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Aerodynatnic stability and turbulent sensible-heat flux 
over a tnelting ice surface, the Greenland ice sheet 
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ABSTRACT. The turbulent sensible-h ea t flu x to a melting ice surface is calculated 
from wind speed and a ir tempera ture a t 2 m over the ice surface, assuming a certain 
wind pro fi le with th e appropria te surface roughness . Th e aerodynamic sta bility of th e 
bound a r y laye r over melting ice is examined by comparing sensible-heat fluxes for 
logarithmic and log- linea r wind pro[i les, wh ere the logarithmic profil e is s trict ly valid 
on ly fo r neutral conditi o ns. Increas ing s tability red uces the sensible-heat flu x to the 
glacier surface and introduces a no n-linear relatio n betwcen hea t flu x a nd air 
tempera ture. The stability effec t is g rea tes t at low wind speeds and fairly small a t the 
high wind speeds th at a re common over th e ice sheet. Earlier es tim ates of abla tion by 
energy-ba la nce mod elling may be too large due to neglect of stabi lity but thi s was 
almost o fTse t by using a surface roughn ess th a t was too small . The log- linea r wind 
profile sho uld be used in future energy-balance models to ta ke acco unt of stability but 
more resea rch is need ed on the parameters of the pro fil e, as well as on the su rface 
roughn ess . 

NOTATION 

A Dim ensionless bulk-transfer coe fTi c ient 
AN As above, neu tra l conditions 
A s As a bove, sta ble conditions 
b Atmospheri c press ure (Pa) 
bo Standard a tmospheri c pressure ( 1.01 3 X 105 Pa l 
ep Specific hea t of a i 1' , constanr pressure ( 1005 J 

kg 1 deg 1) 
g Gravitational acce leration (9.81 m s 2) 
H Turbulenr sensibl e-h ea t flu x (W m 2) 
H I' As a bove, neutra l conditions (W m 2) 
Hs As above, sta bl e conditions (W m 2) 
k von K a rman 's consta nt (0.41 ) 
J{H CoefTicient of edd y diffusivity (m 2 

Si ) 

J{l\[ CoefTicient of edd y viscosity (m2 s 1) 

L Obukhov scale leng th (m) 
N Sa mple size (d ) 
R Prod uct- mom en t co rrela tion coefTi c ient 
Ri Bulk Richard son number 
T Air temperature a t 2 m above g lacier (deg) 
TK Absolute air temperature (K) 
To Surface temperature o f glacier (0 d eg) 
U Wind speed 2 m a bove glacier (m Si ) 

'U. Fri ction velocity (m s 1) 
z Instrum ent height (2 m ) 
Zo Surface roughness fo r sensible-h ea t flu x 

( 1.7 x 10-4 m ) 

Zou Surface roughness fo r wind speed (2 x 10 3 m ) 
ZOT Surface roughness for temperature (6 x 10-6 m ) 
a Empirical para m ete r for sensibl e-h ea t flux (5) 
au As a bO\'e, log- lin ea r wind profi le 
aT As above, log- linea r tempera ture profile 
fJ Empirica l hea t-tra nsfer coeffi cient (Wm 2deg 1) 
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r Adiabatic la pse ra te (9.8 x 10 3deg m- l ) 
P Densi ty of a i r (kg m 3) 
Po Standard densit y of a ir ( 1. 29 kg m-3) 
T Turbulent shea r stress at g lacier surface (kg m 1 s-2) 

INTRODUCTION 

The energy suppl y for melting at glacier surfaces comes 
from seve ral sources, net radiation and turbul ent se nsibl e
hea t flux being the ma in o nes . The rela ti ve mag nitud es of 
the ene rgy sources va ry wi th situa ti on but n e t radi a ti on is 
ge nera ll y the largest energy source on most glaciers 
(Pa terson, 1969, p. 58 61 ), and res ults from th e margin of 
the Greenland ice shee t (Brai thwaite and Olesen, 1990a) 
agree with this pa ttern. However, if air temperatures rise, 
e.g. due to the enh anced g reenhouse effec t, more than half 
of the increased a bla tion will be caused by an increase in 
sensible-h ea t flu x (Braithwa ite a nd Olesen , 1990c). This 
statement r efers to sensible-hea t flux calculated for a 
neutra l boundary layer , a lthough ra ther stabl e aerod yn
amic conditio ns can be expected (Gra inger a nd Lister , 
1966), a nd a tempera ture increase will involve increased 
stability. The presem paper therefore re-exam in es the 
calcu la tion of sensibl e-heat flux to assess th e effect of 
aerod yna mic stability a nd to see if previous conclusions 
about increased melting from Greenland need revision. 

BACKGROU ND 

The ver ti ca l turbulent sensible-heat flux H is ex pressed in 
flu x-gradi ent form as: 

(1) 

https://doi.org/10.3189/S0022143000034882 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034882


where P is th e d ensity of air, ep is the spec ifi c hea t of a ir, 
KJ-l is the coe ffi cient o f turbul ent diffu sivity, dT/ dz is th e 
vertica l temperat ure g radi ent and r is th e adi a batic lapse 
ra te. As th e present paper onl y d ea ls with th e a ir laye r 
close to th e glacie r urface (instrum ent height 2 m ) with 
la rge a ir-temperature g radi ents, r is neglected compared 
with dT/ dz. In the present pape r, sensib le-h ea t [lux 
towards the glacie r surface is ta ken as pos iti\·e . 

D espite th e ana logy of Equa ti o n ( I ) with th e class ic 
heat-conduction equ a tion, th e edd y diffu sivity KJ-l is not a 
simple prope rty of a ir. There is a substa ntial li te ra ture on 
how KII varies w ith hei g ht o\'er th e surface and with the 
conditi ons of turbule nce (Pa nofsky a nd Du tto n , 1984: 
Ca n-a tt , 1992 ). 

Th e tu rbulen t shea r stress T a t the g lac ier surface is t he 
ve rti cal nu x of hori zo nta l momentum : 

T = pK"1 . du/d z (2) 

\~ ' h ere K "I is the coe fTi c ient of edd y v iscos ity a nd du/d z is 
th e ve rti cal g radi ent of th e horizo n tal wind speed. In 
la bora to ry studi es of turbulence, th e qu a nLity (T/ p)O.5 is 

ca ll ed th e fri c ti on ve loc ity u •. 
The essenti a l po int of th e nu x-g ra di ent approac h is to 

ass ume some kind o f simila rity, i.e . th e R eynolds a na logy, 
between KH and I(~l so tha t KH can be estima ted from 
the verti ca l wind profil e immedi a te ly a bO\'e th e surface. 
C ra inge r and Liste r ( 1966) di sc ussed wind profil es th a t 
have bee n used in g lacio logica l studi es . 

LOGARITHMIC WIND PROFILE 

The sim ples t, a nd possibl y most elegant , trea tm ent of 
sensible-h ea t nu x ass um es th a t the win d speed increases as 
th e natural logarithm o f th e height abo\'C th e surface, i.C'. 
the so-ca ll ed loga ri thmic pro[il e (Can'an, 1992 , p. 45; 
P a te rson, 1994, p . 60- 66) : 

ti = (u./k) ·In(z/zou ) (z/zou» 1) (3) 

w her e 7J,. is th e Cri c t ion ve loc ity , k is vo n K a rm a n 's 
constant th a t ap pea rs in la borato ry sLUdies of turbu len ce , 
a nd Zou is th e s urf~\ce roughness, rep resenting th e ve r y 
sm a ll height above th e g lac ier surface w here wind speed u 
is ze ro . The loga rithmi c pro fil e is based o n th e ass umpti o n 
that [luxes of mome ntum and hea t a re constant with 
he ig ht within th e surface bound a ry laye r (inerti a l sub
laye r) immediate ly OVfr th e glacie r and that th e edd y 

viscosity K "I is propo rtion a l to he ig ht z: 

K~ I = ku.z . (4) 

This is onl y stri c tl y valid for a neutra l a tm osp her e but 
Crainge r a nd Li ste r ( 1966) sugges ted that th e loga rithmi c 
pro fil e is a pplica b le ove r a wid e ra nge of sta bility 
condi tions a nd it has been used without modifi cation b y 
F ohn ( 1973 ), M a rtin ( 1975 ), Poggi ( 1977 ) and H ogg a nd 
othe rs ( 1982 ). From the above, lUrbu lenr nux in a ne u tra l 
a tmosphere HN is: 

H 
_ pCpku. (T - To) 

N-
[In(z/ ZOT) 1 

(5) 

Brailhwaile: T urbulent sensible-heal}lu l over a melting ice sll1Jace 

where Z01' is the surface ro ughness for the temperature, 
i.e. the height where T = To th e surface tempera ture o f 
the g lac ie r. Througho ut thi s paper, th e g lacier surface is 
ass um ed to be melting so th a t To = 0 d eg. Elimination o f 
th e fri c tion veloc ity between Equations (4 ) a nd (5) gi\ 'es : 

(6) 

,,·here A is a dimensio nl ess bulk- tra nsfer coe ffi cient. F o r 
neutral cond itions, this is equal to A N: 

(7) 

The w i nd speed 'Lt a nd tem pe ra ture T a re m easured at th e 
height z (2 m for prese nt purposes) and Ai\' is abo ut 
0.002 0.004 [or melting snow a nd ice surfaces (Pa terson , 
1994, p . 65 ) . Th e d ensit y of a ir p in Equation (6) is 
estim a ted from th e a tmosp heri c press ure b: 

p::::: po(b / bo) (8) 

where Po is the standard density of a ir a nd bo is th e 
stand a rd pressure, a nd b is th e mea n atmosp heri c press ure 
for th e particu la r site th at can be es timated from its 
eleva ti o n a bo\'e sea le\'e I usi ng a sta nd a rd at mosphere 
eq ua ti o n. 

Equ a ti o ns (6 ) (8) m ea n th a t sensible-h ea t nu x can be 
calcula ted from \\'ind a nd te mperat ure d a ta at one heig ht 
z i[ th e bu lk-tran. fer coeHi c ient, wh ich depends on lhe 

surface ro ug hn ess leng th s ZOT a nd Zou , is kn own. Th e 
princip le of calc ul ating snow or ice a blati o n fi-om simpl e 
meteoro logical da ta has been knOlI'l1 for a long time 
(Angst rom, 1933: S\'e rdrup , 1935; \\'ilson, 194 1) an d th e 

spec ifi c form in Equatio ns (6 ) and (7) h as bee n used in 
Green la nd by Ambac h ( 1986), Bra ithwa ite a nd Olcse n 
(1990a, c ) a nd \'an de \\' a l a nd Russe ll ( 1994). 

A w id e ra nge has been reported in th e literature 

(T a ble I ) fo r su rface ro ug hness Zou o\'er ice, ma in ly 
renec tin g the effect of m icro- and meso-sca le topograp h y 
on surface roughness (T\Iunro, 1989 ), a lth ough ?\l o rri s 
( 1989) sugges ted th a t som e o f th e la rge r roug hness valu es 
may be caused by slope e rrors. This may acco unt fo r the 
\'a lues in T able I for th e C I\ I EX pro file , in W es t 
Green la nd , whi ch a re es pecia ll y problem a ti c because the 
roughn ess a pparentl y in c reases from the ice-shee t marg in 
(site 4 ) towards th e in terior (site 9), contrary to intuitio n . 

Ambac h ( 1986 ) sugges ted different rou g hn ess for wind 
speed , a ir tempera ture a nd humidity for ice a nd snow 
surfaces (T a ble 2) on th e basis of energy-ba la nce stud ies 
in bo th th e a bla ti on a rea (Ambach , 1963 ) a nd acc umu l
at ion a rea (Am bac h, 1977 ) . H olmgren (197 1) a lso found 
th at th e surface roughn ess is lower fo r snow th a n ice, but 
\Iunro ( 1989 ) a nd Binta nj a a nd \'an d en Broeke ( 1994) 
found the opposite, and so me tex tbooks g ive snow a 

g rea ter ro ug hn ess than ice (Oke. 1978; Panofsky a nd 
D utton , 1984). There is genera l agree m ent th at th e 
surface rou g hness of snow in c reases with w ind speed due 
to th e effec ts of driftin g (Gar ra tt , 1992 , p.97 103), thus 
acco u n ti ng fo r some la rge snow-rough ness \'a l ues, bu t 
drift is la rge ly exc lud ed if o ne is ta lking abo ut me lting 
snow and is a bsent for melting ice. D ay-to -d ay va ri a tions 
of seve ral o rd ers of magnitude in surface roughn ess ha\'e 
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Table J. Smjace Toughness J01' wind speed over ice in units 
IO-3m. UjJdatedji"om K uhn (1979) and Morris (1989) 

H oinkes a nd Unterstein er Vernagtferner 1.5 
( 1952) 

Hoinkes ( 1953 ) 
Untersteiner ( 1957) 
Skeib ( 1962) 
Ambach (1963 ) 
K eele r (1964) 
H a \'ens and others (1965 ) 
Grainger a nd Lister (1966) 

Streten and ' I\T endl er 
( 1968) 

H olmg ren ( 1971 ) 

Wend ler a nd W eller 

( 1974) 
M a rtin (1975) 

Poggi (1977 ) 

Hogg and others (1982) 
H ay a nd Fi tzharri s (1988) 
Munro (1989) 
~Iunro (1990) 
Duynkerke a nd 

van d en Broeck (1994) 

Va n de \I" a l a nd R ussell 
(1994) 

H ornkees 1.7 
Chogo Lung m a 2 
Zentra ln yy Tu y uksu 1.1 
EGIG Camp IV 1.8 
Sverdrup G lacier 4.4 
White Glacier 6.7 
Storglaciaren 0.1 
Bri tannia G le tscher 7 
Britannia Gle tscher 5 

Worthington Glacier 1.8 
De\'on Isla nd 

Ice Cap 
M cCall Gl acier , 

Alaska 
G lac iar Sa i n t

Sorlin 
Ampere Gl aciar, 

K erguelen 
H odges G lacier 
I vo ry Glacie r 
Peyto Glacier 
Peyto Glac ier 

G IMEX - site 4 
G I\1EX - site 5 
G J tvIEX - site 6 
G IMEX - site 9 

G I MEX model 

1.3 

2.4 

5.5 6.9 

I 
1.3 
14 

0.7 2.4 
2.5 

40 
4 

0.8 
8 

a lso been reported for melting snow (Pluss a nd M azzoni , 
1994) , pres umabl y refl ec ting rea l variations as well as 
measurement errors, which must be consid erabl e. 

L ess is known abo u t th e surface ro ug h ness ZOT for 
temperature but Sve rdrup ( 1935), Holmg ren (1971 ) and 
Ambach ( 1986) have ag reed th at it is about two orders of 
magnitud e smaller than Zou . Althoug h some authol"s 
ass ume the roughness is the same for bo th profil es, th ere is 
no reason , in princip le, wh y th ey shou ld be th e sam e 
because th e transfer processes a re different close to the 
surface, e.g. th ere is no flu x of momentum through the 

Table 2. Sll1jace mug/mess Jor wind speed, ail' temperature 
and !tumidity profiles according to Ambaclz ( /986) . Units 
are metres 

~10men tu m 
T em p era ture 
Va pour pressure 
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Snow 

I X 10-4 
6 x 10 6 

6 x 10 G 

Ice 

2 x 10-3 

6 x 10 6 

6 x 10 6 

interficial sub-l aye r (of thi ckn ess zou ) whi le h ea t transfer 
is by mol ec ul a r diffusion. This prompted Andreas (1987) 
to ex press the ratio ZOT / Zou as a fun ction of the roughness 
R ey nold s n umber, and w i th th e appropriate values 
Andreas's model predicts that ZOT should b e 10- 100 
times sma lle r than Zou, in roug h agreement with Ambach 
(1986) but Munro (1989) a nd King and Anderson (1994) 
found to the con tra ry. 

In \·iew of th e above di sagreements, to simplify the 
treatment, and to anticipate th e res ult th a t Ambach 's 
surface roughness lengths need not app ly to the ice
margin a rea, even if th ey a pply to th e uppe r a b lation 
a rea , it is convenient to follow Morri s and H arding 
(1991) in a ss uming th a t ZOU=ZOT=ZO , th e effec tive 
roughness for sensible-heat flu x such th a t: 

(9) 

For Equ a tion (9 ) to give th e same numeri ca l value for AN 
as Equation (7) with the ice roughness from Ambach 
(1986), i.e . Zou = 2 x 10 3 m a nd ZOT = 6 x 10 Gm for 
ice, an effec tive va lue of Zo = 1.7 x 10 + m is ass umed. 

The sensible hea t flux (Fig. I) is ca lculated according 
to Equ a tions (6) and (9 ) for differe nt va lues o f' 
tempera ture and wind speed. The atmospheric press ure 
is 90 kPa, corresponding to a n e leva tion of about 1000 m 
a .s.I. , wh ic h is typical of th e middle oflhe ab lation area in 
Wes t Greenland. The range of tempera ture a nd wind is 
chosen to be typical of those preva iling a t Kordbo
gletscher a nd Q a manarssCI p se rmi a (' I\T est Greenland ) 
during th e summ er months June- Augll st. Th e sensib le
heat flu x in the model is lin ear with respec t to in creas ing 
tempera ture . This is true as long as th e glac ier surface is 
melting but surface temperatures need not remain at th e 
melting point even with a i r temperatures a bove 0 deg 
(Kuhn , 1987) , so th ere mig ht be greater sens ible-h ea t flux 
to th e (non-melting) g lac ier surface a t the lower a ir 
tem pera t u res . 
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Fig . / . Sensible-heal flux JOI the logalithmic wind JJloJile 
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It is n ow necessa ry to consider the effect of stab ilit y o n 
th e sensible-h ea t Dux tha t has been neglec ted up to this 

poin t. 

AERODYNAMIC STABILITY OVER MELTING 
ICE 

Wh en a n a ir parcel is displ aced upwards by turbulence 
from its usua l heigh t, it cools at th e adi a ba ti c la pse ra te r. 
The a ir parcel ex peri ences nega ti\"C o r pos iti ve buoya ncy 
forces accordin g to w he ther it is now wa rmer (less d ense ) 
or coo ler (more d ense ) tha n its new surro undings a nd th e 
buoya ncy fo rces tend to a mplify o r inhibit th e furth e r 
move m ent of th e a ir p a rce l. In th e case of a melting 
glac ie r in th e summ er , th e air temper a ture gene ra ll y 
increases in th e first few metres ove r th e surface a nd 
buoyancy fo rces inhibit turbulence (Cra inger and Liste r , 
1966 ) . The surface laye r is said to be aerod yna micall y 
sta ble. Th e deri vatio n o f th e se nsible-h ea t flu x fo r a 
loga rithmic wind pro fil e n eg lects th e effec t of sta bility a nd 
th e Du x in Figure I m ay th erefore be o \·e res tim a ted . 

The sta bility, o r oth e rwise, of the surface layer is 
described by th e bulk Ri cha rdson number (Ri ) whic h 
rela tes th e rela ti\'e e ffec ts o f buoyancy LO mecha ni ca l 
fo rces (Oke, 1978 ) . Th e bulk Ri cha rdson number a t 
heig ht z ove r a melting surface (To = 0 d eg) IS: 

(10) 

where 9 is th e accele ra ti o n of g rav ity a nd TJ( is th e a ir 
tempera ture on th e abso lutc sca le (K ) . Ri is pos ili \'e in a 

stable a tmos phere. 
Th e va ri a li ons of Ri ch a rd so n number w ith wi nd specd 

u a nd lempera ture T (bo th a t 2 m) a re shown in Fig ure 2 
where th e g lacier surface is once aga in ass um ed to be 
mcltin g . The bounda ry be tween " full y fo rced coll\'ec 
ti on" (ne utra l) a nd " d a mped forced con vec ti on" (sta ble ) 
is Ri = 0. 0 1 (Oke, 19 78 ) a nd th e criti ca l value of Ri fo r 
th e tra nsiti on to " no con vec ti on" is a bo ut + 0.2 (Webb , 
1970) . The va ri a ti ons o f Ri (Fig . 2) show th a t turbulent 
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conditio ns m ay be close to ne utra l for higher w ind speeds, 
i. e. 7 m s 1 o r m ore, up to quite hi gh tempera tures . Sta bl e 
conditions m ay be ex pected fo r medium wind speeds, 3-
5 m Si, ove r m OS l of th e te mpera ture r a nge whil e 
turbulence esse nti a ll y di sappea rs for low wind speed , 
I m S- 1 o r less . 

Some a uth o rs co rrec t th e sensibl e-h ea t flu x O\'e r 
melting sn o w o r ice [o r effec ts of sta bility, e ither by 
simple fun c ti o ns of th e bulk Ri cha rdso n number or by 
using th e Monin Obukhov sta bility fun cti o n cp (Panorsky 
a nd DutLOn , 1984; C an"a lt, 1992 ) th at is r e la ted to Ri. 
Snomnelt studies by Pri ce a nd Dunne ( 19 76 ) a nd Bra un 
( 1985 ) used: 

Hs/HK = 1/( 1 + 10Ri) (11) 

where Hs is the sensible-h ea t Dux in stable conditi ons a nd 
H N is for ne utra l condili o ns . Th e correc ti on fac LOr (Fig . 
3) shows o nl y small \'a ri a ti o ns up to q uite hig h temp
era tures fo r hig her wind speed s bu t is small [o r low wind 
speeds where the Ri cha rdso n number is hi g h. An oth er 
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u ", 7 
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0 . ' 

0.2 
u ~ 1 

0.0 
0 , 6 8 10 

Air t empe ratu re de g 

Fig . 3. StabiLiI)' (oneclioll jaclor 1/ ( I + IORil at 2 III 
above a mellillg glacier. 

correc ti on facLO r has bee n used fo r snolY melt b y \ Veisma n 
( 1977 ) a nd M oore (1983 ), a nd o n a glac ie r b y H ay a nd 
Fitzha rri s ( 1988 ) : 

HS/ HK = (1-5Ri)2 0.2 > Ri > 0.01 
= 0 Ri > 0.2 . (12) 

This correc tion fac tor (fi g . 4 ) is esse nti a ll y th e same as 
th e previo us one (Fig. 3) fo r hi g her wind speed s (5- 9 m 
Si ) but dro ps lO zero mu ch m o re ra pidl y fo r lo wer wind 
speeds ( I m S i) , i. e . it shows a s tronge r cut-off o f sensible
hea t flu x du e to sta bility. 

The se nsibl e-h ea t flu x using th e logarithmic wind 
p rofil e may be ove res tim a ted und er th e ve ry sta bl e 
co nditi ons e n co untered a t low wind speed s over a 
melting g lac ier. On th e o th e r h a nd , sta bilit y effec ts a re 
fa irl y sma ll a t th e high wind speed s tha l a rc common on 
th e Gree nl a nd ice shee t. As a n a lte rn a ti\ 'e to using th e 
correc ti on fac to rs in Figures 3 a nd 4. th e use o r a different 
wind profil e is now consid ered . 
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Fig . 4. Stabili£JI conectionfactor (1- 5Ri/ at 2 111 above a 
melting gLacier. 

LOG-LINEAR WIND PROFILE 

For th e log- linear profi le, based on th e work of M o n in 
a nd Obukhov (G an-a tt , 1992 , p. 52- 54), the wind at 
h eigh t z is given by: 

u = (u./k) [In (z/zou) + ex(z/ L )] (13) 

wh ere ex is an experimental parameter a nd L is the sca le 
heig ht ofObukh ov (19 71 ): 

3 L = pcpu. TK 
kgH 

(14) 

Som e a uthors, e.g . Kra us (1973), have included a n ex tra 
te rm in the denomin a tor of L to incorpora te th e effects of 
vapour stra tifi cati on on bu oyancy but Obukhov's orig in al 
fo rmula ti on is used here. By ana logy with Equ a tion (9 ), 
a nd ass uming again the same pa ra m eters for wind a nd 
tempera ture profi les, the bulk-transfer coeffi cient As for 
sta ble conditions is: 

k2 

As = [In(z/zo) + ex(z/ L )]2 
(15) 

Th ere is an ex tensive litera ture on ex, summ arized b y 
G a rra tt (1992, p. 289) but this stud y foll ows Munro 
(1989) in ass umi ng tha t ex = 5 fo r both wind a nd 
temperature profil es in ta ble conditi ons as proposed by 
D yer ( 1974). 

The log- linear profi le has been used ove r glaciers by 
Gra inge r and Lister ( 1966), Kra us (1973, 1975), C asin 
iere ( 1974), Derikx (1975 ), Munro and D avies (19 77 ), 
and Munro (1989, 1990), and in Greenland by Du yn
kerke and va n d en Broeke (1994) . One appa rent diffi c ulty 
is th a t the Obukh ov length L is n eed ed to calcu la te th e 
sensib le-hea t nux w hile one need s to know the ensible
hea t nu x to ca lcula te L . Munro ( 1989) ove rcame this 
vicio us circle by a n itera tive procedure whereby H is first 
calcu la ted for z/ L = 0 (neutral case), th en a new L is 
calcu la ted from H a nd an upd a ted H is ca lcu la ted from 
the new L , the w hole proced ure being repea ted fo r a 
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number of it era ti ons. Th e present stud y agrees with 
:'l unro ( 1989) tha t the iterations qu ickly converge and 
the calc ula tion of sensible-heat nux fo r th e log- linea r 
profi le is th erefore ha rdly more time-consuming than for 
the logari thm ic profi le. 

Sensible-hea t nu xes fo r the log- linear profil e (Fig. 5) 
are gen e ra ll y simi lar to those for the logari th mic profil e 
(Fig. I ) except that ( I ) sensible-hea t nux is no longe r 
exac tl y linear with tempera ture and (2) flu xes are lower 
for th e sa m e wind and tempera ture conditi ons as before, 
renec ting the inhibi tion of turbu lence b y sta bili ty. I n 
part ic ula r , sensible-h ea t Dux becomes zero a t ve ry low 
winds speed s ( I m s- I), a lth ough th ere is a n on-zero heat 
flu x (too sma ll to be seen in Figure 5) a t bo th low wind 
speeds a nd low tempera tures ( 1- 2 deg) . 
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Fig . 5. Sensible-heat flux for the log- Linear wind profile 
with wind sjJeeds 1- 9 m s 1 T emperature and wind at 2 III 
above melting glacier sU1:face. 
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RELATIVE EFFECTS OF STABILITY AND 
ROUGHNESS 

Bra ithwa ite and O lese n ( 1990a) ca lc ula ted the energy 
bala nce a t two sites in 'N es t Greenland with a model th a t 
uses th e logarithmic w ind profil e for the sensible-hea t 
flu x. Th is seemed a reasonable thing lO d o a t the tim e 
because (1) G rainge r a nd Lister (1966 ) implied tha t the 
logarith mi c profi le is valid over a wid e sta bi lity range, 
and (2) a bla tion ca lcu la ted for neutra l conditions was 
found to fit observed a bla ti on ra ther well on the average . 
H owever , the calcu la tion of the sensib le-h ea t flu x is now 
repea ted using the log- linea r profi le, wi th a ll other da la 
and ass umptions as before. For convenien ce, onl y cases 
wilh T ~ 0 deg are consid ered (386 d a t N ord bogletscher 
and 480 d at Q ama na rssup sermia ) so a frozen glacier 
surface is la rge ly exclud ed. 

The m ean se nsible-h eat nu x with th e log- linear profi le 
is resp ec tively 74 and 84 % of the corresponding values fo r 
the loga rithm ic pro fi le (T a ble 3). In ro und fi gures, 
sta bili ty reduces sensib le-hea t flu x b y a bout one-fifth 
com p a red wi lh neu tra l condi t ions, w i th a smalle r 
redu c tion a t Q amana rss up sermia (m ean air temper-
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Table 3. Nlean sensible-heat jluxes JOI' two sites in West Greenland. Cases with air temperature above 0 deg 

Nordbogletscher QslmanarSSllj) 

Stake 53 75 1 
El evation (m a.s .l. ) 880 790 
L atitude (N ) 6 1 °28' 64°28' 

Number or d ays 
M ean a ir tem perature (deg) 
M ean wind speed (m Si ) 
Ab lation Du x (\ \ ' m 2) 
Sensible-h ea t flu x (W m 2) 

Log- lin ea r 
Log pro fil e 
R a tio 

a tLll-e 5.4 deg a nd m ean wind speed 5 .0 m s I both at 2 m 
a bove th e glac ier surrace ) th an at Nordbogletsc he,- (4 .1 
d eg and 3.3 m Si ), because sta bility is weake r du e to th e 
hig h e r mean wind speed . 

Th e reduct ion in calcul a ted sensible-heat Du x by 
stability a ppea rs to imply th at th e e ne rgy-balance mod el 
orBra i thwaite and Ol esen ( 1990a) overestimates ab latio n 
by th e same a mo unt tha t se nsibl e-h eat Dux is over
es timated , i. e. equi valent to overes tim a ting mean a bl a t
io n b y 6 a nd 8% a t the two sites. H owever. suc h a n 
ove res tima ti on is excl uded beca use th ere was on average 
good agreement between meas ured a nd ca lcu la ted 
ab la ti on a t the two sites (Bra ithwa ite a nd Ol ese n , 
1990a) . There m ust therefore be a no th er source of e rror 
th a t m o re-or· less compensates ror the e rrect or stab ility . 
The m os t likely candidate is th e cho ice of rou ghn ess . The 
preceding ca lcul a ti o ns a ll use Zo = 0.00017 m, which 
ac tuall y rerers to th e rela ti vely sm ooth ice sLUdi ed by 
Ambach ( 1963 ) in the upper a bl a ti o n a rea. Th e rou g h
ness or ice in the o uter ab la tion a rea, as a t Nordbo
g le tscher a nd Q a m a na rssup se rmi a, could we ll be an 
ord er-o r-m agniLUd e g rea ter. 

Th e curves in Fig ure 6 show th a t a te n-fold increasc in 
surrace ro ughness Zo has a la rger e ITec t on sensible-h ea l 
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386 480 
4. 1 5.4 
3.3 5.0 

11 9. 1 170.7 

25.9 54.4 
34.9 65.0 
0.74 0.84 

Du x than the eITec t or stability as expressed by the 
diITere nce between logarithmic a nd log li nea r profil es 
(wind speed 5 m s I at 2 m [or a ll cases ) . 

NEGLECT OF WIND VARIATIONS 

The logica l ex tension to calculat ing sensible-heat flu x 
from temperature and w ind -speed data at o nc height is to 
use lemperatu re data a lo ne . This is th e b as is o f a meth od 
whereby wind speed is " lumped" into a bulk heat-transfer 
coe ffi c ie nt (Kuhn , 1979; M oore, 1983; 1\loore a nd 
Owens, 1984: Esc her- Ve ller, 1985 ; H ay and Fitzhar ri s. 
1988 ) . S uch a simpli ficat io n is a tlrac tin' bceause it is 
often difficul t to get data ror wind speed in g lac ier a reas, 
and es pecia ll y ove r th e w ho le Green land ice sheet, wh ile 
tempcrature data can be eas il y extrapo lated from a 
di stant sta ti on . Th e definiti on or th e h ea t-tra nsfe r 
coe ffi c ie n t f3 is: 

(16) 

where fj is the mean se nsibl e-hea l flu x over man y days 
and T is th e mean tempe rature ove r th e sa me peri od . By 
eom par iso ll with Eq uat io ns (6), (8) a nd ( 15 ) , it is ob\'io us 
tha t f3 must depend impl ic itly upon m ea n wind speed , 
roug hn ess, measurement height a nd the dens ity or air, 
and th e reb y eleva tion abO\'e sea leve l. Th e transrer 
coe ffi c ie nt is a t most a pa ra meter (quantity consta nt in 
th e case consid ered but va rying in diITe ren t cases; The 
Concise OxJord Dictiollcuy, sixth edition ) ra th er tha n a stri ct 
constant. For the logarithmic wind pro fil e (Fig . I ) , 
sensibl e-h eat flu x is ce rta inl y proportion a l to temper
a ture ro r a constant wind speed a nd is nea rl y proporti onal 
for mos t of the log- lin ea r profile (Fig . 5 ) . 

For va rying wind speed , (3 a lso d e pe nd s upon th e 
co rre lat io n betwee n wind speed and temperat ure, whic h 
is pos iti ve a l both sites du e to a n assoc iatio n of hi gh wind 
speeds w i th hi gh tempera tures und er Fbhn-type evem s 
(co rrela ti on coe ffi cients o r +0 .4 1 a nd +0.42, res pec
tively, fo r Nordbogletsc her a nd Qamanarssu p se rmia ). As 
mea n w ind speed is im p li c it in (3, a corre la ti on betlVeen 
transfer coe ffi cienl s a nd m ean wind speed .. in different 
situ a ti o ns m ay be ex pec ted (Kuhn , 1979 ) , a lth ough Funk 
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( 1985 , p. 165 75) did no t find nota bl y hi g h co rrela ti ons 
(th e ex pec ted co rrel a ti ons were pro ba bl y obsc ured b y 
o th e r effects) . 

On e \\"ay of iso la ting th e tempera ture sensitivilY of 
sensi b le-h ea t fl ux is by sim pi e leas t-sq ua res regression o f 
th e calc ul a ted sensibl e-hea t flu x on a ir tempera ture, i. e . a 
kind o r re-sampling procedure. The res ulting regress io n 
equ a ti o n represents th e flu x tempera ture relati on [or th e 
aye rage w ind conditi ons pre\'a iling in th e d a ta se t. Th e 
reg ress ion equ a tion [o r th e log linea r p ro fil e a t Nordbo
g le tsc her (d ays \\'ith T ~ 0 d eg) is: 

H s = - 15.2 + 9.9T R = 0.64 N = 386 (17) 

wh ere R is th e correla ti on coeffi cient and N is th e sa mpl e 
size in d ays. Th e corres po nding equ a ti o n [o r th e 
logarithmi c profi le a t N o rd bogletsc her is: 

Hx = - 13.4 + 14.5T R = 0.83 N = 386 . (18) 

Th e equa ti ons for Q a m a n ii rssu p scrmi a (d ays with T ~ 0 
d eg) a re : 

H s = - 18.8 + 13.5T R = 0.73 N = 480 (1 9) 

a nd 

H I'. = -2l.5 + 16.0T R = 0.82 N = 480. (20) 

Th e nega ti \'e in terce p ts in a ll [o ur eq ua ti o ns have no d ee p 
ph ysica l signifi cance a nd proba bl y a rise beca use tem
pe ra ture a nd wind sp eed a r e positi ve ly co rrela ted , 
increas ing th e slope o f th e regress ion line a nd fo rcing 
th e inte rce pt below zero . Ir th ere were n o co rrela ti o n 
be twee n wind speed a nd tempera ture, the in te rce pt 
\I"O Ld d be esse nti a ll y ze ro a nd the slopes wo uld be less 
th a n h e re. 

Th e slopes in th e regression eq uations have th e nature 
o f" hea t-tra nsfer coe ffi cie nts. The e[Tect o f sta bilit y is to 
reduce th ese coeffi cients, b y 32 and 16%, respec ti vely, fo r 
the present cases , o r b y a bou t one-qu a rter in ro un d 
fig ures, a lthough, as sa id previo usly, thi s could be offse t 
aga in b y using la rger ro ughness to reca lcula te th e 
sensi bl e-h ea t fl uxes . 

The hea t-tra nsfer coe ffi cients [o r th e pre ent cases a re 
compared with o th ers from th e litera ture (T a ble 4), 
showing a fa irl y wide ra nge , w hi ch pres um a bl y refl ects 
\'a ri a tions in w ind speed a nd ro u ghness. Th e hea t-tra nsfer 
coeffi cient ofKuhn ( 1979 ) refe rs to a n alpine g lacier a nd is 
ra th er larger tha n th e Greenla nd va lu es in T a bl e 4 des pite 
its greater a ltitude. Pres uma bl y, the surface ro ug hn ess is 
la rge and m o re th a n offse ts th e efTec t of lower a tm osp heri c 
press ure (as disc ussed in the nex t sec ti on). 

The three tra nsfer coeffi c ie nts in th e middl e o f T able 
4, whi ch have been used fo r m od elling (O erlem ans and 
H oogendoorn , 1989; O erlem a ns, 199 1, 1992 ) , refer to 
ass um ed valu es a t th e g lacie r sn o uts tha t d ec rease wi th 
a ltitude b ut n o reasons [o r ch oosing different values for 
th e different rn odels a re g ive n . The co rrec t c hoice of 
tra nsfer coeffi c ie nt is importa nt for assessing th e sea -l evel 
rise du e to inc reased melting o f rn ountain g lac ie rs, whi ch 
O erl ema ns a nd Fortuin ( 1992 ) sa id is less tha n previously 
es timated . 

The mos t se ri ous objec tio n to the wid espread use of 
heat-tra nsfer cocfIicients is th e problem of c hoosing a 
sui ta ble valu e LO take accoun t of wind co nditions in 
G reenl a nd , i. e . mean wind sp eed and surface roughn ess . 
R ecent resear c h on th e d yn a mi cs of th e bound a ry layer 
O\'e r th e Greenl a nd ice shee t (O erl ema ns a nd Vugts, 
1993 ) may hel p us to gu ess wind-speed distributions 
w here obsen 'a ti o ns a rc lac kin g. For examp le, M eeste rs 
a nd oth ers ( 1994) sugges ted th a t w ind speed s a re higher 
o\'e r th e upper abla tion a rea th a n over th e tundra and 
g lacier ma rgin. 

GEOGRAPHICAL V ARIA TIONS OF SENSIBLE. 
HEAT FLUX 

The depend en ce of sensible-h eal flu x on th e d e nsity or air 
p also im plies a geogra phica l vari a ti on in th e size of 
sensible-hea t flu xes, beca use g laciers in differ ent regions 
a re loca ted a t difle rent a ltitud es . This point is illustra ted 
(Fig. 7) by ca lc ul ations fo r diffe rent \"a lues of a tmos pheric 
press ure: 90 kPa (typical of th e mid-abla tion a rea of th e 
G reenl a nd ice shee t), 70 kPa (Alps and R ockies) and 
50 kPa (A nd es a nd Him a laya ) . 

Table 4. Heat-transfer coifJicients for turbulell t heal jllLl according to variolls authors 

2 I \\. m d eg 

Hi n te reisfern er 
White G lacie r 
S\'erd rup G lac ie r 
Rbonegletsc her 
Al pi ne mod el 
G ree nl a nd mod el 
Nor wegian model 
.\T o rd bogletscher * 

Q a ma na rssCIJ) serrni a * 

* S u r face roughness 0 .000 I 7 m. 

568 

19.4 
14.0- 18.2 

14.7 
10.5- 17.8 

10.0 
15.0 

7.0 

9.9 
14.5 

13.5 
16. 0 

rnm d Ijdeg I 

5.0 
3.6- 4.7 

3.8 

2.7 4.6 

2.6 
3.9 

1.8 
2.6 

3.7 

3.5 
4.1 

R iferences 

Kuhn ( 19 79 ) 
Braithwaile ( 198 1) 

Braith waite ( 1981 ) 

Funk ( 1985) 

O erl em a n s a nd H oogendoorn ( 1989 ) 
O erl ern a n s ( 199 1) 

O erl ern a n s ( 1992 ) 

Log- linear profile 
Logari thrni e profi le 
Log lin ea r profil e 
Logari thmi e profil e 
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Fig . 7. Effect of almosjJheric jJreSJure l'arialiollS on 
turbulenl sensible-heal fllll. 

All things be ing equ a l, th e hea t nu x in th e A nd es a nd 
Hima laya sho uld on lv be a bo ut one-ha ll' of th a t in 

G reenland fo r th e sam e temperature a nd II'ind speed, 

a ltho ugh I'a ri a ti o n s withi n G ree nl a nd a re re la ti\ "C ly 

sm a ll , beca use of th e res tricted ra nge of a bl a ti o n-a rea 

a ltitudes . There a rc proba bl y a lso differences in surface 
ro ughn ess fo r diffe re nt g lac ier reg io ns, e .g . du e to diffe rent 

frequ encies o f sur face d ebri s, wea th e rin g cr ust a nd surface 

fea tures like hUlTIm oc ks, sun cups a nd peni te nts. F o r 

exampl e. in Gree nl a nd , th e ice surface is more bUlTI p\' 
close to the m a rg in of th e ice shee t th a n rl ose to th e 

equ ilibrium lin e . DifTe ren t tempera ture se nsitil 'it y can 

th e refo re be ex p ec ted [o r se nsible-h ea t nu x in difTe ren t 

g lac ier regions a nd may contribute to in te r- regio na l 
\ 'a ri a ti ons in pos iti \"e deg ree-da y fac tors Bra itilln li te, 

1995 ), a lthoug h th ese ha\"C no t ye t b een clea rl y id e ntified . 

DISCUSSION 

The bu lk- exc ha n ge coe fli cient As g i I'en in Eq ua ti o n ( 15 ) 

is o nl y a pproxima te ly correc t. A m o re exact fo rm u la is: 

1.;2 
As = (21) 

[i n (z/ zou) + Cl'u(z/ L)] [In (z/ ZOT) + QT(Z/ L )] 

where dinr rent ro ug hness and 0' p a ra meters a rc used Co r 
w ind and tempe ra ture profil es . Th e ro ughness leng ths 

d e te rmi ne th e m agnitude of se nsib le hea t fc) r n e utra l 

conditi ons a nd th e Cl' pa ramete rs d e te rmin e th e sh a p e o f 

th e sta hility fun c ti o n , i. e . th e way in w hi ch se nsibl e-h ea t 

nu x is redu ced lI'ith in creasing sta bility . .\Io re resea r c h is 
need ed to fI nd th e most appro pri a tc I'a l ucs o [ th ese 

p a ra m ete rs to use in a n\' pa rti c ul a r situa ti on. i\ minimum 
req uirement wo uld be to ta ke acco unt of diffe ren ces 

b e twee n ice a nd sn ow surfaces, as we ll as acco unting fo r 

broad differences in surface types . 
Ir is easy to c riti cize th e use o f th e effect ive S Urf~lCC 

ro ug hn ess Zo in th e prese nt pa pe r , beca use th e re is 
ev idence, both em p iri ca l a nd th eo rc ti ca l, t ha t su rface 

rou g hn ess for wind a nd tempera ture pro fi les is ge n er a ll y 

Bra ititu.'a ile : T urbulent sensible-heal jluI over a melling ire sll~face 

diffe re nt. H oweve r , it is no t imm edia te ly (' Iea r w h a t 

\'a l ues should be used. F or exam p ie, most e\' id en ee 

sugges ts th a t ZOT is mu c h less th a n Zou but so me a uth o rs 
have sugges ted th e co ntra r\,. Th e effec ti ve roughn ess Zo 
must li e be t\l'een Zou a nd ZOT and . as rea listi c I'a lu es o f 

sensibl e-h eat fl ux ca n be calcul a ted w ith Zo I'a lues th a t 

a re lower th an Zou \ 'a lu es from th e lite ra ture, th e prese nt 

stud y impli es th a t ZOT is ind eed mu ch less th an ZOLl . 

Th e importa nt iss u e is the prec ise fo rm of sta bilit y 

[un ct io n , o r o f n "a lu es, to be used in la rge -sca le 
hydro logica l a nd c lim a tol ogica l m o del s fo r clim a te 

cha nge ex perim ents. Th e ass um pti on o f th e same Cl' fo r 

\I 'ind a nd te mpera tu re pro fi les und e r s ta ble conditi o n s 

( 0: = 5 ) is ta ken fro m D ye r ( 19H) but o th er I'a lues h a \ c 

bt't' n pro posed (Ga rra ll, 1992 , p.289 ) . i\ pa rti cul a rl y 
respec ted recen t s tudy ou tside Gree nland by H ogstrom 

( 1988 ) s ugges ts hig h e r 0: I',d ues or 6 .0 a nd 7.8, 

res pec ti\ 'e ly, fo r wind a nd tempera ture pro ril cs. 
Fo r a Id lOle ge n e ra ti o n, th e bes t info rm a ti on o n 

bound a r y-I a yer cond i t io ns in G rccn la nd has been fro m 

Ambac h ( 1963, 1977 ) , Li ster and T ay lo r (196 1) a nd 

Gra inge r a nd Liste r ( J 966 ) bu t no di sc uss ion on Cl' h as 
bee l! possib le. HOII'e\"e r , in th e ea rly 1990s, ex tensi\'C ne\\' 

d a ta we re co ll ectcd in \\ 'es t Gree nl a nd by Du tc h a nd 

SII·iss ex p editi ons (O erlem a ns and Vug ts. 1993; Ohmura 

a nd o th e rs. 1 99 c~ ) . incl uding th e first d irec t measurem e nts 

in G ree nl a nd of turbu Ien t nuxes using edd \' -co rrela ti o n 
instrum e nts. Pre limin a r y res u lt s [rol11 th ese studi es 

(Forre r a nd Ro tac h . 199<1·; Henn eke n , 1994; Ohll1ura 

and o th ers. 199+) ind icate n I'a lues e\'e n la rge r th a n th ose 

pro posed by Hogs tro m ( 1988 ). Th e s ta bilit y fac to r ( I 
5Ri )2 ( Fig . ,~ ) ag rees cl osel y with th e log- linea r pro fi le ( Cl' 

= 5 ) a nd a la rger Cl' \'a luc impli es a n e\ 'en sha rper cut-o ff 

o f" se nsibl e-h ea t fl ux \\'ith increas ing sta bilit y. 

Th e crfec t of sta bilit )· o n sC' nsihlc-h ea t flu x O\'er th e 
G ree nl a nd ice shee t is we ll illust ra ted by fi gu re 7 in 

Oh m ura an d o th ns 199+ , \I'hi c h co mpa res fi e ld 

meaSUlT m en ts \I 'ith c unTS fi 'o m W ebb ( 1970 ) (esse I1-

ti a ll y th e same as th e D ye r ( 197+) m odel used here l a nd 

Hogst rc) m 1988 as \\"C II as from th e E C H .\'\1 3 g lo b a l 
clim a te m od el GC i\l ) . Th e fi eld meas ure mcnt s sho\\' a 

strongc r s ta bi lit y e fTre t th a n either th e \\'e bb or Hogs tro l11 

models but it is parti c ul a rl y di sturbing tha t th e GC i\ 1 

shall'S a m uc h \I'ea ke r s tabilit y efkct, im p h-ing serio us 
o\T res tim a ti on of se nsible-h ea t flu x 1)\· thi s G C?l1. This 

must be remed ied beli.lIT th e GC \1 is used to ca irul ate th e 
im pac t o r cli ma te cha n ges on the G ree nl a nd ice shee t. 

CONCLUSIONS 

Aerod yn a mi c sta bilit\· reciu ces se nsible-h ea t flu x ol"C r a 

me ltin g ice s urf~1(T co mpared to th a t predi cted fo r a stable 
bounda r y laye r. Th e sta bilit y crfcct is l~l irl y sma ll fo r th e 

hi g h w ind speeds th a t a rc comm on ol'C r th e G ree nl a nd ice 

shee t but it is l"C ry la rge a t 10 \1' lIi nd sp eed s. 
Th e un ce rta int y in su rface roughn ess p roba bl y ca uses 

grea ter e rro r in se nsible-hea t-flu x ca lc u la ti ons th a n th e 
neg lect o r sta bilit y. H OIV'C I"C r, th e log linea r wind profile 

is onl y s li g htl y more d illi c ult to use th a n th e loga rithmi c 

pro file a nd should b e used fo r future ca lcul a ti ons of 

se nsibl e -h ea t flu x, beca use it is more rea li s ti c. 
Lac k o f ll' ind-speed d a ta ovC'r th e Greenl a nd ice sh ec t 
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is a problem [or calcul a ting se nsible-hea t flux. Th e use of 
a bulk h ea t-transfer coeffici ent avoids th e need [or wind 
data but th ere is still an un certa inty about the choice of 
th e coe!Tic ient itself. 

Sensible-h ea t flu x dep ends on air press ure and this 
implies a geographica l variation of hea t flu x because 
glaciers in different regions a re loca ted at different 
a ltitudes . 

It canno t be concluded definit ely th a t a n ea rlier 
es tim a te o[ increased melting from the Green land ice 
shee t (Bra ithwaite and Ol esen, 1990a) is LOO high, 
because calculated abla tion in that stud y agreed fairl y 
well with obsen 'cd abla tion. The effec t of neglec ting 
sta bility was probably offse t by und eres tim a tion of the 
surface roug hness for sensible-hea t flux. 
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