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Summary. — Daily snow melt rates and corresponding changes in snow depth
were determined through micrometeorological measurements of surface radiation
and energy partition at Ny-Alesund (Svalbard Islands) during a short experimental
campaign. The daily rates computed using micrometeorological techniques closely
match direct measurements of snow depths with a mean error of about 6%. The
present findings are relevant in Polar areas because of the extreme susceptibility of
the local environment to sudden changes of surface properties, namely as regards
to the regulation of the sea ice- atmosphere-ocean system and surface biological
activity. The simple parameterizations utilized are suitable to model the short-time
melting process.

PACS 92.40.Rm — Snow.
PACS 92.60.Ry — Climatology.
PACS 92.70.Ly — Water cycles.

1. — Introduction

The high albedo and low thermal conductivity of snow cover over land are fundamental
in the regulation of the Earth’s radiation balance, which is the primary driving factor of
the global atmospheric circulation system [1,2].

In the northern hemisphere the mean monthly fraction of continental land covered
by snow ranges from 7% to 40% during the year, making snow cover the most rapidly
varying large-scale surface feature of the Earth [3,4]. Most of the snow-covered surface
belongs to the Arctic where large extents of sea-ice crust can form and disappear in a
very short time as a function of the surface energy balance.

During the warm seasons in the Arctic solar heating melts the upper layers of the ice
sheet and of the snow cover releasing fresh meltwater over the surface. These areas of
snowmelt have a temperature of 0°C and interact with the atmosphere, the ocean and
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the ice surfaces absorbing more solar radiation than the nearby surfaces thus leading to
differential solar radiation partition [5].

An understanding of the influence of synoptic weather systems on local and microscale
climatology is also crucial in the determination of the resulting melt rates of snowpacks [6-
8]. Advection of heat from the boundaries, due to the movements of relatively warm
and moist air masses, can originate melting processes because of the sensible heat flux
extracted from the lower layers of the atmosphere and directed toward the surface [9].
The depth of the resulting cooled layer depends on the horizontal wind speed and on
the presence of large vertical wind shear; turbulent mixing appears to be the mechanism
that modifies the air mass.

On the other hand, radiative fluxes in the Polar regions are strongly modulated by
the presence of clouds. Their effects on the surface energy budget are of particular
importance because of the sensitivity of sea-ice thickness to surface irradiances [10]. In
overcast conditions during the warm seasons long-wave radiation dominates the radiative
energy budget increasing the occurrence of melting processes [11,12]. Snowmelt processes
can thus be considered the result of both effects due to the surface absorption of radiation
and turbulent transport [13].

Because of the paramount importance of the surface albedo in regulating the compo-
nents of the climatic system, melting processes appear to have a key role in governing the
global radiation balance. They also have effects on the water vapor content of the atmo-
sphere, originating feed-back mechanisms between the surface and the cloud cover [14].

The aim of this study is to furnish a simple parameterization of snowmelt events be-
cause of the importance of this process strictly linked to climate variations and involving
important effects on the local biota habits; snowmelt rates and resulting snow depth
variations are computed from micrometeorological measurements at the Ny-Alesund site
while at the same time defining the relationships with the radiative and turbulent envi-
ronment.

2. — Experimental set-up

The experimental campaign was conducted at the Ny-Alesund Scientific Arctic Base
(78° 55’ N, 11° 56’ E) in the Svalbard Islands, 7 May—30 June, 1999.

The following instrumentation was deployed at the experimental facility: a radiomet-
ric station (Kipp and Zonen, mod. CNR1) to determine the whole short- and long-wave
radiative balance, a sonic anemometer (Metek, mod. USAT1) to define the characteris-
tics of the surface-atmosphere interaction and determine the sensible heat flux through
eddy-correlation techniques [15], and a heat flux plate to determine the subsurface heat
flux.

The anemometric data were stored on a PC after the electronic processing conducted
by a programmable internal board, which computes two axis rotations, 15 min averages
of the main physical atmospheric quantities, standard deviations, along with the deter-
mination of the momentum and sensible heat fluxes. Radiation partition and subsurface
data were acquired by means of a CR10 Campbell data logger and stored into a Campbell
SM192 memory module every 15 min. The sonic anemometer and the radiometer were
placed on a pole at 3.5 and 1.5 m above the ground, respectively. The flux plate was
buried into the snow and successively, after total snowmelt, into the ground at a 5 cm
depth.

The cloud cover index as well as other meteorological parameters utilized in the study
were obtained by the close station of Alfred Wegener and Norwegian Polar Institutes.
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3. — Method

Energy balance over a melting surface is given by [7]
(1) R,=G+Hy+LE+E,+Ep,

where R, is the net radiation, G the subsurface heat flux, Hy and LFE the sensible and
latent heat fluxes, Fy, the energy due to the surface melting, and F, the precipitation
heat flux.

The latent heat flux has been computed through the bulk formulation

2
u*
(2) LE = pu Mao — ¢2),

where p is the air density in kg m™3, u, the friction velocity in m s™', u the wind speed

in m s™!, X the latent heat (equal to 2833 J g~! in the case of sublimation and 2256 J g~!
for evaporation), qo the surface specific humidity in g kg™!, and ¢, the specific humidity
at the measurement height z in g kg~—!. Measurements of specific humidity came from
the Koldewey station (AWI/DMPI-NP) which is 100 meters away. In the computation
of the latent heat flux the latent heat of vaporization was utilized because during the
whole melting processes the surface air temperature was almost continuously over 0°C
corresponding to a maximum correlated error of about 12%.

The E, term of eq. (1) can be ignored when precipitation events are negligible as in
the case of the recorded measurements with the only exception of day 05/13/1999 where
precipitation value reached about 20 mm [13].

To calculate the rate of snowmelt from the measured values the following equation
applies [13]:

(3) Smrate = (Rn — G) - 107 x 3600 x 2.99 — |:pCp10_3KH (T, — To)u +
+pAKT, (0.622/P,) (€5, — €s0) u} x 3600 x 2.99,

where Sy, is the rate of snow melting in mm h™!, p the air density in kg m~3, Cp the
specific heat at constant pressure (C, = 1.01-1073 MJ kg=! K~!), T, the temperature
at the measurement height in °C, T the surface temperature in °C, u the wind speed,
A the latent heat of vaporization for water, P, the air pressure in hPa, e,, the vapor
pressure at height z in hPa, ez the surface vapor pressure in hPa, and Ky and K, the
bulk transfer coefficients assumed equal to 0.0023 [15].

Since the data were taken every 3 h the multiplying factor of the two terms on the
right-hand side of eq. (3) becomes 3600 x 3 x 2.99.

The same equation was used to compute the daily values of the snowmelt rate: the
measured terms are the daily mean values and the corresponding multiplying factor is
3600 x 24 x 2.99.

Following the statistical approach of [13] the three hourly melt values were summed
over periods of 24 h and then compared with daily mean values.

Finally, a comparison with measured values of the snow depth (taken by the Nor-
wegian Meteorological Institute and the Norwegian Polar Institute, DNMI/NP) for the
whole measurement period was done, calculating the snow depth from the snowmelt rate.
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Fig. 1. — Daily mean values of surface radiative budget.

4. — Results and discussion

4°1. Characterization of melting period. — Daily mean values of each measured quantity
were computed to study the surface radiative balance.

Figure 1 illustrates the long- and short-wave daily mean balances, along with the
net radiation that is positive for the entire period. Net radiation increases through the
measurement period due to the increase of net short-wave radiation caused by changes
in solar elevation angle.

The analysis of the daily mean of the single radiative components (fig. 2) indicates a
slight increase in long-wave values, incoming and outgoing, and a sharp decrease in the
short-wave components. Figure 3 shows the albedo trend, computed utilizing the ratio of
the short-wave out and short-wave in components, which reflects the observed variations,
due to surface optical properties modification, with an abrupt change during the period
5-9 June. During this time, the snow melted completely. The daily mean albedo values
change from 0.8 at the beginning of the measurement period to about 0.5 during the first
days of June, before dropping to 0.1 afterwards.

In fig. 4 the daily mean values of dry and wet air temperatures and wind speed for
the whole measurement period are plotted. Note that the dry and wet temperatures
during the period 15 May—3 June are normally below 0°C. During this period three
short melting episodes were recorded with corresponding temperatures higher than 0°C
and wind speeds ranging between 6 and 8 ms~! which could indicate advections of warm
air masses. The following days air temperature increases above 0°C and the wind speed
decreases, thus snowmelt can be attributed mainly to the temperature increase.

Figure 5 presents the daily mean value of the cloud cover index in tenths. Note that
the melting occurs during cloudy days, as observed by [13] and [10].
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Fig. 6. — Scatter plots between the sum of sensible and latent heat fluxes vs. the difference be-
tween net radiation and subsurface heat flux for the 3-hour values considering a) all measurement
days and b) without the intense melting period days (26 May—16 June).

In summary the melting event recorded at Ny-Alesund during 1999 is characterized
by cloudy, windy and low solar input conditions.

4°2. Surface energy balance. — The surface energy balance has been computed through
the radiometric and anemometric measurements and with the latent heat flux obtained
with the bulk formula (2) using the humidity measurements at the Koldewey station.

The scatter plots between the sum of Hy and LE and the difference of R, and G are
obtained considering all days of the campaign (fig. 6a) and eliminating those between
26 May and 16 June (fig. 6b) when the intense melting period was observed. Figure 6a
illustrates that there is a missing energy component in the surface partition, attributable
to different surface processes that we are not able to measure, and this reflects in a very
low slope of the 1:1 scatter-plot.

If the surface energy balance is computed eliminating the period of intense melting
(fig. 6b) the linear fit shows a good agreement with the surface energy balance and the
slope of the regression line results very close to the 1:1 line even if a certain degree of
scatter is obviously present.

The same analysis has been performed for the daily mean values and results are shown
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Fig. 7. — As in fig. 6 but for the daily mean values.
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Fig. 8. — Time series of the snowmelt rate obtained with eq. (3) and precipitation measurements.

in fig. 7. As in the previous case, if all days are considered (fig. 7a) a strong deviation
from the 1:1 line is present, whereas omitting the period between 26 May and 16 June
(fig. 7b) results in a good agreement with the surface energy balance.

4'3. Computation of the snowmelt rate. — In fig. 8 the snowmelt rates obtained with
eq. (3) for the 3 h values are reported together with the precipitation values measured
by DNMI/NP. The values are realistic because on average the snowmelt rate is about
4 mm every 3 h, which gives a realistic value of about 32 mm day~! [13]. The negative
values refer to a precipitation event as shown by the trend of the precipitation values.

Following the statistical methods of [13], daily melting rates have been computed
adding eight of the 3-hourly values (fig. 9). On a daily basis the resulting melt rates,
computed as the sum of different 3 h time periods, show a good agreement with a direct
computation of the daily mean values. This finding implies that the statistics of melting
rates, on a daily basis, are independent of the time step used for their computation,
which disagrees with [13].

The daily snowmelt rates computed from micrometeorological measurements were
used to calculate snow depths and successively compared with the measurements of
DNMI/NP. The results are reported in fig. 10.

The snow depth was computed considering that

oh
ot

= —rate

and

(4) h = ho —rate - t,
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Fig. 9. — Scatter plot between the daily snowmelt rate obtained as a sum of the 3-hour values
vs. the daily snowmelt rate obtained with the daily values in eq. (3).

where h is the snow depth, hg the initial snow depth, and ¢ the time.

As an initial condition, hg was taken equal to the measured value and the computation
was applied only when the intense melting period occurred (26 May—16 June).

Results show a very good agreement between the computed and measured values.
Figure 10 shows the results for the daily mean values and the correlation coefficient is
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Fig. 10. — Scatter plot between the snow depth measured by DNMI/NP vs. the snow depth
computed with eq. (4).
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very high. The calculation overestimates snow depth by about 19 mm corresponding to
a mean error of about 6%.

5. — Conclusions

The results obtained by micrometeorological measurements show that melting pro-
cesses represent one of the most important energy partition components at the snow
surface. This process is mainly regulated by the advection of heat from the boundaries
of the investigated area, cloud cover index and wind speed.

Snow depth calculated from micrometeorological parameters resulted in good agree-
ment with the direct measurements. These kinds of measurements can be applied to
routine estimations, which results in reduced field logistic compared to the direct mea-
surements performed at snow-covered sites.

The statistics of snow melting rates performed on a 3-hourly and on a daily basis did
not show relevant differences thus allowing the use of existing data-bases for climatolog-
ical characterizations and comparisons between different sites.

The parameterizations utilized appear to furnish a very good description of the tem-
poral evolution of the process but some attention should be paid for their application in
long-time period observations because of the strong time-dependence of the optical and
mechanical properties of the snow.
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