryed below

GOO hPa. :\"otC' that sllhsatl1ratioll with l'l'SP('ct to icp is prcndl'nt throughout the

collliun of air with RH, n'aching \·alues < lO<;{ at sorne levPls. \\ïnds are geIlcrally

wl'll rl'IH·('spnted hy tht' ~[C2 model but display lower wind speecis abo'T' 500 hPa

than thosC' rq>ort<'d by the rawinsonde I111'aSllremcnts.

4.2 Precipitation and Humidity

E\-en though wC' ObSeITl' the occurrence of rapid anticyclogenesis over the NVT

and ~\YT. the KY sehenle predicts the accunlll1ation of sorne soHel precipitation
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o\"er large portions of the area where the t'vent ocellrs (Figure 14a) _ The appar­

ent laek of douds onlr the area suggests that this is dear-air precipitation. Such

precipitation is often tprnlPd ""diaruond dust" and OCClUS when relati\"e hunlidities

are satunlted with resppct to ice such that strong atnlOspheric cooling pronlotes

deposition (Ohtake. 1982)" Figure 1-11> continus that 10\\"-1('\·('1 conditions of satu­

ration and near-saturatioll with respect to ÎLe is maintained o\'er the central and

eastern portions of the de\"eloping anticyclone_ These results are consistent with

those of Curr~' (198:3. 1987) who deUlOIlstrated that anticyclogenesis is favoured by

radiational cooling associated with thp presenl'p of dear air il'e particles.

Lower SLPs are forecast o\"('r the Great Bear and Great Sla\·c Lakes which renlé.Ün

open at the t iIIlf' of th.. ('vent ([('caU Figures :3 and 5-7)" Ellhanced surface fluxes

prornot(' low-Ip,-pl convection and precipitation o\"(lr and in the l(-'t' of the lakes_ These

conditions appl'ar to IH' in tlH' forIll of ··lake-effect·· snowsqualls that occur ",hen l'old

air aloft traH1ls on.'r the mnch warmpr large op('n bodies of watpr (e_g.. Stewart ct

al.. 1995). TIH1 ('onH'ction tends to bp banded in structure along; the lo\\"-level fla\\"

which is pnhanc('d o\"pr t hC' lakes duC' tn IO,,"f'r frictional eff('cts, Intense lake-effect

stonus poSe' signifieant hazards to coastal inhabitauts of the Grpat ~orthern Lakes

rlllring t h<' UlOut li of ~oH'mlJPr (Buzza. (H'rsonal cOlIllIlunication. 2000)_

4.3 Low-Ievel Jet

TllP prespn("p of ct law-levf'l jpt (LL.J) o\·('r TYC is clearly \-isible in the tilne-height

cross-spctions shown in Figure IS. \\ïnds at :; = -1-19 III reach speeds above 19 rn S-1

throughollt the latter half of the cyent. .J ust above this low-leyel wind Illaximum!

the air remains relatÏ\"ely \\"arm and \"ery dry. This picture is in acl'ordance \Vith
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FIGIORE 1-l: al ThE' -l8-h cumulati\'e precipitation (mm) a.nd b) the mean relati\'e humidity (%) at
== -l-tg !Il for the l':XC simulation.
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the Inuvik sounding data (Figure 13). The tinle-height cross-section for potential

teniperat un' H (I{) dpnlonstratt-'s that the :\.BL n'nlains ver~' stably stratified during

the evpnt although the surface layer exhibits llear neutrai stability between .JD 322.5

and .JO :32:3.() (Figure 15d). .-\s pxpected. strong descending motion in association

with tht> high pressure S~'st('In is inferred from the model data for T\"C (not shown).

~ot~ that it is not the tirst rime a LL,J has been reported in the area sinee Koso\'ié

and Curry (:2000) ba.,pd tlwir large eddy sinlulatian of the ABL on a sinülar. albeit

wpaker. situation o\'er t he Beaufort Sea, :\[echanisms leading to tlH~ fonnation of

LLJs \l-lry l'onsiderably in natun'. Stull (1988). for instance. suggests that LL.Js nlay

occur in association with frontal systenlS. adYectÏ\'e accelerations or the nocturnal

.-\BL. In This nl5e. howpypr. il appears that the acceleration uf low-le\"el winds is

sinlply a consequence of the fayourable synaptic setting. Reviewing Figure 2 and

l'onsiJpring t IH-' persistPIlt southerly winds during the eyent. topographical effeets

nlay also COI!lP iuto pla~- in tll<' LL.J"s fonnation.

5 CoupIed Simulation

.-\s rn('tltiOIl~d 1>e[or('. IlIoti\-ation ta ('xanlÎne this cal;)E' arosp from the need to explore

the blowing suow phenoIIl~IloU without contarninatioll from precipitation. Thus. the

ground blizzard dpscri1Jpd in this paper is tlw ideal situation ta illyestigate any inter­

action })('twppn r<-'susppndpd snow and the .-\BL. In addition. Déry and 'Yau (2001a)

dpniollstratpd t hat conditions of near-saturation with respect to ice are pre\-alent

dose to the surface during wintertime al T\'C. In examining other potential cases

during the winter of 1996/97. we round few instances where sigllificant subsaturation
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FIGl'lŒ 15: Time-beight cross sections of a) wind speed in m S-I. b) air temperature in oC. c)
rf'iatiyp humidity expressed as a percentage and d) porential temperature in K at Trail Valley
Crc('k. :\"\\-T. from 1200 eTC on 16 Xovernber 1996 (.ID 321.5) to 1200 L-Te on 18 Xovember
1996 (.ID 323.,)). Xml' tbat relaTive humidities are with respect to warer when Til > O°C and with
respect tu ice WiWIl Tt! < 0° C .
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with n'slwct to icp. a IU't't'SSéUY condition for the pronlOtion of blowing SIlOW subli­

rnatiou. '\T'n' prpSPIlt near the surface at T\"C. The chosen case (16 ta 18 :\"o\Oenlber

1996) stoo<1 out a....., the strongest sublimation e\"ent in the stand-alone application

of PIEKTll~-D (forcpd by tlll~ obseryational data) with an estimated 0.64 rnm swe

renlo,opd froIll the surface for the 2-day period. '-\'dditional erosion through nulSS

di"ergf'IlcE' \Vas not cOIuputed but \Vind transport displaced no less than 8.8 ~Ig nl- 1

during this p"pnt ëlccording to the stand-alone experiIuents of Déry and Yau (2001a).

Following t IH' PXélct saIlH' (Ilethadology applied for the C:\C l'xperiment. a second

simulation is conducted whereby the ~IC2 rnadel is coupled ta PIEKTl"K-D. In the

CPL experin}('nr. PIEKTl"K-O ëlcti"ates when the criteria for Cl blowiug snow e'"ent

are satisfied at any specifie grid point and tinle. Thus regions experiencing high

"'inds an" also likply to hp susceptible to blowing snow transport and sublinlation.

Su1Jsequpnt to tll<' prpspntatioll of the blo"oing SIlOW fluxes. \\"P \\"ill exanlÏuC' how this

prO("flSS affp(·ts t IH' basic Illl'tporologicai fiplds as ,~o('ll as thl' surface energy budget

\\Oith rpsppct to TIl(' C:\C pXIJt'riment.

5.1 Blowing Snow Fluxes

\ \"it h its t\Yofold iIIlpal"t to thfl surfaep Illass balance. blo\Yin~ SIlOW eIllerges as a

pot('Iltiall~' signifi('aIlt hydrolIleteorological process in the Canadian Arctic. HeIlce~

wp first exauline in Figure 1G results for the transport of blowiug suow QTt (~Ig

rn- I
) and the associated mass di\'ergence D (nlul swe}o Observe the large transport

rates O\'pr the Beaufort Sea in association with the strong southerly winds occurring

there. \'alues of QTt peak at ~ :JO ~Ig lIl- 1 just off the coast of the TP. For the

duratioll of dl<' g;round blizzard. the strong southerly winds transport 1 x 109 kg of
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SIlOW éHTOSS ïO-= ~ in t he' longitudinal band lwtwppn 130 and 1-10°"., This is f'quiya­

lpnt to a \'oh1ll1P flux uf 58 m:~ S-l or about l'X of t he ~Iackenzi(' Rin:'r's discharge

iuto thl' Bpélufort for This tinH' of thl' ypar (Stewart llt al.. 1998). Di\"ergpncp (con­

n'r~('nl'(') of mass. howP\·C'r. ha~ lar~{' "ahll's in n"~ialls ollly ,,,hl're Willds éllTPlpratp

(dpl'plpratl') or di\"prgp (n>ll\·prgt"j. In This casp. for instaIu·p. mass is eroded from

tht) :\Ial'kl'nzip llt'Ita a[t)a and displacl'd northward iuta thl' Bpélufort Spa. TIl(' TP

t hus Ios('s llpwards of 0.1 11II Il SWP dllrillg thp (',"pnt.

~ow I<'t us n>llsidpr Figllf(' 1ï which dppicts the sublitnatioll of hlo\\'ing SIlOW QT~

(IUIll sWP) atTllIllulatpd at t hl' l'nd of tIH' -18-h CPL intl'gration. \ \"P SPt' high yaIllPS of

This hlowing SIlO\\" flux u\"('r rhl' TP and t IH' Bpélufort Sl'a ëHToIllpan~'ing the p;round

blizzard nmdi t ions t lwn'. C2T, rt'ëlchps a IllëlXilllUIIl ,'ahw of :3 InIll sw(' or nlore in

aboll t r 11<' SélIlH' art'a whl'rt) rht' largpst transport r.Hps an) obsl'rn'd, The r('sults

pn)sPIltpd in Figurps lG and 1ï thl'r(lforp suggest that during This ground blizzard.

rq;ious along; t h<' Canadiau .-\rctic t'oast1iup pro\'idC' a signifkant net source of fr('sh

\\"atpr (iii both tll<' solid and \'apour plIas('s) to t1H) Bp<lufurt Spa. SiucC' the diyergeuc<)

of lllass is t.\·pil"aI1y ()nt' {)r<1l'r of magnitu<!p slnallpr than subliInation. tIl{' total

hlo\\"ing SIlu,," fillXt'S )2,('lH'ral1.,' (,olllhi1H' tu ('rod(' IllëlSS in ail locations l'xpC'ripncing

sno\\"drifr ing (Figure 1ïl> ).

Fig;llrp 18 dppil'ts thl' tt'mpùral {'\'ollltion of rhp hourly blowing sno\\" sllbliIllation

and transport ratt's at T\'C [rom t h<' CPL pxp(lriuu)nt as \\"rll as the corrrspouding

ohs{'r\,('d and siIllulat('d lllC'tl'orological cunditions, First. note the inlpron~ment in

the' sinll1latpci ,,"pat her conditions as a consequence of the cooling and rlloistC'ning of

ll()ëu-surfacp air b~' hlo\\"inp; SIlOW sllblinlation. Ou the ot}H'r hand. wind speeds are

IH'gligibl~' affpctpci by th{' inclusion of hlo\\"ing snow in tlU' nUlllericai experinlent.

\'9(' also s{'p that the hlowing sno\\" fluxes arC:' dosely tipd with the modelled wind
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B
FIGl"RE IG: a) The cOlltours ~U1d \'ectors ofblowing snow transport (~lg m- 1 ) and b) the associated
ma..'iS cii\'crgeIlcC' (mm swc) of blowing SIlOW at the end of the CPL experiment.
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FI(;["RE 1ï: a) The total sublimation of blowing SIlOW (mm swe) and b) the combined effects of
hlowing sno\\' din:.rgence and sublimation at the end of the CPL experiment.
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spf:'t'ds a:-; p('aks in du.'st' quantities coincide. Observe how decreasing tenlperatures

and subsatllration with respect to ice tend to suppress the blowing sno\\" sublinlation

rate in tll(' final 12 h of tlH' en~nt whereas the transport rate rernains nearly constant.

For thp duration of the ground blizzard. blowing snow sublimation and divergence

eroeil' :2,3 and OA 1I1Ill sWP respecti\'cly frorll the snowpack at T\·C according to

the CPL ('xpt'rÏIllent. Gi\"eu that thp sirIlulation does not depict the sudden and

persistent \VincI dpcreasp in the second half of the period. our computed nllues

of the blowing suow fhlXl'S are likely to he on~restimates of the actual conditions

exp('rit"nced at T\"C.

In onl('[ to d(lt('[nliIlP th(' ('ffects of adn"ction and entrainnIent on the snowdrift

sublinlatioll and transpurt ratp5. an additional expprinlC'nt is now perfornlf'd. \\"e will

rpfpr to this as the stand-alone (ST:\.) blowing SIlOW experiment whereby the near­

surfacp dynaIllic and thermodynamic \-ariables in PIEKTl"K-D are llpdated offtine

hy t!w )..IC2 output fur T\"C. Here. the profiles of tetuperatllre. water nlpour and

\Villd SJ)(IP<1 are iuit.ializcd by the nlethodology outlined in Déry and Yau (2001a). In

t his cascl. t lu'rpfu[('. PIEKTll~-D depicts a SiIl~I(' collllIln of sublirnating. blowin~

StlO\\' for T\·C t hat pxdudes thcl pffpcts of ach'pctin' and l'ntrainrnent procpsses.

"-\s showll in Figuf(' 18. \"alul's of Q.~ froul thC' CPL siIuulation are generally l.8

tinHIS largpr than thosp in the ST.-\ experiIueut (sep also Table 2). In contrast. Qi

rPIIlains largpl' in the ST.-\ siruulation than in the CPL experiIuent. This suggests

that putrainIncnt and adnlction. procpssps Ilot fully considered in the stand-aiolle

siIIllllations. irnport relati\"cly dry air iuto the colunln of blowiug snow o\"er T\"C

that sustains the phas(' transition of ice particles to water vapour. Correspondingly,

th(1 adn'crioll and sublimation of partidcs l'educe the amount of hlowing snow and

hCIlce the transport rates as weIl.
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F1GL'RE 18: Hourly \'aiues of the obscl'\'cd and silllulated surfacc air temperature (Ta L the surface
relati\"c humidity with respcct to ice (RHd, the 10-m wind speed (U lO ), and the simulated subli­
mation (Q,s) and transport (Qd rates of blowing snow from 1200 UTC on 16 NO\'ember 1996 (.JD
321.5) to 1200 L"TC on 18 ~O\'ember 1996 (.JO 322.5) at Trail Valley Crcck, ~\VT. The data are
taken from obscn'ations (OIlS), thc uncouplcd (L"'~C) and coupIed (CPL) mesoscale simulations
and the stand-alone (STA) blowing snow experiment.
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TABLE :2: Tht' total :-;imulaH'd blowing SIlOW suolimation and mass tri.UlSport at Trail \'alley Creek
durin~ tllP IH'riod 1200 CTC on 16 XO\,PlIlber 1996 ta 1200 CTC on 18 Xowmber 1996 acc:ording
to ('()l1pled (('PL) Ill(':-;oscalp and sta.nd-aloIlt' (ST..\.) blowinl!; SIlOW simulations.

ExperiIllpnt (dT, QTt

(IllIll S\YP) (~Ig III -1 )

CPL ,) ,)- 1:3,9-._1

ST.-\ 1 ,)- 19.9._t

5.2 Basic lVIeteorological Fields

DuC' to its t IH'rIllodynalllic pffpcts. tliP iud llsion of tht' blowing snow process nlay

ha\"(' an iIllpact ou tlH' otlwr preciictin' fit'lds within the ~IC2. As dernonstrated

for T\·C in Figu1'(' 18. n'(illl'l'd near-surfacC' air teIIlpl'ratures and cnhanced relatiyp

hUlllidit i('S (H'('omparl~' t Ill' hlowing sno\\' proc('ss, Expanding tlwse resul ts to the

<'ntin' simulation dOlllaiu. w(' g<.'Ill'rally ohs<'n'p a ÙeCn\i;lSe in I:l and an illcrpase in

RH 1 w}1('1'(' hlowillg SIlOW O(TUrs. althollgh maximUIll changps in rhesl' twu fields do

nut ('oilH'ic!p (Figll[(' 19). In addition. ["('gions sllbj('ct ta blo,,"in~ snu,," pxperiellce

an iIHTPas<, in SLPs of up to 1 hPa. Diff('[('ncps in the accuIIlulated precipitation

\"(U'~' in sign with !lutablp <!p(T('<.LSes in an'as wlH'n' blowing snO\\' cools air ternpera-

t un's wl1l'n'as ot hpr locations pxperipncp an pnhancpd precipitation total. Figure 18

t hprpforp implips that t h<' ahsPIlCl' of hlowing sno\\' originat ing froni the surface in

('Ot1\'PIlt ioual 1ll1I1l<'rical \\,pat hpr preciil'tioll (:\\\"P) models [Hay pxplain sorne of the

n'curring hias<'s ('nColIIltprpd in the forccê1.."lTS of Jl('ar-surface IIlf'teorological fields at

high latirudps (Cultll'cj and Bosart. 1979: Grullun and Gyakurn. 1986) .
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F[(;(°RE 19: TIl(' ditferencp in the -lB-h simulated a) surface air temperatures (OC), b) surface rel­
atin' humidifies (ex). c) sea-Ip\'cl pressure (hPa) and d) precipitation accumulation (mm) between
the' CPL and L"XC pxperimcntso
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In responsp to the therrnodynanlic effects of blowing SIlOW subliruation. the surface

energy Imdgpt will also !Je Iuodified. Enhancl'd perturbations in the surface sensible

and latent l!pat fillxes (<dit and Qt:. resppctÎ\·ely. in \Y m- 2 ) induced by blowing snow

haw' prp\'iollsly bppn n'ported in the idealized IllOddling fraluework of Déry et al.

(1998) and obserypd in thp Canadian Prairies by Ponleroy and Essery (1999). Cou­

sid('ring that polar Ilight conditions exist at this time at TYC. the surface radiation

and pnprgy budgets an' Hot infiuenced by incoming solar radiation and the net heat

flux at the sllrfac(l Q. (\r rn-:!) lHay therefore be pxpressed as (Oke. 1997):

Q. = L~ + L~ +qg +QIt +Q,. (3)

•

whprp L· and L" (\r m-2) are respecti\"rly tlw olltgoing and incoluing longwave

radiation Huxps. and Qy (\r m-:!) denotps the heat flux inta the ground. By con­

\·PIltion. Wp indicatp a loss (gain) of enf'rgy at the p<lrthjatrllosphere interface hy a

positin' (npgatin') \"ahl<' ill an~' of thp fluxes. Tablt\ 3 rp\"{lals the prpdolninance of

radiational cooling; with a IlPt. outgoing longwavC' flux npar GO \Y [11-
1 in the two

('xperinlPnts. Luss of surfan' hPêlt results in larg<' downward \'alues of Qh but slightly

posit in' \-alups of Q,:.

In thl' CPL simulation. blowing snow provides aIl additional sourc<, of water

\'apour to the .-\BL. In t.his situation. Qr: may then be partitioned in terms of the

surfacC' sublilllation rate Q.~lIrf (kg nl-:! S-I) and thp blowing SIlOW sublimation rate

(2., (kg m-:! s -1) sneh t hat:
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TABLE :3: ~h'éUl ('umpuIlPIlts uf the surface euergy and radiation budgets at Trail \"alley Creek.
X"-T for rll{' l-XC and ('PL ('xperinll'llts_ Xote that aU Huxes are l'xpressed in UIlitS of \r fil-'2

and Thar Q., = (et,ur! + (2,,)L.,.

l-~C 2-!-! -18:3 22 -101 18 0 18 -5.6

CPL 24:3 -182 :21 -128 10 :36 46 -2.8

(4)

•

wh(\r(' L, (= 2.8:3;] x 10(i .J k~-l) is tlH' latent ht\at of sublinultion. ~otp that

altholl~h a ('olllrllIl of blowing SIlOW Blay cxteud up to 1 knl abon~ the surface. Q.~

llsually n'adH's a IIlë:lximUIIl \-cry near the surface sueh that this eornpollent may

also he (,ollsi<i(lrpci as a snrfacp hei:lt flux. Tahll':3 prpsents t hl' contributioIl of pach

of t IlPSP tPrIIlS to the surfacp l'IH'rgy budgl't. In the CPL l'Xperinlellt. wc sec that.

ou an'ragp. rhp surfacp sublimat.ion COlllPOllPllt. is rpduccd due to the presence of

blo\rin~ SIlOWo \" ('H'rt!tplpss. thl' o\"prall lat l'ut heat flux clui:luating frOIll the surface

is Ull)n' Thau dOlLblpd with rl'spl'ct to the C\"C siIllulatiou. The sensible heat required

for t Il<' phasl' (OouH'rsioIL of blowing SUOW particlps is takl'n fronl tilt' air itself and

IpêHls to a graduaI ('oolillg of tIl(' :\BL. Also consistpllt with tlH' results of Déry et al.

(1008). tlH' [3(J\\·PIl ratio .Jro dl'tillPd as t.he ratio ofQ,JQ,.o remaills negatiye during

thl' <'\"l'Ilt but dl'cH'êls('s clup to thl' heat flux perturbations attributed to blowing

SIlO\" "
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.-\lthollgh tlw ~IC:2 IllOdd simulations reprodllcp ({Hite accurately the IIwteorological

C'onditions pxpl'ripncec1 at T\OC. they fail to dptl'ct the suddpn abateITwut of high

[war-surface' \\'inds that OlTurs about Illidway during thp pC'riod of intl'rest. To

e'xplain this [lloclpl de'fkie'[l('Y. a thorough iU\'l'stigation of this peculiar featnre is

now unde'rtakpll .

.-\s ('stablislwd in S<'ctiun -1. 1. the ~IC:2 Iuadel depicts very weil the initial se­

qlH'ncp of P\'puts ohs('rypc! at T\'C induding the graduai strengthening of ncar­

surfacp winds. At .JO :322...t. IHJwP\Oer. ther(' are a number of abrupt changes in the

obsprypd tllPtporological conditions at T\'C whidl th(' moc1p( dops not r('soln'. Ac-

comIJ<Ul.\·ing the' upëH-surfa('e' wind cessation, the' obspryations display a :300 backing

of tlH' winds (Ilote' r hat wh('n the wind direction 0 = 1800
, winds are southcrly) and

a signifiLant sllrfan' pn'ssurp Prise> 1 lira in one hOllr (Figure 20), Althollgh the'

:\[('2 Illo<ld fails ro r<'I)['psPllt at this tiIlH' thesp significant fE:'aturps. it does suggest a

changp in the' stratification of tlw .-\BL (Figlll"{' 10). Tu p\Oa(llatp tlH' stability of the

.-\I3L, wp introelw'(' tll(' sllrfan' Richardson nUIulH'r Ri that is pxpresspd in tprnlS of

tlw \'prti('al gradiputs of potPlltial teuqwraturp and wind sl1par sueh that (I3lackadar.

195ï):

9. ((JO)
Ri := 0 iJz

( i~(·):! + (i~\"):.! .
rJ:: tJ::

(5)

•
TIl(' \"prtical gradients are cGlupllted 1>et\\"('<-'11 thp surface aud :; := 449 m which

is the appruximëlte height of the LL.J (Figure 15a)..-\s such~ Ri provic1es in this Cêl..,;e
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an int<'gTëltPd I1l('aSll["(\ of tlH' .\BL·s stability. Figun' 20 rl'n'ais that Ri gradually

dilnillislH's in tinH' sneh that it attains its eritical \'alu(' of 0.25 when wind speeds

rapidly dpciiIH' and H 1H'("lHl1('S wPll-Inix<,d in th<, surfael' laypr (sep Figure 15d).

For fun hpr aualysis, \\"<' introducp thl' Froll<fl' nllluber Fr. ("OIlIPlltpd hprp folIo\\'­

ing King and Tlllïu'r (1997):

( )

-0,;')

• {J, - p
Fr = 1\ 1 . g::

P.o;
(fi )

•

wh<'n' 1 \"1 (Ill S -[) dt'nou's dl<' wind spl'ed at lU'ight :;. and {J.'i and p (kg III -:i)

an' th<, I1('ar-snrfa("(' and ABL air rlensiti<'s. n'sp('ctin\ly. .\gain. Wp takt' :: = -l-l9

III tu ol>tain a \"alw' of Fr that is r<'pn'sf'lltatin' of th<' l'Btin' .-\BL. Physically. Fr

rl'[HT'sPBts tll1' ratio of tll<' iuprtial to gnl\"itational forcps of the fio\\" (.-\rya. 1988).

It is illtPn'stiIlI-!; to Ilotp that ëHTurcling to the l':\C simulation. Fr also nndl'rgoes

a transition froIlI snbc:ritÏcal (Fr < 1) t.o supercritica! (Fr> 1) conditions as the

This S('qlH'IH'P of l'H'uts tllllS snggests th<' passage of a "hydralllic jump" at T\'C

(r' .p; .. •-\r~·a. 1988: St ull. 1988). This phl'1l0Illl'nOll has oftl'Il bl'f'Il obsen'cd with the

sllddpu ('pssatioll of strong katabatic Willds in Antarctica (P.g .. King and Turner.

1997: Galh;p and P<'ttn1• 1998) or as in this case. the reductioll of \Vind speeds

dO\\'llstn'êUll of f'[('\'atl'd topographica! fpatures (Stu!l. 1988). A cross-spction of the

urugraphy along the flo\\' d<'lllonstrates th<, l'l<~\'ated relief upwind of T\"C (Figure

~1). [n ifS approach to T\'C. tht'refore. the flo\\' bet'omcs constraiued in a shallo\\"

laYl'r hf'tw('('11 tht' C'lr\"ëlt<'d terrain and tht' \"('ry stahly stratified air a!aft that lead ta

the acct'!pratioll of the flo\\'. DowIl",ind of this fpature. the terrain fiattens once again
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allowinp; a clP('('1<'ration (and IH'rhaps en~u a separation) of the How in a less stable

snrfacc' lay('r. TIlt' hydranlic jllIllp itself. 1l1arkpd by et ,"alue of F,. ::::::: 1. delineates the

two 1"('p;iIlH'S as it r('tn'ats towards the llpwind topography" [ts passage is Inarked by

th<, larg<' snrfac(' IH'('SSU1"(' p('rturbation and th(' sllddpIl ahateIllent of Iwar-surface

winds.

[Il an att<'1l1pt to sillltliatp similar (',"pnts. other f('sparchers snch as BCIloit et al.

(HJ9ïa) and Gall(;(' aud PC'ttn; (1998) han' llspd horizoIltal grids with resolutions

of :s 2 klu. Siu('(' t h<' h~·dralllil' jurnp itsdf IHay mauifest itself on~r distances of

oul~· a fp\,' hundr('d 111('tr<,s ([\:inf,!; and Turnpr. 1997). the grid spacing of 18 kIll

('1l1ploYe'd in our siIIlulations d{'arly l)('collH's r<'strictin' in this case. For future

work. tlH'rpfor('" wC' proposC' tn cascade' the CXC and CPL ('xp('riluents to higher

horizontal n'solutions to n'soin' this ppcllliar [('atllrp of the' grollud hlizzard ('vpnt.

7 Summary and Conclusions

"Op ha\"(' iU"C'stigat('d a p;rollud blizzard which inHieu'cl high windchills and blowing

suow ()\"('r t lu' Tuktoyaktuk PPllillsllla (TP) of t IH' \"orth\\"('st TpITitori{'s (X\"T) of

Canada and adjan'nt B('a11fort Spa froI11 lG ta 18 Xon'lI1l)('r 199G. It is deUlOllstrated

t hat S~·llOptie forcing of tht' ('\"('nt is dOIlliuatl'd by a rapidly illtl'IlSifying anticyclone

to th<, pas t of tlH' TP. Sat<'lIit{, imagery n'rifies the absence of cloucis in the area but

r(,"pals th(' pn'senc(' of snow on tll<' grotlud.

Th!' ~rollnd blizzard is pro\)fld using a spqlH'nce of nUIIlcrical sinlll1ations with

tllP :\IC'soscalp COIIl pn'ssible C()nlInunit~" (:\ 1C2) lIloc1p1. The ullcoupled experiIIlcnt

is cond11ct('d at a horizontal grid spacing of 18 km and captures with accuracy
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t hp anticydogfluesis p\,put \\-ithin :2 hPa. The uncoupled sirllulation also pro\'ides a

satisfactury dppictiou of tll{' nH'teorological conditions obser\,pd on the TP during the

ground blizzard t'xcluding, howeH.'r. the presence of blowing SIlOW. Ha\'ing compared

the uneouplpd sirIlulatiun to obspryationso Wp t hf'Il proceed to a second E'xperiment

wlH:'reb:,' tlH' ~IC:2 rnodpl is cOllpl{.ld to thp PIEKTll\:-O blowing SIlOW mode!. This

supplerIH'ntal intpgration, ("lHlducted in a similar fashioll as in tlIC' uncoupled case.

rf'\'pals the prpSf'IH'P of ablludant blowing snow (but no prE'cipitation) in the \Oicinity

of T\'C aud tllP B('Clufort Spa in association \\'ith strong low-Ien~l winds, Combined,

blo\\-ing SUOW subliIuation and transport arE' <,stirnated ta erodp about 1.-1 nlm sno\,­

water pqui\'alpIlt (S\\"P) per day frOIIl the snowpack at T\-C. Sublimation rates in

dl(' couplpd sirnulation arp fouud ta iIH.Tf'aSp b~' ahout SO<X with respect to the

stand-alone application uf PIEKTCK-O tu t ht' saIlle' case stud~·. Qualitati\,ply, t his

is in a('('urdarH'(' with tllP results found by Bintanja (:2001) who ooser\'ed incrE'ases

in sirIlll1atPd sublirnation rates \\'hen colurnns uf blowing SIlOW were prcscribed a

cprt ain ('ntrainlu<,nt ratt' uf dr~' air"

Th(' couplpd siruulation also [p\'pals sonlP intC'rcsting asp('('ts uf the blowing snow

plH'IlonwIloIl and its intt'ractioIl \yith tl1(3 atrnospheric boundary la~·(lr. For instance.

t IlP inclusiun of blu\\'ing" suuw iu the IlllIlH'rieal simulatiou leads to sonle modifica­

t ions uf t IH' basic IIl('t('u[olo~icaJ fil'lds such as eooling and IIloistening of the air that

in t llrn aff('('t t Il<-' sell-Ip\"pl pressure and prpcipitatioll fields. Thp Il('gati\'(~ thermod~-­

nantic fppdbacks of snowdrift suLlirnation arise iu thl-' coupled sirIlulation but are less

prorniuC'nt than in au idealized rIlodelling fram(J\\'ork because of the comprehensi\'e

trpatIIwnt uf adn~'cti\"(' and entrainrnent processes. Xp\-ertheless. the neglect of blo\\'­

ing sno\\' and ifS sublimatioIl in Ilumerical weat 11('r prediction rllodels nlay therefore

pxplain SOUlt' of t Il<' sysleIllatic prrors in thl' forecasts of uear-surface meteorological
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fiplds at high latitudps.

\\ïth tlH' prospect of diluatp change rpdudng tlw duration and depth of the sea­

sonal SIllJ\'l)(ll'k "'ithin thp ~lackpnzi(' Riw\[ Basin. tlwn:> is sp('culation that blowing

SIlO\\' will c1iIllÎnish 1'\"('11 Illun' in ilupurtancp as an agent uf its water and enprgy

budgf'ts. HO,,"PH'r, if high winr! P\"PIltS and stonninl'ss hpconlf' ilIon:> freql1ent during

dl<' ('old spa:-ion (as is sugg<,stpd b~' sP\'pral studif's). a largl'r portion of tll<' snuwfall

Ina.\" hf' l'Pt unH'd t 0 t Il<' at IllosplH'rp éL"i \\<Hpr '"apour. leading to further dpplption of

t h(' sUO\\l>ack. CUll~id('rillg t hat IJlu\Ying sno\\" transport and snhliIllation an> highl~'

clPPPllcll'Ilt UIl wiucl SIH·pc1s. dll' intPnsir~' of t.1H· ('\'puts will alsu hp a crucial factor in

pstimatiug ifS futurf' ("(Hltri1>ntious ta tlH' :-illrfac{' mass halaIlcl' of thp basin and the

fr(-'sh \\'ëHpr input into t hl' Bpaufort Spa, Till' prpspnt stlldy. ho,,"p\'p1'. suggests that

hlo,,"iug SUu,," ilupacts margiual1y thp watl'r hudget of thp :\[RB in its CUITPnt state,

Acknowledgements

\ rp siu("t'r<'1~' t hauk Dr. Stt}phaIl<' B(;lair and Dr. :\Iidwl Dpsgagnè (RP\'. Don'al).

Dr. St(·\·C' ThuIllas (:\C.-\R), Dr. Badrinath :\agarajan and :\[r. Ron ~IcTaggart­

Cuwall (:\kGill Clli\"(>fsity) fOf thpir assistarll"C' iu t1w 0lwratiull uf th!' ~IC2 Iuodel

and .\ Ir. Stc"phaup Chaml)(>rlaud. :\lrs. .J llc1y St -.1 aIIH'S and Dr. Bru('f' Bra.snl'tt

(RP:\. Don'al) for prm"idiug; tiw [('quin'd gpophysiral and suu,," rh'pth fif'lds in t hp

:\IC:2 simulatiolls, \rl' "'ish tu l'xpress our siucpre g;ratitudp to Dr. John POlneroy

and his ('oll('ag;lH'S at t Il<' \"\\-RI (Saskatoun) whu generously proyided the Trail

\ 'alll'~' en·pk fi<·ld data. Iuu\"ik souuding data wpre kindly supplied by .\11'. Bob

Crawford (:\15C. DowIls\"iew), public forpcasts for the \"orthwest Territories by ~Irs,



•

•

163

Sandra Buzza (~ISC. Edmunton) and sau·llitp iIllag('ry by ~Ir. Patrick King (~ISC.

King Cit~·). This n'Sf'ë-Udl "'as fini:tncially supportpd by t11(' \"atural Sciencps and

EngiIH,pring Rpsparch CotlIlcil uf Canada thruugh a GE\\"EX collaborati\'p research

network grant.

References

Arya.. s, P. s.. UJ~~: Int1"oducfwn to JIÙT01f/.d(~o1"l)logy.Academie Press. 307 pp.

Barry. R. G .. 1!J~9: Tht' prp~Pllt dimate of th!:' Arctic Ocean and possible past. and future

st,atps. in H('nuéLn. Y. (Ed.). The A T'die Sfll..,: Climalology. OC(JlluogTap/zy. Ce%gy and

Hi%!JY. \'<LU ;\ostrélud Reinhold. pp. 1-46.

BeIluit.. R.. Cùt,c',..1.. and ~\'Iailhot. .J .. 1!J~9: Inclusiun of a TKE bouudary layer param­

('t,<'rizat.ion iu tlH' Cauadiall n!g-iuual finit('-{~leIllellt, mude!. .\!on. lrp.at/tt'T Rt'1 1•• 117.

l 720-1 7;J0.

B('uoiL R.. D('sg;agIH·'. :\1.. Pdlprill. P.. Pelleriu. 5 .. and Chartier. Y .. 1997a: TIll' Canadiall

~vIC2: A s('llli-Lagrangiau. s<'llli-iIllplicit widf'oaud atlllosplieri(' lIlude! suitcd for finescale

pnw(!ss stlldi('~ aud siUlIllatioll. ~\!01L. Ir('(Lf.IH'r Rn'.. 125. 23~2-2-115.

Beuoit. R.. P<'ll('riu. S. éLml Yu. \Y.. 1997b: ~IC2 model performélnc<' dllring the Beaufort

a.ud Aret je St,OrIUS Exp<'rilI1l'ut. in Lin. C . .-\ .. Laprisp. R .. and Ritchie. H. (Eds.) Nu­

'TT/('1"ù'a[ J!t't/wd,.; in AtT1lO.'ifJh(Tù· and ()cclLuic ~\l()ridli1l!l: The Audn; RO/Jf'Tt Aferrzoria/

l·ohww. \'"RC Il{!search Pwss. Ott.awa. Ontario. pp. 1!J5-220.

Biutauja. Il.. 1!J!J~: Th<' coutributioll of sllowdrift sublimation to the surface ma.."iS balance

(If AlltéUTtica. A1111. GIlLciol.. 27. 251-259.

Biutallja. Il.. 20() 1: !vlodPllin~ snuwdrift sublimation and its effect ou the llloisture budget

uf dl<' atllluspheric bOllndary layer. Tell'IJ..'i. 53A. 215-2:j2.

Blackadar. A. K.. 1957: Buulldary layer wind maxiIna and their sigllificance for the growth

uf noctllraa.l iuversions. Bull. A me.T. AfeteoToi. Soc.. 38. 283-290.



•

•

164

BnL"iuNt. B" 1999: .-\ /.!;lobal allalysis of suow depth for uUIllerical weather prediction. .J.

Appl, .\ft'ff'OT'ol.. 38. ï26- ï -lO.

Bruwu. R. D .. and Braatf>ll. R. O .. 1998: Spatial alld temporal variability of Céllladian

1I11111t.hl~· SIlOW dppt.hs. .-1 tTT/O,';. -()("('Qn. 36. :r;-5-l.

Carn'ra. ~l. L.. G~·akllm . .1. R.. ami Zhall/.!;. D.-L.. 1999: A llumerical Cél.."ie stlldy of

s(,c()lldar~' mariw' cydO/!;t'Ilesis sellsili\'ity Tn initial {'rror élnd \'aryillg physical proceSSl~S.

J[01l.. Irt'fll!lfT RfT,. 127. (j-11- G(jO,

Colucci. S. J. and Bosart. L. F.. 1979: Surface élnticyclone behaviur in Nl\1C prediction

mudds. .\lOTl. Irf'at/IfT Rf"!'.. 107. :J77-;~9·t

ColuCl:i. S. .J, aud Da\'(' 11 port. J, C,. 19~ï: Rapid surface élnt.icyclogcllesis: synoptic clima­

lolo/.!;y and al (('udant larg-<'-scalp cirntlat.ioll dlélIl/!;!'S. ~\f(}n. lFf'fLth(,ï Rn',. 115. ~22-836.

ClaT~·..1. A.. 19~:J: Ou dl<' formation of COlltÎlH'lltal polar air . .1. .-1i1TlO.'i. Sc.. 40. 2278­

2292.

Curry. .1. A .. UJ~'ï: TIl<' C'lHltributioIl uf radiati\"(l cuuling tu the formation of enId-core

autÎl·~·clOll('S. .1. .-1 i11l0,"'. Sr'.. 44. 2575-2592.

Deardurtf. J. \\" .. 19ï~: Efficiellt prediction of f,'TOllIld surface f,PUlperat lire and llloi~tllre

wit.h iuc1usioll of a la~'er of \"p~('tat.ion. .l, Gf'Op!lyS. Rf',li .. 83. 1S8!J-1904.

Dè·~·. S. .1. alld Ta~·l()r. r. :\... l~J9G: SOIU<' aSJ)('cts of t.he iuteract.iun of blowing suow with

dl<' atIlH}Splil'ric IHHlIHiar)' layl'r. HydTnl. Pnw.. 10. 1:J45-1:J5~.

D{'·r~·. S. .J .. Ta)·lor. P. :\ .. auri Xiau. .J .. 199~: TIl<' t.herlllodYllélll1Ïc dfect:-- of sublimating.

bluwing- SIlOW in the aTlllosplH'ric houudary layer. BOUTU1. -LaYf'ï .\fcteOïol.. 89. 251-283.

D{~r~·. S. J. auc! Ya11. ~1. K.. 1999a: A dilnat.ology of adverse wint.Pr-type weather eveuts .

.J. G('(}p!ly,.,·, Rf"s .. 104( D 1-1). 1{j.G57-1(j.Gï2.

D(~r~·. S..1. and l'au. ~L K.. 199!Jh: A lmlk blowing Suow model. B01l1ul.-Laycï Afetp.orol..

93. 2:jï-2G 1.

D(~ry. S. J. <Lud l'au. !\L K .. 2001a: Simulatiun uf blowiug SIlOW in the Canadian Arctic

llsinf,!; a double-Illolllent modd. Bound. -LaYf'T' .\fdeorol.. in press.

Dèr)'. S. .1. <Lud Vau. ~L K .. 2001 b: The léU'ge-scale IIlé.lSS balance effects of blowing snow



•

•

165

and snrfare sublimation. sui>mittl'd tu ./. Gt>oTJhys. Re.o;.

Dickson. B.. 1!.HJ9: :\.11 dlan~c in thl' Aretie..Vatun'. 397. :389-391.

Dotlvil1l'. H.. Royer. J.-F .. and ~Ia.hfol1f. J.-F.. 199!:i: A new suow parameterization for

t.1H' ~1<;t{;O-Frall<'(' dimatc model. Part I: \'alirlation in stand-ajonc experiments. Clim.

DYll .. 12. 21-:j;J.

Eudoh. T .. Yamanuuchi. T .. bhikawa. T .. Kake~aw. H.. and Kawa~uchi. 5.. 1997: Dark

streams ohsC'rved on :\"()A:\. satellite il1la~(~s o\"er the katabatic wind zone. Autarctica.

.-ll1t. Rt'conl. 4l( 1). -1-1 ï--l.::iï.

Ess('r~v. R.. Li. L.. and POlll(·roy. J. \V.. 1999: A distribllt('d mode! of hlowiug SIlOW over

cOl1lplex tprrain. Hydml. Pm(' .. 13. 2423-2-138.

Gallée. H.. UJ9~: Simulation of blowiug suow o\'(~r the :\.ntarctic ire shect. Ann. Glacial..

26. 2();J-20ô.

Gall(~e. H. aud pptt.ré. P.. 1!J98: DynaulÏcal cOllstraiuts on katahatil" wincl cessat.ion in

.\d(~lie Land. Autaret.ica. .1. .-llmns. Sri.. 55. 1755-1770.

GrtlUlUl. R. H. aud Gy·aklUll ..1. R.. 1986: Systelllat ic surface élnticy'donc errors iu X!\IC's

limiu'd an-a filW lllt'sh and spt'ctralmodf'ls durÎllg; thC' \viuwr of 19S1/~2.•Hon. U'pat/UT

RtT.. 114. 2:329-2:i-l3.

Haut'siak. J. ~1.. Stl'\\·;trt. R. E. Szeto. K. K.. Hlldak. D. R.. aud L(·i~hton. H. G .. 1997:

Thp strll('tlln'. waf('r Imdg;('L and radiatioual fl~atllres uf a high-latitude wafIll front . .1.

Aimo.o;, Sr',. 54. 1553-157:3-

Ho1tslag. A. A. ~1.. d(' I3ruijn. E. 1. F.. and Pan. H.-L.. 1990: A high resoIlltiou air mass

tranSfOrIllatillIl IIlodl'1 for short-rall~e wpatht'r fun~("a,,"aiIlg. .\fOTl. n'catILer Rel'.. 118.

15ô1-157.::i.

King. .1. C. and Turner. J.. 1997: A ntarciic Jldmm{o!JY (Lnd Climatology. Calubridgc

Clliv('rsity' Pn'ss. -109 pp.

Kill~. .J. C,. Alld('rsoll. P. S.. Smith. ~L C .. and l\·lobbs. S. D.. 1996: The surface euergy

aud mass balélllCP al. Halley. :\.lltarctica durillg willtcr. .1. Gcophys. Res.. 101. 19.119­

19.12S.



•

•

166

Kleiu. P. ~L Harr. P. A.. and Eisberry. R. L.. 2000: Extratropical transition of western

nurth Pacinc tropical cyclones: An overview a.nd conceptual model of the transformation

stage. IFcu. F()r~("llstùl!J. 15. :37:3-:395.

Kong-. F. and Yau. :\1. K.. 1997: An explicit approach t.o microphysics in the MC2. AtmD.'i.­

()("(JlLTz. 35. 257-291.

Kosuvi(:. 13. and Curry. .J. A.. :Woo: A Ia.rge (~ddy simulation of a qllasi-steady. sta.bly

stratin<,d atlllospheric hOllndary layer. .J. Atl1lO.'i. Sei.. 57. 1052-1068.

Lackmann. G. :\1.. GyakulIl..1. R.. and Belloit. R.. 1998: l\'Ioisture transport dia.P;Ilosis

of a wint<'rtiIIH' precipitation ('v<'ut in t.lH~ ~Iackenzie River Ba.sin. AEon. ~VcCLtlzeï Rcv..

126. 068-691.

Lander. ~I. :\.. Trdmbenko. E. .1 .. and Cuard. C. P.. 1999: Ea.stern hcmispherc tropical

cyclones of l~~(j. JEml. Irf'fLf.ILt'ï Rf~V•• 127. 127-t-1300.

Li. L. and P()lIl('ro~·..1. \\' .. 1~97: Estimat('s of threshold willd speecis for SHOW transport

usinp; lllPtporolup;ical data. J. Appl..\ldf'oro!.. 36. :20.:>-213.

Liston. G. E. and Sturm. :\1.. 1998: A snow-transport model for complex terraiu. .1.

Glw·lol.. 44. -t!)~-;j1ti.

:\Iailhot. .1. and Be'noit. R.. 1982: A nnite-elcmeILt. tllodd of the attllosphcric boundary

la.vpr sllitablp for usp with uumerical wpather prediction models. J. AtTTlo.'i. Sei.. 39.

22-t9-:22(j(j.

:\Iailhot. .1. alHl Chouiuard. C .. 1989: :\ulllcricai furecasts of explosive willter storms:

Sellsiti\'ity pXIH'riIllcllts with a meso-n model. ~\f(JTl. IFeatlw1" Rev.. 117. 1311-134:3­

~Iaun. G. \\'...-\udt'rson. P. S.. élud ~,Iobhs. S. D.. :2000: Profile mea."iuremcnts of blowing

SILowat Halley..-\utan:tica. ./. Geopily.'i. Res.. 10S(1!J). 24.491-2-t.508.

:\Iilbrandt. .J. and Yau. \1. K.. 2001: A mesoscale Illodcliug study of the 1996 Saguenay

tioud . .\f07l. IFf'lltlzer Ret'.. in press.

~Iisra. V.. l"au. :\1. K.. and Badrinath. ~ .. 2000: Atmosphcric water spccies budget in

lIlPsoscaIt> simulations of lce cyclones over the :\Iackenzic River Basin. Tel/us. 52A.

1-10-161.



•

•

167

~oilhan. .J. and Planton. S.. 198!'}: A simple parametcrization of land surface processes for

IllcteorologicaI IUudels . .lIon. lrf'flther R'~l·.. 117. 5:j(j-549.

Ohta.ke. T .. .1ayaw('(' ra.. K .. a.nd Sakurai. K.-l.. 1982: Observa.tion of iee crystal formation

in lowpr .-\retic atltlosphl're. ./. Aimos. Sei.. 39. 2898-2904.

Oke. T. R.. 1!.}~7: BomuianJ LaYf'r Clillulir'.'i. 2nd ('d .. ~Iethnell. -135 pp.

Oke. T. R.. 1!'}!J7: SUrf~lC(, dimatl' processes. iIl Bailey. \V. G.. üke. T. R .. and Ronse. \V.

R. (Eds.). Swjrl('(' Cli11lrd,~s of CrlTLllrla. ~lcGill Qllceu's Press. 21--13.

Phillips. D.. l !,}!JO: C{irrult"s of CaTlada. EuviroUlllcut CaIlada. Ottawa. Ont.. 176 pp.

POIueruy. .J. \r .. ~Iarsh. P .. and Gray. O. ~I.. 1U!.}i: Application of a distributed blowiIlg

suow Illodd to the Arctic. H.lIrlml. Proe.. 11. 1451-1--164.

PoIllcruy. .J. \V. a.ud Essery. R. L. H.. 19!')!'}: Turbulent fhuccs during blowing snow: Field

tests of mode! sublimatiou predictions. Hydra/. Pme.. 13. 2!'}63-2975.

Rothruck. D. A.. Yu. Y.. and ~laykut. G. A.. 1999: Thiuning of the Arctic sea-ice caver.

Gt'ophy.'i. Rf's. Lt'l.. 23. :34ti9-:3472.

ROllsp. \V. R.. 20(J(): Progn'ss iIl h:vdrological research in the ~lackellzie GE\VEX study.

Hyd1"ol. PnJt' .. 14. 1(j{)i-1{)~G.

Sl'ITf'Zl' ~I.. 1U!J~: CliméLtulogical asppcts of ('yc1ouf' devdopmellt and decay in the Arctic.

Atmo.'i,-()("'flTl.33. 1-23.

Sl'rrl'Zl'. ~l. C.. \ralsh . .J. E .. Chapiu III. F. S.. Osterkamp. T .. Dyurgerov. :\1.. Ra­

Illan()\'sk~·. \' .. Opch('1. \\'. C .. ~Iurisou . .1 .. Zhallg. T .. aud Barry. R. G .. 2000: Ob­

SPl"\"<l t iOIlal p\'idpIH'(' of n'Cl'Ilt chall~(' iu t 11l~ 110rt hcrn high-Iat it Udl' cllviroIlInent. Cli11l.

ChelTl!Je'. 46. 15!J-2D7.

Stl·wart. R. E .. BachéLn. D .. DUllkley R. R.. Gih~s. A. C .. Lawsoll. 8 .. Lega.l. L.. lvliller. S.

T .. ~Illrphy. I3. P.. Parker. ~l. ~ .. Paruk. B. .1 .. and Yau. ~L K.. 199.5: \Viuter storms

o\,('r Canada. A.lmo.'i.-Ocr~(L1l.33. 223-247.

Stewart. R. E.. Leight0d. H. G.. ~Iarsh. P.. :\loore. G. \\1. K.. Ronse. \V. R .. Saulis. S. D.~

Stroug. G. S.. Crawford. R. \V.. and Kochtubajda. B.. 1998: The Mackenzie GEWEX

Study: Th{' watl'r and cuergy cycles of a major North Americël.u river basin. Bull. Amer.



•

•

168

Aldporol. Soc.. 79. 2665-2683.

Ste\\'art. R. E.. Bllrford..J. E.. iLud Crawford. R. \V.. 2000: Ou the mcteorological char­

at:t('ri~tit:s of tht' \Vater cycle of thc :\[ackeuzic River Basin. Goulr. Almos. Phys.. 9.

lO:j- LlO.

Stull. R. B.. 19tol8: An !1ltmdudioTl to I3olUuilLT'Y Layer Aldco1"(Jlogy. Kluwer Aca.dcmie

Pllhli~ll('rs. (j(j(j pp.

Szeto. K. K.. Ste\,,'art. R. E.. aud Haucsiak. .1. ~L. 1997: High latitude colel season frontal

doud systems and tlwir precipitation dficieucy. TdLus. 49. -t:39-454.

\Villteb. \V. aud Gyaklllll. .J. R.. 2000: Syuoptic dimatology of Northerll Hcmisphere

fl\'aila.ble potputial {'nergy collapscs. TeLLus. 52A. :347-364.

Xiao. .J .. Billtauja. R.. D{~ry. S. .J .. :\"[aIlll. G. \V.. aud Taylor. P. A.. 2000: AIl iutercoUl­

parisoll a.muu~ fouf models of hlo\\tiug suow. BO'Imd. -Layer AldcoT'ol.. 97(1). 109-135.

Zishka. K. ~l. and Smith. P..J.. 19tolO: The dimatolugy of cyc:Ioncs and allticyc:1011es over

North AUH'rica ami surnHludiug uceau euvirons te)r .Janllary a.nd .July 1955-77. Alou,

H'('lLt!J.tT Rf'I'.. 108. :387-401.



•

•

Chapter 6

Conclusion

6.1 Thesis Summary

In this t hesis. dl(' 1'01(' of hlowiug SIlOW iu the hycirometeorology of the :\Iackenzie

Rin'r Basin has tH'PU inH'stigatl'd. Csing tll{' ER.-\. data. a clirnatology of thcse

{'\"('nts and t IH'ir iIIlpan to t lU' surface IIlass balaIlLe \YëlS cmIlpiled for the basin

and t h(' gloiw. TIl(' ei{'\"CIOpIllPnt of a nUIllcrical1y l'fficient ruodel of blowing SUOW

was tlH'U dpS(TilH-'d as weIl as its application ta aIl .-\.rctic tllndra location in order

to qllaIltif~' thC' role of hlowing SIlO\\" subliruation iu the wintf'rtinle surface rnass

balaul'P. .-\ cas<' study dllring which extensin' blowing sno\\" occurred was then

siIllulatpd b~' nlPi:lIlS of a IIlesoscale rnode! that was coupled to the blowing snow

1l10dpl to dC'tPrIIline tl1{' l'ole of blowing SIlOW in the surfac{' IIU1.sS balance in the

Cauadian .-\.rctic. .-\ dl'scriptioIl of the principal results of this study fo 11 0\\"5.

Til{' clinultology of hlowing snow. high windchill and blizzard e\-ents inferred

169
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from t lU' ER ~\ data dpIllonstra tps tht' proIlliIlPIll'P of thpse phenoluella at high lati­

tucl('s Whpfl' {"ohl ((IIIlp(lfatufl'S and pPfsistent snowpacks dOlninatp the local dirnate.

In thl' ~IRB. t Ill'sP p\"('nts ocrur prf'domillalltly in the Ilorthern portions of the basin

wlll'n' long seëlsonal SIlO\\TO\"PfS. hig;h winds and raid tClllppratures an" most conl­

mon. Fur install("('. blowing; snow olTurs on an'rage up ta GO tinles è:lIlnually along

rhl' "-\retic eoastlilH' wlH'n'as dl(' YPl10wkllife [('gion of the :\"\\"T eXlwriencl's fewer

rhan 10 ('\·('Ilts on a yparl~· hasis. III a corllpositl' anè:llysis. it is dprIlonstratpd that

hlowiug SIlOW (1\"(lnts lH'al' Yl'llowkuifp. \'\\"T. an' oft('n forn'cl in part by strollg

aIlt ieyc!olH's and/or 1('(' ('ydog('1l('sis.

[n rll<' following chaptPL tlll' results fronl th(' blowing SIlOW dirnatology arc ex­

tl'lHll'd ro pstablish rh<, largp-scalp effpcts of this procpss ta th(' slIrfacp mass balance.

Regions susepptihll' to ff('quent high wind ('n~Ilts an' Illost \"lllll('rabip to the iIllpact

of blowiIlg snow subliluatioIl and transport. In thl' ~IRB. only regions lying in the

.-'-rcti(' t lllldra incur significêlnt pffpcts frOll1 suowdriftillg. It is shown that direct

sublimation frolll th<' surfan' is abo lloll-n<,gligibll' o\"<'r thl' ha.."iin with dcpositioll

COllntpriH'tillg aIl~· suhliluation associatpd with blowing snow in SOIlIt' arpas. III total.

tll<' surfac(' suhliIllatÎoll compOIlC'llt O\·pf\,·heIrns thC' blowillg snow terms such that

Inass iHTllIllulat(,s to dl(' l'aU' of O..! mIn SUOW water pqui\'alpllt allnllally o\"('r the

~rRB.

Chaptl'r -l COIH'('rnS t hl ' dp\'C'loPlIl<'llt of a computatiollally l'fficiPllt hlowing SIlOW

Illodpl. Gy allal~"t ically illtcgratillg thl' partidc distribution and sublimation rates.

\'"P mauag<' ta [('<lu(:<' tl1<' dpt<'rnlination of the blowing snow rnixing ratio ta a sin­

gl(' pquatioll. Th(' modpl tlH'refore pf~rfornls at a ratc approxinlately 100 times

faster than ils spectral formulation while providing vpry silnilar output. This single­

rllOllwnt appraach to blowing SIlOW Inoclel1illg. howcver. yields unrealistic cyolutions
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uf tll<' blowing snow partidp distributions and total nllnlbers, Ta rernedy this weak­

ness of thl' bulk \'l'rsion of PIEKTL-K. an additional equation for total particle

Ilumbers is introclll('pd. Thl' rpsulting doublp-Illornent mode! (PIEKTCK-O) then

proyidps rpalistic ('\Oolutions of both th(' blowin~ snow rllixin~ ratio and the particlp

sizl' distrilHltioIlo Th(' applicatioIl of the' llpdatl'd mo<i<'l t.o a uH'teorological dataspt

col1pctpd at Trail \ "allpy Cn'pk. ~\YT. pro\Oidps SOIlH' initial estirnëltps of the seél­

sonal blowinp; SIlOW subiiIllation rates for t he' an'êL For t.11(' wintC'r of 1!J9G/199ï,

PIEKTCK-O pn'dicts dU' Pl'osiOIJ of about :3 nun swp frorIl tlH' sllowpack at Trail

\ "al1py ('l'Ppk. Illuch less than \'alues pre\Oiously reportC'd in thr ~itprature for the sanll-'

arPêL A discussion rp\Ooh"ing arollnd mo<ipl assumptions and the assirnilation of hu­

lnidity data n'n'ais that th('se' two f('atures an' cl'itical in ('\Oaluating the contribution

of blowing SIlOW sublimation in thl' Arctie,

To !u\o('stigatp tlw blowillg snow procpss mon' thoroughly. a case study spanning

t.\rO days in rnid-:'\o\"('IlllH'l' 199G is eXaIuincd llsing tlH' ~IC2 IllOdpl at Cl horizontal

rl'solutioIl of 18 kIU. The' llIH~ollpled l'xperinlPllt captllf('S tll<' rapid ëlnticydogcncsis

whi('h ("êlUSPS p;rollnd blizzard conditions along the Tllktoyaktllk Pf'IlinSllla and the

Bt'êllLfurt S('(1. .-\ S(l(,olld C'xppriIILt'nr follO\\"ing t.hl' SaIIH' III<,tho<iology is thrn COIl­

dlLct('d wh('rpb~· t hp ~IC2 is (,()lLpipd to thp PIEKTl"K-O mo<iel. This simulation

n'n'ais t h<' pn'sprl<'p of pxtpnsin' blowing snow in assodatioIl with the ground bliz­

zanI. Total blowing SIlOW sublimation and din'rgcnc<' ratps f('ach sey<'ral mil1irnctres

SIlOW watpr (l(1'1i\'a1PIlt 0\"('1' ('('!"tain arl'as. At Trail \Oalley Cn'pk. tll(' coupled sirnu­

1atioIls inc1icat(l t hat ::::::: 1A rHIll cl -1 swp is eroc1cc1 through the conlbined effects of

blowing snow rnass c1in'rg('Il(,p and sublünatioIlo E\-ideIlCc of tllP self-limiting char­

act('rist.i{' of blowiug SIlO\\" sublimation is o!Js<,nopcl. but. the cOlIlprehensi\Or tl'<'atment

of adn'crin' and ('lltrainIll<'nt proccsscs Illitigat<' the ncgativ<, therIuodynaruic feed-
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backs associatpd with thp phase transitioll. III the conpled sirllulation. tIl(' o\'crall

sublilnation ratp of blowing; suow iIlCTPasps hy a factor of 1.8 frolll the stand-alane

applicatiull of PIEKTl"I~-O fOlTPd by thp SélIllP Illeh'orological data.

,\lt houg;h tlH' full ('ousidpratiun of :3-0 procpssps in the coupled rnodelling yidds

blO\ring; SIlO\\' sublimation ratps that IH'arly double in magnitude. this prOl:ess r('­

mains nl'glig;i bIC' in thl' surfan' mass balanCl' of tlH~ ~IRB as a who le, Fur illstanl:p. if

\\'P adjust thl' nlillPS of tIl(' mass balallcl' stlldy dpslTihed in Chapter :3 by a sÎIllilar

factor. t hp tot al basin los{'s no more than D.l lllm s\\,p a -1 dup tu blowing snow sub­

limation, .-\t Trail \'all('~' C["('pk. ho\\,('\"pr. thp blowing SIlOW sublinration cOIupanent

n'Illains llollPthpll'sS mon' important sinC(' it rl'I)['esPllts an aIlIlual sink of about G

lllm s\\,p Will'Il the' rpsld ts of Cltapter -l arC' adjllste'd fOf tlll' C'ollsieieration of the

additional {'lltrainIlLC'nt and adn'cti\'p proccssps.

6.2 Suggestions for Future Work

Opspi tp t hl' éH h-an('('llH'ut in our llndprstanding of the blowing sno\\' phenonlCIlon

thfOllgh tlH' n'sparl'h ('(Hldllcte'd in titis tlwsis. sorne' of its asppcts l'entain partially

iILC"OIllpl('tp Of ll11knowIl. For instancp. the dimèltology and IllélSS balance studies

pn'sC'IltC'd in ChaptC'rs :2 and :3 w('n' pprfOrIlll'd llsing the ER.-\. data at a horizontal

l'l'solution of :2.:j~ and al. intl'fyals of G h. ThllS thc' n'sults prpsentpd herein may

lack SUIli(' of thl' hlowillg Sllo\\' P\"(~IltS that O(TUr on tIl(' Illl'soscaie. Csing a elataset

with increaspd horizoIltal n'solution and additional inforrllation on the temporal and

spatial \'éuiability of the IlH,tt'ofological fields woulel enhancp the results of these t\Va

c:haptC'rs .
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Tla' optilnizp<i blowin~ snO\\' Illodels descrilH'd in Chapter -t could be easily ap­

plied in operational w('atlwr fon'cast officl's êHTOSS Canada and elsewhere. Given

tlH'ir u1llIlerieai pfficiPIH'Y. the single- and doublc-IIlOIuent \'crsions of PIEKTUK

('ould Iw l'pd pit 11<'1' ohsprvpd or forpcast metf'orological data in order to d('t(~rnlÎne

t ht' pn'spncp and irltpnsi ty of a blowing snow e\'pnt. This \\'ould pro\-ide, for in­

StêllH'('. crucial information on opticai ,-isibilities and snowdrifting ratps for enrrent

t rêlIISIJ( )rt êl t il)1l ('() Il(1it il) IlS.

TIl(' IIH'soscal(1 1I1Odpllinp; disl'tlsspd in Chaptpr ;j of tht' rIa'sis has focHsed on a

singlp ('\'{'nt in mic1-\"o"pmlH'r UJ9G. Tu geueralizp sOllle of its conclusions. further

cast' sttldies with "aryiufl; IIlPsosralp spttings should 1)(' in\'pstigat<,d. Specifical1y. thp

exploration of thp rol(' of blowing SIlOW in a cydOI}(' \"(~rslls an anticyclone wOllld

yidd an illt('n'stiIlg ('omparisoll of its on'rall ilupurtanc(' in nlrying metrorological

conditions. B.,' n'sol\'inp; SOIllP of tll(' slIlallpr-scalp l'pat ures of a blowing SIlOW ('vent.

l"('SlIl ts of t h(' IIH'suscalp siIlllllations would Cl'rtainly Îlnpru\'p at higher horizontal

rpsolutions. E\,(,u in thpsp ciITumstauc('s. the :-:imulations would also bellefit from

tlH' ('onsidprat ion of slll>grid scalp topographical pffpcts. sllch as p;ullies and n'geta­

t ion, Finall.,". a 1ll1IIlIH'r of applications can 1>(' sllggl'stpd \\"ith rp~ard tn tlH' cunplpd

lIlod('ls. Fur instanl'{'. PIEKTl"K-O t'ould Pëlsily 1><' Ilwdifipd to l'('I)J"pspnt tlw aeolian

susp(\usiou of oth('r t~'IH'S of partides, As snell. tll<' ~IC2 and PIEKTUK-D lIlodels

(,(Hllc! silIlulatp dllst and sêlndstoI'ms or ('n'Il tll<' P\'aporation frolll spa spray.

On long('r tin}('sca1<'s. the' consideration of dimate change and its impact on the

high-latitllde sno\\' and ic(' con'rs arC' of great CUIlcern. \Vill the l'ole of hlowillg

SIlO\\' diminish ur iIHT<'aSl' in a warnlPr PIlvironrncnt'! \Vill increascd storminess

l'Pt Ilrn Cl grpat('r pPITPntagp of tll<' sPëls<>Ilal sno",fal1 hack tu the atnlosphere'? Such

qtl<'st ions n'Illain open to lIluch sppl'ulation and PI15U[(' tltat the topic of blowing SIlOW
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will attract ("ontinupd inrPrest during tht' cOIlling years 111 the hydrometeorological

COIllIllluti t~·.
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Appendix

The obseryational data used in Chapter -l of the thesis were recorded at Trail Valley

Creek (T'·C). \"orthwest Territories (:\'\VT). They were graciously provided to us

by Dr. .John Porllcroy who collccted thpse data with the help of colleagues at the

Saskatoon Brand. of th<' \"ational \Vat('r Research Institute (N\VRI). Cpon receipt

of tllPSP data. an uIlcertainty existed on whether the relative hurlliclity measurelnents

were with rpspect to wau'r (RH w ) or with respect to ice (RH;). This is indeed a

cnH:ial point sinn' blowing snow usually OCClUS in subfreeziug conditions such that

the sublirnation of suspended ice partides remains constrained by saturation with

respect to ÏcP.

Followinp; .-\ndprson·s (199-1) nlCthodology. a plot of the relatiye humidity versus

tPIllperatur<' was performed (Figure :\1). This dearly demonstrates that the relative

hlllIlidity IlWëlUSUrenlCnts rccorded at T"C dllring the \Vinter of 199G/1997 are with

resppct to wat('r since tlll' observed nHlxinlUnl values decrease almost linearly with

telIlperatures. For ail telnperatures. wc would expect the maxirnum value of RH i

to approach 100(;{. This is especially true at frigid ternperatures where the anlount

of nlOisture the air can sustain is \'ery low such that saturation with respect ice is

readily attaincd.
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FIGL"RE Al: The obsen"ed ,'alues of relative humidity with respect to water (RH w ) versus tem­
peraturc (7':1) during the \,'inter of 1996/1997 at Trail '"alley Creek. ~\VT"

110

100

90-~
~ 80I-
a:

70

60

50
-50 -40 -30 -20 -10 0

Ta te)

FIGt"RE A2: The observed values of relative humidity with respect to ice (RH j ) versus temperature
(7':1) during the \"inter of 1996/1997 at Trait '"alley Creek. ~\VT"
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By ('oun~rting the relatiye hurnidity measureIllents to with respect ta ice using

the equations olltlined in Chapter :3. wp now obserye the expected rnaxima in their

\'alues near 10QIji at aIl tPIIlperatures (Figure A2). As discussed by Anderson (l994L

there an~ limitations with the instrument that yield a slightly curved profile in the

apprOXiIIlatP rnaxirna in RH i . :\ote howe\'e1' that we have nlade no atternpt to

recalibrate thp hurnidity IIwasurernents despite the instrument biases shown here.

Basf'd on this ('\'idl'nce. \\"P converted aIl of the RHIL' rueasurements colleeted at

T\'C during; the winter of 1996/1997 to RH!" As demonst1'atcd in Chapter 4. this has

significant cousequcncps to tll(' C\ï:llllation of tl1{' seasonal blowing snow sublimation

rates at this .-\rctÏl" tllndra location, The 1'esults of Essery et al. (1999) must also be

re-evaillated in light of tht' abo\'c sinee thei1' conclusions were obtained by assuming

that the initial huruidity rneasurenlents were with respect to ice and not with respect

to water,

\"p\"prtlwlpss. cautiou rBust be Ilsed in iutprpreting these adjusted RHi values,

:\Iakkoupn (1996) and POIIH'roy (personal comrllunication. :2001) bath attest that

hygrOInctprs oft('u }WCOnlt' coatpd with ict' at sllbfreezing tcnlperatllres. This caIl

IpêHl ta ('rrOI1('OIlS UH'asur('IIlcnts of hurniditics that consistently and artificially ap­

proach tIl<' sat llration point with respect to ice. Anderson (1996), ho\\"e\Oe1'. claims

that hygrometprs are cspt'cial1y deficient when RHi > 1. but rP1atin~Iy good belo\\"

the in' saturation point. In any case. without continuolls hnman rllaintenance of the

recording instrurllents during the winter of 1996/97 at TVC. sorne cloubts remain

on tlw an'uracy of the hUIUidity values r('corded there. Therefare. the contribution

of blowing SIlOW subliluation ta the surface mass balance nlay be underestimated in

Chaptcr ..L-t. On the ather hand. surface sublimation Inay be either o\Oerestimated

or underestimated at the saIne location,
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