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Abstract

The development of the seasonal snow cover is entirely driven by atmospheric forcing. SNOWPACK uses measured snow
depths to determine snow precipitation rates via the calculated settling rates. This requires a rigid data control algorithm. A new
statistical model is used to estimate fresh snow density as a function of the measured atmospheric conditions. A statistical model
is also derived for the snow albedo, which is necessary to determine the absorbed radiation. The surface sensible and latent heat
flux parameterizations are derived from Monin—Obukhov similarity and include a formulation for wind pumping. The
formulations will also adapt to drifting snow conditions. The new suggestion is consistent with the observation of different
roughness lengths for scalars and momentum over snow. An accurate formulation, especially for the latent heat exchange, is
crucial because latent heat exchange determines the formation of surface hoar, a very important weak layer. We also account for
the effect of wind pumping on the thermal conductivity in the uppermost snow layers. The surface energy and mass exchange
formulations are evaluated by looking at the formation of the important thin layers surface hoar and melt—freeze crusts in
SNOWPACK. Those layers are well simulated. In addition, the complete snow profile development is modeled successfully for
the parameters grain type, temperature, density, grain size and liquid water content. An overall score between 0 and 1 is used to
describe the profile agreement with observations and an average score of over 0.8 is reached.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the series of three companion papers, we present
the main features of the SNOWPACK model and
selected evaluation results. A general introduction to
SNOWPACK and snow cover modeling is given in
the companion paper, Part I (Bartelt and Lehning, this

" Corresponding author. Tel.: +41-81-417-0158; fax: +41-81-
417-0110.
E-mail address: lehning@slf.ch (M. Lehning).

issue), and a summarizing overview is Lehning et al.
(1999). The snow microstructure is described in the
companion paper, Part I (Lehning et al., this issue).
Here, we present the formulations that govern surface
energy and mass exchange. In the evaluation part, we
focus on the thin layers surface hoar and melt—freeze
crusts since those two layers are dominated by the
atmospheric forcing and are important layers for the
avalanche warning application of SNOWPACK. In
addition, we use a statistical model evaluation algo-
rithm to give an overall assessment of the model
performance.
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The development of the seasonal snow cover is
almost entirely determined by the upper boundary
condition, namely, the atmospheric forcing. The qual-
ity of a snow cover simulation depends, therefore, on
the choice and availability of input quantities and the
models used to describe surface energy and mass
exchange. The formulation of adequate surface
exchange parameterizations for atmospheric models
has been studied extensively (Hogstrom, 1995; Has-
ager and Jensen, 1999). Less work has been done on
parameterizations suitable to drive snow cover mod-
els. Some particularities of the turbulent fluxes over
snow and ice have been summarized by Morris
(1989). The French model CROCUS is, in its opera-
tional application, driven by an artificial meteorolog-
ical environment (Durand et al., 1993) and Martin and
Léjeune (1998) pointed out that surface fluxes over
snow and under stable conditions are higher than
predicted by similarity theory. The purpose of this
paper is to present a complete description of the mass
and energy exchange between the snow cover and the
atmosphere suitable for alpine conditions. We start
with a description of the necessary input data to run
SNOWPACK and point to the importance of data
control routines for an automatic model operation. As
a second step, the models of the surface mass and
energy exchange are presented. Processes modeled are
snowfall, rain, shortwave and longwave radiation,
sensible and latent (surface hoar formation, sublima-
tion) heat exchange and wind pumping. Also included
is snow drift, which has already been presented in
Lehning et al. (2000). Some of the formulations used
are already known and we only list them with the
appropriate reference. Other formulations are new or
adapted and we present them in more detail. It is
beyond the scope of the current paper to give an
exhaustive evaluation of all the single model compo-
nents. Where such a specific evaluation has already
been done or is currently undertaken, it is mentioned
or referenced.

2. SNOWPACK input parameters and surface
mass and energy exchange

SNOWPACK requires the following input parame-
ters: the air temperature, the relative humidity and the
wind speed. Since the albedo is calculated by a stat-

istical model, reflected or incoming shortwave radia-
tion can be provided. According to the choice of
boundary condition, incoming longwave radiation (or
atmospheric emissivity) and/or snow surface temper-
ature can be provided. If both are provided, the model
uses snow surface temperature as long as it is well
below melting temperature (— 1.3 °C). In case neither
snow surface temperature nor incoming longwave or
atmospheric emissivity can be obtained, SNOWPACK
estimates the atmospheric emissivity and calculates the
incoming longwave radiation. In addition, the interface
temperature at the ground should be known and is
assumed to be at the melting temperature otherwise.
SNOWPACK requires further the measured snow
height or the new snow water equivalent (rain rate) to
determine the mass added through snowfall.

These input parameters can be provided as a simple
ASCII file. In our operational application, they are
read from a data base. In the near future, SNOW-
PACK will also be driven by the output from the
operational Swiss meteorological forecast model.

2.1. IMIS stations and data control

In the Summer of 1996, the Swiss Federal Institute
for Snow and Avalanche Research (SLF) started to set
up a network of high Alpine automatic weather and
snow stations (IMIS)! in cooperation with the Swiss
mountain cantons (Lehning et al., 1999). An automatic
IMIS station consists of a wind station situated on top
of a mountain peak and a snow station close to the wind
station but on a rather flat site with a limited influence
of snowdrift. The snow stations are located at altitudes
of typical avalanche starting zones, i.e. between 1600
and 3000 m a.s.l. Measured parameters are wind, air
temperature, relative humidity, snow depth, surface
temperature, soil temperature, reflected shortwave radi-
ation and three temperatures within the snow cover.
The stations operate autonomously using a battery and
a solar panel. Therefore, the sensors can not be heated
or ventilated. Some measurement errors and data gaps
occur because of this limitation. Experience gathered
during the last four winters shows, however, that the
operation of the stations remains stable and reliable for
most of the winter season. On all of the approximately
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80 snow stations in operation during the winter of
2000/2001, the model is operationally run and provides
information on the snow cover.

Because of the occasional measurement errors and
gaps, it is necessary to control and correct erroneous
data before using the data as input for the snowpack
model calculation. All measured input parameters
need to be within reasonable physical limits. In
addition, all measured time series are checked for
outliers based upon a Huber type skipped mean,
which uses the median absolute deviation (Hampel,
1985). Gaps are filled by a linear interpolation.

The snow height measurements with an ultrasonic
sensor require special treatment because they deter-
mine the amount of new snow and are at the same time
particularly prone to measurement errors and typically
produce a noisy signal. We, therefore, have formulated
a control procedure which eliminates spikes from the
time series, checks for outliers and physical limits and
uses maximum changes in snow depth. Details on the
snow depth control routine are found in Appendix A.
Our heuristic data control routine has been found to
guarantee a stable automatic operation of SNOW-
PACK at more than 80 IMIS stations.

2.2. Treatment of new snow and determination of
precipitation rates

The IMIS stations do not measure precipitation and
it is well known that snow precipitation measurements
are not very reliable. In addition, meteorological
model predictions for alpine terrain are not very
reliable. Therefore, we use an alternative method to
determine snow precipitation as input for our snow-
pack model calculations. Provided that the model
calculates a correct settling rate and that the corrected
snow depth measurement is free of errors, the amount
of new snow can be obtained by the following
procedure. For every time step, the expected model
snow depth, hs™%!, without new snow precipitation
is calculated and compared to the measured snow
depth, hs"*". The new snow height for this time step,
hns, is then simply taken as the difference:

hns = hsvalid . hsmodel' (1)

This procedure neglects the additional settling
introduced through the new snow weight during the

time step in which the new snow falls. With our
numerical time discretization of 15 min, the error is
small. We note that currently negative deviations, i.e.
model underestimation of settling rates, are not
accounted for and are a potential problem. Possible
erosion by wind is accounted for and is described in
detail in Lehning et al. (2000). The evaluation in
Section 3 shows that we do predict reliable settling
rates.

The amount of new snow, hns, is added to the
model as new elements. As a further check, this is
only done if relative humidity is higher than 70% and
reflected shortwave radiation is lower than 250 W
m~ 2. It is obvious that this procedure adapts the
model snow height to the measured snow height
during periods of snowfall. A crucial part of the
outlined procedure with respect to a correct total
mass balance is, therefore, the estimation of the
initial new snow density. The new snow density, p,
are estimated using the following relationship statisti-
cally derived from measurements at Davos, Fliielas-
trasse (1560 m a.s.l.) at Parsenn Kreuzweg (2290 m
a.s.l.) and at the experimental site Weissfluhjoch
(2550 m a.s.l):

p = o+ BTA + yTSS 4 ORH + nVW + $TA TSS
+ uTA VW +vRH VW + 0TA TSSRH  (2)

Table 1 explains the variables used and the esti-
mation of the parameters based upon a robust regres-
sion analysis. All terms are highly significant
(p<0.001) and an approximate multiple coefficient
of determination (+*) of 0.83 is obtained. The assump-
tions for a linear statistical model, such as normal
distribution of the residuals, are met. The data have a
limited range of the explanatory variables air temper-
ature and surface temperature, as well as of the
observed densities (Table 1). To avoid erroneous
extrapolation, the density prediction is, thus, limited
to a range from 30 to 150 kg m ~ *. We emphasize that
the regression is valid for a 30—60-min time interval
and not for 24-h new snow.

The procedure to determine the new snow amounts
allows also to estimate current snow precipitation
rates, provided that the net snow transport through
wind is negligible for the IMIS snow stations. The
density profile evaluation in Section 3, as well as the
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Table 1
Parameters for the new snow density model based on a dataset of 84
observations

Quantity Description Unit Range measured
o snow density kgm~3  32to 140

TA air temperature °C —12to +2
TSS surface temperature ~ °C —12t0 0

RH relative humidity % 46 to 100

VW wind speed ms ! 0to 12

Parameter Value

70
6.5
7.5
0.26

13

—45

—0.65

—0.17
0.06

2 ™ R

-

c =T o= o

mass balance evaluation in Part I, show that reliable
precipitation rates are obtained.

2.3. Surface heat fluxes, surface hoar and rain

The surface heat fluxes are at present parameterized
assuming a neutral atmospheric surface layer and using
Monin—Obukhov similarity theory. The assumption of
a neutral atmospheric surface layer is justified over
snow in the presence of moderate to high wind speeds
in our complex terrain setting. Slightly stable condi-
tions may be present at low wind speeds. It is important
to note that the height of the measurement sensors
above the snow surface changes in the course of the
winter considerably. This effect is taken into account
when parameterizing the surface fluxes with Monin—
Obukhov similarity. Because wind pumping is an
important aspect of the surface energy exchange and
the heat transfer (Section 2.4), we choose a description
analogous to canopy flow (Kaimal and Finnigan, 1994)
and postulate that the wind speed does not vanish at the
snow surface. This is a new suggestion and has the
advantage that a consistent flux formulation is still
possible. The vertical coordinate, z, is zero at the snow
surface and we define a displacement depth, d, using
the observation that for snow with a density, p, of 100
kgm ~?, the effect of wind pumping vanishes typically
at a depth of 0.3 m (Sokratov and Sato, 2001). With the

further assumption that snow is typically more effective
in attenuating the flow than a canopy, we use as a first
estimate for the displacement depth:

0
/_dp(z)dz =0.5 kg m2. (3)

In the absence of a more accurate alternative (only

measurements at one height above the snow avail-
able), we then start with the logarithmic wind profile:

d
u(z) :”7*1112; . (4)

Using the measured wind speed, u(z), and knowing
the displacement height, d, we can solve for the
friction velocity, u,, and the roughness length, z,,
iteratively as described in Lehning et al. (2000). Note
that this method also includes the possible effects of
drifting snow. k is the von Karman constant. From
similarity theory (Stull, 1988), the gradient of the
scalar quantity temperature, 7, takes the form:>

07 _ —0.74 0(2) 5)

oz kzu,  p,cp

Os(2) is the sensible heat flux, p, the density of air
and c, the heat capacity. In the absence of better
knowledge, we make the simplifying assumption that
the scalar surface layer profiles are still valid in the
presence of wind pumping. In the surface layer (con-
stant flux layer), the fluxes at any height are approx-
imately equal to the surface flux, Oy(z)= QO4(0). The
surface is not entirely smooth and the roughness
length, zy, is a parameter describing the aerodynamic
surface roughness. It is also known that the roughness
length is always smaller than the height of the
individual roughness elements (Stull, 1988). Thus,
the measured surface temperature is postulated to be
the temperature at zy: T(zo)= 7(0). We can now
integrate Eq. (5) from z, to the height of the measured
air temperature to receive:

=074 O(2), z

1) = T(0) == Tt i . (6)

2 Note here that since we are only concerned with minor
changes in altitude within the surface layer, we do not have to use
potential temperature instead of temperature.
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and the surface sensible heat flux, Q4(0) can be
obtained from the measurement of wind speed and
temperature at any height, z, and the surface temper-
ature, 7(0):

—ku,,
= p.6p(T(2) — T(0)). (7)
0.74In—
20

0:(0)

Note that no displacement depth is considered for
the scalar profiles. This has the desired effect that the
observed differences between the aerodynamic rough-
ness length, z,, and the corresponding roughness
lengths for scalars especially over (melting) snow
(Calanca, 2001) is accounted for in our formulation.
However, more basic research is clearly needed to test
this hypothesis. It is also easily seen that Eq. (7) is
analogous to the form of the usual bulk transfer
equation for surface fluxes and suggests an expected
value for the kinematic transfer coefficient, C:

ku,,
C=——>%. (8)
0.74In —
Zo
The development for the latent heat flux, Q,, is
identical and we receive using (Eq. (8)):

0.622L"1 ;
0= ~Co T ~ &(T(O)]
w/i )
= —CRE L (1)t — (TO)). ()

R, (287 J kg ' K~ ') is the gas constant for dry
air, L' (2256/2838 kJ kg~ ') are the latent heat
values for vaporization and sublimation, respectively,
e, is the saturation vapor pressure (Pa) over water or
ice and p, is the air pressure. At the snow surface, we
take the saturated vapor pressure over ice. The satu-
ration vapor pressure is approximated by a common
semiempirical relationship that uses the triple point
pressure, p, (610.5 Pa), L"", the triple point temper-
ature, T; (273.16 K) and the water vapor gas constant,
R, (4619 Tkg 'K

vi(r-r)

es(T) = pie ®TT (10)

We choose this simple surface flux parameteriza-
tion because it proved to be stable for our sometimes

inaccurate automatic measurements and because most
of the time deviations from near neutral conditions are
small. A more accurate formulation taking into
account stability effects is in preparation and will be
used for research applications.

The formation of surface hoar is an important
process because surface hoar constitutes a weak layer
when buried by new snow. In principle, the exchange
of latent heat (Eq. (9)) also determines the amount of
surface hoar formed. However, observations show that
there is not a very good correlation between observed
surface hoar and the cumulative latent heat exchanged
during a clear night when considerable surface hoar
formed. This is mainly due to the fact that surface
hoar formation ceases for larger than moderate wind
speeds (Hachikubo and Akitaya, 1997). Féhn (2001)
has undertaken systematic quantitative measurements
of surface hoar and the accompanying meteorological
conditions. He found that best results with bulk trans-
fer models of latent heat are obtained if surface hoar
formation is taken as latent heat exchange with wind
speeds lower than 3 m/s. Sublimation (ablation) of
surface hoar is simply taken as the latent heat flux. An
evaluation of this procedure is given in Section 3.2.

The energy added to the snow cover by (warm)
rain, Q,, is also treated as a flux boundary condition.
We assume that rain has the same temperature as the
air and, thus, the flux of energy due to rain is given

by:

Or = 1Cp(TA — TSS). (11)

Here r, (kg s ~ ) is the rain rate and ¢, the specific
heat of water (4190 J kg ~' K~ '). The rain mass is
added to the uppermost element of the snow cover and
the water will then undergo phase changes or will be
transported downwards (Part I). Note that in case of
snow temperatures below 0 °C most of the effect of
rain on snow will be due to the phase change energy
when the water freezes.

2.4. Wind pumping

There is evidence that air flow within the upper
snow layers greatly affects the heat budget, as well as
vapor transport (e.g. Sokratov and Sato, 2001; Albert
and McGilvary, 1992), even though there are contra-
dictory results on the mechanism of flow generation
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within the snow cover (Colbeck, 1997; Sokratov and
Sato, 2000). We propose the following simplified
model for our one-dimensional SNOWPACK model.
We point out that a more accurate description, such as
Albert and McGilvary (1992), is preferable but impos-
sible to implement in a one-dimensional model. We
already proposed a formulation of the effect of wind
pumping on the wind profile above the snow cover
(Eq. (4)) and, thus, on the turbulent flux parameter-
ization and have now to find a parameterization to
include the effect on the snow cover itself. The main
effect is an increase in heat and vapor transport
(Albert and McGilvary, 1992). In SNOWPACK, this
effect is best accounted for by increasing the thermal
conductivity as obtained from our microstructure
model (Part IT) and the water vapor diffusivity. This
will then affect not only heat transport but kinetic
grain and bond growth as well. We assume that the
effect of wind pumping decreases exponentially from
the snow cover surface and define a wind pumping
velocity scale, u:

it = u(0)e*, with « = 0.1 m®> kg 'p(z). (12)

Here u(0) is the surface velocity according to Eq.
(4), z is negative below the snow surface and p (kg
m~°) is the snow density, which also varies with
depth. Using a mixing length approach, where the
length scale is the pore length, L,, a diffusivity due to
wind pumping, K, can be defined:

dir

K, = BL; <l (13)

The pore length is approximated by 1.6 times the
grain radius (Part IT). Theoretically, the coefficient, f3,
is the ratio of tortuosity to porosity. We use f§ as a
fitting parameter. K, is added to the effective thermal
conductivity (Part II) with f=0.02. The current ver-
sion of SNOWPACK only uses this effect on the
thermal conductivity. It is expected that Eq. (13) also
holds for the vapor diffusivity but more detailed
experiments are required to determine the correspond-
ing value of f3.

With the effect of wind pumping on the thermal
conductivity, improved simulations of the thermal
regime in the snow cover are possible. As pointed
out above, this only concerns the uppermost layers,
however. Since superficial melting and surface hoar

formation takes place at or close to the surface, wind
pumping also affects the formation of thin and danger-
ous layers. The effect of wind pumping on SNOW-
PACK simulation results is discussed in Section 3.

2.5. Radiation

2.5.1. Atmospheric emissivity and longwave radiation

In general the measured surface temperature is
used as an upper boundary condition as long as it is
below — 1.3 °C. However, as soon as the surface
temperature approaches phase change temperatures
and for special (research) applications, the complete
energy exchange at the upper boundary including the
longwave radiation must be known. In the absence of
cloud observations, we follow Brutsaert (1975), for
the atmospheric emissivity, ea,

eS(TA)RH) %.

=124
ea ( TA

(14)

The net longwave radiation, le is then:
R = —g(eaTA* — TSS?). (15)

Cloudiness is neglected at the moment. A feasible
suggestion for our IMIS stations has been made by
Gubler (1998). He suggested to estimate cloudiness
from a comparison between potential and measured
shortwave radiation. This procedure might be imple-
mented in a later version of SNOWPACK.

2.5.2. Albedo, shortwave radiation and extinction
coefficient

Since shortwave radiation dominates the energy
balance of Alpine snowpacks, the formulation of the
surface albedo is a very important part of a snowpack
model. We chose to develop a statistical model based
on continuous measurements over 3 years at the
Weissfluhjoch experimental site. The measurements
are made with instruments equivalent to the IMIS
sensors. Thus, the model is expected to provide an
optimal albedo function, 4, for our measurement
configuration. Here, we present two models. One is
exclusively based on measured meteorological param-
eters, while the second model includes (modeled)
snowpack parameters. The models have the form:

A =0+ In(1+x). (16)
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Here, x is a linear function of the meteorological
parameters:

x = pVW +yTA + 6TSS + nRSWR

+ KTA TSS + ATA RSWR,

or for the second model including SNOWPACK
parameters:

x = pVW +9TA + 6TSS + nRSWR

(17)

+ kTA TSS + ARHO + uWC + vRB

+ oDN + nSP + 0FR.

(18)

The model parameters and coefficients are sum-
marized in Table 2. An arbitrary piece of a time series
of measured albedo, which had not been used for the

Table 2

Parameters for the albedo function

Quantity Description Unit

VW wind speed ms !

TA air temperature K

TSS surface temperature K

RSWR reflected short-wave W m~?
radiation

RHO snow density kgm~?

wC fractional water 0 to “threshold”
content

RB bond radius mm

DN dendricity 0tol

Sp sphericity 0tol

FR categorical variable Oorl
indicating previous
melt and refreeze

Parameter Value model Value model
(Eq. (17)) (Eq. (18))

o 0.8 (mean value) 0.8 (mean value)

p 0.0053 0.0056

Y —0.041 —0.052

0 0.016 0.0084

n —0.0015 —6.8x10°°

K -42x107° —11x10°3

i —53x10°° —0.00030

n -3.0

v - 0.060

0 0.017

m 0.021

0 —0.032

model development, is drawn in Fig. 1, together with
the two modeled albedo time series according to Eq.
(16) with Eq. (17) (simple model) or with Eq. (18)
(complete model), respectively. The overall agreement
between modeled and measured values is very good.
Deviations are visible in the high-frequency variabil-
ity, which is unimportant for the overall energy
balance. All variables and their combinations are
highly significant (p <0.001) and the statistical model
fulfills the assumption of uncorrelated and normally
distributed residuals. It is concluded that the statistical
model is a good description for the variation of the
albedo.

The measured reflected shortwave radiation,
RSWR, serves to determine the input of shortwave
radiation to the snow cover.” The amount of shortwave
energy absorbed by the snow cover, Ri=RSWR(1/
A —1), is treated as a body (volume) source. At the
layer/element boundaries, the residual radiation is
calculated, RY(/)=R% ~ "' where I (m) is the distance
from the snow cover surface and k., is the extinction
coefficient (m ~ '). The amount of energy absorbed in
the snow layer between /2 and /1 is then Ry(/1) — R(12).
The extinction coefficient varies linearly with snow
density:

p

C—1+02. (19)

kext =

The parameters are ¢1=3 kg m > and ¢2=50
—1
m- .

3. Evaluation

The following results are representative for the
operational application. It is beyond the scope of this
paper to evaluate all individual model components.
However, we want to assess the performance of the
model in representing important thin layers, such as
surface hoar and melt—freeze crusts. These layers are
directly influenced by atmospheric forcing as dis-
cussed in this paper. In addition the overall perform-
ance of SNOWPACK in simulating profiles of grain

3 We measure reflected shortwave radiation with a sensor that is
looking down in order to minimize problems with snowfall and
riming.
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Albedo Comparison
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Fig. 1. Comparison between statistical albedo estimation and an independent data set.

type, temperature, density, grain size and liquid water
content is evaluated using a statistical agreement
score. This score allows to quantitatively monitor
model improvements. Additional detailed evaluations
are undertaken elsewhere. Such evaluations include a
complete mass balance assessment (Part I), detailed
layer by layer settling evaluation (Fierz and Lehning,
2001), the application of SNOWPACK to continental
snow covers (Lundy et al., 2001) and systematic
profile comparisons for different sites (Lehning et
al., 2001). A description and evaluation of the drift
index implemented in SNOWPACK is Lehning et al.
(2000).

3.1. Qualitative evaluation of thin layer formation

SNOWPACK is not only an energy and mass
balance snow model but aims at giving a detailed
description of the layered structure of the snow cover.
Especially critical layers for avalanche formation,
such as buried surface hoar, depth hoar and crusts,
need to be adequately modeled. Such thin layers are a
challenge to modelers because their formation
involves all the processes of surface energy exchange
as discussed in this paper. Therefore, we present a
case study evaluation on how SNOWPACK performs

in representing layers of surface hoar and melt—freeze
crusts in the seasonal snow cover. The only reference
sources of snow cover information available are snow
pit profiles taken by experienced observers. We
present two representative profiles, one from the
winter 1997/1998 (Fig. 2) and one from the avalanche
winter 1998/1999 (Fig. 3). Both profiles have been
taken by an experienced avalanche expert at the
Weissfluhjoch experimental site.

Fig. 2 shows the grain type development for all of
the winter of 1997/1998 as simulated by SNOW-
PACK. The observed profile of March 2, 1998 is
drawn for comparison. An excellent agreement is
found for the sequence of thin layers at the top of the
snow cover: The layer of fresh, dendritic snow at the
top, then the first melt—freeze crust followed by a
layer of near surface faceted crystals and the second
melt—freeze crust are present in the observed and in
the simulated profiles. Some decomposed crystals in
the layer of near-surface faceted crystals have been
detected by the observer, which are no longer present
in the model. For the bulk of the snow cover, the
observer gave a uniform layer of faceted crystals,
while more variation in the degree of faceting is
present in the model. The model even predicts
rounded grain shapes in the center of the snow
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Simulation Weissfluhjoch 1997/98
Comparison modeled - measured grain type
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Fig. 2. SNOWPACK grain-type simulation for the entire winter 1997/1998. A manually observed profile at the beginning of March is drawn for
comparison. Grain types are represented by different colors. The symbols are explained in Fig. 8 of Part II. The sequence of thin layers at the
surface is well captured by the model.

cover. The crust at the bottom of the snow cover is Fig. 3 is similar to Fig. 2 but only a part of the
then again present in the model, as well as in the seasonal simulation is shown to allow a better repre-
observation. sentation of the layer details. Again, the comparison

Simulation Weissfluhjoch 1999
Comparison modeled - measured grain type profile

0.0

15 Feb 21 Feb 28 Feb 06 Mar 13 Mar 19 Mar 26 Mar 01 Apr 08 Apr 15 Apr
1999 1999 1999 1999 1999 1999 1999 199 199 199!

Fig. 3. SNOWPACK grain-type simulation for part of the winter 1998/1999. The manually observed profile at the end of March is drawn for
comparison. All observed surface hoar layers are modeled.
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between the observed profile of March 31, 1999 and
the simulation shows an excellent agreement for the
sequence of thin layers at the top of the snow cover:
At the surface, a period of fair weather has created a
surface hoar layer sitting on top of a melt—freeze
crust. The snow from the two smaller snowfall events
around March 23 consists of decomposed to rounded
crystals according to the observation, while the
simulation sees rounded to faceted crystals. The
period of fair weather of mid March had again
created surface hoar sitting on a crust. The simulation
for these layers is almost identical to the observation.
Model and simulation agree also in the deep layer of
rounded crystals below the thin layers at the surface.
Then, below an area with more faceting, a buried
surface hoar layer is found. This dangerous layer
might have played a role in some of the catastrophic
avalanches in February 1999. The simulation shows
this layer. The lowest part of the snow profile shows
in general more faceting. The model has additional
buried surface hoar layers, which have not been
found by the observer. Note that a buried surface
hoar layer is very difficult to see and even an
experienced observer might miss such a layer. While
both model and observation have another melt—freeze

—

20

crust at about 0.5 m above ground, the model simu-
lates two additional crusts, which are not seen in the
observation.

These two representative profiles suggest that
SNOWPACK is able to give a very realistic picture
of the layered snow cover structure. This is especially
important for critical thin layers, such as surface hoar
and melt—freeze crusts.

3.2. Surface hoar formation and sublimation rates

Buried surface hoar is one of the most critical
factors for the stability of an Alpine snow cover. In
the section above, we have demonstrated that SNOW-
PACK is able to predict reasonably surface hoar for-
mation and conservation for the avalanche winter
1999. For the same winter, F6hn (2001) has collected
precise and sufficient data on surface hoar formation
and sublimation rates to allow a more quantitative
evaluation. Fig. 4 shows a scatter plot of simulated
versus observed surface hoar formation rates. Fig. 4a is
for a best-fit bulk exchange coefficient (F6hn, 2001),
which gives the highest coefficient of determination
(%) of 0.89. With the adapted Monin Obukhov sim-
ilarity approach used in SNOWPACK, the coefficient

a) Surface Hoar Formation - Best Fit Bulk Exchange Coefficient

-40

Simulated (g m-2 h-1)

Correlation Coefficient: 0.89

-40 -30 -20

-10 0 10

Measured (g m-2 h-1)

—~
T
~

Surface Hoar Formation - SNOWPACK adapted MO Similarity

20

-40

Simulated (g m-2 h-1)

Correlation Coefficient: 0.87

-40 -30 -20

-10 0 10

Measured (g m-2 h-1)

Fig. 4. Comparison of model surface hoar formation and ablation rates with observations. The results with a fitted exchange coefficient (a) are
only slightly better than the results for the theoretical formulation used in SNOWPACK (b).
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Fig. 5. Evaluation of SNOWPACK profile predictions for five complete winter seasons at the Versuchsfeld Weissfluhjoch experimental site. The
evaluation is done using the objective snow profile comparison method (Lehning et al., 2001). This method gives a quantitative nondimensional
agreement score between 0 and 1. Compared are manual profiles taken by snow experts and the model predictions.
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of determination is only slightly lower (+*=0.87; Fig. ations. Therefore, it can be expected that similar good
4b). Note that the exchange coefficient in SNOW- results are obtained for different locations and mete-
PACK is entirely determined by theoretical consider- orological conditions.
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Fig. 5 (continued).
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3.3. Quantitative profile comparison

In Section 3.1, we presented a qualitative compar-
ison between simulated and observed snow profiles. In
Section 3.2, an individual process, namely surface
hoar formation, has been evaluated quantitatively.
However, we also want to have a quantitative measure
of agreement for the whole profile. A direct use of
observed profiles for quantitative snow cover simula-
tion evaluation is difficult because of the difference in
parameters simulated and observed (e.g. bond size
versus hand hardness) and not least because of the
different formats and resolutions used. These differ-
ences arise from simulation requirements and practical
constraints in the field, respectively. We, therefore, use
an objective profile comparison method to assess the
overall performance of the model. The comparison is
made for the parameters temperature, density, snow
type, snow liquid water content and grain size. A
quantitative agreement—disagreement score is calcu-
lated for each parameter. The score is normalized to
vary between “0”” and “1.” A “1” means that the pro-
files are identical, e.g. that for grain type every layer
from the manual profile is also present with approx-

imately the same characteristics and the same layer
thickness in the model. The individual scores are
finally combined to give an overall score of profile
agreement. The comparison method is fully docu-
mented in Lehning et al. (2001).

Fig. 5 summarizes the individual and the overall
scores for five winters, which have not been analyzed
previously. The overall score is on average above 0.8
with a small intraannual scatter. It is slightly higher
than for the two stations analyzed in Lehning et al.
(2001) due to improvements in this newer model
version, which now includes a parameterization of
wind pumping (Egs. (12) and (13)) and an improved
turbulent flux parameterization (Egs. (7) and (9)).
When analyzing the individual scores, we see that
systematically some quantities are better predicted. Of
course, the score for liquid water has to be “1” as
long as model and observed profiles are both com-
pletely dry. Consistently for all years and all parts of
the winter season, temperature is predicted best,
followed by density, while on average grain size and
grain type show more scatter and a lower score. It is
justified to conclude that the partly empirical formu-
lations governing grain growth and metamorphism
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(Part II) are less accurate than the formulations for the
mass and energy balance. However, we have also to
bear in mind that grain sizes and grain types are
estimated by eye in those observed profiles. Some
of the scatter is certainly due to variations in the
observer’s performance. The same constraint applies
to the determination of liquid water content, which is
still estimated by ‘“hand” in the observed profiles
used here. Therefore, it is hard to decide whether the
marked drop in the liquid water score during the onset
of melt conditions in spring is due to an insufficient
water transport scheme (Part I), or due to biases in the
hand measurements. There is only a small decrease in
the temperature score during the same time and the
onset of isothermal conditions, as well as the melt
rates (Part I), are accurately predicted. Therefore, the
problem appears not to be in the energy part but has to
be in the water transport part, provided that the hand
estimations are correct. For those years with profile
measurements until early summer (Fig. 5a, b and ¢), it
is seen that the scores for grain type, temperature,
liquid water content and also grain size recover after
the drop. This is to be expected since the whole snow
cover is made up of melt forms, is isothermal and
saturated with water in the model and in the observa-
tions during a large part of the final melting stage.

Returning to our main focus, namely, the formation
of thin layers, the profile comparison method can now
also be used to quantify improvements made when
adding new modules to the model. For example, the
parameterization of wind pumping increases the tem-
perature agreement score for the profiles in Fig. 3
from 0.81 to 0.96.

4. Conclusions and outlook

As the third part of the full description of the snow
cover model SNOWPACK, we presented the model of
atmospheric forcing, we discussed thin layer forma-
tion and presented an evaluation. The overall evalua-
tion shows that for high Alpine sites the current
version of SNOWPACK is an accurate description
of the development of the seasonal snow cover, given
the complexity of the subject.

Since emphasis of the model is on its operational
application for the avalanche warning services in
Switzerland, the driving input data are subjected to a

data control and interpolation routine, which checks the
data for consistency. This data control routine allows
SNOWPACK to be run automatically and without large
failures using the measured data from more than 80
autonomous and automatic weather and snow stations
in the Swiss Alps. SNOWPACK has been in opera-
tional use at the IMIS stations for more than 3 years
now. The control routines developed could also be use-
ful for data control requirements in other applications.

The statistical model of new snow density and
albedo have been derived and evaluated against meas-
urements from high Alpine sites in the Swiss Alps.
They are reliable and stable models for those sites but
their applicability in other regions and climates need
further evaluation.

Based on Monin—Obukhov surface layer similarity
theory, we presented a new parameterization of the
surface sensible and latent heat fluxes, which accounts
for the effect of wind pumping and is also valid for
drifting snow conditions. Wind pumping is also
included in the near surface thermal properties of
the snow. The formulations used are stable and con-
sistent with observations. They are, however, only
valid for neutral conditions, which are predominant at
our high Alpine sites where the turbulence created
mechanically by the topography leads to a near neutral
stratification. A successful application of SNOW-
PACK to larger flat areas, such as the Greenland ice
sheet, will benefit from an extension of the model to
stable stratification and is in preparation. The current
implementation gives, however, already a nice explan-
ation for the different roughness lengths for scalars
and momentum over snow surfaces. This new explan-
ation is accomplished without changing the estab-
lished form of the flux equations.

Also in preparation is a more detailed treatment of
the shortwave radiation penetration. At present, a
single extinction coefficient is used and penetration
is not dependent on wave length. This causes in some
cases difficulties in modeling the exact location and
thickness of ice lenses. We are also currently working
on a model component that describes the interaction
of radiation with vegetation in the snow cover for
ecological research. This model then also requires a
more detailed treatment of radiation transfer.

The profile evaluation shows that the models for
microstructure and metamorphism and their links to
the thermomechanical properties (Part II) are able to
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represent a major part of the structural changes in
snow. What is missing at present is a link to the
probability of avalanche formation in a certain snow
cover. To this end, we will have to extent our
description of microstructure to better represent layer
interfaces and problematic layers, such as surface
hoar. With such an improved description of snow
microstructure, a physical model of snow cover insta-
bility or a statistical model of avalanche release
probability can be formulated. This will be a next
step in the SNOWPACK development.
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Appendix A. Control algorithm for snow depth

The first step in the control algorithm is the
elimination of spikes. Spikes are frequent during
periods of snowfall. Spikes are detected in the follow-
ing ways. A possible starting point of a spike in the
snow height measurement, hs;, is marked if the snow
depth difference between two consecutive data points
exceeds a threshold, 7', which depends on the data
time resolution:

|hsis — hsi| > T (A1)

The end of the hypothesized spike, hs;.,, is
reached when the snow depth is again close to hs;,
and when the snow depth starts to increase again after
it has been decreasing:

|hs;yy —hs;| < Tr = Tlt(l)p and |hs;y; — hs; |

= min}i} | hs;; — hs;|. (A2)

Here #(/) is the time difference of the data points.
The exponent, f, is introduced to account for the fact
that snow depth differences will never grow linearly
in time, i.e. extreme events will only last for a short
time. The spike is, however, only eliminated by linear
interpolation between hs; and hs;,; if its height is
large relative to its (time) width:

maxj[;l1 | hs;;; — hs; |

t(1)

Ts. (A3)

The second step of the control includes in addition
to the check for absolute upper and lower bonds and
to the elimination of outliers and spikes, a maximum
possible increase and decrease in snow height. This
differential check requires that missing values are
taken into account. If the preceding data point that
should be used for comparison is already a missing
value, the last valid data point in the time series is
used instead. The current snow height measurement,
hs;, is compared to the last valid snow height measure-
ment, hs; /" and is valid if:

|hs; —hs'*ld| < Ty

i

oct(l)ﬂ , for decreasing snow depths
ihsy_al}dt(l)ﬁ , for increasing snow depths.

(A4)

It is important to note that for both steps the
procedure begins with a valid snow depth reading
which is available from the previous model run. Table
A1 summarizes the threshold values 7; through 7,. At
the end of the correction routine, the time series is
smoothed using a running average procedure with a
variable window width which is currently set at 12
data points.

Table Al

Threshold parameters used for the data control algorithm

T, 0.06 (mh 1

Tz ﬁ =0.7

T 0.04(mh~ "

T, «=0.13 (m h~ "), =07
T4 y=0.06, f=0.7

Values are for [hs]=m and [¢(])]=h.
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