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ABSTRACT. Whil e the capabili ty of g lobal a nd regiona l clima te mode ls in rep ro 
ducing current clim ate has significantly im proved o\'e r the past few years, the eonfidenee 
in model res ults for remote reg ions, or those where complex orograp hy is a dominant 
featurc, is still re lat i\'C ly low. This is, in part, linked to the lack of obser\ 'a ti ona l data for 
modcl verificat ion a nd il1lercompa ri son purposes. 

G lac ier and perm afrost obser\'ati ons a re d irec tl y rela ted to pas t and prese lll energy 
flu x patterns at the Ea rth- a tmosphere interface a nd co ul d be used as a proxy for a ir temp
erature and prec ipita ti on, pa rticul a rl y of \'a lue in remote mounta in regions a nd bo rea l 
and Arcti c zo nes where instrumenta l clim a te records a rc spa rse or non-ex istent. It is 
pa rti cula rly important to \'eri fy clima te-model performa nce in these reg ions, as thi s is 
where most genera l circul a ti on models (GC:\ls) pred ict the g reatest changes in a ir te mp
eratures in a wa rme r globa l climate, 

Existing datasc ts from g lacier a nd p ermafros t m onito ring sites in remote a nd high 
a ltitudcs a rc descr ibed in thi s pap er; the data could be used in modcl-\ 'e rification studies, 
as a means to im prO\' ing model perform ance in these regions, 

INTRODUCTION 

Clim ate models synthesize current understa nding of com
plex interac ti ons of \'ari ous elemclllS of the globa l climate 
system that may be important to evo luti on, pa rticularl y in 
terms of the atmosphere, oceans, cryosphere a nd biosphere, 
Obseryationa l da ta prO\'ide much informa ti on on current or 
past clim ati c conditions, but do not p rO\' ide a clear pict ure 
of the future clim ati c (:'\ 'o lution, because extrapolati on to the 
future based on pas t conditions is unreliable when a highl y 
nonlinear system is used. l\'rodels therefore constitute the 
onl y predicti\'e too l ava il able for imTstigating future 
clim ate cha nge, for example under cond itions of enhanced 
g reenhouse-gas forcing. 

Abstrac t theori es a nd models need to be \'alidated in 
order to develop an acce ptabl e deg ree of confidence in their 
proj ec tions and analyses, Often, howe\'er, the geog raphica l 
di stribution of obsen 'a ti ona l data is highl y heterogeneo lls, 
e\ 'en O\Tr contine11la l a reas where most of the da ta is to be 
found. T here is a lack of di rec t c1 im atological information 
O\'er oceanic regions (although sa tel lite remote sensing has 
been filling this gap in recent yea rs), regions of complex 
orog raphy and polar regions. 

C ryos pheric data can be used as a proxy for temperature 
a nd prec ipitati on, pa rti cul arl y in remote mounta in regions 
or boreal zones where instrumenta l climate records a rc non
ex istant. The quantity and qua lity of information on the 
equilibrium-line altitude (ELA ) of g lac iers on the one hand, 
a nd the e\'o lution of perm afros t on the other hand, a re good 
indica tors of clim ate \'a ri ability on sca les ranging from 
yea rs to cel1luries; these types of reco rd a rc dependent on 
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tempera ture and prec ipita ti on, both seasona l and a nnua l, 
a nd cumul ati\ 'e over longer periods (i.e. they represen t the 
"memory" of past climatic conditions), 

Few, if any, clim ate-modeling studi es ha\T used cryo
spheri c records fo r intercom pa ri son purposes, Thi s paper 
will d iscuss brieOy the curren t status of climate models a nd 
the type of corresponding cryospheri c data that co ul d be 
u cd for model intercompa ri son purposes, 

CLIMATE MODELS: APPLICATIONS TO POLAR 
AND HIGH MOUNTAIN REGIONS 

High-reso lution climate modcling has opened up new per
spec tiyes for understand i ng some of the mechanisms behi nd 
clima te cha nge. High resolution is obta ined either through 
reducing the grid size of genera l circul ati on models (GC Ms), 
o r coupling deta ilcdlimi ted-a rea model s (LAMs) to GC i\ls 
O\Tr a pa rti cula r region ofinteresl. Combining both techni
ques a llows a yer y high resolution to be obtained (e,g, Beni s
ton a nd others, 1995; ~Iarinucc i and others, 1995; Rotach 
and others, in press ), 

There a re about 30 GCi\fs that have been de\'e1oped 
worldwide fo r climate research. ~fany of these ha\ 'e been 
used by the T ntergovernmcllta l Pa nel on C lim.ate C hange 
(H oug hLOll and others, 1990, 1992, 1996) for assessing model 
capability in reproducing present-day climate, and fo r pro
viding an insight into the future, g reenhouse-gas enhanced 
clima te of the 21st century, In terms of current cli mate simu
la ti ons, current model s now capture ma ny elements of the 
obse rved cl i matc with a rcasonable degree of acc uracy, e\Tn 
on a continenta l sca le, pa rticul a rl y when initi a li zed with 
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obscr\'ed sea-surface temperature distribution a nd its recent 
('\'o lut ion. 

Experiments with the European Centre/HAMburg 

(ECHAl\I ) GC~l rOf conditio ns or doubl ed a tmospheric 
concentrations or CO~ a rc illustra ted in Figure I (Beniston 
a nd others, 1995). T he g loba l mean temperature increase in 
thi s expet'iment , " 'ith respec t to the current clim ate simula
tion , is 1.5 C. This indicates tha t the predi cted increase in 

temperature OWf different regions is la rgest ove r continents 

a nd a t hig h la titudes. The la nd surface is responding fas ter to 
g n 'enhouse rOITing than is the ocean, due to the la rge ther
Ill a l inerti a or the la tter. The retreating sno\\' cO\'e r a nd sea 
icc, a lld associa ted positive feedbac ks, lead to the a mplifica
ti on of greenhouse rorcing a t higher latitudes. The inerease in 

a ir temperature in the Arctic is stronges t during autumn, 
which can be ex pl a ined by del ayed sea-ice rormati o n in rail. 

The regiona l de ta il in the globa l mean temperature in
crcase or 1.5 C is, to a la rge extent, a bsent. In hi g h la titudes 
and in regions or compl ex o rog raphy, certa in cli m atological 
fea tures that m ay be significant on a regiona l sca le a re not 

reso lved e\'Cn by the rela ti\'e1y dense g rid net wo rk or the 
ECHA~I G CM . Onc method of owrcoming thi s problem 
is to coupl e, or "nes t", a LA~I \V ithin the GC~r g rid struc
ture in order to enha nce regiona l c1 imatolog ical deta il. 

1\. coupled GC~l-LA~I a pproach has been applied to 
the ,\.Ipine regio n at a yer ), high spat ia l reso lution by Beni s

ton a nd others (1995), specific aspec ts or \\'hich a rc reported 
by ~Iarinucc i a nd others (1995) a nd Rotach a nd others (in 
press ). The ECH A]\I GCM a t T-106 spec tra l resolutio n has 
iJccn used to prO\' ide initia l a nd bo unda ry conditi o ns to the 
Regional Clima te ~Iodel Versio n 2 (RegCl\I2) LA~I, de
\'e1oped a t the Nati onal Center ro r Atmospheric Research 
(US) (l\CAR ). The LAl\I has a reso lution of' 20 km, which 
a llo\\'s a much beller definiti o n or Alpine o rog raphy tha n 
the 120 km o rthe dri\'ing GC~L An example or the average 
J a nua ry a nd Jul y precipita ti on patterns o\'cr the Alps in a 
\\'a rmer globa l clima te (the CO~ doubling ex periment ) is 
illustra ted in Figure 2. The structure or the prec ipita ti on 

fi eld s refl ects, to a la rge ex tent, the presence of the orog ra-
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ph)'. as \\'o ulcl be ex pected from the enha nced spa ti a l defini
ti on or the LAl\I g rid mes h. Te mpera ture pa tterns a lso 

re fl ect thc de ta il of the underl ying surface, thereby empha

sizing the need far higher spati a l resolution in o rder to ill
\ 'esti gate climate a nd climate cha nge o\'e r a pa rticul a r 
region, es pec ia ll y ir tha t region has complex topography. 

High-reso lution simul ati ons, such as those illustra ted 
here, have contributed to a rurther impro\ 'cmcnt of our 

understa nding or the underlying mecha ni sms or climate 

change, a nd ha\'C helped point o ut model defi ciencies. Some 
or these defi ciencies a rc linked to a lack or obse lTa tio nal 
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data tha t could help impro\'e model performance in remote 
zones, such as in high latitudes or areas of complex orog ra
phy. In these regions, certa in forms of proxy data might be 
used La reconstruct climate and its recent flu ctu ati ons. 
Direc t intercompari son with model res ults is complex 
because of the problems assoc iated with the spati a l and tem

pora l rcsolution of the models, which may not correspond to 
the spati a l distribution of th e obsen 'ati ons (e.g. fo r moun
ta in g laciers), a nd because of incom plete physical pa rame
terizati ons, which m ay not be simulating the complete 
physics assoc iated with, for example, pe rmafros t and active 
laycr thickncss. 

H owever, some of the ve ry high-resolution model simu
lati ons di sc ussed here go some way in a ll e\'ia ting these 
problems. Solutions can be fo und on a case-by-case bas is 
fo r models of different sca les (from the globa l G C]\Is to the 
high-resolution LAMs). For example, a na lyses of ELA data 
for different mountain regions of the world might provide a 

deta iled picture of zona l a nd meridiona l temperature/preci
p itat ion gradients a t high elevations that a rc not available 
from the meteorological instrumcnt record. ]\Jfodel perfor
mances, particul a rl y L A M s, in reproducing the observed 
g radients could thercby be assessed a nd, wherever necess
a ry, pa rameteri zations improved. In the case ofpennafrost 

in boreal zones, observations m ight help determine the 
d isc repancies between surface sensible a nd late nt heat flu xes 
in the models. lVIost clim ate models proj ect much la rger 
temperature a nd precipita tion cha nges in northern latitudes 
tha n the global average, because of the high sensiti vity of 

the surface energy budge t to shifts in snow cove r and corres
ponding g round temperatures. Under these circumstances, 
ve rifying the model performance through proxy perma frost 
borehole observations becomes crucia l. 

Because of proj ected i mpro\'emellls in cl i mate models in 
coming years, the use of cryospheri c data will become 
increas ingly important for ver ificati on purposes, since it is 
a nti cipated that problems relating La model reso lution a nd 
physics will be reduced. The following sect ions will intro
duce the existing data from high latitudes and mounta inous 
regions that could be used [o r clim ate model intercompa ri

son purposes. 

GLACIERS 

\ Vorld wide collec tion of standa rd ized observations on 
changes in mass, volume, a rea a nd leng th of g laciers with 
time (glacier Ouctuations), as well as stati stical information 
on the di stribution a nd cha rac teri stics of perennia l surface 
ice in space (glacier inve ntori es ) is coordinated by the 
World G lac ier Monitoring Service (WG MS) under the aus
pices of the Internationa l Commission on Snow and Ice 
(ICSI ) (H aeberli and others, 1989; Haeberli and H oelzle, 
1993; H aeberli and others, 1994). Data a re periodically pub
lished (for insta nce H aeberli and others, 1989; H aeberli and 
H oelzle, 1993; H aeberli and others, 1994; cr. a lso H aeberli 
a nd Wall cn, 1992; H aeberli , 1995) a nd are incorporated in 
the World D ata Center for G laciology (WDC-A) and the 
Globa l Resources Informa ti on Database (GRID) of the 
Globa l Environment Monitoring System (GEMS/UNEP). 

An extensive database on topographic glacier pa ra
meters is being developed in the context of regiona l g lacier 
inve lllo ries. World glacier inventol]: status 1988 is a guide to the 
ex isting sta tistical database on the world wide distribution, 
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a nd conta ins info rmation on the morphological character
ist ics of g laciers as doc umented in regional im'elllo ri cs 
(some of which a re deta iled , whil e others are preli m ina r y; 
H aeberli and others, 1989, 1993, 199"'·). Repetition of such 
g lacicr-im'entory work is p lan ned at time intervals tha t a rc 
comparable to the cha racteri sti c dynamic resp onse times of 

moun ta in glaciers (i.e. a few decades ). This should help with 
ana lyz ing changes on a regiona l scale, and with assess ing 
the representa tivity of continuous measu rements that can 
only be car ried out on selected g laciers. In addition, 
g lac ier-im'entory da ta a lso sen T as a sta ti sti ca l basis fo r 
extrapola ting the results of obse rvations or model calc ul a

ti ons conce rning ind i\'idua l glaciers (O erlcmans, 1993a), 
and to simulate regiona l aspect of the efTects of past a nd 
potcnti a l fut ure clim ate cha nge. 

This laller application requires the introduct ion of a 
parameteri zation scheme using the four ma in geometri c 
pa rameters conta ined in de ta iled inve ntori es (leng th; max

imum and minimum a lti tude a long the central nowline; 
and surface a rea ) a nd using corres ponding ly simple a lgo
r ithms for dcri\ 'ing such parameters as o\'era ll slope, mean 
a nd max imum thickness, ELA, mass balance at the g lac ier 
termin us, response timc, e te, A tes t stud y in the E uropean 
Alps (Haeberli and H oelz le, 1995) ind icates a total A lpine 

g lac ier volume of some 130 km3 in the mid-1970s. Tota l loss 
in A lpine surface-ice mass from 1850 to the mid-1970s is esti
mated a t about ha lf the ori ginal va lue. An accelerati on of 
thi s situation, with annua l mass losses of a round I m a I or 
more, as a nticipated from IPCC scenario A for the coming 

centu ry, wo uld lead to the di sappearance of a maj or pa rt of 
cur re nt A lpine ice within decades. T he st riking sensitivity of 
g lac icri zation in cold , mou nta inous a reas, with respect La 

trends in atmospheric \\'arming, is clea rly obsen ·ed. 
An important p a rame tCl' for the potenti al application of 

g lacier im'Cntory informa ti on to GCM validation is mca n 
g lacier elevation, as conta ined in deta iled g lacier inven
to ri es (Fig. 3). This eas il y determined pa rameter is a ro ugh 
approx imation to ELA. As such, it is associated with con ti
nenta lity and, hence, with a nnua l precipita tion, mass 
ba la nce g radient (activity index ), mass turnover, englac ia l 
temperature a nd glacier/permafrost re lations (Kuhn , 1981; 
H aeberli , 1983; O erlemans, 1993 b). Info rmation on mean 
glacier elevation is of paramoun t i mpon ance for glac iologi
calmodeling and hydrological assessments (e.g., Kotl yakQ\' 
and Krenke, 1982; H aeberli and H ocl zle, 1995). 

\Vith respec t to g lacier nuctuati ons, a nnual glacier m ass 
ba la nces are being measured on about 50 glaciers, ma inl y in 
the No rthern H emisphere, whereas leng th changes on 
about 1000 glaciers will help to assess the global long-term 
representati\ity of the limited num ber of mass ba lance 
measurements, An assumed step change in ELA induces 
an immediate step change in specific mass ba lance. T he 
resulting change in specific mass ba lance is the product of 
the shift in ELA and the gradient of mass ba lance with a lti
tude, weighted by the d is tribution of glacier surface area 
with a ltitude (hypsomet ry). Hypsometry represents the 
local/individual or topographic aspec t of glacier sensiti\'ity, 
whereas the mass balance g radient reflects principall y the 
regiona l or climatic aspect (Kuhn, 1990). As the mass 
ba la nce g radient tends to increase with increasing hu mid ity 
(Kuhn, 1981), the sensitivity of glac ier mass balance with respect 
to changes in ELA is genera ll y much higher in areas with 
humid/m ari time than d ry/co lllinenta l clim atic conditi ons 
(O erl emans, 1993 b). 
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Mean glacier elevations in the Alps 

Number of glaciers. glacieret, and perennial snowbanks 3441 
Mean elevation 2902 m a.5.1. 
Standard deviation + I - 233 m 

Beniston and others: Glacier and permafrost observations 
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Fig. 3. Mean glacier elevation in the EurojJean Alps as based on glacier inventories compiledfor Austria (1969), France (1967- 71), 
Germany (1.97.9), Italy (1.975-84) and Switzerland (1.973). 

R esults from continuous mass balance observations 
during the period 1980- 93 in North America, Eurasia and 
Africa are summari zed in Figure 4. The mean of all 33 
glac iers is strongly influenced by the great number of A lpine 
and Scandinavian glaciers. A mean value was therefore also 
calcul ated using only a single (in some places averagcd ) 
value for eleven of the mountain ranges involved. The 
annua l signal of the mean mass balance is smaller than lhe 
regional variabi li ty, but can be improved by cumulating 
mass balance values oyer extended periods of time. The 
mean specific net balance (-0.3 m w.e.) over the entire peri
od renects an additional energy flux of3 VV m 2 

- character
istic energy nu xes involved wilh the shrinkage of mountain 
g laciers roughly correspond to the es timated radia tiye 
forcing. Decadal to secular trends appear to be comparable 
beyond the scale of individual mountain ranges, with conti
nenta lit y of the climate being the main class ifying factor 
(L etrcguilly and R eynaud, 1990) a long with individua l hyp
sometric effects (Furbish and Andrews, 1984; Tangborn and 
others, 1990). However, detail ed analyses reveal consider
able spatio-temporal vari ability over short time periods. 
R esu lts from worldwide glacier mass-balance programs 
thus consti tute an important key factor in valida ting 
time-dependent climate models on bo th global and regional 
scales. Algorithms for relating a lmospheric temperatu re 
and precipitalion to ELA, for potenti al application in 
GeMs and LAMs, have been devcloped by a number of 
a uthors (e.g. Kuhn, 1989; O erlemans, 1993a, b). 

At the sub-zero temperatures that predominate at high 
latitudes, regions of continenta l climate and h igh altitudes, 
atmospheric warming in firn does not lead directly to mass 
loss through melting and/or runoff but rather to the warm-
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Fig. 4. Mean net balance (upper) and cumulative-mean net 
balance ( lower) continuously measllredfor the period 1.980-
.93 on 33 glaciers in 11 mountain ranges (from Haeberli and 
others, 1994). 
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ing of laye rs, thereby producing co rres ponding signa ls in 
firn /ice temperature profiles with depth (Blatter, 1987; 
Haeberli a nd Funk, 1991; Robin, 1983), For periods cO rJ-cs
ponding to dynamic-response time, or to multiples of it, 
cumul ati\'e glac ier-l eng th changes ca n be interpreted in 
terms of the average mass ba lance during the time intelya l 
under considerati on, In the Europ ea n A lps, for insta nce, 
such ana lyses confirm the rcpresentati\'eness of the fe w secu
la r glac ier ma s ba lances that ha\'e bccn determined by 
repea ted prcc ision mapping (H aebcrli and H oelzle, 1995), 
The cumul a ti\'e leng th cha nge of g lac iers constitutes the 
basis of g loba l intercompari son of sccula r mass losses, 

PERMAFROST 

Some 25'Yo of the Ea rth's land surface is perm afros t, high
lighting the importa nce of the circul11pola r regions as both 
a bounda ry condition fo r GCl\ls, and a loca le where \'C rili
cati on should be achie\'ed, Permafros t is a direc t physical 

consequence of se\'Cre pas t and present climates and, as 
such, IJrO\'ides unique opportuniti es to stud y the interac
ti ons between the g round a nd the O\'e rl ying atmosphere, 
a nd t he impact of future clim ate wa rming on a sizeable pa rt 
of the Ea rth, The long-term response of frozen ground to 

climate cha nge will be controlled by the la rge reservoir of 

latent hea l. The Globa l C hange Working Group of the Inter
nationa l Perm afrost Association (IPA ) has ca nvassed 
resea rchers a round the wo rld who a re monitoring cha nges 
in perm afrost. Sites with measurements el a ting back se\'era l 
decades, transccts crossing the discontinuous to continuous 

perm a fi'ost tranSlllOn, a nd intensel y instrumented sites 
studying nea r-surfaec hea t-transport processes han' been 
identifi ed , and may contribute to the goa ls outlined abO\'e, 

Decadal changes to the thickness of the acti\'(' laye r O\'er
lying permafrost will be a sensiti\ 'C indicator of any clim ate 
change, a nd the vege tati on modilica ti on that may accom
pan)' it. The Circumpolar Activc Laycr l\Ionitoring Program 
(CALl\I ) has cle\'el oped a sta tisti ca ll y robust stra tegy fo r 
long-term meas urement of the acti\'(' laye r by simple probing 
on a standa rd grid (persona l cOlll munication with Nelson 
and others, 1995). CAL:'I has been adopted for the fnt erna
ti ona l ' lLlIldra Experiment sites (ITEX ) and the GT O S of 
Wl\IO/U NESCO/U!\'EP/ ICSU (199.5) a t indepencknt sites 
(u 1ble I), Some resea rchers a re ins ta lling frost tubes to record 
the max imum den' lopment of the ac ti\ 'C layer each season 
(Nixon a nd others, 1995) while new approaches a re being 
used to map soil moisture eontcnt from satellite image ry 
(Ka ne a nd others, 1 99-~) , Thi s is a n important pa rameter 
for models, whil e other instrumentati on impro\'('s our under
stancling of the mecha ni sms of heat transfer within the 

active layer (e,g. Hinkel and Outcalt, 1995), 
From a differelll perspec ti\'e, currentl y a\'a il able maps of 

surfi cia l geo logy, soil s, \'egetation and present clim ate para
meters, anc1 the physics of heat transfcr have been used in a 
geog raphic information sys tem (GIS) to predict perma frost 
occurrence a nd thickness O\'er a reas of thousands of squa re 

kilometres in the discontinuous permafros t zone, These 
maps can also be used to predi ct the impact of' clim ate 
warming on eritical a reas of m a rgina l permafi-ost (\\'right 
and others, 199+), H oelzle a nd H aeberli (1995) outlinc simi
la r approaches with mounta in permafrost. Such a model, 

Trlhle I. CircumjJO Lar (Ir tive La}er monitoring ( CA LA!) Program. No te: ahstraets and jJosters re/Jorting these resll/ts were !Jre 
sfllted and published ill . lpril l996 at the lTEX worksho/J in CO}J fI7 hagen alld the geoC1]olog), cOI!ferflla ill PI/s/zehino, . lddi 
tiona/mollntain sites alld those measll ringsoiLd tem/Jfl'{l tures are being identified and will be added to the lIehcork and rejJorted 
u'it/i 1996obserl'{{ /ions ( Brou:n, 1996. 1997) 
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embodying surface propert ies and dynamics known today, 
might represent the ground surface-boundary condition in 
future GeMs (or perhaps in higher-resolution LA l\ fs) by 
relining the surface sensible and latent heat fluxes. Such a 
map-basedmoclel allows an estimation of the rate of release 
of greenhouse gases, particu larly methane, from the huge 

store of ca rbon in the tundra . presently also being measured 
at many sites (K\Tl1\'oJden and Lorenson. 1993). 

Obsen 'ational networks a re be ing mai nta ined to ensure 
that long-term time-ser ies of data will be m'ai lable in the 
future that will allow the detection of subtle changes. 
\ \ 'a tershed eco logy (Thorstcinson and Tay lor, 1994·). perma
frost forms and geomorphology (personal communication 
with E. Kolstrup, 1995), and particu larly changes with ele\'a
tion (Cone, 1988; Haeberli and others, 1993), arc also be ing 
mon ito red. T he working g roup on mounta in permafrost 
within the IPA is presen tly undertaking attempts to bu ild 
up a long-term mon itoring programme (Fig. 5) as well as a 

mapping programme on a number of different sca les. 
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Fig. 5. Temperalllre evollllioll al 2.5 m deplh (aclil'e !t~)'er) 

alld at 11.5 m withill the pe1ll){urosl bore/zoIc !l l arletl 
Corvalsch (easlern Swiss A!jJs). Active-Ia.VN lell1jJeratllres 
help wilh underslanding fIIngJI-elchange processes allhe slIr
]rIce and can be used for calibmlilll; slalislical relaliolls 
belween groulld lemperalllr!'s and meleor%gical paramelers 
(s lIch as air lemlJeralllre alld IneeilJitalioll ). Heal -tolldllcl iOIl 
ejJeels filler 0111 highfleqllen~v irregularilies al Ihe surfila 
and shall.' !onger-lerllllrends wilh erlreme dari{JI. Snow-/JOOI 
l('illleJ:f ill 1.988-8.9, J.9.9..J-.95 and F)9:5-.96 lI.'ilh inlom 
grollnd coolillg illlerrujJllhe general-warmillg Irelld sill ((, 1111' 
I ate 1.9805. 

Bmi.rloll alld olhers: G/acierand jJnmajiosl obsen'aliolls 
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