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ABSTR ACT. Overa ll res ults comparing Geld observations and Crocus simul a tions 
during the winters 1993- 94 and 1994- 95 in two diITerent climate zones are presented. We 
present information on: snow depth, snow-temperature proGles, density proGl es, liquid
water content profi les and gra in metamorphism. Snow profiles illustrating the typical be
havior of the model are presented and are shown to illust rate the sensitivity of Crocus to 
different mountain climates. H eat-exchange simulation, together with qualitative analysis 
of meteorological data, give promising results [or surface-hoar prediction. 

INTRODUCTION 

\l\Tithin the last decade, snow and avalanche research has 
been marked by a significant increase in the u e of computer 
models to simulate snowpack characteri st ics and assess ava
lanche hazard on a meso-scale. Growing availability ofvar
ious sources of meteorological data has played an imporLanl 
role in the method used in these models. Initiall y, air temp
erature and precipitation were the main parameters used in 
numerous snow models which had their "time-of-glory", 
especia lly for the hydrologist. However, they were not 
adapted for deriving snowpack pa rame ters and their 
interna l characteri stics. More recently, deterministic snow
pack models have been introduced to model avalanche phe
nomena. Together with statistical models and expert 
systems, they form a highly developed set of analytical tools. 

As described by M cClung and Schaerer (1993), data to 
interpret snow stability and for avalanche-hazard assess
ment can be grouped in three classes based on relevance 
and ease of interpretation. Class I conta ins the stability fac

tors which are the most relevant for the task, whi le snow
pack data form class n. This type of information is 
obtained by performing a fu ll snow profile and can only be 
done at isolated spots. Local stabilil y can then be derived 
from analysis o[ the snow pack data . Extension to the larger 
scale remains the task of the avalanche expert taking into 
consideration knowledge of the terrain, experi ence and in
tuition. Finall y, class III contains meteorological and snow
fall data. These data are characterized by both much wider 
scale and easier availability than class I and IT data but are 
significantly less informative with regard to the snow pack 

and its stability. Meso-scale evaluation of the avalanche 
hazard (refering to class I factors ) is both time-consuming 
and subject to difficulties of accessing the terrain. Meso
scale analysis can be aided by using meteorological data. 
Two independent tasks must be acco mpli shed to obtain a 
reasonable avalanche-hazard assessment. The first is to pro
vide a meaningful set of snowpack parameters derived from 
meteorological data and the second is to assist the reasoning 
of the expert with all his/her "bag-of-tricks" (rules of deci-

sion u ed by experienced avalanche forecasters) to assess the 
hazard. Expert systems (Giraud, 1993; M cClung, 1995a; 
Schweizer and F6hn, 1996) a re becoming the norm [or this 
second tas k. As far as the first task is concerned, the Crocus 
model (Br un and others, 1989, 1992) seems to be the most 
advanced technique to date for deterministic snowpack mod
eling. 

This paper presents complete results of a fi eld testing of 
Crocus carried out in two distinct zones (Armstrong and 
Armstrong, 1987). It explores the performance of the model 
in climatic zones significanlly diITerent from previously pub
li shed work (Brun and others, 1989, 1992). Analysis is a lso 
performed with respect to use of the model for operational 
avalanche-hazard assessment with emphas is On the key 
parameters avalanche experts need for stability and ava
lanche-hazard evaluation. 

CROCUS AND RELEVANT INTERNAL SNOWPACK 
PARAMETERS FOR STABILITY EVALUATION 
AND AVALANCHE FORECASTING 

Snowpack internal p a raIIle t ers 

Except for snow temperature, the following internal snow
pack parameters, generally used to locate the presence of 
weak layers, indicate the presence of slab structures in the 
snowpack as well as their relative position a nd weaknesses 
throughout the layering. 

Hardness 
H ardness is often the first pa rameter forecasters look at. It is 

essential for extracting the slab structure of the snowpack as 
well as for locating weak layers. Generally speaking, it can 
be considered as a good indicator of shear strength, 
although it is only an index property of it. Unfortunately, 
ha rdness-governing laws, and more ideally shear stl-ength, 
remain quite difficult to model and a physically based 
approach has not yet been proposed. Brun and Rey (1987) 
did ome work in this direction and the expert system ME
PRA (Giraud, 1993) uses empirical relations (not avail able 
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at the time of this study) to derive shear strength. T hese re
lations represent a crucial link between Crocus and MEPRA 
and deserve broader description. 

Grain type 
Grain type is another very significant parameter for deter
mining the presence of weak layers and potential layers for 
fracture propagation. Three types are particularly important 
for forecasters in relation to skiing accidents Uamieson and 
Johnston, 1992): depth hoar, faceted grains and surface hoar. 

It is critical to establi sh whether these forms are well 
simulated by the model. Surface-hoar growth takes place 
at the snow surface and is also a direct consequence of the 
micrometeorology prevailing at the snow surface. In moun
tainous terrain, current micrometeorological monitoring 
systems may not enable acc urate simul ation of surface hoar. 
Altho ugh surface hoar is not predicted in the version of Cro 

cus used for this test, we attempted to recognize surface-hoar 
growth periods using heat-exchange simul ation at the sur
face of the snow cover. Crusts, resulting from refreezing 
after rain or solar radiation need to be located because fa
ceted grains often occur above or below them. Hard crusts 
can also be a barrier to percolating water and once lubri
cated, represent a major slide plane for an overlying slab. 

Grain bonds 
Bonding quantification is very difficult to obtain without 
direct fi eld te ting. Roughl y speaking, temperatures and 
grain types can help give an approximate idea of grain bond
ing both within and between layers. Nevertheless, no deter
ministic approach is yet available for modeling bonding. 

Temperature and temperature gradient 
Temperature profiles are highly significant because snow 
temperature controls the type and magnitude of meta
morphism. Grain bonding also depends on snow temper
ature. As slab-avalanche release depends on snow temper
ature (McClung, 1995b), a good simulation of this para
meter is critical. 

Density 
Density is a lso significant, because it indicates weak layers 
as well as grain compaction, which can be very useful for 
estimating bond formation. 

Liquid -water content 
' '''et snow tends to be weak so strength decreases with the 
amount of liquid-water content. However, since most of the 
profiles in thi s work were in dry snow, comparison here is 
somewhat limited. 

Param eters returned by Crocus 

Air temperature, wind speed, relative humidity, incoming 
shortwave and longwave radiation, new snow, new-snow 
density, rain a nd soil thermal !1ux have to be supplied to 
the model hourly. If there is already snow on the ground, a 
snow profile provides the initial conditions. After simul
ation, Crocus returns a layered snowpack, with temperature, 
density, grain-size and type a nd liquid-wate r content for 
each layer. Total snow depth and bottom-water run-ofT are 
also computed . The underlying equations have been des
cribed by Brun and others (1989, 1992). As far as a physically 
based approach is concerned, the above parameters are a ll 
that can be provided to date. 

Hardness and grain bonding will have to be derived 
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through empirical- statistical or expert approaches so that 
class II parameters can be successfu lly simulated. On ly 
then, will analysis systems for stability appraisal based on 
field snowpack parameters become meaningful fo r 
simulated snow profiles. In this way, one might expect to im
prove the model's ability to derive snowpack stabili ty from 
meteorological data. 

THE TEST SITES 

Mount Fidelity, Rogers Pass, Selkirk Mountains 

The site is lies at 1910 m a.s.!. near tree li ne in the western 
part of Glacier National Park, in eastern British Columbia, 
Canada. The study plot is nat and part of a wide cast-facing 
ridge. This area is characterized by a transitional snow 
climate between maritime and continental types (McClung 
and Schaerer, 1993). 

Bla ckcomb Peak, Coast Mountains 

The site lies within the Blackcomb Mountain Ski area, 
90 km north of Vancouver, in western British Columbia. Si
tuated on a wide shoulder at 1860 m a.s.l. , it overlooks the 
valley bottom and has a north- northwest aspect on nearly 
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Fig. 1. Snow depth. (a) Mount Fidelity, winter 1993- 94. 
( b) Mount Fidelity, winter 1994-95. (c) Blackcomb Peak, 
winter 1994- 95. 

https://doi.org/10.3189/1998AoG26-1-347-356 Published online by Cambridge University Press

https://doi.org/10.3189/1998AoG26-1-347-356


M ingo and Nl cClung: Crocus test resullsjor snow-pack modeling 

350 
21an !nit 20 Dec 291an !nit 20 Dec 13 Feb !nit 29 lan 3 Mar !nit 29 lan 20 Mar 1nit 29 l an 

/ 

28 Apr !nit 29 Jan 

300 
--fr- Measur~ 

--1 
250 Crocus ~ 

,-., 200 
E 

150 CJ 
'-' 
.c: 100 C. 
Q,I 50 Cl 

0 '--'---'-_~ 1_ -.L J \ 
(a) -14 -10 -6 -2 -14 -10 -6 -2 -14 -10 -6 -2 - 14 -10 -6 -2 -14 - 10 -6 -2 - 14 -10 -6 -2 

Temperature (0C) 

300 
91an !nit 12 Dec 231an Init 12 Dec 8 Feb Inil 12 Dec 25 Feb Inil 12 Dec !nit 12 Dec 

250 -~ Measum1 

Guru; 

200 
,-., 

. 150 E 
CJ 
'-' 

100 .c: -Co 50 Q,I 

Cl 
0 

(b) -14 -10 -6 -2 -22 - 16 - 10 -4 -14 -10 -6 -2 -14 -10 -6 -2 -14 -1 0 -6 -2 - 14 -10 -6 -2 
Temperature (0C) 

350 
12Dee Init 28 Noy 25 Dee Init 28 Noy 20 1an Ini t 25 Dee 02 Mar Init 25 Dee 16 Mar In it 25 Dec 28 Mar In it 25 Dee 

,-.. 300 -I!r- Measured 

e 250 CJ 
__ Crocus -

'-' 
.c: 200 -Co 

150 Q,I 

Q 
100 

50 
0 

(c) -1 4 - 10 -6 -2 -1 4 -10 -6 -2 -14 -10 -6 -2 -16 - 12 -8 -4 -14 -10 -6 -2 - 14 - 10 -6 -2 

Temperature (0C) 

Fig 2. Comparison qf observed temperature jnqfile and simulation. (a) Mount Fidelity, winter 1993- 94. (b) Mounl Fidelity, 
winter 1994- 95. (c) Nlount Fidelityfor the winter 1994- 95. 

Oat terra in. The snow climate is typicall y m a ritime with 
mild temperatures a nd deep snow packs. 

INSTRUMENTATION 

M odel input data were acquired in 1993- 94 and 1994- 95 a t 
M ount Fidelity a nd 1994- 95 a t Blackcomb Peak. M eteoro
logica l data were measured automa ticall y, except for the 
new-snow densit y a nd g round heat Oux. For Blackcomb, 
new-snow density was derived from wind a nd temperature 

according to Pahaut (1975) a nd M eister (1985). A combina

tion of new-snow a nd water-equivalent readings was used to 
derive new-snow density for Mount Fidelity. In both cases, 
ground heat Oux was estimated. Sola r a nd infrared radi
a ti on were measured at both sites with Eppley radiometers. 
l:;O r infrared radiation measurement, over heating of the 

dome of the pyrgeometer was corrected according to Ala
dos-Arboedas a nd others (1988). The principa l problem with 
these instruments was they could be buried during snow
fall s. H owever, daily manned presence at the study plot by 
Glacier National Pa rk's avala nche control stafT (Mount Fi
delity) a nd Blackcomb ski patrol (Blackcomb Peak) signifi
cantl y reduced this problem . 

SNOW DEPTH 

Du ring winter 1993- 94 tests were conducted a t M oun t Fide
lity. Crocus was initi a li zed on 29 J a nua ry 1994 a nd was run 
until mid-May. Excell ent p erform ance du r ing accumula

ti on, settl ement and m elting periods is illustrated in Figure 
la. The following winter, the model was initi a lized on 12 D e
cember 1994. No re-initia li zation was applied during th e 
next 6 months a nd excellent agreement between both 
observed a nd simulated snow depths is demonstrated (Fig. 

lb). Fig ure le shows results for Blackcomb Peak (win ter 

1994- 95). At both sites, simulat ion yielded very good res ults. 

TEMPERATURE, DENSITY AND LIQUID-WATER 
CONTENT PROFILES 

Figure 2a, band c show measured a nd simul ated temper

a ture profil es a t M ount Fidelity a nd Blackcomb Peak. Ex
cell ent agreemen t is shown. Cold as well as warm 
snowpacks a re correctl y si mu1ated . A few mism atches can 
be obse rved for freshly fa ll en snow o r at the top of the snow 
cover. Since air temperature is uscd to set the fres h-snow 
tempera ture when it reaches the surface of the snow cover, 
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it takes a few time-steps for the simulated temperature to 
evolve according to surface heat exchanges. Some near-sur
face discrepancies may be due to partia l buria l of radio
meters between daily visits to the study plot. T his probably 
happened in isolated cases over the 600 test days. Good 
simulation of temperature profiles reveals that heat ex
changes are correctly modeled. Since temperature gradients 

were successfull y reproduced, a necessary condition for 
g rain-metamorphism simulation is achieved. It must be 
noted, however, that the fi eld study did not focus on the 
temperature gradients in the first top millimeters of the 
snowpack, another ver y important source of weak-layer for
mation. Bi rkeland and others (1997) have shown the high 
significance of near-surface faceting, including radiat ion 
crystallization, as a weak layer. Extreme accuracy must be 
achieved to model this phenomenon. 

After calcul ation of temperature profil es, phase changes 
a re computed. Settlement is taken into acco unt by decreas
ing the thickness of each layer and a new density is derived 
(Brun and others, 1989). The density simulations shown in 
Figure 3a and b depict very good res ults. D ensity drops in 
the Mount Fidelity simulation curves (for instance, around 
225 cm for 3 and 20 M arch in Figure 3a) are d ue to buried 
thin layers of surface hoar (observed in the fi eld profile). 
They were entered into the model (initia lization profile) 

with a low density, For such thin layers, density is usually 
not measured and thi s explains why no corresponding sharp 
drops are found in the experimental density curves. For the 
profile of 28 April 1994 (M ount Fideli ty), the low surface 
density re turned by the model was a thin layer of new snow 
which prevented density measurements. This explains the 
mismatch tha t appears at the top of the profile, Blackcomb's 

density profil es (Fig. 3c), a re not as good as those on Mount 
Fidelity. Frequent g usty wind conditions a re likely to be the 
origin of mismatches. New-snow density was derived from 
wind and temperature da ta using Pahaut's equation, 
a lthough it is restricted to winds not exceeding 5 m s 1. An 
upper limit of 130 kg m 3 (M eister, 1985) was chosen for 
Blackcomb when the strongest winds prevailed. The lack of 
manual density data is certainly a source of error to ta ke 
into acco unt for operational use of the model at a la rger 
scale where such data a re not available. Furthermore, snow 
is redistributed after a storm during windy conditions. As a 
result, the actual density might have increased due to wind

packing, leading to erratic simulations. 
Liquid-water content profiles are shown in Figure 4. 

Considering that Crocus is a one-dimensiona l model (no ac
count being taken of percolation) and tha t the assumption 
of total meltwater absorption by the ground may not hold at 
all times, the results a re of good quality, 
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GRAIN METAMORPHISM 

Quantification of snow-tnetatnorphistn laws 

Snow metamorphism potentially affects most of the proper
ties of the snowpack. In particular, mechanical properties 
and albedo are highly dependent on grain type. Based on 
previous work and experiments, Brun and others (1992) de
rived metamorphism laws for dry and wet snow as functions 
of temperature, temperature gradient, density, grain-size, 

water content and time. To include grain metamorphism in 
the model , Brun and others (1992) introduced continuous 
parameters to descr ibe gra in forms, resu lting in the con
cepts of dendricity a nd sphericity (with indices between 0 
and 99 or 0 and I depending on the adopted com·ention). 

Dendricity quantifies how much of their initial shape the 
crystals still retain . 

Sphericity describes the degree of spherica l shape. 

\IVhen dendricity reaches 0, a faceted grain is described, 
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whereas for rounded grains sphericity is 99. Grain-size is 
also used to characterize the evolu tion of facets towards 
depth hoar and fine rounded grains towards coarse rounded 
grains. Note that a ll initial grains are assumed dendritic. 

Discritnination of the type of metamorphism 

Proposed discrimination of the type of metamorphism is 
based on the magnitude of the prevailing temperature gra
dient within a given layer (Brun and others, 1992). For dry 
snow, when Ib.T / b.ZI < 5°C m - \ a low-grad ient meta
morphism scheme is used. D endricity decreases with time 
and sphericity increases, both at greater rates when temper
ature increases. Eventually, if the trend continues, rounded 
grains are simulated. When Ib.T / b.ZI 2': 5°C m- I, a strong 
gradient-metamorphism scheme is applied. Dendricity still 
decreases but, unlike in the previous case, sphericity also di
minishes. Grains become more angular and can eventua lly 

reach a faceted state. Increase of temperature and/or temp
erature gradient leads to greater rates in the evolution of 
dendricity and sphericity. Finally, if growth continues, 
grains evolve to depth hoar. To model wet-snow meta
morphism, sphericity and dendricity are controlled by the 
water content of the layer considered. 

Grain-type simulation 

In this section, both satisfactory and unsatisfactory simula
tions are grouped accordi ng to meteorological patterns 
leading to clim atic dependent performances. First, typically 
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erroneous simu lations are shown in the 2 J anuary 1994 and 
23 J anuary 1995 profiles (Mount Fidelity). Then, two typi
cally successful simulations are shown in the 8 a nd 25 Feb
ruary profiles (Mount Fidelity). Figures 5a, 6a, 7a and 8a 
give direct Crocus outputs, while simplified corresponding 
simulation profiles are compared with fi eld profil es in Fig
ures 5b, 6b, 7b and 3b. 

Mount Fidelity 1993- 94, 2 January initialization 20 December 
Simulation plots are presented at regular intervals between 
20 December and 2 J anuary in Figure 5a. For each, the 
temperature profile is shown. In the righthand columns, 
dendricity/sphericity a re given. H ere, one can split the 
snowpack in three parts: 

Lower part: between 0 (ground) and 30 cm. 

Mid part between 30 and 140 cm. 

Upper part from 140 cm to surface. 

The upper snowpack is first subjected to a temperature gra
dient ranging from 5°C m 1 to close to IO°Cm - 1 (according 
to the simulation ) during the first few days after 20 Decem
ber. During this period, a moderately cold period prevailed 
until 24 December with air temperatures steadily increas
ing from abo ut - 12°C to - 3°C. Afterward, until 2 J anuary, 
milder temperatures were observed (close to - 5°C ), leading 
to an upper snowpack nearly isothermal at around - 5°C 
after 28 December. Grain simulation (Figure 5 b ) is satisfac
tory here. 
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In the mid-snowpack, simul ated temperature g radients 
(TGs) reached between 6° a nd 8°C m I from 20 to 24 De

cember a nd increased to nearly 10°C m I on 28 December. 
Simula ted grains transformed towa rds facets with a de
creasing sphericity. In particular, a few laye rs a re identified 
as face ts with very low sphericity (0 on 28 December, 
between 0 a nd 10 on 28 D ecember 28) around 100 cm. After
wa rds, and until 2 January, weakerTGs (4- 5°C m I) allow 

simulated rounding to occur but not enough to match the 
fi eld profil e reasonably in the mid-snowpack where facets 
were returned . 

The bottom part showed a steady decrease in sphericity, 
leading to pa rtia lly faceted grains not confirmed by fi eld 

observation. Throughout the considered time period, thi s 

layer was submitted to a gradient slightly greater than 
5°C m I. The underlying layer, down to ground level , never 
experienced g radients stronger tha n 5c C m I a nd the profile 
exhibits rounded grains confirmed by fi eld observations. 

Mount Fidelity 1994- 95, 23 January initialization 12 December 
Until 23 J a nua ry, the lower snowpack -- below 100 cm in 
thi s case -- is consistently submitted to a gradient ranging 
between 4 and 6°C m - I (Fig. 6a). H oweve r, steady faceting 
was simulated until 23 Janua ry resulting in a mainly faceted 
lower snowpack except for the 20 cm above ground. The 

layer, form ed on 28 O ctober, can be tracked eas ily, its 

sphericity decreasing from 99 to 12 with TG slightly greater 
than 5°C m- I. This is in contras t to the observed profiles 
where only rounded grains were obse rved (Fig. 6b). If no 
re-initia li zation was applied a t this point, future profiles 
would be incorrectly simulated. 8 a nd 25 Februa ry profiles 
would show such a bias with faceted lower snowpacks, un-

less re-initia lization was appli ed on 23 J anuary. Weather 

conditions wo uld then lead to a satisfactory response of the 

m odel as shown below. 

ilIounl Fidelity 1994- 95, 8 Feb1'lla1Y illitialization23 Janlla1Y 
During this period , weak T Cs characterized the snowpack 
(Fig. 7a). R ounded g rains a lready present on 23 J anuary, 

were still found on 8 Febr ua ry. Simulati on a nd observation 
were in strong agreement as illustra ted on Figure 7b. 

Mount Fidelity 1994- 95, 25 February initialization 23 Janua1)! 
Once again, the simulati on was initi a ted wi th a main ly 
rounded snow pack on 23 J a nua ry. Until 8 February, m ild 

weather conditions prevai led , leading to weak T Gs and li t tle 

if any cha nges in metam orphi sm. Sta rting on 9 February, a 
colder a ir m ass invaded the a rea a nd temp eratures d ropped 
sig nificantl y (down to - 20°C ) wi th clear ski es. One wo uld 
then ex pect the snowpack to presen t stronger T C s, a t least 
in the upper part. Simulation clearl y showed that tre nd: 

st rong TGs returned a nd face ting was simulated (Fig. 8a). 
The cold spell rem ained over the region until 15- 16 Febru
a ry, a nd was followed by a milder peri od until 25 February 
accompanied by snow prec ipita lion until 21 February. As a 
result, the 25 February simulati on presents an upper snow
pack composed of new snow, overlying some ro unded 

grains, a nd between 160 a nd 110 cm , m a inly faceted grains. 

Below, older rounded crystals we re simulated. H ere, fi cld 
observati on agreed with the simulation (Fig. 8b). 

Conclusion on grain InetaInorphisIn 

A very specific type of meteorological condition associa ted 
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Fig. 8. (a) Simulation of temperature prrifiles and grain metamorphism from 23 January 1995 to 25 February 1995. Same des
cription asfor Figure 5. (b) Simplified prrifilesfor 25 February 1995 using the ICSI classification (Colbeck and others, 1990). 

with snow depth, leading to faulty simulations, has been 
identified. When TG is slight ly greater than 5°Cm- \ the 
model creates facets. Field observations do not confirm the 
formation of faceted grains. On the other hand, when TG is 
well off the model's threshold (greater than lOoC m- I or 
close to isothermal), simulations are successfu l. Examples 
provided by the Mount Fidelity data show this trend clearly 
due to the presence of weather conditions where TGs with 
different magnitudes (weak, near 5°C m 1 and strong) 

occurred. On a profile-to-profile comparison, Blackcomb's 
profiles do not usually present suchTG variabi lity and simu
lations were generally good, except at the very top of the 
snowpack where the same anomaly was also noted (Mingo, 
1996). Since the problem is connected to the threshold rela
tive to TG, the climate of the a rea will indicate whether one 

can expect the bias to occur. Previous publications on Crocus 
performances at Col de Porte (France), obtained in a differ
ent snow climate, showed excellent agreement between si
mulations and field observations. In those cases, gradients 
were very strong due continental snowpack conditions with 
shallow snowpacks which never exceeded I m during the 
winter 1988- 89 test (Brun and others, 1992). As a result, the 
zone of interest highlighted here was not explored. 

First, it would be appropriate to re-evaluate the model 
threshold towards a m agnitude neighboring 10°C m I which 
wou ld be more in line with typical gradient magnitudes 
found in the literature (Colbeck, 1982, 1983). It should main

tain satisfactory simulation for weak and strong TGs, and 
prevent underestimation of sphericity for TGs greater than 
5c C m- I but sti ll remaining below the 10°C m 1 mark. Sec-
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ondly, greater sophistication is required. The criteria for fa
ceting depends not only on temperature gradient but a lso on 
temperature and pore space (e.g. snow density). Experience 
shows that for lower temperatures, a higherTG is generally 
required for facets to develop. Also, density, associated with 
grain-size and type influences heat conduction a nd hence 
temperature. So, metamorphism also depends on density. 

Crusts 

Observed and simulated crusts are summa ri zed in Table 1. 
Simulation reproduced the occurrence and position of crusts. 

SURFACE HOAR 

In Canada, J amieson andJohnston (1992) have shown that 
an important proportion of fatal human-triggered slab-ava
lanche accidents between 1972 and 1991 had fai lu re planes 
composed of surface hoar in 25% of the accidents invo lving 
non-professional decision-makers and in 50% involving 
professiona l decision makers. This emphasizes the impor
tance of an avalanche-risk assessment system being able to 
provide information on potential surface-hoar occurrences. 
In the version of the model tested, no speci fic scheme was 
available to simulate the growth of hoar crystals. Growth 
remains too complex to model and governing pa rameters 
are difficult to monitor. evertheless, in the surface heat-ex

change simulation returned by Crocus there are clues as to 
the potential for surface hoar to occur. M ore precisely, the 
latent-heat exchanges at the surface can retrace the type of 
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Table 1. Summa1Y ifcrustsJound in the snowpack (F A10unt 
Fidelity; B: Blackcomb Peak) and the associated simulation 

Profile d ate Depth of Depth of Comments 
observed crusts simulated crusts 

cm cm 

02-13-9', - F 5 and 10 15 
03-20-94 - F 50 and 60 40, 50, 80 
02-08-95 - F 10 10 
02-25-95 - F 40 25, 70 Crust of 8 February is now 

the one simulated at 70 cm 
below surface 

03-28-95 - B 40, 80, 50,80, Sim ulated crUSl al 160 cm is 
100,180 100, 160 COlllposccI of few cruSl 

laye rs wil hjn 20 enl 

physical reaction - condensation or evaporation - occur
ring at a given time (M ingo, 1995). Two main limitations 
have to be kept in mind. (I) Condensation at the surface does 
not necessa rily imply surface-hoa r growth. (2) Available 
data were obtained by standard weather instruments (ex
cept radiometers) not suitable for accurate surface heat-ex

change characterization at the micro-scale. However, our 
approach did enable testing of an anal ysis scheme based on 
heat-exchange simu lation and weather-parameter analysis 
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as described in this section. Figure 9a a nd b show latent heat 
predicted by Crocus with potential "surface-hoar periods" 
(SHPs) - marked by semi-hori zontal brackets - a nd 
observed SHPs (vertica l bars ). A late nt-heat plot ba rely 
gives sufficient information to locate a SHP. To improve on 
this, the first step was to isolate parts of the plot where sig
nificant condensation was simulated. Next, meteorological 
data were combined in the ana lysis to refine the resolution. 
'Vhen cold a ir is associated with calm conditions, low clou
diness a nd fairly high relat ive humidity, conditions favor
able for surface hoar occur (La ng and others, 1984; 
Breyfogle, 1987). A combined analysis led to the results illus
trated inTable 2. 

To establi sh that a derived SHP qualified as an actual 
growth period, Cl'iteria were defined as follows: (I) the SHP 
had to overlap observation of growth crystals at the surface 

of the snowpack; or (2) a SHP had to be fo llowed closely by 

observation of buried surface hoa r. Possible destruction of 
crystals by wind or sun had to be taken into account, sti ll 
quite qualitatively. The exact timing of the occurrence 
could not be strict ly defin ed a nd hence was not studied. Sur
face -hoar occurrences were onl y recorded when terrain 
observations were made and someti mes only recorded once 

buried. At this stage attempting to correl ate simulation and 
meteorological analysis roughly with fi eld observations was 
the principa l goal pursued. 

S B S B S 

I I 11 I 
~ 

1"'"""1 r--1 r--1 

c c ..c ..c ..c ..c ..c ..c .. .. .. 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ..., ..., 

""' ""' ""' ""' ""' ""' ~ ~ ~ , , , , , , , , 
r'l 00 M r-- M r-- M r-- , , , 
M M .... M M '<t <:T\ '<t .... 

Fig. 9. Simulation if latent heat at the sUljace qf the snow covel: Latent heat is associated with condensation/ evaporation at the 
swJace and can be related to suiface-hoar growth. HorizontaL brackets show sUlJace-hoar jJeriods (SHPs), whiLe vertical Lines 
mark observed surface-hoar occurrence. "B" reLates to buried layers qf surface hoar and "S" to sU1Jace flOar found on the top if the 
sl7owpack. (a) Mount Fidelity, winter 1994- 95. ( b) Blackcomb Peak, winter 1994- 95, all occurences observed at lhe Sll1Jace. 
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Table 2. Contingency table qf SHP difined with heat-ex
change simulation and meteorological analysisJor the Mount 
Fidelity site (winters 1993- 94 and 1994- 95) and Blackcomb 
Peak sites 

Simulation + Ana[ysis 
Observation 

SHP 
NoSHP 

CONCLUSION 

SHP 

70.5% 
23.5% 

NoSHP 

6% 

Assessment of Crocus with respect to key parameters of snow
cover stability proved to be highly informative. Very good 
performances were confirmed for snow depth, temperature, 
density and crust form ation. Testing the model under two 
different climatic zones demonstrated the sensitivity of 
grain-metamorphism schemes to the type of snow climate 
the model was applied to. 

Unsuccess fu l simulations were associated with climatic 
patterns occurring when a given layer was submitted to a 
TG slightly> 5°C m I (model's threshold ) but still < lOoC 
m- I. A critical zone of erroneous simulations could be ex

pected whenTGs were found between 5° and approximately 
goC m- I. On the other hand, successful simul ations were as
sociated with both weak (strictly < 5°C m- I) and strong 
(superior or equal to lOOC m I) TGs. A simple threshold 
tuning is proposed to fix this problem. 

Consider ing that surface hoar is one of the major types 

of grain found in the failure planes of fatal avalanche acci

dents, an innovative apprai al of the model to help predict 
this type of g rain has shown encouraging results. In a more 
global sense, Crocus remains distinct a nd valuable as a link 
between meteorological data and snowpack parameters. 
Nevertheless, care must still be taken when working with 

larger model schemes for snowpack-stability evaluation or 
avalanche-hazard assessment where several numerical 
models interact with each other. Each individual block 
brings its own limited "efficiency", so the global system only 
conserves wha t is left in terms of usable information. Even a 
"perfect" snow pack model, returning the same output as 

Crocus, would not be able to solve the several unknowns (or 
little known in a deterministic sense) such as ha rdness or 
grain bonding which are important for assessing stabili ty. 
As far as surface hoar is concerned, improvement of surface 
heat-exchange simulations with possibly better-suited in
struments (e.g. infrared thermometers) and progress in the 
analysis of the direct meteorological data should lead to a 
reasonable predictive scheme in future. 
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