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ABSTRACT In calculations of the va ri ation in the 2 m temper a ture along glaciers, 
the lapse rate is generally ass umed to be consta nt. This implies th a t the ratio of cha nges 
in the 2 m temperature abo\·e a g lacier to changes in the tempera ture o utside the thermal 
regime of tha t g lac ier ("clim ate sensitivity" ) is equa l to I. However, d a ta coll ected during 
the ablation season on seve ra l mid-l atitude glac ie rs show that thi s sensiti\·ity is sm a ll er 
tha n I. The lowes t measured \·alue (0.3) was obta i ned on the tong ue of the Pas te rze, a 
g lacier in Austri a . The measured temperature di stribution along the Pasterze cannot be 
described by a constant lapse ra te either. However, there is almos t a linear relati o nship 
between potenti a l temperature a nd the distance a long the glacier. This paper introduces 
a simple, ana lytical, thermodyna mic glacier-wind m odel which can be applied to melting 
g laciers and which explains the observed "c lim ate sensitiviti es" a nd temperature di tribu
tions much better than ca lcula tions based on a consta nt lapse rate. 

This way of m odelling the 2 m temperatures h as implications for the sensitivity o f th e 
surface mass ba lance to atmospheric warming outside the therm a l regime of the g lacier. 
The magnitude of thi s sensitiv ity is computed with a surface e ne rgy-ba lance m o del 
appli ed to the Pas terze. Wh en a constant lapse ra te is used instead of the prop osed 
g lac ier-wind m odel to compute cha nges in the 2 m temperature a long the glac ie r, the 
negative cha nge in mass bala nce due to I cC warming is o\·erestim a ted by 22% . 

1. INTRODUCTION 

In calcul ations of the vari ati on in the tempera ture just 
above the surface a long glacicrs, the lapse rate is generally 
ass umed to be constant (e.g. O erlemans and H oogendoorn, 
1989; J 6hannesson a nd others, 1995; a consta nt lapse rate 
means that the cha nge in temperature with el eva ti on is 
constant ). This ass umption is m ade both for m elting and 
fo r frozen surfaces. There are two reasons for reconsidering 
this ass umption as far as mclting g laciers a rc concerned. 

First, measurements made during the melt season abO\·e 
the Pasterze, a g lacier in Austri a, show that the vari ation in 
the 2 m tempera ture along the g lac ier ca nnot be expl ained 
in terms of a co nstant lapse ra te. In fac t, the rela ti on 
between potenti a l temperature a nd the di sta nce a long the 
g lac ier is found to be almost linear (see Greuell a nd o thers, 
in press). 

Secondl y, the ass umption of a constant lapse ra te causes 
a problem in the calculation of changes in abl a tio n due to 

changes in a tmospheric tempera ture. Ablati on changes arc 
generall y calcul a ted by means of surface energy-ba la nce 
models (e.g. O eriemans and H oogendoorn, 1989; O erle
mans and Fortuin, 1992) or degree-day models (e.g. H oinkes 
a nd others, 1968; J 6hannesson a nd others, 1995). In most 
cases these models a re forced by the temperature just above 
the glacier surface, typically a t 2 m . Consequently, a change 
in temperature is a lso imposed a t thi s level. If the lapse rate 
is assumed to be constant, the temperature change does not 
va ry along the g lac ier and is equal to the temperature 

cha nge outside the th erm al regime of the glacier. Therefore, 
tempora l va ri ati ons in the 2 m temperature above the 
g lacier a re equal to those recorded a t elim ate stations, a nd 
future changes in the 2 m temperature above the glacier a re 
eq ua l to those pred ic ted by global a tmospheric mod els. 
H owever, these equ a liti es are not correct with respect to 
melting glac iers. \ Vhe reas the tempera ture of the free atmo
sphere (the pa rt of the a tmosphere no t a ffected by the un
derl ying surface ) a bove a melting g lac ier vari es, the 
temperature of the surface itself rem ains constant a t O°C. 
The 2 m temperature is intermedi ate between the temper
a ture in the free a tmosphere and the fi xed temperature of 
the surface, and therefore the cha nge in the 2 m temper
a tu re is small er tha n tha t in the free a tmosphere. C onse
quentl y, if a consta nt lapse rate is used to compute 2 m 
temperatures above the glacier from temperatures recorded 
a t cl imate stations or predicted by a tmospheric models, the 
sensiti\·ity of ablation to va riations in a tmospheric temper
ature will be overestimated 

Th e idea l solution to thi s problem. is to use the temper
a ture outside the therm al inOuence of t he glacier as forcing 
a nd to compute melt by coupling a melt model to a m eso
scale a tm ospheric model. The latter should ex tend beyond 
the thermal inOuence of the glac ier a nd resolve deta il s of 
the structure of the boundary laye r above the glacier. H ow
eve r, such an approach is computa tio na ll y expensive, a nd 
appropriate model s still have to be developed. This pap e r 
p rovides an a lterna ti ve approach in the form of a simple 
the rmodynamic model of the glac ier wind. 
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In section 2, we present the relevant data from the gla
cio-meteorological experiment on the Pasterze (PASTEX). 
In section 3, we introduce the glacier-wind model. This can 
be used to translate the temperature outside the thermal 
regime of the glacier to the 2 m temperature along a melting 
glacier, which can then serve as input to mass-balance 
models. In section 4 the PASTEX measurements are used 
to tune the glacier-wind model. Also, we describe some sen
sitivity experiments and investigate how well the model that 
was tuned with the temperature data from the Pasterze 
describes observations made o n some other m id-latitude 
glaciers. 

Finally, in section 5 the sensitivity of the surface mass 
balance of the Pasterze to a tmospheric warming is com
puted by means of a surface energy-balance model. Experi
ments are described in which the change in the 2 m 
temperature along the glacier is computed both with the 
glacier-wind model and on the assumption of a constant lapse 
rate. The results of the two approaches will be compared. 

2. MEASUREMENTS OF THE 2 M TEMPERATURE 
DURING PASTEX 

In this section the relevant data from the glacio-meteorolog
ical experiment (PASTEX) on the Pasterze wi ll be ana
Iyzed. During PASTEX, fi ve energy-balance stations were 
established along the centre Oowline of the Pasterze. Data 
were collected between midjune and mid-August 1994. 
The surface profi le of the glacier a long its centre Oowline is 
depicted in Figure 1, together with the location of the sta
tions (U I- U 5 and AI), directio nal eonstancies (q) and 
mean wind speeds (v). Two a reas with relatively gentle 
slopes, namely, the upper part of the glacier and the tongue, 
are separated by a steep ieefall. During PASTEX, the wind 
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Fig. 1. Surface prqfile along the centre jlowline of the Pastm:e, 
with station names, directional constancies qf half-hourly 
mean wind vectors (q) and mean wind speed (v) during 
PASTEX ValuesJor the individual stations cover exact!J the 
same period, because directional constancy and mean wind 
speed were calculated from wind-direction and wind-speed 
samples that coincided with simultaneous measurements of 
the same variables in all the other stations. Without this re
striction, the available datasets are longel; but this has little 
implication Jor the directional constancies and mean wind 
speeds. On!J the directional constancy at U5 increases sub
stantial!J, to 0.31. DataJrom VI were not used in this paper 
since this station was located on the end moraine. 

regime was dominated by the glacier wind, especially on the 
glacier tongue (Greuell and others, in press). This led to 

high values for the directional constancy of the wind vector 
(0.94- 0.96 on the to ng ue). The mean wind speed hardly va r
ied along the glacier. 

In the present pap er we have used the measuremen ts of 
the 2 m temperature. Two datasets were extracted: the var
ia tion in the mean temperature along the glacier, a nd the 
vari ation in "climate sensitivity" along the glacier. "Climate 
sen sitivity" is defined here as the ratio of changes in the 2 m 
temperature above the glacier to ch a nges in the temper
ature outside the thermal regime of the glacier. In this 
p aper, temperatures measured on the summit of Sonnblick 
(3106 m a.s.L), a mountain located some 20 km east of the 
Pasterze, are assumed to represent conditions outside the 
thermal regime of the glacier. The validity of this assump
tion will be di scussed in section 4. Figure 2a dep icts the 
m ean observed temperature during PASTEX as a function 
of elevation, together with the mean temperature on Sonn
blick during the same period. The data from Sonnblick, U 4 
a nd U 5 show that temperatures above the glacier a re rela
tively low. This is due to the cooling effect of the glacier. 
M ore remarkably, the usually assumed constant lapse rate is 
not visible. The temperature at U3 is even higher than the 
temperature 215 m lower at AI, and the temperature at U5 
(3225 m a.s.L) is almost equal to that at U 4 (2945 m a .s. !.). A 
much better description of the observed temperature di stri
bution is given by a linear relation between potential tem
perature and the dista nce along the glacier (Fig. 2b). 

Next, the "climate sensitivity" during PASTEX is consid
ered. First, it was determined for each of the five m ast 
locations on the glacier. Figure 2c gives an example (AI, 
2205 m a.s.!'). Daily mean temperatures at AI a re plotted 
against the daily mean temperature on the summit ofSonn
blick (3106 m a. s. L), a mountain located approximately 
20 km east of the Pasterze. A line was fitted using the least
squa res method , its slope yielding the local "climate sensitiv
ity". Then, the values of the local "climate sensitivity" were 
plo tted against the distance along the glacier (Fig. 2d ). As 
exp ected, the "clim ate sensitivity" is smaller than I a t all 
locations and decreases with di stance along the glacier . 

3. MODEL OF THE TEMPERATURE DISTRIBUTION 

In this section we discuss a model describing the varia tion in 
the 2 m temperature along the f10wline of a melting glacier. 
A schematic diagram of the model is shown in Figure 3. The 
first assumption is tha t there is a glacier-wind layer above 
the surface. The glacier wind is a drainage wind that is due 
to the cooling of a ir with a temperature higher than O°C 
over a melting glacier. Experiments (see e.g. Obleitner, 
1994; Greuell a nd others, in press ) show that the glacier 
wind often dominates the wind regime over melting 
glaciers. In the model, parcels travel down along the glacier 
within the glacier-wind layer. It is assumed that the p a rcels 
travel parall el to the surface with a speed u and h ave a 
temperature T. Vertical variati ons in these vari ables within 
the glacier-wind layer are not considered. The thickness of 
the layer normal to the surface is denoted by H. In the co
ordinate system, the elevation is given by z; and the di sta nce 
along the horizonta l proj ection of the 110wline by x, with 
x = 0 at the top of the Oowline. From now on, this dista nce 
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Fig. 2. Data concerning the 2 m temperature during PASTEX as used for this study. T he mean temperature distribution during the 
experiment is plotted as temperature against elevation (a) and potential temperature againstlhe distance along thejlowline (b). 
( c) is a scatter plot qj the daily mean temjJe1'ature at Ai against the daily mean temperature at Sonnblick. The dashed line is an 
arbitrary I: i line, and the solid line shows the best linemfit using the least -squares method. Its derivative ("climate sensitivity" ) 
with error margin for the Jive glacier stations is plotted against the distance along the flowline in ( d). 

will simply be refer red to as the dista nce a long the flowline. 
The glacier has a slop e angle a. 

For the ana lysis, one needs a rela tion between potenti a l 
temperature (8 ) and the temperature T. rf the slop e is 
consta nt, and poten tia l temperature is ta ken with resp ect 
to the press ure prevailing at x = 0, the relation reads: 

T = 8 + bx (1) 

wit h b = f d tanCl' (2) 

where f d is the d ry ad iabatic lapse rate (-0.0098 K m I). 
The temperatu re of the model p a rcels changes d ue to 

two processes, namely, adi abatic heating and exchange of 
sensible heat with the underlying surface. Therefore, tem
perature changes due to entrainment, phase changes, racli
ation divergence and var iation of £luxes in the hori zonta l 
direction normal to the fl owline a re neglected. T his two
term ba lance in th e heat budget was found by Van den 
Broeke (in press ) for site Al during PASTEX. Since adi a
batic heating does not affect potenti a l temperature, the r ate 

.-J' x 

Fig. 3. Schematic diagram qjthe model. T he lmge dot P rejne 
sents the parcel considered in the model. 

at which the potential temperature of the parcels changes is 
determined only by the sensible heat flu x: 

d8 
H ill = -cH(T - Ts)u (3) 

where CH is the bulk transfer coefficient for heat, which de
pends on the surface roughness lengths and the stratifica
tion (see Stull , 1988). Further, T" is the surface temperature 
(ODC). Substituting dx = u cos a dt and rearranging Equa
tion (3) yields: 

(4) 

where L R = H cos Cl' (5) 
CH 

and T is g iven in DC. Note t hat the wind sp eed has disap
peared from the equation. Next, it is ass umed th at H /CH is 
constant a long the ilowlinc, so for a consta nt slope LR is a 
constan t, too. After combining Equati ons (I) and (4), we 
can solve the res ulting d i fferential equation with the 
assumption of a constan t L R : 

8 (x) = (To - Teq) exp ( - :R) -bx + Teq (6) 

or in term s of temperature: 

T (x) = (To - Teq) exp ( - :~) + Teq (7) 

where Teq = bLR and the tem perature To at x = 0 is in
serted as a boundary condi tion. 

The assumption of a constant H / CH is debatabl e. Ohata 
(1989) an a lyzed the glacier w ind with a mod el in which en
trainment was incorporated . His numer ical solution sug
gests that H is almost proportional to the squa re root of x, 
which is in agreement with what is generally known abo ut 
the growth of internal bo unda ry layers (Stull , 1988). On the 
other hand , by analyz ing the PASTEX data, Van den Broekc 
(in press ) fo und that entra inment is weak over the tongue of 
the Pasterze, implying that variations in H with x should be 
small. The model equations discussed here can also be 
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so lved analytically by taking H / CI-[ prop ortional to th e 
squa re root of x. However, the observations were found to 
be less well described by taking H / CH p ro portional to the 
square root of x than by taking H / CH as a constant. 

The temperature distribution of Equa tion (7) is plotted 
in Fig ure 4. The temperature approaches an equilibriun~ 
value (Taq ) in an exponential way with leng th scale L R . 

Equilibrium is reached when adiabatic h ea ting balances 
cooling due to exchange of sensible heat with the glacier. 
Note that because the equiLbriu m temperatu re is propor
tional to sin et, temperat ures over steeper glaciers tend to 
be higher. For x» L R the temperature does not depend on 
the temperature of the pa rcels when inj ected into the 
glacier-wind layer at x = O. This means that the temper
ature for x » L R is independent of the temperature outside 
the thermal influence of the g lacier. These regions therefore 
are not affected by a climatic change. In fact, the influence 
of vari ations in To decreases exponenti a lly a long the glacier 
according to: 

dT (x) = exp(-~) _ 
dTo L R 

(8) 

In the case of PASTE X , the choice of the location of the top 
of the flowline was obvious since there was a wcll-defined 
crest. However, in other cases the choice may be rather arbi
trar y. Also, even if it is easy to define this point, the glacier 
may have a thermal influence at x = O. Figure 2d illustra tes 
that this occurred dur ing PASTEX. Temperature flu ctua
tions a t U5 (at x = 0) were smaller than simultaneous 
temper ature variations outside the thermal influence of the 
glacier (dT / dTsbl = 0.83; see Fig. 2d ). This effect may be 
connected with the fact that the assumption that a glacier 
wind is a lways present a long the enti re glacier is incorrect. 
Altho ugh, during PASTEX, glacier winds dominated a long 
the glacier from Al to U 4, resulting in high values of the 
directiona l constancy (0_81- 0.97), the wind was much more 
variable at U5, where the directional consta ncy was only 
0.07 (see Fig. I). Thus, at this location the wind di rection 
was often upwards along the flowline, which explains the 
influence of the melting glacier on the m easured 2 m tem
peratures there. Moreover, air pa rcels m oving across the 
crest onto the Pasterze m ay have been affected by snow fi eld s 
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Fig. 4. Variation in the temperature of the gLacier-wind layer 
( T ) along the flowLine rif a meLting glacier (x = 0 at the top 
rif the flowLine) according to the model treated in this section. 
T he Jive curves are for different values qfTo - Teq -

on the weather side_ In order to take a non-zero "climate sen
sitivity" at the top of the fl owline into account, a n unknown 
distance Xo is added to the coordinate x, so Equations (6) 
and (7) become: 

8 (x) = (To - Teq) exp ( - x 1
R

xo) - b(x + xo) + Teq (9) 

T(x) = (Tu - Teq) exp ( - x l
R

x
o) + Tcq - (10) 

Here To is the temperature at x = -xo, which is the imagin
ary location where the parcels enter the glacier-wind layer 
and potentia l temperature is taken relative to the elevation 
Zo at x = -Xo. Since x = -Xo is an imagina r y location, one 
has some freedom in the choice of zo o Constra ints on this 
choice will b e discussed in the following section. The tem
perature To can be estim ated from the tempera ture meas
ured at a climate stati on (Tcs): 

To = Teo - ,(zco - zo) (11 ) 

where, is the lapse rate outside the thermal influence of the 
glacier a nd Zcs is the elevation of the climate sta tion. Note 
that the climate stati on has to be located outside the thermal 
influence of the glacier. From Equations (10) a nd (11) the 
"climate sensitivity" is derived as: 

dT(x) exp (_ x + xo ) 
dTes LR 

(12) 

1e mperature a nd "climate sensitivity" along the fl owline are 
described by Equations (10)-(12). T hese equations contain 
five unknown parameters, Xo, L n , b, Zo and , . 

4. TUNING AND VALIDATION OF THE MODEL 

In thi s section, the values of the unknown pa ra meters will 
be determined from the PASTEX data. Also, we investigate 
how representative the conditions at Sonnblick a re for con
diti ons outside the thermal influence of the glacier. Finally, 
the model tuned with the PASTEX data will b e validated by 
means of several dalasets from other mid-la titude glaciers. 

Therefore, first the values of the unknown p a rameters 
were determined for the Pasterze. In view of the interest in 
the climate sensitivity of glaciers, priori ty was given to ob
taining the correct "climate sensitivity", rather than the cor
rect temper ature distribution. Therefore, a fi t of the 
exponentia l fu nction Equation (12) was made to the "climate 
sensitivities" determined for the individual m ast locations 
(Fig. 5; cf. Fig 2d ), yielding values of Xo (1440 ± 630 m) 
and LR (8340 ± 960 m)_ Since H = C]-jLR cos- 1 et (see 
Equation (5)), the thickness of the glacier-wind layer can be 
estimated. With CH = 0.002 (from Stull, 1988, table 7-3; valid 
for 10 m winds over snow surfaces ) and t an et equal to the 
mean slop e b e tween U 5 and A l (= 0-'3), H = 17 m. This is 
close to the thickn ess (20 m ) of the cooled layer in the mean 
profile at Al (2205 m a.s.l.), as obtained from upper-air 
soundings (Van den Broeke, in press )_ 

Next, the observed mean 2 m temperature di stribution 
along the glacier (Fig. 2a and b ) was considered. In order 
to simula te this distribution with the model, the m ean tem
perature on Sonnblick ( zcs = 3106 m a. s.!.) during PASTEX 
(Tes = 5.7°C ) was inserted into Equation (11). The para
meter , was set equal to the mean lapse r ate above the 
glacier-wind layer according to the upper-a ir soundings at 
Al (- 0.007 Km \ and the elevation Zo a t x = -Xo was 
taken equal to the elevation at the top of the flowline 
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(3240 m a. s.l.). Consequently, To = 4.8°C. T he next step was 
to compute the potenti al temp erature as a functio n of x by 
inserting the va lues of To and b into Equation (9). T he para
meter b was obtained by means of Equation (2) with: 

Zo - z(Ul ) 
tan Cl! = ---,--:-'--'-

x(Ul ) + Xo 
(12) 

so b = l. IO X 10- 3 T herefore, tan Cl! is the m ea n slope 
between x = -Xo and the terminus of the glacier. The result 
is shown by the cu rve "constan t b (Sonnblick)" in Figure 6. 
Next, 8 (x) was converted into temperature by m eans of: 

T(x, z) = 8 (x ) - r d[Z(X = 0) - z(x )] (13) 
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Fig. 6. Calculated and measured 2 m potential temperature 
along the glacier during PASTEX The measurements are 
mean values for approximately 48 days. The calculations use 
the mean temperature on Sonnblick or at V4 as a boundary 
condition. The equations are solved numerically so variations 
in slope along the glacier can be taken into account ("variable 
b" ), or they are solved analytically ("constant b"). In the lat
ter case the mean slope between x = - Xo and the terminus is 
used to compute the parameter b. 
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where z(x) is the surface profile of the g lacier (Fig. 1). Note 
that by means of this procedure the so lution in terms ofT(z) 
becomes different from the one that wou ld have been 
obtained directly from Equation (10), because Equa tion 
(10) neglects variations in slope a long the glacier. Temper
ature is shown as a fu nction of elevation by the curve "cons
tant b (Sonnblick )" in Figure 7. 
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Fig. 7 Calculated and measured 2 m temperature vs elevation 
during PASTEX T he measurements are mean values f or 
approximately 48 days. The calculations use the mean temp
erature on Sonnblick or at V4 as a boundary condition. The 
equations are solved numerically, so variations in slope along 
the glacier can be taken into account ("variable b"), or they 
are solved analytically (''constant b"). i n the latter case the 
mean slope between x = -Xo and the terminus is used to 
compute the parameter b. 

Before simul ated and observed temperature di stribu
tions are compa red , the effect of a constant slope is di s
cussed. Both the p a rameters b (Equation (2)) and LR 
(Equation (5)) a re a functi on of the slope. However, since 
for small slope a ngles local variations in slope have a much 
la rger effect on b (p roportional to t a n a ) than on LR (pro
p o rtional to cos a ), o nly the effect of a constant b is consid
e red here. T his is done by compa ri ng the solution for a 
constant b with a so lut ion that takes into account vari a tions 
of b along the glac ier. The latter was found by numerical in
tegrat ion of Equa tio ns (1) and (4) along the fl owli ne so that 
the variat ion of b with x could be taken into acco unt. This 
so lu tion can be considered the best approximati on of the ex
act solution of the model equations for a glacier with vari
able slope. It is shown in Figures 6 a nd 7 by the curves 
"variable b (Son nblick)". Since there is li tt le d ifference 
be tween the "consta nt b" and "var iable b" solution, it is con
cluded that the assumption of a constant b is allowed a nd 
tha t the equations can be solved ana lytically, at least for 
the Pasterze. 

Both solutions descr ibe the shape of the observed tem
perature distri bution rather well, except for the upper pa rt 
of the glacier between U 4 and U 5 (Figs 6 and 7). H owever, 
temperatures are systematically too high at all sta tions 
except U5, but, as shown by the curves "constant b (U 4)" 
and "va riable b (U4) ", better agreem ent can be achieved if 
U 4 is taken as the p oint where the pa rcels enter the g lacier
wind layer. Th is situation was simulated by sett ing 
To = T (U4 ), Xo = -x(U4), Zo = z(U4) and by calculating 
b from the mean slope between U4 a nd the term inus of the 
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glacier. It is concluded that the m odel gives a fa ir desc rip
tion of the thermodynamics of the glac ier-wind layer down
wards from U4, but it fails upwards (i'om this location. 
Indeed, the glacier wind was less frequent in the upper part 
of the glacier, as demonstrated by the directional constan
cies in Figure 1. Also, one can sp ecul ate that on occasions if 
there is a glacier-wind layer in the upper part of the glacier 
the layer thickness will be sm a lle r than furth er down the 
glacier owing to the small fetch (see Ohata, 1989). Such a re
latively shallow layer might qu ali tatively explain the lack of 
warming between US and U4, because the cooling ra te due 
to the exchange of sensible heat with the surface increases 
with decreasing thickness of the layer (Equation (3)). 

Figure 8 shows results of som e experiments tha t we per
formed in order to study the effect of variations in b a nd Zo 
(variation of I within its range of uncerta inty had little 
effect on the simulated tempera ture distribution ). The curve 
"constant slope (Sonnblick)" from Figure 7 was used as a 
reference. It should be recalled here that this curve was 
computed from the temperatu re on Sonnblick, from a con
stant b derived from the mean slope between x = -Xo and 
the glacier terminus and from a Zo equal to the elevation at 
x = 0 (3240 m a.s. !'). The corresp onding temperature distri
bution calcula ted with variable b is also shown in the figure. 
In the first sensitivity experi m ent, the slope used to ca l
culate b was taken to be equal to the mean slop e between 
x = 0 and the terminus instead of the mean slope between 
x = - Xo and the terminus. The reference solution was 
found to approach the "var iable b" solution m or e closely 
than the solution found when b was computed as in this sen
sitivity experiment. Therefore, if one bears in mind that the 
"vari able b" so lution is the optim a l solution of the modcl 
equations, the bettcr option, a t least in this case, is to com
pute b from the mean slope between x = -Xo and the termi
nus. In two other experiments the effcct of variations in Zo 
was studied. If Zo is considered as a n elevation within a dis
tance Xo from the top of the fl owline but on the glacier, it 
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Fig. 8. Sensitiviry qfthe calculated temperature distTibution to 
variations in b and zoo In all calculations, b was computed 
from the mean slope between x = -xo and the terminus, ex
cept in a calculation which takes into account variations in 
slope along the glacier ("variable b" ), and a calculation with 
a value qfb computedfrom the mean slope between x = 0 and 
the terminus. In all calculations, Zo was taken as the elevation 
at the top qf theflowline (3240 m a.s.l), except in two experi
ments with Zo = 3100 and 3400 m a.s.!. The measurements 
are mean valuesJor ajJjJrOximatef)i 48 days. 

might range roughly between 3100 a nd 3400 m a.s.1. Two 
temperature distributi ons were computed with these ex
trem e values of Zo a nd a constant b with the same value as 
in the reference exp eriment. Temperatures were found LO be 
just over 0.5°C lower (zo = 3100 m a .s.l.) and higher (zo = 

3400 m a.s. L) along the entire 110wline. It is concluded th at 
Zo might be used for tuning the absolute temperatures. H ow
ever, even if Zo = 3100 m a.s.L , the shift in the calcula ted 
temperature is insuffi cient to explain the tempera tures 
measu red downwards from U4. Moreover, as shown before, 
the di screpancy bet ween measurements and calculati ons in 
the reference run m ay well be attributed to the fac t that the 
glacier-wind assumption does not hold above U4. There
fore, tuning the model with Zo might lead to a better ove ra ll 
agreement between m easurements and ca lculati ons for the 
wrong reasons, while a t the same time the simulation of the 
pa ttern below U4 gets poorer. Consequently, a correction 
tha t is constant with elevation will be used to tune the 
glacier-wind model (see next section ). Note that the climate 
sensitivity dT / dTes (E quation (12)) is not affected by either 
of these tuning procedures, because it does not depend on zo o 

A question th at m ay arise is to what extent the results of 
the fo regoing analysis depend on Lhe choice of climate sta
tion. \ 'Ve used the sta tion on Sonnblick because of its proxi
mity to the Pasterze a nd because it has a time seri es of 
a tmospheric tempera ture of considerable length (from 1887 
on ), which has been studied and described in deta il (see 
Auer and others, 1992). Fu rt hermore, its elevation is a lmost 
the same as the top of the PAST EX fl owline. In order to in
vestigate the influence of the choice of climate station, the 
para meters LR and Xo were also de termined by mea ns of 
data from se\'en other climate stations located within 
40 km of the Pasterze. The corresponding climate sensitiv
ities a long the glacier are shown in Fig ure 9. Along the en
tire glacier the climate sens itivity is somewhat greater when 
the d a ta used are from stations located at lower (1010- 1242 
m a .s.!') instead of higher ele\'ati ons (1973- 2304 m a.s.I.). In 
fac t, Ln is somewha t larger (10 730- 11 610 m ) for data from 
the sta tions at lower elevations, and sm aller (8840-9150 m ) 
for d a ta from the sta tions at higher elevations, except for 
Bad Gastein (9020 m ), and Xo is sma ller (870- 1350 m ) for 
the sta tions at lower elevations, and la rger (2260-3080 m ) 
for the stati ons a t higher elevations. Sonnblick is the only 
summit station and , in terms of the climate sensitivity, occu
pies a n intermedi ate pos ition be tween the two groups of sta
Lio ns. The reasons for these effects a re unknown, but it can 
be concluded that the results orthe a nalysis presented a bove 
are not due to the sp ecific position of the Sonnblick observa
to ry, on the summit of a mountain . 

Finally in thi s sec tion, we discuss d ata from three o ther 
glacio-meteorological experiments. These were carri ed o ut 
on Rhonegletscher in Switzerl and (Funk, 1985), Stor
glacia ren in Sweden (H ock and Holmg ren, 1996) and H aut 
G lacier d'Arolla in Switzerl and. Som e specifications are 
given in Table I. Da tasets from two or th ree climate sta tions 
we re available for a ll of these glacio-meteorological experi
men ts. Among these, the datasets having the highest corre
la tion with the da ta obtained on the glacier were selected. 
D ata from cl imate sta ti ons located in the vicinity of glaciers, 
like those from Tarfala (near Storglacia ren; see Crudd a nd 
Schneider, 1996), were d isca rded because glaciers may have 
influenced the measured 2 m temperatures. The calcula ted 
values of dT / dTes a re shown in Figure 5, together with 
those !i'om the Pasterze. The \'alues from Rhonegletscher 
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Fig 9. Variation in the climate sensitivity (sensitivity qf the local temperature 10 Ihe temperature at a climate station) along the 
glaciel; derivedJrom data.from eight climate stations. Curves gives bestJits of Equation (12) to the climate sensitivities at the 
individual stations. 

and the lower meteo rological station (LMS) on H aut 
Glacier d'Arolla a re compatible with those from the 
Pasterze, but the values from the upper m eteorological sta
tion (UMS) on Haut Glacier d'Arolla and the station on 
Storglaciaren are rela tively high, with the largest deviation 
for Storglaciaren. This may be caused by lower frequencies 
of the g lacier wind a t the lat ter l wo sites. An indication of 
the frequency of the glacier wind is provided by the direc
tional constancy, wh ich was equal to 0.35 during the experi
ment at LMS and 0.20 at UMS. These values are much 
lower than the directiona l constancies found during PAS
TEX (see Fig. I). Thus, at UMS, where according to the di
rectiona l constancy the glacier wind seem s to occur less 
frequ ently than at LMS, the deviation of dT / dTes from the 
values found on the Pasterze is indeed larger than at Ll\IIS. 
Wind data a re not available [or the experiments performed 
on Rhonegletscher a nd Storglaciaren. Strong gradient 
winds may be the cause of a lower frequency of the glacier 
wind on Storglaciaren than on the other g laciers and there
fore ora relatively high value ofdT/ dTes . 

5. IMPLICATIONS FOR THE SENSITIVITY OF THE 
MASS BALANCE TO CLIMATIC CHANGE 

In thi s section we investigate the effect of atmospheric 
warming on the surface mass balance of glaciers, using the 

glacier-wi nd model proposed in the previous sections. In 
th is way we can link the 2 m temperature outside the 
thermal regime of the glacier to the 2 m temperature above 
the glacier. The latter is then related to the mass ba lance by 
means of a surface energy-balance model that is forced by 
five meteo ro logical variables: namely, atmospheric temper
ature (2 m ), amount of precipitation, wind sp eed (2 m), 
eloud amount a nd atmospheric humidity (2 m ). The models 
are applied to the Pasterze, and the dai ly mea'ns of meteor
ological variables measured on Sonnblick are used as input. 

These input variabl es are converted to local input vari
ables along the g lacier in the fo llowing way: 

(a ) In order to compute the 2 m temperature distribution 
along the glacier, one fi rst has to determine the elevation 
at which the temperature is equal to the m elting point. 
This i. done by assuming a constant lapse rate of 
- 0.007 K m \ which is the average lapse ra te above the 
glac ier-wind layer established during PASTEX by means 
o[ ball oon soundings. This lapse rate is then a lso used to 
compute the temperature d istribution abo\'e the elevation 
where the temperature is O°e. At lower el evations, the 
glac ier-wind model is applied, setting Xo = 0 whene\'er 
the elevation at which the temperature is ooe is below 
the top of the f10wline (3240 m a.s.!'). To obtain a beller 
agreement between calcula ted and measured temper
atures [or PASTEX, we made a correction of - 0.74°C to 

Table 1. Specifications qfthe glacier and climate stations that provided datafar the determination qf dT / dTes Jar several glaciers. 
In the analysis, daily m.ean temperatures are llsed 

Glacier, statioll 

Rh oncgletscher 
Storglaciaren,9B 
HaUl G lac ier di-\rolla, U MS 
HaUl G lacier d'Arolla , LMS 

Elevalion 

m a .s.l. 

2840 

1370 
2900 
2725 

Dislallcejrom 10/) Numberqf 
qfflowline samples 

km 

3.5 59 
2.0 72 
1.95 33 
3.2 38 

Climate station Elevation DislanceJrolll 
glacier station 

III a.s. 1. km 

Gri mscl H ospiz 1950 
Nikkaluokla 470 19 
Grand SI Bcrnard 2472 30 
Grand SI Bcrnard 2472 30 
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the computed temperatures (see Fig. 7), both above and 
below the elevation at which the temperature is O°e. 

(b) The local amounL of precipitation is the product of a 
factor and the amount of precipitation measured on 
Sonnblick. This factor is computed as the inverse ta ngent 
of the distance along the fl owline (see Fig. 10). It is equal 
to 1.3 at the top of the fl owline, whereas at x = 17 km 
(H eiligenblut) it yields a mean annual precipita ti on 
equal to the locally measured amount of 1200 mm a- I 
(Tollner, 1952, fi g. 19). While keeping these two conditio ns 
fixed, we varied the parameters that determine the 
shape of the inverse tangent in order to tune the model 
in terms of the mass ba lance (see below). In the calcula
tions, the rain/snow threshold is set at a free-atmosphere 
temperature of 2°e. The local free-a tmo phere temper
ature is computed from the temperature on Sonnblick on 
the assumption of the above-mentioned constant lapse 
ra te (-0.007 K m 1). 

(c) The PASTEX measurements did not reveal any rela
tionship between the 2 m wind speed above the glacier, 
on the one hand, and the wind vector on Sonnblick or 
the local 2 m temperature, on the other hand. Therefore, 
in the model, daily values of the wind speed were not 
rela ted to any other model variable but were generated 
a t random by the computer in such a way that the wind
speed frequency distribution recorded at Al was repro
duced (see Greuell and others, in press ). 

(d ) Cloud amount is calculated as I minus fractional sun
shine duration on Sonnblick, and taken as a consta nt 
a long the glacier. H ere fractional sunshine duration is 
defined as measured sunshine duration divided by 
potential sunshine duration. 

(e) Constancy along the glacier is also assumed for the 2 m 
humidity mixing ra tio, which is set equal to 95% of the 
va lue measured on Sonnblick, as suggested by the 
PASTEX data. 

The energy-balance model used here has been applied 
previously to the Greenland ice sheet. Deta ils are described 
in Greuell and Konzelma nn (1994). Here, only an outline of 
the model is given. The model computes the mass balance a t 
a sp ecific point and is forced by the above-mentioned 
meteorological variables that describe local conditions. 
Spatial variations in mass balance can be studied by rep eat
ing the calculations a t a number of points a long the glacier. 
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Fig. 10. In the modeL this inverse tangent is used to compute the 
LocaL amount if precipitation as a frac tion if the amount if 
precipitation measured on SonnbLick. 

In this case, computations were made at 11 points a long the 
Pasterze spaced at elevation intervals of 115 m a nd ranging 
in elevation between 2075 a nd 3225 m a .. 1. 

The model consists of two pa rts. 

(a) Computation rf the fluxes between atmosphere and gLacier. 

(I) The local input vari ables (cloud amount a nd 2 m tem
perature and humidity ) are inserted into p a rameteri za
tions derived from the PASTEX data (see Greuell and 
others, in press ) to compute the incoming fluxes of 
short-wave and long-wave radiation. 

(2) Another parameteri zation gives the albedo as a function 
of surface conditions. The ice albedo is 0.2, whereas the 
snow a lbedo decreases exp onentially from 0.8 to 0.5 with 
the total amount of time that the actual surface materi al 
has been wet since its deposition (call ed "wet-age" from 
now on). The e-folding ti me is 24 days. This parameter
ization was tuned by means of the PASTEX data. 

(3) Outgoing long-wave radia tion is calculated from the 
surface temperature. The emissivity is assumed to be 
equal to 1.0. 

(4) The turbulent fluxes are obtained from the 2 m and sur
face values of temperature, humidity and wind speed, 
the Busingel- Dyer flu x-profile relationships (see Stull, 
1988) a nd roughness lengths for wind speed ( ZOm ), tem
perature ( ZOT ) and water vapour ( ZOq ). Values of ZOm for 
ice (4.4 mm ) and wet snow (2.3 mm) were derived from 
the PASTEX data, whereas the value for dry now 
(0.12 mm) was found by Ambach (1977) on the Green
land ice sheet. The equations proposed by Andreas 
(1987) were used to calculate ZOT and ZOq from ZOm and 
the friction velocity. 

(b) Computation rf processes within the gLacier. Temperature, den
sity, water content and wet-age are computed on a one
dimensional grid extending approximately 25 m down
wards into the glacier. The following processes are des
cribed on this grid: formation; percola tion; refreezing 
and runoff of meltwater; conduction; p enetration of 
short-wave radiation; a nd densification by compaction. 
As a result the formation of slush and superimposed ice 
can be simulated. The energy exchange with the atmo
sphere constitutes a bounda ry condition. 

The exp eriments were p erformed with a time-step of 
3 minutes. Although input data consist of daily means meas
ured on Sonnblick, the daily variation is simulated by com
puting the zenith angle of the sun and by imposing at 
Sonnblick a sinusoidal diurnal temperature vari ation with 
an amplitude of 2.2°e. 

Simulations were performed for 1980- 89 because for this 
period the mass-balance o utput can be compared to direct 
stake measurements. The advantage of forcing by daily 
means over a longer time p eriod (9 years) instead offorcing 
by climatological means is that the effect of variations 
around the climatological mean are taken into account. 
This is probably importa nt; for example, snowfall events 
during the ablation season have a double impact on the mass 
balance: not only do they increase the accumulation, they 
also increase the albedo and therefore reduce ablation (see 
e.g. Greuell and Oeriem ans, 1986). 

First a reference run (run 1) was made in accordance 
with the above-mentioned sp ecifications. The mean simul
ated mass-ba lance profile for the period 8 September 1980-
19 September 1989 is plotted in Figure II and compared to 
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Fig. 11. Mean specific mass balance for the Paster;::e, 8 Sep 
tember 1980- 19 September 1989, against elevation as meas
ured (see Tintor, 1991) and computed with a surface energy
balance model. Different curves are obtained with dijJerent 
methods to compute the 2 m temperature along the glacier. 

m easurements for the same p eriod made on the tongue 
(from Tintor, 1991). Mass-balance data are unavailable for 
the upper part of the glacier. It can be seen that measure
ments made at the same elevation, but displaced relative to 
each other in the lateral direction of the glacier, differ by up 
to 600 mm w.e. a I. Sensitivity exp eriments performed with 
the energy-balance model indicate that the most likely 
causes of differences of thi s order of magnitude are albedo 
va riations in the lateral direction, and not differences in 
shading by the surrounding slopes. As already mentioned, 
the tuning procedure consisted of adjusting the inverse tan
gem describing total precipita tion as a function of distance 
a long the glacier until an optimal agreement was I-eached 
between calcu la ted a nd measured mass balance according 
to the least-squa res criterion. 

In a second run, the 2 m temperature along the glacier 
was computed on the assumption of a constant lapse rate of 
- 0.007 K m I under a ll conditions. The resulting mass
balance profile is a lso shown in Figure 11. Both the glacier
wind model and a constant lapse rate are found to yield a 
specific mass bala nce which is a lmost linear with elevation. 
However, when compared to the assumption of a constant 
lapse rate, the glacier-wind model leads to somewhat larger 
mass-balance gradients in the steep er parts of the glacier 
(2550- 2850 m a .s. !.) and somewhat smaller mass-ba lance 
gradients in fl a tter parts of the glacier (2200 2450 and 
2850- 3050 m a.s. I.). The difference can be attributed to the 
temperature distribution during melt condition (see Fig. 6). 
It should be pointed out here lhat during PASTEX the in
crease in the 2 m temperature with elevation above the glacier 
longue led to a reversed mass-balance gradient, i. e. ablation 
increased with elevation (sce Greuell and others, 1995). 

Next, severa l runs were made to study the effect of l aC 
atmospheric warming allhe climate station (Sonnblick). In 
a ll runs the humidity input was adapted on the assumption 
tha t the relative humidity above the glacier is not affected 
by the temperature change. Thus, specific humidity 
inc reased. In tota l, five runs a re disc ussed, a ll based on the 
reference run, which implies that the glacier-wind model 
was used to compute undisturbed 2 m temperatures. Tem
p erature perturbations along the g lacier were also com
puted with the g lacier-wind model or by assuming a 
constant lapse rate, as specified b elow. Changes in specific 
m ass balance relative to the refe rence experiment are de-

Greuell and Btjhm: 2 m temperatures along melting glaciers 

picted in Figure 12 as a function of elevation, and average 
changes over the 11 elevations are li sted inTable 2. 

During run 3, local temperatures were increased by 1 QC, 
but the amount of solid precipitation and the albedo were 
the same as in the reference run, so that changes in accumu
lation and the albedo feedback were neglected. Since on the 
assumption of a constant lapse rate the temperature increase 
along the glacier is equal to that at the cli mate station (1 QC 
in this case), this experimem computes the climate sensitiv
ity as if the lapse rate were constant. Figure 12 shows that the 
change in specific mass balance increases with decreasing 
elevation. This can be ascribed to the lengthening of the 
ablation season with decreasing elevation. The relation 
between change in specific mass balance and elevation is 
almost linear. 
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Fig. 12. Change in specific mass balance at the Paster;::e, 8 
September 1980- 19 September 1989, ajter rc atmospheric 
warming at Sonnblick, against elevation as computed with' a 
su1}ace energy-balance model. 

run 3: temperature change = l aC along the entire glacier; no 
changes in amount if solid precipitation and albedo. 

run 4: temperature change computed with the glacier-wind modeL; 
no changes in amount ifsolid precipitation and albedo. 

TUn 5: temperature change computed with the glacier-wind model; 
change in amount if solid precipitation computed; no change 
in aLbedo. 

TUn 6: temperature change computed with the gLacier-wind modeL; 
changes in amount if soLid precipitation and albedo computed. 

run 7: temperature change = rc along the entire glaciel~· changes 
in amount oJsoLid precipitation and aLbedo compared. 

TabLe 2. Perturbation if specific mass balance (db) on the 
Paster;::e after rc atmospheric warming as computed with a 
surface energy-balance model. The table shows the average Jor 
11 eLevations. Settings during the different model runs are 
jurther explained in the text 

db 
mmw.e. a 

run 3: constant lapse rale; no cha nge in solid precipi tation - 520 
and albedo 

run 4: glacier-wind model; no change in solid prec ipita tion - 340 
and a lbedo 

run 5: g lacier-wind model; no change in albedo - 470 
run 6: g lacier-wind model - 900 
run 7: constant lapse rate - 1110 
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During run 4, settings wer e the same as during run 3. 
However, in run 4 we used the g lacier-wind m odel to com
pute the 2 m temperature distribution after imposing the 
temperature perturbation a t Sonnblick. Therefore, during 
mel t conditions loca l tempera ture changes a re smaller than 
I QC, and the change in mass ba lance is less tha n in the pre
vious run. The reduction increases with the distance along 
the glacier, as can be understood from Equation (12). In fact, 
this experiment yields the cha nge in ablation without inelu
sion of the a lbedo feedback. 

Run 5 was as run 4. However, the amount of solid preci
pitat ion was not the same as in the reference run, but was 
computed with the norma l p rocedure, tha t is from the 
amount of total precipitation a nd the perturbed free-atmo
sphere temperature. Therefore, a fter atmospheric warming, 
the threshold temperature be tween solid precipitation and 
ra in is more often exceeded tha n before, which results in a 
reduction in the accumulation . The effect increa ses with ele
vation, because the amount of to ta l precipita tion increases 
with elevation. This experiment yields the to ta l change in 
specific m ass balance (abl ation plus accumulation ) without 
inclusion of the albedo feedback. 

In order to include the a lbed o feedback, during run 6 the 
a lbedo was generated interna lly. Thi ex periment represents 
the best estim ate oflhe change in specific mass balance after 
I QC atmospheric warming. As a lready dem onstrated by 
O erl emans and Hoogendoorn (1989), the albed o feedback is 
important. It causes the change in specific mass ba lance to 
decrease from -470 mm w.e. a - I (run 5) to - 900 mm w.e. a 1 

(r un 6), i.e. by 91 %. The magni tude of the a lbedo feedback is 
a complicated function of elevation. It reaches its m aximum 
at medium elevation where the increase in the leng th of the 
period with ice exposed at the surface reaches its m aximum. 
At higher elevations, snow is exposed at the surface through
out the year, both with and without atmospheric warming, 
so onl y increased wet-ages of the snow influence the albedo. 
On the other hand, at very low elevati ons, which are not 
considered in the calculations, because there is no glacier 
now, accumulation would be ze ro, so ice wo uld b e at the sur
face there throughout the yea r. This impli es that there 
would be no a lbedo feedback. T his behaviour is approached 
asymptotically when elevatio n decreases, which explain 
the weakness of the albedo feedback in the lower part of 
the glacier. 

Finally, during run 7, se ttings were the sam e as during 
r un 6, but the temperature p erturbation was set at + I QC 
a long the entire glacier. The difference between runs 7 and 
6 in Figure 12 is due to the fact tha t the sensitivity of the mass 
balance to 1 QC warming was ove restimated because of the 
ass umption of a constant lapse rate. On average along the 
glacier, the difference is equa l to - 210 mm w.e. a- I (see Table 
2), that is 23% of the sensitivity computed with the glacier
wind model. 

Ice-fl ovv models that a re used to relate length fluctua
tions of glaciers to climatic variations have to incorporate 
an ass ump tion about the relatio n between a climatica lly in
duced pertu rbation in the m ass balance a nd elevati on. 
Usually it is assumed that the a nnual perturbation from a 
reference profile is constant with elevation (see e.g. Greuell, 
1992; O erl em ans, 1997). This is in line with m easurements 
that show tha t on alpine glaciers year- to-year vari ations in 
specific mass balance are nearl y independent of elevation 
(Kuhn, 1984). The experiments presented here suggest that 
without a lbedo feedback the re lati on is more o r less linear 
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(run 5, Fig. 12), but the relati on becom es much more compli
cated if the albedo feedback is ta ken into account (run 6, 
Fig. 12). However, it is dangerous to use the relation between 
the mass-balance perturbation a nd elevation depicted in 
Figure 12 in the ice-flow models, because it is not ye t known 
whether this rela tion is universally valid. Therefore, the 
ass umption that the perturbation is constant with elevation 
seems to be the best option at the m oment. 

6. CONCLUSIONS AND DISCUSSION 

This paper presents a simple thermodynamic glacier-wind 
m odel that can be used to compute the 2 m tempera ture dis
tribution along a melting glacier. The model takes only two 
processes into account, adi aba ti c heating of air fl owing 
down the glacier, a nd cooling due to exchange of sensible 
heat with the underlying surface. In order to find a n a naly
tica l solution for the temperature di stribution, one needs to 
assume a consta nt slope. However, if the solution is first 
w r itten in term s of potential temperature as a fun ction of 
the di stance along the glacier on the basis of the mean slope, 
a nd is then transformed into temperature by means of the 
surface profil e of the glacier, one can find a solution for a 
g lacier with a va riable slope. This solution seems to be satis
facto ry for the Pasterze (Austri a ), as shown by comparison 
with a numerical solution that ta kes va riations in slop e into 
acco unt, and by comparison with d ata. Model solution and 
m easurements dem onstrate that the relation between poten
tia l temperature a nd the di sta nce a long the glacier is more 
linear than the r ela tionship between temperature a nd ele
vation. Note that a linear relati onship between temperature 
a nd elevation (a constant lapse r a te) has been ass umed in 
m any studies. 

The use of the glacier-wind m odel instead of calcul a
tions based on the assumption o f a constant lapse r a te leads 
to a considerable difference in the predicted sensitivity of 
the local temperature to changes in temperature outside 
the thermal regime of the glacier. According to the g lacier
wind model, this sensitivity decreases exponenti ally from I 
a t the top to 0 a t very large dista nces from the top, but if a 
constant lapse ra te is assumed it is I a long the entire glacier. 
D a ta for the Pasterze and some other glaciers confirm the 
outcome of the glacier-wind model. 

This difference in the predicted sensitivity of the 2 m 
temperature has implications fo r the sensitivity of the mass 
ba lance to atmospheric warming. A surface energy-balance 
m odel forced by the 2 m tempera ture outside the thermal 
regime of the glacier was used to quantify this sensitivity 
fo r the Pasterze. The model was tuned with the precipita
tion. A match between measured and calcula ted mass 
ba lance could b e obtained when r easonable functions were 
taken to describe the largely unknown variation ofprecipi
tation with the distance along the g lacier. This was possible 
bo th when the glacier-wind mod el was used a nd when a 
constant lapse ra te was assumed to compute 2 m temper
atures. Therefore, such a tuning procedure does not provide 
ex tra support for the correctness of the glacier-wind model. 
H owever, the difference between the two methods in terms of 
the sensitivity of the mass balance to a tmospheric wa rming is 
23 %. Atmospheric warmi ng of 1 QC outs ide the thermal 
regime of the glacier led to a change of - 900 mm w.e. a 1 in 
the specific mass ba lance when the perturbation of the 2 m 
temperature along the glacier was obtained with the 
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glacier-wind model. On the assumption of a constant lapse 
rate, however, the change was - 1110 mm w.e. a- I. This means 
that the estimates of the effec t of atmospheric warming on 
the mass balance made by, for example, O erlemans and 
Hoogendoorn (1989), O erlemans and Fortuin (1992) and 
J6hannesson and others (1995) a re too high. 

The glacier-wind model, however, does have some lim
itations. The model can only be used if there is a glacier 
wind. Thus, minimum requirements for application are a 
melting surface and temper a tures higher tha n O°C just 
above the surface. Even if these requirements a re fulfill ed , 
a glacier wind does not necessarily develop. Strong gradient 
or mountain and vall ey winds m ay have a considerable in
fluence on the near-surface wind regime. This was possibly 
the case during the PASTEX exp eriment in the upper part 
of the Pasterze, where the measured temper ature distribu
ti on cou ld not be simulated w ith the model, a nd during an 
experiment on Storglacia r en, where the sen sitivity of the 
local temperature to ch anges in temperature outside the 
thermal regime of the glacier turned out to be incompatible 
with that on the other glaciers considered in this paper. 

Also, a na lysis of data from the margina l zone of the 
Greenland ice sheet (S0ndre Str0mfjord transect; not shown 
here) showed that at that locati on the "clima te sensitivity"of 
the 2 m temperature increa sed towards the m a rgin, i. e. it 
increased with x. Therefore, the model is not applicable 
there, although the kat;i ba ti c wind dominates the near-sur
fa ce wind regime (see e.g. O erlemans and Vug ts, 1993). This 
may be understood in terms of the heat budget. The two
term ba la nce in the heat budget ass umed in the glacier-wind 
model presented here was found for the Pasterze (Van den 
Broeke, in press), but above the S0ndre Str0mfjord transect 
the budget becomes more complicated because divergence 
of long-wave radi ation is a lso important (Van den Broeke 
and others, 1994). This differe nce in the heat budgets of the 
Pasterze a nd the Greenland ice sheet is proba bly due to the 
difference in length and/or h eight scale of the katabat ic 
layer. 

In summary, according to its theoretical bas is, rhe 
glacier-wind model can be applied to melting g laciers, pro
vided gradient and mounta in a nd vall ey winds do not per
lUrb the glacier-wind layer. The avail able da ta from four 
mid-latitude glaciers suggest that the model is indeed ap
p licable to three of these g laciers. Thus, over m ost melting, 
mid-l atitude glaciers, di srupture of the glacier-wind layer by 
other winds is probably of lesser importance. Accord ing to 
the data, the model cannot b e used to compute the temper
ature di stribution above the ablation zone of the Greenland 
ice sheet. 

How can the glacier-wind model presented here be 
applied to other glaciers? If sufficient tempera ture data a re 
avail able, the values of the unknown param e ters Xo, LR, 
b, Zo and I can be determined as in this study, but what is 
to be done if no or insullicie11l d a ta a re avai lable? Accord ing 
to Equation (5), the response leng th (LR) is proportional to 
the thickness of the glacier-wind layer (H ). The glacier
wind model of Ohata (1989) predicts that there will be an 
almost linear relati onship b e tween H and the distance 
along the g lacier, but the m od el preseI1led here success fu lly 
reproduces the measured temperature di stribution over the 
Pasterze on the assumption of a constant H . Va n den Broeke 
(in press ) a lso concluded tha t H is near ly constant, aft er 
analyz ing the heat, momentum a nd moisture budget of the 
katabatic laye r over the tong ue of the Pasterze. If H is in fact 
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constant and if it is assumed tha t the local thickness of the 
g lacier-wind layer is not affected by processes occurring 
down-glacier, H sh ould be indep endent of glacier length. 
Therefore, it seem s reasonable to ta ke LR on other glaciers 
equal to the value found for the Pas terze. 

The distance Xo possibly dep ends on the geometry of the 
upper pa rt of the glacier and sho uld therefore have different 
values for different glaciers. H owever, as long as the nature 
of this dependence is not determined , Xo remains an empiri
cal constant. In the absence of d a ta it is advisa ble to take the 
same value as fo und for the Pas terze. In any case, the influ
ence of the value of Xo is sli ght at distances along the glacier 
much large r tha n Xo . Note that Fig ure 5 suggests th at LR 
a nd Xo on other glaciers are indeed similar to the values 
found for the Pasterze. 

As far as the constant b is concerned, the present study 
suggests that it should be computed from the mean slope 
between -Xo (elevation zo ) and the terminus of the glacier. 
The height Zo might be used as a tuning parameter, as 
shown in Figure 8. H owever, a lte rn a tively the model could 
be tuned by apply ing a consta nt correcti on to the temper
a tures found. In that case, or in the absence of teni p erature 
data, Zo might be taken equa l to the elevation at the top of 
the flowline. Fina lly, "y could be taken as the mean lapse rate 
in the free atmosphere, as inferred from local upper-air 
soundings. 

Finally, this p a per demonstrates (Fig. 9) that L R a nd Xo 
d o not depend very mllch on the elevation or the type of 
location (valley o r summit) of the climate station consid
ered. This conclusion has some bearing on predi ctions of 
future melt, which a re based on p redictions of cha nges in 
a tmospheric temperature produced by global a tmospheric 
m odels (see e.g. de Wolde and o the rs, 1996). Given that the 
size of the grid boxes of these m od els is much la rger than 
the typical wavelength of mounta ins a nd vall eys, one might 
well wonder at w ha t elevati on a nd at whieh type of location 
the predi cted temperature changes a re valid in m ountain
O Ll S areas. Wha tever the answers to these questi ons a re, the 
calculated change in the 2 m tempera ture along the glacier 
is more or less th e same, owing to the small vari ati on in the 
L R's and xo's occ urring with differe nt topographic se ttings 
o f the climate sta tion. 
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