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ABSTRACT

The performance of a modified version of the snow scheme included in the Interactions between Surface—
Biosphere—Atmosphere (ISBA) land surface scheme, which was operationally implemented into the regional
weather forecast system at the Canadian Meteorological Centre, isexamined in thisstudy. Stand-alone verification
tests conducted prior to the operational implementation showed that ISBA's new snow package was able to
realistically reproduce the main characteristics of a snow cover, such as snow water equivalent and density, for
five winter datasets taken at Col de Porte, France, and at Goose Bay, Newfoundland, Canada. A number of
modifications to ISBA’'s snow model (i.e., new liquid water reservoir in the snowpack, new formulation of snow
density, and melting effect of incident rainfall on the snowpack) were found to improve the numerical repre-
sentation of snow characteristics.

Objective scoresfor the fully interactive preimplementation tests carried out with the Canadian regional weather
forecast model indicated that ISBA's improved snow scheme only had a minor impact on the model’s ability to
predict atmospheric circulation. The objective scores revealed that only a thin atmospheric layer above snow-
covered surfaces was influenced by the change of land surface scheme, and that over these regions the essential
behavior of the atmospheric model was not significantly altered by improvements to the treatment of snow cover.
It was shown that this lack of response was most likely related to the treatment of the snow cover fraction in
each atmospheric model grid tile. The estimation of snow cover fraction relied on simple formulations that were
dependent on poorly known parameters, such as the fractional coverage of vegetation. Results showed that
uncertainties of only 15% in vegetation fractional coverage could be responsible for uncertainties of as much
as 1-1.5 K in screen-level air temperature. This indicates that some care must be exercised in the specification
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of vegetation and snow cover fractional coverage.

1. Introduction

The importance for atmospheric models to correctly
represent fluxes of heat, moisture, and momentum over
snow-covered surfaces has long been recognized for
short-, medium-, and long-range (i.e., seasonal and cli-
mate) simulations. Several investigators have demon-
strated, for instance, the cooling effect in the atmo-
sphere’s lowest levels associated with the presence of
snow, due to its high albedo and relatively low thermal
conductivity (Namias 1985; Walsh et al. 1985; Ellisand
Leathers 1999; Viterbo and Betts 1999). Others have
described the role of snow in generating mesoscale
‘““snow breeze” atmospheric circulations (Segal et al.
1999), as well as larger-scale circulations, such as mon-
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soons (see Hahn and Shukla 1976; Barnett et al. 1989;
Cohen and Rind 1991).

In an effort to improve the representation of this as-
pect of environmental modeling, alarge number of snow
models of varying degrees of complexity have been
developed in the last decade or so. The common practice
in atmospheric models was mainly, until a few years
ago, to use very simple snow models in which the snow
properties (thermal conductivity, heat capacity, albedo,
density) were prescribed as a function of latitude and
time of year (e.g., Manabe 1969; Marshall et al. 1994,
Mailhot et al. 1997). Obviously, these simple formu-
lations were not able to represent the evolution of the
characteristics of snow and did not perform well in con-
ditions that deviated from the prescribed snow cover
climatology.

Snow packages of intermediate complexities are now
more frequently used in atmospheric models (e.g., Ver-
seghy 1991; Douville et al. 1995; Yang et al. 1997; Sun
et al. 1999; Boone and Etchevers 2001). In thesemodels,
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the characteristics of snow for a few snow layers (typ-
icaly from 1 to 3) evolve in a prognhostic manner. The
complexity of these schemes is referred to as “‘inter-
mediate’ compared to ‘“detailed” multilayer models
(e.g., Anderson 1976; Brun et al. 1989; Jordan 1991;
Loth et a. 1993) that resolve the vertical structure of
snow temperature, density, and crystal structure.

It should be noted that in the above process of model
evolution the emphasis was mainly placed onimproving
the representation of ““vertical” processes, such as in-
creasing the number of layers in the snowpack; using
more computationally expensive diffusion equations;
and better representing internal processes, such aswater
percolation and vapor transport. Other aspects, such as
upscaling snow properties and specifying snow cover
fraction, which are more **horizontal” in nature, have
received less attention (see Yang et a. 1997).

To our knowledge, very few studies have examined
the relative importance of these horizontal and vertical
processes. For example, is it really necessary to use
complex formulations of snow’s vertical characteristics
in the context of weather forecasting? Comparison stud-
ies have shown that simple snow models are able to
reproduce the evolution of snow properties as well as
more complex models (Jin et a. 1999; Essery et al.
1999). Moreover, the large uncertainties in critical sur-
face characteristics, such asvegetation (e.g., height, |eaf
area index, fractional coverage), coupled with large un-
certainties in atmospheric forcing (e.g., precipitation
amount and phase, and downwelling radiation fluxes),
have to be considered when assessing the need to in-
crease the complexity of snow models.

The first objective of this study is, therefore, to eval-
uate to what degree a relatively simple snow scheme,
with a single layer and with simple hydrology and ther-
mal physics, is capable of adequately representing the
main characteristics of snow, and to quantify the effect
this snow scheme has on numerical weather prediction.
The second aim of this study is to document the op-
erational implementation of this simple snow scheme
into the Canadian short-range regional weather fore-
casting system.

The snow model used is a modified version of the
scheme originally introduced into the Interactions be-
tween Surface-Biosphere—Atmosphere (ISBA) land sur-
face scheme (Noilhan and Planton 1989; Bélair et al.
2003) by Douville et al. (1995) (see section 2). The
performance of this snow model isfirst evaluated in the
context of “‘stand alone” experiments using data from
Col de Porte, France, and Goose Bay, Newfoundland,
Canada (see section 3). Findly, the impact of the new
snow package on weather forecasting is examined using
results from preimplementation parallel runs conducted
in March 2001 with the Canadian regional operational
model (see section 4).

2. ISBA snow package

The ISBA land surface scheme was developed in the
late 1980s at M étéo-France (Noilhan and Planton 1989).
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TaBLE 1. Modifications from Douville et al. (1995) snow scheme.

No. Modification

1 New reservoir for liquid water retained in the snowpack (var-
iable W, ) with exchanges (melt, and freez, with the snow
mass reservoir (i.e., W,).

2 Melting effect due to incident rainfall on the snowpack.

3 More sophisticated representation of the snow density, i.e.,
diagnostic calculations for the max snow density and for
the density of fresh snow, and the effect of freezing on the
snow density.

This scheme isthe central component of the new surface
modeling system that was operationally implemented in
September 2001 at the Canadian Meteorological Centre
(CMC). The details of this implementation, as well as
adescription of CMC's version of ISBA (except for the
cold climate aspects of the surface scheme) are given
in Bélair et a. (2003).

The snow packagein CM C’simplementation of ISBA
was originally developed by Douville et a. (1995). This
package was significantly modified to address a number
of over simplifications, which are discussed later in sec-
tion 3. These modifications are listed in Table 1, and
are described, together with other aspects of ISBA's
snow model, in the rest of this section.

a. Thermal properties of the surface

The force—restore equations for ISBA's surface tem-
peratures Tg and T, and the calculations for the surface
thermal coefficient are given in Egs. (1)—(5) of Bélair
et al. (2003). (Descriptions of ISBA's most important
variables, including all the prognostic variables, are giv-
en in Tables 2 and 3 of the same paper.) One of ISBA's
main features is that only one energy budget is per-
formed over the land portion of a model grid area. The
surface thermal coefficient thus includes the effect of
bare soil, vegetation, and snow, which are weighted by
the fraction of the model grid areacovered by vegetation
(veg) and snow (p.,), and the fraction of bare soil and
vegetation covered by snow (pg,, and pg,,). The snow-
covered fractional grid areas, following Blondin (1989)
and Pitman et al. (1991), are given by

Ws

Pag = W, Pag = 1; 1
hs

v = 2

P = (he + 523) @

P = (1 — VEQ)Psy + VEIPn, 3)

in which Wg is the snow mass (not including the liquid
water retained in the snow layer), W,,, = 10 kg m~2,
hs = W4/p..., 1S the snow depth (m), pq... IS the density
of snow, and z, is the surface roughness length. For
example, a 50-cm snowpack (equivalent to W5 = 50 kg
m~2) with a density pg., = 100 kg m~2 will lead to
Py = 1.0, and pg, ~ 0.10 for z, = 1 m (eg., tall
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forests) or p,, ~ 0.90 for z, = 0.01 m (e.g., grass).
The total snow cover fraction pg, would then be about
0.33 for forestsand 0.92 for grass for grid areas covered
80% by vegetation (i.e., veg = 0.80).

The thermal coefficient for snow is given by

. 2
C. = 2()\5057) , 4

where A = A;pi® isthe snow thermal conductivity (Yen
1981) and c5 = ¢,(ps/p;) is the heat capacity of snow
inwhich ps = pyon! Puae 1S the relative density of snow;
Puzer 1S the density of water; and A;, c;, and p, are the
thermal conductivity, heat capacity, and relative density
of ice, respectively.

b. ISBA's water budget

The water budget represented in CMC's implemen-
tation of ISBA isshown schematically in Fig. 1 of Bélair
et al. (2003). The details of the prognostic equations for
soil volumetric water contents w, and w, and the ex-
pressions for surface fluxes are also given in this paper.
Here, we will discuss the representation of the prog-
nostic variables related to snow, that is, the snow mass
W, liquid water W, retained in the snowpack, relative
snow density ps, and snow albedo a. ISBA does not
have, at this time, a specific reservoir (prognostic var-
iable) for snow intercepted by the vegetation canopy.

It can also be noted from the water budget diagram
that this version of ISBA includes an additional prog-
nostic variable for frozen soil water. This aspect of sur-
face modeling has been shown to have some influence,
in certain conditions, on the evolution of the snowpack
(Slater et al. 1998; Schlosser et a. 2000). However,
sensitivity studies with ISBA's relatively simple for-
mulation of snow processesonly revealed aweak impact
of soil freezing/thawing on snow’s properties. It was
therefore decided, for the sake of clarity and concise-
ness, to delay discussion of ISBA's frozen soil aspect
(variable w; and conversion terms freez, and melt,) to
subsequent publications.

C. Show mass
The evolution of the snow mass W is given by

AW,
f = Pg — Eg + freezg — melt, (5)
where P is the snowfall rate and Eg is the sublimation
rate of snow. The snow freezing and melting exchanges
between the W5 and W, reservoirs are represented in
this way:
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_ psn(TO - Tn)

freezg = C.L At and

0 =< freezs = KtL (6)
meltg = % + melt,,, and

0 =< mdt, = %s (7

inwhich T, = (1 — veg) T + veg T, is, in the context
of asingle energy budget land surface scheme, a snow
surfacetemperature that isacombination of T¢(for snow
over bare soil) and T, (for snow under the vegetation
canopy); T, = 273.16 K is the melting/freezing tem-
perature; melt,,,, is for snow melting associated with
rainfall; and At is the model time step.

d. Melting effect of rainfall incident on the snowpack

The melting term melt,;,, in (7) accounts for modi-
fication of snow’s internal energy due to incident liquid
precipitation that is warmer than T,. By using the con-
cept of enthalpy conservation (which reduces here to
internal energy conservation h = ¢, T), it can be shown
that the surface temperature of snow is increased by
AT, in the case of incident rainfall:

PAt(Ta — T
ATmD\N — r ( ran SWO\N) (8)
(W, + W) + PAt

in which W5 + W/ is the total amount of water in the
snowpack that isinvolved in the energy transfer between
the incident liquid precipitation and the snowpack. The
quantity (P,At) is the liquid water reaching the surface
during a single time step (kg m~2), and T,,,, is the tem-
perature of rain falling on the snowpack (taken, for the
moment, equal to the low-level air temperature).

It isimportant to note that snow’s surface temperature
Toow 1S Used in (8) instead of the surface temperature
Ts. Unfortunately, T,,,, is not predicted in ISBA's cur-
rent version, in which the energy budget over snow is
merged with the snow-free portion of the model grid
area. To get around this problem, the surface temper-
ature of snow is presumed to be equal to T, (i.e, the
melting/freezing temperature), which seems a reason-
able assumption considering that low-level atmosphere
is warm enough to produce rain. If we also presume
that Wg + W, = (P,At), then (8) simply becomes

Train B TO
and the melting rate due to incident liquid precipitation
can be calculated using

Tun — To
L= o melt . = 0.
ran ZCSLfAt ran

melt (10)
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e. Liquid water in the snowpack

The liquid water W, retained in the snow layer
evolves according to

oW,
Tk = PP+ Rug) — Ry, + melt — freeze. (1)

When the amount of liquid water in the snow approaches
and exceeds a critical value W, ., there is snowmelt
runoff, following Loth et al. (1993):

W max
Rsnow == eXp[WL - WLmax]

fW = Wimo (12
hour
W, W, — W, .
Rmmv = H + - — If WL > WLmax! (13)
Thour At
where
WLmax = CRWS; (14)

Thour 1S @ 1-h time constant, and cR is a retention factor
that depends on the density of the snow, following

C* = Cqin (15

if ps = €,

o Pe — Ps
cR = Crﬁsin + (Crﬁax - Cﬁin)

e

with ¢’ = 0.03, c&, = 0.10, and p, = 0.2.

if ps < p., (16)

f. Snow albedo

The evolution of snow albedo agisbased on Verseghy
(1991). In this formulation, snow albedo decreases lin-
early or exponentially with time, depending if snow is
melting or not:

At
ag(t) = agt — At) — 7,—
T

PAt
W,

cm

+

(@smax — @smin) (17)

for cold snow (i.e., without melting), and

At
ag(t) = agn, T [as(t — At) — agy,,] exp _Tf7

(18)

for warm snow (i.e., with melting). Here 7, = 0.008,
Agmin = 0.50, agne = 0.80, and 7, = 0.24.

g. Snow density

The relative snow density pg evolves according to an
extension of the formulation described in Verseghy
(1991). In this new formulation, snow density first in-
creases due to gravitational settling, following the ex-
ponential function:
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At
Ps = Psmax — [Psmax — ps(t — At)] exp<_7f7)

if ps(t — A < pgrac (19)

ps = pst — At if gt — A = popa, (20)

in which pg.. iS the maximum snow relative density
given as a function of snow depth, following Tabler et
al. (1990):

1 20.47 he
600 — 1— exp| ——2
pwaa{ he exF’( 0.0673) }

pSmax =
if meft, > 0, 1)
! 20.47 he
Pomac = pwae,{450 he | eXp( 0.0673)}
if melty =0 (22

The intermediate value of snow density (pg) is used as
the starting point for the second mechanism according
to which snow density decreases due to fresh snow:

" _ (W5 — PsAt)ps + PsAtpgey

S WIS ’
where Wi = max(Ws, Pg At) and pg,., IS the relative
density of fresh snow, which is calculated following the
formulation used in the more sophisticated CROCUS
snow model (see Brun et al. 1989):

1
= [109 + 6(T, — T,) + 26V¥?]

water

(23)

(24)

Psnew

with
0.100 = pg., = 0.250,

in which T, and V, are temperature and wind speed at
1.5- and 10-m above ground, respectively. Finally, the
change of snow density due to freezing of liquid water
is considered, following

0 = (e ot
Ps W, + freezoAt)Ps

freez At
W, + freez.At)P"
in which p, = 0.9 isthe relative density of ice. Because

of (25), snow density can be larger than pg..., Which
sometimes occurs near the end of the cold season.

(25)

3. Stand-alone experiments
a. Observational datasets

Before investigating the impact of the improved snow
package on wintertime short-range weather forecasting,
its performance was evaluated in stand-alone mode at
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TABLE 2. Observational data for the stand-alone experiments.
Mean air
Lat/lon Elevation pressure
Name Acronym @) (m) (hPa) Season

Col de Porte CdP 45.30°N 1340 840 10 Oct 1993-10 Apr 1994
(France) 5.77°E 20 Dec 1994-20 Apr 1995
Goose Bay GB 53.32°N 46 1005 1 Sep 1969-30 Jun 1970
(Canada) 60.42°W 1 Sep 1971-30 Jun 1972

1 Sep 1972-30 Jun 1973

two sites: Col de Porte (hereafter CdP) in the Fench
Alps, and Goose Bay (hereafter GB) in Newfoundland,
Canada. In stand-alone mode, observed atmospheric
conditions (i.e., low-level air temperature and humidity,
low-level wind speed, downwelling solar and infrared
radiation at the surface, and precipitation) are directly
used to derive the snow model.

Data from CdP have been used extensively in snow
model validation and development (see Brun et al. 1989;
Douville et al. 1995; Essery et al. 1999; Boone and
Etchevers 2001), and both CdP and GB datasets are
currently being used in the Snow Model Intercompar-
ison Project (SnowMIP) experiment (Essery et al.
1999). The two sites represent contrasting snow-climate
regions: temperate—alpine for CdP, with high precipi-
tation but relatively mild temperatures; and maritime—
boreal for GB—with much colder temperaturesand larger
wind speeds. As indicated in Table 2, the CdP obser-
vation site waslocated at arelatively high altitude (1340
m) on relatively flat terrain that was well protected from
wind by dense and high coniferous forests. Soil was
covered by short grass and was not frozen, in general.
Observations taken during 1993/94 and 1994/95 winters
are used in this study and included snow water equiv-
alent (SWE) and snow density, as well as surface tem-
perature and snowmelt runoff.

The GB observation site was quite different. It was
located at a much lower altitude (46 m), and observa-
tions were taken in an unprotected open area. Vegetation
around the GB site was sparse black spruce and the soil
was covered by lichen. Also, the low temperatures that
are generally observed in this region of Canada could
lead to much different characteristics of snow as com-
pared to CdPR, which is not as cold. The first 10-20 cm
of the soil are typically frozen during winter, but there
was no permafrost layer at this site. Hourly forcing data
are available at the GB site for a period of 15 yr (from
1969 to 1984). In the present study, only data for the
1969/70, 1971/72, and 1972/73 winters are examined.
It must be mentioned that the incoming longwave fluxes
were not measured at GB, so values were estimated
using air temperature, relative humidity, cloud type, and
cloud opacity [following Idso (1981) and Sellers
(1965)]. Snow depth, density, and SWE were measured
at GB but there were no observations of snow surface
temperature or snowmelt runoff.

b. Characteristics of the snowpack

The two versions of ISBA’'s snow package discussed
in this study, that is, the one described in Douville et
al. (1995) (referred to as the ““original” or ‘“‘old” ver-
sion) and the one described in section 2 (referred to as
the ““new’ or ‘““modified” version), aswell asthe CRO-
CUS snow model, were all tested against the CdP and
GB datasets.

As mentioned in the previous section, ISBA's original
snow package is similar to the new snow scheme (see
Douville et al. 1995), except for the liquid water res-
ervoir in the snowpack, the melting effect of incident
rainfall, and the new formulation of snow density. The
CROCUS snow model, on the other hand, is a much
more sophisticated energy and mass model that was
developed for operational avalanche forecasting (see
Brun et al. 1989, 1992). In this model, up to 50 snow
layers are used to represent internal snow processes and
variations in properties through the depth of the snow.
Comparative descriptions of CROCUS and ISBA orig-
inal formulation (as well as two other snow schemes)
are given in Essery et al. (1999).

Comparisons of observed and simulated snow char-
acteristics (i.e., SWE, snow depth, and snow density)
for these three models are shown in Figs. 1-5. These
figures clearly show the improvement resulting from the
modifications to ISBA's snow package. The most ob-
vious improvement is the representation of snow den-
sity. In the original formulation, density rapidly increas-
es toward an asymptotic value of 300 kg m-3 which
does not compare well with the observations. This is
particularly true for CdP data, which shows snow den-
sity reaching values higher than 300 kg m~2 very quick-
ly during the first months of winter. The modified ver-
sion of ISBA’'s snow model provides a realistic simu-
lation of snow density for all the years of data tested
in this study, except maybe for the 1969/70 winter at
GB, when the density remained more or less constant
for most of winter.

The simulation of SWE is also much improved by
the modifications in ISBA's snow package (see Figs. 1—
5). The original version greatly underestimates spring
melt and has snow on the ground for several weeks
longer than what is observed (e.g., see Fig. 3). This
problem is practically eliminated with the modified
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Fic. 1. Comparison between simulated and observed snow char-
acteristics for winter 1993/94 at Col de Porte, France. Results from
modified and original ISBA snow models (full and dashed black lines,
respectively) and CROCUS (full gray lines) are shown. The large
gray dots represent observations.

snow model, which is ableto closely reproduce the evo-
[ution of SWE for all the years simulated in this study.

The poor representation of SWE and snow density
by the original package lead to even greater errors for
snow depth, which is often too large compared with
observations. For CdR, these errors on snow depth can
be as large as 30—40 cm (see Figs. 1 and 2). For GB,
the overestimation of snow depth ismainly found during
the last (melting) portion of winter. The problem is not
as serious at GB during the rest of the cold season
because snow density at this site remains close to 300
kg m~2 during much of the winter. This overestimation
is not observed with the modified version of the snow
package, which represents the evolution of snow depth
in a very acceptable manner.

The results obtained with the new version of ISBA's
snow package are comparable to CROCUS (see Figs.
1-5), except for the 1969/70 and 1972/73 winters at
GB, where CROCUS better represented the snow den-
sity during the middle portion of the cold season (es-
pecially around days 160-180 in 1969/70 when CRO-
CUS captured an event that ISBA did not). This positive
performance of ISBA's modified snow package is en-
couraging, considering the relative simplicity of this
scheme compared to CROCUS. The results obtained
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FiG. 4. Same as Fig. 1, but for winter 1971/72 at Goose Bay,
Newfoundland, Canada.

with this scheme for CdP's two winter seasons (1993/
94 and 1994/95) also compare favorably with other
schemes of similar or greater complexity (Sun et al.
1999; Essery et al. 1999; Boone and Etchevers 2001).

To understand the reasons for these good results in
the stand-alone mode, the CdP 1993/94 winter season
was used as atest case for systematically examining the
impact of each snow modification (see Table 1). In these
simulations, the original formulation of snow density
was used (experiment ORIDEN), the new reservoir for
liquid water retained in the snowpack was removed (ex-
periment NOWL), and the melting effect of incident
rainfall was not considered (experiment NORAIN). Re-
sults are shown in Fig. 6.

When using the original formulation of the snow den-
sity, the asymptotic behavior of this variable is repro-
duced, with values tending toward 300 kg m—3 (see
experiment ORIDEN in Fig. 6). Because this value is
smaller than the observed snow density (typically
around 400 kg m~3), the snow depth is significantly
overestimated for this sensitivity experiment (by at least
a few tens of centimeters). It is interesting to note that
this change in snow density is also responsible for a
different evolution of SWE during the second half of
the cold season. Because of the smaller heat capacity
and thermal conductivity associated with smaller values
of snow density, melting between days 120 and 140 is
significantly underestimated when using the original
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Fic. 5. Same as Fig. 1, but for winter 1972/73 at Goose Bay,
Newfoundland, Canada.

formulation of the snow density [see Egs. (4) and (7)].
This weaker melting is responsible for extending the
snow-covered period by about 2 weeks for this dataset.

It is evident from Fig. 6 that inclusion of the liquid
water reservoir in the snow layer also improves the
snowpack simulation. Without this new reservaoir, liquid
water resulting from snow melting goes directly to the
soil, without any transition period associated with per-
colation and retention within the snowpack. The most
obvious consequence of this lack of retention is that
SWE decreases too rapidly during melting periods; this
leads to an early end of the snow-covered season, by a
few days compared to observations, for the 1993/94
winter season at CdP. When percolating snowmelt is
immediately drained from the snowpack without a re-
tention factor, asit isin the case of experiment NOWL,
the increase of snow density due to refreezing effects
is not possible. This is why the snow density for this
sensitivity experiment is reduced when the liquid water
reservoir is omitted. In this particular case, the snow
density obtained in experiment NOWL agrees better
with observations. This may indicate that the increase
of density due to refreezing processes could be over-
estimated in the new version of 1SBA’'s snow package.

Finally, the numerical representation of melting ef-
fects associated with the rainfall events that occurred
during 1993/94 CdP winter also appear to have im-
proved the simulation of the characteristics of snow (see
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FiG. 6. Sensitivity experiments for the simulation of winter 1993/
94 Col de Porte data. Results with the full new version of ISBA's
snow model are shown by the full lines. Simulations with no liquid
water in the snow pack (experiment NOWL; dashed lines), with no
melting effect caused by incident rainfall (experiment NORAIN; dot-
ted lines), and with the original formulation of snow density (ex-
periment ORIDEN; dash—dotted lines) are also plotted. Thelarge gray
dots represent observations.

experiment NORAIN in Fig. 6). Without this melting
effect, SWE and snow depth remain larger than obser-
vations for most of the CdP 1993/94 winter season. The
end of the snow-covered period isthus delayed by about
2 weeks for this sensitivity experiment. Furthermore,
the representation of snow density is slightly deterio-
rated when this effect is not considered.

c. Snhowmelt runoff

Snowmelt runoff can also be examined in order to
evaluate the performance of ISBA's new snow package.
Correct representation of this quantity is of obviousim-
portance for driving hydrological models (e.g., Aguado
1985; Garen et al. 1999). Figures 7 and 8 compare ob-
served and simulated daily and cumulative snowmelt
runoff for CdP in the winter of 1994/95. Except for a
few minor differences, Fig. 7 shows that all three snow
models are able to represent, in an acceptable manner,
daily snowmelt runoff under the snowpack, at least for
this particular case.

Some differences between snowmelt runoff from the
three snow schemes can be seen in Fig. 8. For the first
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winter 1994/95 at Col de Porte. Resultsfrom the original and modified
versions of ISBA's snow model, as well as for CROCUS, are shown.
Observations are represented by the gray dots.

half of the CdP 1994/95 winter, that is, up to day 110,
the total snowmelt runoff accumulation is best repre-
sented by |SBA's original snow package. Up to this day,
the modified snow package underestimates the snow-
melt runoff, whereas CROCUS overestimatesit. For the
second half of the cold season, ISBA's original snow
model underestimates the snowmelt runoff, and vice
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Fic. 8. Accumulated snowmelt runoff (mm) for winter 1994/95 at
Col de Porte. Results from ISBA's original and new snow package
are shown (dashed and full lines), as well as results from CROCUS
(dotted line) and observations (full gray line).
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versa, for the modified version of the snow scheme. The
final result is that the total snowmelt runoff accumu-
lations at the end of winter are quite closeto observation
(~1400 mm) for the two ISBA snow schemes, while
total snowmelt runoff accumulation from CROCUS is
slightly too large (~1500 mm).

The snowmelt runoff results shown in this study are
comparable to those presented in Essery et al. (1999)
for the same dataset. Our results do not seem, howeve,
to be as good as those described in Boone and Etchevers
(2001) who used a three-layer snow model for the same
winter simulation. Thisdifference between the two stud-
ies may indicate that numerical representation of snow-
melt runoff could be sensitive to the parameterization
of physical processes in the snowpack, especially near
the soil—snow interface. For instance, melt/refreeze pro-
cesses within the snowpack are not handled well in sin-
gle-layer snow models. Nevertheless, it seems clear that
the physical processes included in the modified ISBA's
snow model have a lesser impact on snowmelt runoff
than they have on the simulation of snow density and
SWE, at least for the CdP data. Because snowmelt run-
off mainly depends on atmospheric forcing (radiation,
air temperature, and low-level wind), it appears that a
simple formulation of physical processes (such as that
in the original version of ISBA's snow scheme) is suf-
ficient to produce realistic values for this quantity.

d. Snhow surface temperature

Snow surface temperature is very important for sur-
face schemes used in atmospheric models, because this
variable plays a mgjor role in the determination of ex-
changes of heat and moisture between the snow surface
and the atmosphere. Figure 9 shows a statistical com-
parison between simulations and observations of snow
surface temperatures for the 2 yr of CdP data. Erroneous
surface temperature observations identified by Essery
et al. (1999) and Bonne and Etchevers (2001) were omit-
ted for this comparison.

The results shown in Fig. 9 indicate that the modi-
fications to ISBA's snow package did not improve the
simulation of snow surface temperature. It is true that
statistical computations reveal that the small bias from
ISBA's original version is mainly eliminated with the
new scheme (from —0.51 to —0.09 K), and that this
new bias even compares favorably against that of CRO-
CUS (—0.62 K). But this improvement is of secondary
importance, in our opinion, compared to the fact that
the root-mean-square (rms) errors for the two ISBA ver-
sionsremain almost identical (i.e., 2.0 and 2.1 K), which
is approximately twice as large as the rms error cal-
culated for CROCUS (i.e., 1.1 K). This larger rms error
can be clearly seen in Fig. 9.

The difference in rms error between the two models
ismainly due to the fact that snow istreated as asingle
layer in ISBA, where the surface temperature evolves
according to a force—restore eguation in which a **di-
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urnal” diffusion is parameterized [see (2) and (3) of
Bélair et al. (2003)]. In CROCUS, a large number of
layers are used (~50), combined with a surface energy
budget and a heat diffusion equation for determining
the snow temperature at the surface and in the rest of
the snowpack. For this reason, CROCUS is able to cap-
ture vertical profiles of density and temperature that a
single-layer snow model is unable to do.

Even though a few investigators have argued in the
past that the force—restore technique may lead to a better
representation of snow surface temperature, compared
to bulk-layer diffusive/iterative energy models (see
Yang et a. 1997; Slater et a. 2001), we believe that
the differences observed between ISBA's snow schemes
and CROCUS are due to a better representation of the
temperature profile in the snowpack, especially in the
layers near the surface. Results presented in Boone and
Etchevers (2001) may confirm this hypothesis because
they have noted, for the same CdP dataset, a reduction
of rms error for snow surface temperature (from 2.34
to 1.85 K; see their Table 2) associated with the use of
a three-layer model, compared to a force—restore type
model similar to the one used in the present study. Of
course, other factors could explain this improvement.
However, their results, together with the potential for
better representing other snow processes like snow melt-
ing and runoff, encourages usto adopt asimilar strategy
(with maybe more than three layers) in the future.

4. Preimplementation tests: Impact on
atmospheric weather forecasting

a. Objective evaluation

The modified version of ISBA’'s snow package was
operationally implemented at CMC in September 2001,
as part of the new surface modeling system described
in Bélair et al. (2003). Prior to this implementation,
numerous tests were done to evaluate the impact of this
new surface modeling system on numerical weather
forecasting, which is the principal interest of CMC. The
incorporation of ISBA during the warm season gave
very positive results (Bélair et al. 2003). However, as
explained in the rest of this section, the results were not
as encouraging for cold season forecasting.

The cold season evaluation of the modified version
of the land surface scheme was carried out by objec-
tively scoring a series of 48-h forecasts initialized with
analyses produced by a continuous assimilation cycle
that covered the period from early January to the end
of March 2001. Because a few of the surface prognostic
variables required many weeks to spin up from ap-
proximative initial conditions, only results for March
2001 were examined in this study. Indeed, asisthe case
for snow-free surface variables (e.g., soil moisture; see
Bélair et al. 2003), initial conditions for some of snow’s
prognostic variables are difficult to specify dueto alack
of observations. This is the case for the liquid water
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retained in the snow layer, as well as snow albedo and
density. In the continuous surface assimilation cyclethat
was performed, these three snow variables were carried
on or transported from one 24-h integration to another;
that is, resultsfrom 24-h integrationswere used asinitial
conditions for the next-day forecast. The other snow
variable, that is, snow mass, was reinitialized for every
integration using an external snow depth analysis (see
Brasnett 1999).

Results obtained from this series of integrations were
compared against outputs from the regional model that
was operational at thetime at CMC. The surface scheme
that was used operationally in this previous version of
CMC'sregional model is also based on the force—restore
technique, but with much simpler treatments of vege-
tation and snow compared to ISBA (see Mailhot et al.
1997, 1998). In this less sophisticated scheme, the sur-
face is considered as completely snow covered if snow
depth is larger than or equal to 5 cm. In contrast with
ISBA, only one type of surfaceistreated for each model
grid tile, that is, bare ground, snow, or ice. In order to
include effects resulting from the state of the snow (wet
versus dry, old versus fresh), the snow’s thermal con-
ductivity and heat capacity are empirically determined
from latitude and time of year. The vegetation impact
on the surface temperature is obtained by modulating
the heat capacity using the surface albedo. Large values
of surface albedo indicate that the surface is mostly
covered by snow and, thus, that vegetation has little
effect on surface temperature (and vice versa for low
values of albedo). This albedo is aso useful in warm
periodsto partition the surface available energy between
snow melting and vegetation canopy warming. In this
highly parameterized surface scheme, the snow mass
and snow abedo are kept constant during the atmo-
spheric model integration. The initial snow massisaso
given by the snow analysis described in Brasnett (1999).

The objective verification of screen-level air temper-
ature and dewpoint depression (i.e., T — Tg, in which
T, is the dewpoint temperature) for the northern half of
North America, which was mostly covered by snow
during March 2001, revealed that using the modified
version of ISBA did not significantly improve the nu-
merical prediction of near-surface temperature and hu-
midity during wintertime (see Fig. 10). In fact, it can
be noted from the objective scores that rms and bias
errors for temperature are larger with the new system.
For dewpoint depression, the new system’s errors are
smaller compared to the previous operational model, but
the improvement is not substantial.

The upper-air objective evaluation for the same time
period and verification region, shown in Fig. 11, reveal
that results from the two regional model configurations
differ only for a thin atmospheric layer above the sur-
face. The results from the two models are almost iden-
tical at 850 hPa and do not differ much at 925 hPa. This
weak impact on the boundary layer numerical repre-
sentation, of implementing a new, more physical, sur-
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face scheme could be explained by the relatively weak
coupling that exists between the surface and the bound-
ary layer in wintertime (due to small surface fluxes).
Obviously, surface fluxes in wintertime do not generate
as much turbulence as in summertime, and thus the
boundary layer does not grow as high.

The verification at 1000 hPa reveals that the temper-
ature rms errors at this level are slightly larger with the
new surface scheme, whereas the cold bias at the same
level is cut by half. For dewpoint depression, the rms
errors are slightly smaller with ISBA at 1000 and 925
hPa, whereas the biases are very similar for the two
model configurations. The apparent contradiction be-
tween the bias scores obtained from the surface stations
and those cal culated from 1000-hParadiosonde data (cf.
Figs. 10 and 11) could be explained by the fact that
objective verification against 1000-hPa radiosonde data
is probably not as meaningful as the surface evaluation
(Fig. 10), due to issues such as interpolation (for ra-
diosonde data), which may not capture the sharp tem-
perature gradients that often exist near the surface in
wintertime; and also because the number of verification
couplets are significantly smaller at this 1000-hPa level
which is, for many observation points, located below
the surface.

Considering that precipitation scores for March 2001
are practically identical for the two model versions (not
shown), it seems clear that adding more sophistication
to the representation of snow in the Canadian regional
forecasting model did not significantly improve win-

X) (K)

Fic. 11. Objective evaluation of upper-air temperature (T) and
dewpoint depression (T — T,) for Mar 2001 cases. Rms (K; full lines
and circles) and bias (K; dashed lines and squares) errors are shown
for 24- and 48-h integrations from the operational (gray lines) and
ISBA (black lines) cycles.

tertime weather forecasting, at least during this month
of verification. This result was surprising, considering
the ability that ISBA's modified snow package showed
in representing the observed characteristics of snow for
the CdP and GB stand-alone experiments. These posi-
tive stand-alone results were expected to translate into
a much improved forecast of wintertime boundary lay-
ers (in a fully interactive mode), even though the two
modeling systems were initialized with the same snow
depth analysis. In the next subsection, possible reasons
that could help understand this lack of improvement are
discussed.

b. Discussion on the snow cover fraction

The lack of improvement related to the inclusion of
ISBA's new snow package into the Canadian regional
weather forecast model can be explained, in part, by the
weak coupling that exists between the surface and the
boundary layer in winter, and by the fact that the same
snow mass fields were used to initialize both the control
and ISBA runs. (Future studies are now being planned
to investigate the meteorological impact of using results
from the ISBA model as afirst guess for the snow depth
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assimilation.) Another factor is ISBA's limited ability
to simulate snow surface temperature (Fig. 9). Rms er-
rors of about 2 K were found for the new snow scheme
integrations with the CdP datasets (see Fig. 9). These
errors, which are believed to be related to the single-
layer representation of snow in ISBA, could explain part
of the 3—-4-K rms errors shown in Figs. 10 and 11.

Another reason, which we would like to further dis-
cussin therest of this subsection, and which we believe
could also be of importance to explain this lack of im-
provement, is related to the crude manner in which the
model grid tiles snow cover fraction are determined in
ISBA's snow models [fraction ps,; see (1)—(3)]. For the
stand-alone experiments described in section 3, this
snow cover fraction did not play a significant role on
the evolution of surface characteristics (including tem-
perature) because measurementswere taken over asmall
area, which could either be considered as completely
snow covered or completely snow free (pg, = O or pg,
= 1). For atmospheric models, in contrast, the repre-
sentative area of each model grid point is very large,
and accurate values for snow cover fraction are crucial
for correctly calculating surface fluxes.

The role of snow cover fraction in the determination
of surface fluxes is not direct in ISBA's snow models
(for both old and new versions). In these snow schemes,
which were qualified as belonging to a composite-layer
type by Slater et al. (2001), surface temperature is pro-
vided by a single equation in which snow’s thermal
characteristics are blended with those of the snow-free
portion of the model grid area. Thus, the ““effective”
surface fluxes used by the atmospheric model are not
resulting from aggregation of surface fluxes over snow-
covered and snow-free portions of model grid areas, but
arerather the product of an effective temperature, which
evolves according to the force-restore equation given
in section 3 of Bélair et al. (2003).

As described in Yang et al. (1997) and Slater et al.
(2001), snow cover fraction and snow albedo are closely
connected in this type of model. Basically, surface al-
bedo is larger for model grid tiles that are mostly cov-
ered with snow, as compared to model grid areas that
are snow free. In this case of large surface albedo, less
energy is available to warm the surface during daytime,
which leads to lower surface temperature, smaller sur-
face fluxes, and a weaker surface-boundary layer cou-
pling. The snow cover fraction also influences the night-
time surface energy budget because of its emissivity,
which is generally different from snow-free surfaces.

In ISBA's new snow package, the formulations for
snow cover fraction over bare soil and vegetation were
not modified and are the same as in ISBA's original
snow package. The formulations given in (1) and (2)
for p,,, and p,, clearly reveal how simple the evaluation
of snow cover fraction isin ISBA, and how it depends
on quantities such as roughness length z, and parameter
W,,,, which are either empirical or not well known.

More importantly, one should note that the total snow
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cover fraction p,,, givenin (3), critically depends on the
vegetation fractional coverage, veg, which is another
quantity that is not well known. For the relatively fre-
quent case in which p,,, ~ 1 and pg,, ~ 0, that is, where
there is enough snow to cover bare soil but not enough
to cover the vegetation canopy, the total snow fraction
is practically given by p,, ~ (1 — veg). In the current
regional weather forecasting system, the vegetation frac-
tional coverage veg is specified in an empirical manner,
using a correspondence table that makes the link be-
tween each vegetation type (provided by a land use
classification) and the vegetation fractional coverage
veg, for all database pixels (1 km X 1 km). These pixels
are then spatially averaged to produce the model grid
scale veg field.

The correspondence between snow and vegetation
fractional coveragesisevidenced in Fig. 12. In thisfig-
ure, snow cover fraction is relatively small (between
10% and 30%) along the boreal forest band where veg-
etation coverage fractions are about 90%. Conversely,
snow fractions are larger over the American Midwest
plains and over northern Canada.

To illustrate to what degree meteorological resultsare
sensitive to snow cover fraction (which heavily depends
on vegetation fractional coverage), an additional nu-
merical integration was performed in which the vege-
tation fractional coverage was artificially decreased by
15%. (The decrease of vegetation fractional coverage
was obtained by directly modifying the values in the
correspondence table mentioned above.) This integra-
tion wasinitialized at 0000 UTC 15 March 2001. During
that day, cloud-free skies were observed and predicted
over most of Canada, and the associated large incoming
solar fluxes at the surface provided optimal conditions
for a maximum impact of surface processes on the evo-
lution of the boundary layer.

Figure 13 shows the differences between this run’'s
results and those from the control run, that is, with no
decrease of the vegetation fractional coverage. The up-
per panel of this figure indicates that the 15% decrease
of vegetation fractional coverage leads to, as expected,
larger values of snow cover fraction pg,. This increase
of snow cover fraction is particularly significant over
the boreal forest band (between 10% and 15%), because
of the large vegetation fractional coverage and large
SWE over this region.

Figure 13's lower panel reveals that the increase of
snow cover fraction occurs in combination with lower
surface air temperatures, at least for the 18-h forecast
valid at 1800 UTC on 15 March 2001. From western
Ontario to the eastern coast of Canada and the north-
eastern United States, temperature differences of the
order of 1-1.5 K are found between the control and
sensitivity runs. The vertical profiles shown in Fig. 14
reveal that this temperature difference is found for the
whole depth of the boundary layer, which could be rel-
atively deep, even in winter (about 500 m for the profiles
in Fig. 14). It thus seems that an uncertainty of 15% on
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Fic. 12. Fraction of GEM'’s grid areas covered by (top) vegetation and (bottom), snow valid at 0000 UTC
15 Mar 2001.

the specification of vegetation fractional coverage could
translate into uncertainties of about 10%-15% for the
snow cover fraction, which in turn could be responsible
for uncertainties of more than 1 K in the prediction of
daytime maximum air temperature over snowy regions.
This conclusion is troubling because our knowledge of
snow and vegetation fractional coverages are probably
not within 15% accuracy, especially in mesoscale at-
mospheric models (i.e., with a horizontal resolution of
~10-30 km) for which small-scale variability of veg-
etation is important. It is thus not inappropriate to be-
lieve that surface air temperature forecast errors asso-
ciated with this problem could be as large as a few
degrees, which is on the order of the rms errors pre-
sented in Figs. 10 and 11. This aspect of snow modeling
is therefore of crucial importance and needs to be con-
sidered when including more sophisticated snow
schemes in atmospheric models.

5. Summary and conclusions

This study examined the performance of a newly de-
veloped version of ISBA's snow scheme, which is based
on arelatively simple representation of snow processes.
Stand-alone verification tests showed that ISBA's new
snow package was able to realisticaly reproduce the
main characteristics of a winter snowpack (SWE and
density) for two test sites at Col de Porte, France, and
at Goose Bay, Newfoundland, Canada. SWE and snow
density produced with the new scheme compared well
with results obtained with CROCUS, a much more so-
phisticated multilayer snow model.

However, the modifications made to ISBA's snow
scheme did not lead to improvement in snowmelt runoff
and snow surface temperature. For snowmelt runoff, the
results were quite similar for the three snow models
examined. The differences in snowmelt runoff were
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Fic. 13. Differences of (top) snow coverage fraction (pg,; %) and (bottom) of low-level air temperature
(T,m; K) between a control and a sensitivity experiment (i.e., sensitivity — control) in which the vegetation
fractional coverage is decreased by 15%. The differences were calculated for 18-h forecasts valid at 1800
UTC 15 Mar 2001. Region ““ A" shows the area for which the vertical profiles given in Fig. 14 were averaged.

small because of the dominant influence of atmospheric
forcing (radiation, temperature, wind) for this quantity.
For snow surface temperature, the two ISBA versions
produced results that clearly did not compare as well
against observations as CROCUS. We believe that the
main reason for the much smaller rms errors for CRO-
CUS is a better vertical representation of temperature
and snow characteristics, which is not possible with the
single-layer ISBA snow schemes. For example, the pe-
riodic daytime and nighttime thawing/freezing process-
es that occur near the snow surface, which are not well
represented in a single-layer model, may have a signif-
icant influence on the surface temperature. This weak
performance of ISBA's snow schemes for simulating
snow surface temperature could be important because

this temperature greatly influences the intensity of heat
and water exchanges between snow and the overlying
atmosphere.

The fully interactive preimplementation tests that
were done with the Canadian regional weather forecast
model indicate that replacing the highly parameterized
snow model, which was previously used operationally
at CMC, with ISBA's new snow scheme only had minor
impacts on the model’s atmospheric prediction. Objec-
tive evaluation against observations from surface sta-
tions and radiosondes for the northern (snow-covered)
portion of North America for March 2001 showed that
rms errors for low-level air temperature were slightly
deteriorated with the new system, while the opposite
was found for dewpoint depression. The signals for air
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temperature and dewpoint biases near the surface, on
the other hand, were in contradiction for the two ob-
servational sets (surface stations and radiosondes).

Nevertheless, the objective scores clearly revea that
the impact of using the new snow scheme only occurs
for a thin atmospheric layer above the surface, with not
much effect on the numerical prediction of weather sys-
tems. For instance, quantitative precipitation forecasts
were nearly unchanged by theinclusion of the new snow
scheme. Thisisin contrast with the very positive results
found in Bélair et al. (2003) for summertime precipi-
tation, which was significantly improved by including
ISBA into the regional weather forecasting system. This
greater sensitivity of weather systems to surface fluxes
is to be expected in summertime when greater coupling
exists between the surface and the planetary boundary
layer, due to large surface fluxes.

The lack of improvement (during the cold season)
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resulting from ISBA's operational implementation may
seem surprising, considering how much more sophis-
ticated this snow scheme is compared to its predecessor.
This result is likely related, in part, to (i) the weak
surface boundary layer that exist in winter, (ii) the use
of the same snow mass fields as initial conditions, and
(iii) the weak performance of ISBA's snow scheme for
predicting surface temperature. The evaluation of the
snow cover fraction for each of the atmospheric model’s
grid tiles was also shown to be a likely contributing
factor. This snow cover fraction relies on simple for-
mulations that depend on poorly known parameterslike,
for instance, vegetation fractional coverage, which is
currently determined from vegetation-type databasesin
the current CMC operationa suite. It was shown that
uncertainties as small as 15% for the vegetation frac-
tional coverage could be responsible for uncertainties
aslarge as 1-1.5 K for near-surface and boundary layer
temperatures. In other words, even the most sophisti-
cated snow model, with a large number of snow layers
and with a comprehensive treatment of snow processes
such as snow settling, vapor transfers, metamorphism,
etc., would not necessarily have a positive impact on
atmospheric weather forecasting if the snow cover frac-
tion of each model grid tile is not accurately specified.
Because of this, one of our main objectives in the near
futureisto improve the representation of the snow cover
fraction over bare soil and vegetation.
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