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Abstract

Spectral albedo and water liquid content of intensively melting Arctic snow were mea-
sured during the Snow Reflectance Transition Experiment (SNORTEX), in Sodankyla,
Finland, in April 2009. The upwelling and downwelling spectral irradiance, measured
at 290-550 nm with a double monochromator spectroradiometer, revealed the snow
albedo to increase as a function wavelength. At the same time, we found the albedo
of melting snow to decrease by ~10%, as a function of time within one day. During
four days of intensive snow melt, the albedo decreased from 0.65 to 0.45 at 330 nm,
and from 0.72 to 0.53 at 450 nm. The diurnal decrease in albedo was supported by
measurements of erythemally weighted broadband ultraviolet (UV) albedo. Our simul-
taneous ancillary data on snow water liquid content showed that the water content first
increased in the surface layer, and then moved into deeper layers, after several hours
of accumulation. In Radiative Transfer (RT) model calculations, the use of Lambertian
assumed regional albedo, instead of the measured local albedo, showed a wavelength
dependent difference between the modeled and the measured radiation by up to 9%.

1 Introduction

The albedo of a surface results from the target’s capability to reflect wavelength-
dependently the direct and diffuse irradiance. For snow, the albedo is typically very
high compared to other natural objects or surfaces. When the albedo of a snow sur-
face at the ground is measured at a standard height of 1-2m (WMO, 2008, p. 1.7-19),
it is not only the target’s basic properties; like snow age, grain size, water content or
dirt; but also the overall environment around the target that may have effect on the
detected albedo. Physical, chemical, and biological environmental factors may be in-
cluded; for example, if the target, or the sensor, are in total or penumbral shadow. Also,
topography may affect the measured albedo despite a flat measurement area; chemi-
cal reactions may take place in the snow (Grannas et al., 2007); and bacteria may be
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important for the snow formation (Christner et al., 2008). Finally, the ability of detect-
ing accurately the albedo of a surface depends on the measurement uncertainties and
errors introduced by the measuring systems (e.g., Bernhard and Seckmeyer, 1999).

The albedo of snow on the ground can be very variable and inhomogeneous (e.g.,
Zhou et al., 2003; Kylling et al., 2000). The irradiance ratios are influenced not only by
the local snow albedo underneath the measuring radiometers, but also the combination
of low-albedo and high-albedo surfaces within a larger radius. Often an effective albedo
is defined to describe the net effect of the albedo, as derived by comparison with a
model, (Schwander et al., 1999; Kylling et al., 2000; Bernhard et al., 2007, e.g.).

In this work, the main focus was to study the spectral albedo of melting Arctic snow
with the help of spectral up-welling and down-welling measurements, combined with
various ancillary data, and with the modeling of diffuse and direct spectral irradiance
at ultraviolet and visible wavelengths. For the albedo measurements, a Bentham-
spectrometer setup with two entrance optics (Sect. 2.2), performed irradiance mea-
surements during the SNORTEX-2009 campaign (Sect. 2.1) in the European Arctic,
Northern Finland. For investigating the effect of the changing albedo on the irradiance
measured at the ground, we used the Libradtran RT model calculations (Mayer and
Kylling, 2005), with additional measurements as model input.

2 Materials and methods
2.1 The SNORTEX experiment

SNORTEX (2008—-2010) aims at acquiring in situ measurements of snow and forest
properties in support to the development of modeling tools, and to validate coarse res-
olution satellite products (Roujean et al., 2009, 2010). The SNORTEX studied area is
located in the Finnish Lapland beyond the Arctic Circle, and benefits from existing fa-
cilities provided by the Finnish Meteorological Institute — Arctic Research Center (FMI-
ARC), based in Sodankyla (67°22'N, 26°39'E, 179 m a.s.l.). The aim of the project
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is to integrate its results into operational chains devoted to map snow properties from
the MetOp satellite within the framework of the SAF (Satellite Application Facilities)
Land, Climate and Hydrology activities, supported by EUMETSAT and the National
Meteorological Services.

2.2 Bentham spectrometer

The Bentham spectroradiometer participated in the SNORTEX-2009 campaign (April
period) at Sodankyla. The instrument operated from 20 to 25 April, performing down-
welling and up-welling spectral measurements of global irradiance (irradiance received
by a flat sensor surface), at the 290-550 nm wavelength range at 2.5m height. These
measurements were used to retrieve spectral albedo of the snow surface. The Ben-
tham spectroradiometer consists of a commercially available Bentham DM-150 double
monochromator with a focal length of 150 mm monochromator, and with gratings of
2400lines/mm. The entrance and exit slit widths were chosen to yield a nearly trian-
gular slit function, with a full width at half maximum (FWHM) resolution of 0.74 nm.
The solar irradiance is sampled through a specially designed entrance optics (CMS-
Schreder, Model UV-J1002), connected to the port of the spectroradiometer through a
quartz fiber. The fiber optic splits and leads to two identical entrance optics receivers
(diffusers) that can be distinguished through an internal switch. The angular response
of the two diffusers is better than 2% for incident angles less than 70 degrees. As the
instrument is designed for outdoor solar measurements, the whole spectroradiome-
ter system, including the data-acquisition electronics, is contained in a temperature-
controlled box that is stabilized to a predetermined temperature with a precision of
0.5K. Absolute irradiance scale calibration is performed using measurements of cali-
brated 1000 W quartz halogen lamps. To measure at locations far from its laboratory,
a portable irradiance scale was devised. It is composed of a portable lamp enclosure
(calibrator), a set of 100 and 250 W tungsten halogen lamps, and a feedback system.
For the particular campaign, the two entrance optics were used for measurements
of the down-welling and the up-welling global solar irradiance. The calibration of the
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instrument was performed at the beginning, and at the end of the campaign, showing
deviations within 1% for all spectral range, and all three lamps used for the calibration
procedure.

2.3 Ancillary measurements

Ancillary albedo data were provided by two broadband radiometers (Model SL501, So-
lar Light Co.), above another field at ~20 m distance. These continuous SL501 snow
albedo measurements were started in 2007, as part of the International Polar Year IPY
(2007—2008) ORACLE-OS3 cluster project (Ozone layer and UV radiation in a changing
climate evaluated during IPY, http://www.awi-potsdam.de/atmo/ORACLE-O3) (Meinan-
der et al., 2008, 2009). Two well maintained and calibrated SL501 sensors with similar
spectral and cosine responses were used; one facing upwards, and the other down-
wards, at a height of 2m. The data are recorded in 1-min intervals and stored in the
FMI climate database. The SL501 spectral response approximates the action spec-
trum for erythema at the wavelengths of UVB (280-310 nm) (Seckmeyer et al., 2005).
The albedo of snow was calculated from the ratio of up-welling UV irradiance to down-
welling irradiance.

For the measurement of snow water liquid content, we used the Snow Fork by Toikka
Oy (www.toikkaoy.com). The sensor is a steel fork that is used as a microwave res-
onator. Snow Fork measures the electrical parameters: resonant frequency, attenua-
tion, and 3-dB bandwidth used to calculate accurately the complex dielectric constant
of snow. Furthermore, the liquid water content and density of snow are calculated
using semi-empirical equations.

We measured the snow grain size and temperature of the snow surface at various
depths for the same snow field as the spectral albedo. The measurements were per-
formed at the edge of this field to cause a minimum disturbance for the radiation mea-
surements. The grain sizes of snow were estimated visually with a mm-grid. The snow
temperature was measured with a light digital Printel thermometer (www.printel.fi).
The thermometer was calibrated using isopropanol measured with a Fluke accuracy
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thermometer in the measured temperatures from —20.72°C to +1.218°C at 99 differ-
ent temperatures. Empirical calibration was calculated and the measured snow tem-
peratures were corrected using this calibration. In addition, data on the state of the
atmosphere, at a height of 2m, were being measured once a minute by an automatic
weather station (AWS).

2.4 RT model calculations

We used the Libradtran RT model (Mayer and Kylling, 2005) to calculate the up-welling
and down-welling diffuse and direct spectral irradiances during a cloudless sky day (22
April). The measured spectral albedo (Bentham spectroradiometer data), total ozone
(Sodankyla ozone sounding data, http:/fmiarc.fmi.fi/archive/), and aerosol properties
measured with a Precision Filter Radiometer/SunPhotometer (http://litdb.fmi.fi/), were
used as main inputs for the RT calculations. Our research question was: How much
does the modeled clear sky irradiance (if assuming regional Lambertian albedo, or if
using the local measured albedo) differ as a function of time and wavelength from the
measured irradiance. A difference in irradiance in [%], in the morning and afterwards,
would indicate about radiative forcing differences due to the effect of albedo of melt-
ing snow. In addition, in model to measured comparison, only relative changes [%]
in irradiances were compared, instead of absolute values, to eliminate the effect of
absolute calibration scale uncertainties of the measurement data. Absolute calibration
scale should not affect the albedo measured by the Bentham spectroradiometer, as the
same monochromator/light directing system is used for both the upward and downward
sensors. The estimates for the regional albedo values were gained from the measured
albedo minimum (A;i,) and maximum (An,ax)-
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3 Results

For the analysis of the empirical data and the RT model data, we used data for solar
zenith angle (SZA) < 70° (06:00 UTC — 14:00 UTC). The amount of radiation reach-
ing the Earth is minimal at larger SZA, (UVI < 1), increasing the uncertainties in the
measurements.

3.1 Spectral albedo changes

The surface underneath the two Bentham sensors, at the height of 2.5m from the
ground, was covered with snow in a radius of more than 10 m on the South, West and
East direction, and up to 3 m in the North direction. The field of view of the sensors was
mostly free. Direct Sun irradiance was blocked by trees from 03:00 to 05:00 UTC, and
after 17:00 UCT. In addition, shadows of the trees were covering all or part of the snow
surface underneath the instruments in the morning till 06:10 UTC, and after 15:30 UTC.
The measurement sequence included simultaneous spectral scans of down-welling
and up-welling global irradiance (290-550 nm with a wavelength step of 10 nm), with a
time step of 2 to 6 min. The different time step was used in order to avoid uncertainties
in the albedo calculations that could be inherited by the radiation field changes between
the two measurements. For clear sky conditions the 6 min time step, and for moving
clouds conditions the 2 min step were used. For 21 and 23 April, the sky conditions
were cloudy with moving clouds, resulting changes in the radiation field (Fig. 1). The
22 April consisted of a cloudless day, and 24 April an overcast day with mainly diffuse
sky conditions.

During these four days, high temperature conditions lead to intensive melt proce-
dures. The albedo at 330 nm decreased from ~0.65 (the morning of the first day) to
0.45 (the afternoon of the fourth day). At 450 nm, the decrease was from 0.72 to 0.53,
accordingly. During one day, the albedo decreased by appr. 10%. In the mornings, the
albedo signal was slightly higher than it had been the previous evening, possibly due
to frost conditions during the night time (Fig. 2).
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We calculated the SZA dependent empirical albedo decline, using a simple linear
regression approach (albedo =f-SZA). For our case, the parametrization of albedo of
melting snow during the clear sky day was:

A(,SZA) = Apidday + C(SZA - SZA i), (1)

where ¢ = —-0.0024 before noon, ¢ = —-0.0026 after noon, for 310nm > 1 > 550 nm,
55 < SZA < 70degrees.

For example, for 22 April, from 06:00 to 10:00 UTC, it was
¢ =(0.572691 — 0.604647)/(68.9 — 55.38).

Independently from the temporal decrease of albedo, the snow albedo at one time
increased as a function of wavelength (Fig. 3). During the clear sky day of 22 April, the
spectral behavior of snow albedo was analyzed further. An average of ~8% difference
on the calculated albedo was found comparing UVB (at 320 nm) and visible (at 550 nm)
wavelengths. Deviations up to 5% from this spectral behavior could be seen during the
day. We then calculated the mean values for UV-B (at 310 nm), UV-A (at 330-360 nm)
and visible (at 450-550 nm). The regressions of snow albedo A at UV-A, UV-B, and
VIS were:

A(UV-A) = 1.0049A(UV-B) +0.0054, (R? = 0.9744), (2)

and

A(VIS) = 1.1602A4(UV-B) - 0.0213, (R? =0.6012), (3)
for SZA < 70.0 degrees

3.2 Ancillary measurement results

The diurnal decrease of albedo was supported by the broadband UV albedo measure-
ments, representing another smaller open field close by. This broadband erythemal
SL-501 albedo decreased both within a day (from morning till afternoon), and as a
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function of time (days). The decrease at the end of April (17-30 April) was from 0.51
to 0.38 in the morning, and from 0.48 to 0.37 in the afternoon (Fig. 4). For example,
on 22 April, from 06:00 UTC to 12:00 UTC, the decline was A =-0.0028-SZA (SZA
changed from 68.9 to 58.13, and albedo from 0.47 to 0.43).

The data on snow water liquid content, as a function of time and snow depth, on
the same field as the Bentham measurements, showed that the water content first in-
creased in the surface layer. After several hours of accumulation, the water moved into
deeper layers (Fig. 5). The snow temperature of the same area showed both a vertical
and temporal increase during the study days (Fig. 6). The snow surface observations
indicated the intensive melt on 22 April, with snow grain sizes changing from 0.25 mm
up to several millimeters (Table 1). The AWS data showed that at 06:00 UTC the air
temperatures were <0 °C during 20-21 April, and >0 °C on 22—-24 April. The maximum
air temperatures varied from —-2.5 to 5.4°C. At 18:00 UTC, the air temperature were
>0°C on 20-24 April, with maximum temperatures from 0.5 to 9.5 °C. Between 20-24
April, the automatically measured snow height declined from 48 cm to 38 cm (data not
shown), and in the open field of our spectral albedo measurements it was manually
measured to change from 30 cm to partly totally melted.

3.3 RT modeling

For the clear sky day 22 April, the spectroradiometer measured albedo minimum was
Anin = 0.54, and the maximum A,,, = 0.65 at 330 nm. These were used as input pa-
rameter values for the RT calculations representing the assumed effective Lambertian
(L) albedo A(t,L), and further compared with calculations using the actual measured
spectral albedo A(A,f) as input. The values of the other measured input parameters for
the both types of RT calculations were: Angstréom parameters @ = 1.253 and 8= 0.038
(for the calculation of 7, = 179, where a is the Angstrém exponent and g is the aerosol
optical thickness), and 347 DU for ozone. Thereafter, the irradiance was modeled from
06:00 UTC to 14:00 UTC to produce the spectra S1(f, Apin(L)), S2(¢, Amax(L)), and
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S3(t, A(1)), where S1 is spectrum number 1, t is time, A is albedo, and L is the Lam-
bertian assumed reflectance. The maximum difference was to appear with A,,,, as
in reality the albedo was decreasing as a function of time. For the same reason, the
measured irradiance was expected to be closest to the case of A, as confirmed by
our modeling results (data not shown). The differences were 2.5-4.5% for wavelengths
from 320 to 400 for this one day showing the 10% change in the albedo (Fig. 7). The
difference was calculated up to 9% when using the results for the 4 days of the melting
show period.

4 Discussion

Our albedo results on the melting Arctic snow showed a rapid decrease in the albedo
as a function of time. Here, due to the intensively melting snow, the albedo decline was
found to dominate over the SZA dependent albedo signal. Thus, a SZA asymmetric
albedo was detected. The same asymmetrical decrease feature has also been found,
e.g., by Pirazzini (2004) in the Antarctic at three locations; Pirazzini et al. (2006) in
the Arctic snow and ice albedo data; and Meinander et al. (2009) in the Arctic and
Antarctic data. According to Pirazzini (2004), the SZA asymmetry of the Antarctic
snow was: A = Aniggay + C(SZA-SZA,i,), where ¢ = —0.003 was the best value for ¢ in
the afternoon. Their measurements were made with pyranometers (broadband signal
for ~300 nm — 3000 nm). In Meinander et al. (2009), the reported UV albedo decline
was A = —0.0024-SZA for the same Antarctic location of Neumeyer, same season, and
similar weather conditions as in Pirazzini (2004), but for different instrument (SL-501)
and wavelength range. Here, we found the Bentham data to show a decline from
A=-0.0024-SZA to A= -0.0026 - SZA in a big open field with intensively melting snow
under clear sky (Eq. 1). Our ancillary SL501 data on another smaller open field showed
a decline of A=-0.0028-SZA the same clear sky day. Although the decline for our
SL501 and Bentham data are similar, the values of the spring time snow albedo gained
from Bentham measurements on a big open field (albedo values around 0.45-0.72)
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and SL501 on a smaller field (albedo around 0.37-0.51) differed from each other. This
may be due to the differences in the wavelength range and the area under study, as
well as differences in snow properties (grain size, water content etc.). On the basis of
these albedo results, it would appear that for melting snow, the albedo decline could
be in the Arctic and Antarctic of the same magnitude:

A= Aridday + C(SZA - SZA ;) where ¢ =[-0.0030,-0.0024]. (4)

Independently from this albedo decline due to melt of the snow, albedo of snow
showed an increase as a function of wavelength. The increase in snow albedo (Fig. 3)
is in accordance with theory, and Antarctic observations presented in Grennfell et
al. (1994), e.g. On the other hand, Wuttke et al. (2006) found that in their Antarctic
snow albedo data, the spectral dependence of the albedo in the UV and visible was
not very pronounced. Feister and Grewe (1995), in turn, have performed spectral
albedo measurements over bare fertile soil, sand at the beach, concrete and snow.
They found that the albedo increases with increasing wavelengths for most types of
surfaces considered, i.e., it was smaller in the UV than in the visible region. Accord-
ing to Feister and Grewe, the measured albedo over polluted snow was 0.62—0.76%
in the UVB region (1 < 315nm), with a small wavelength dependence. A somewhat
higher albedo occurred in the UVA region (315< 1 <400 nm). Thus, as a summary, it
would appear that a spectrally dependent albedo signal is often behind the broadband
albedo. To achieve as accurate albedo estimates as possible, the spectral behavior
in snow albedo needs to be considered. Our simple empirical regression results on
converting UVA, UVB, and VIS albedo from one to another may serve as a tool for
any application where the albedo is measured at one wavelength range, but the in-
terest lies on another (Egs. 2 and 3). Earlier, Li and Trishchenko (1999) have made
a study on the development and validation of narrow band to broadband conversion
models. According to them, a linear regression (a basic conversion model) between
shortwave (SW) albedo (o, ) and VIS albedo (a,;): ag, = ap + bya,;s that does not
require any auxiliary information, has been most widely used. For snow and ice, they
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give ay =10.802 and b, =0.725. Our basic conversion regression approach is similar
to that, but between UV and VIS albedo. The next step would be to introduce SZA,
and thereafter other environmental parameters, into the conversion model. To do that,
a larger data set would be required. Here, the snow grain sizes of the melting Arc-
tic snow represented the range from 0.25 mm to several millimeters, which values are
larger compared to many other studies; e.g., 0.8 mm in Wuttke et al. (2006); and 1 mm
in Warren and Wiscombe (1980) and Wiscombe and Warren (1980). It would appear
that the grain sizes of the melting European Arctic snow might be bigger than those of
Antarctic or Alpine snow.

A variety of climatological studies including radiative forcing of the planet are depen-
dent on snow albedo assumptions at given seasons. For melting snow seasons these
assumptions have to be very carefully implemented on various modeling codes. Our
results suggest, that for the satellite retrieval of snow UV reflectance during melt time,
the actual time of satellite observation has influence on the obtained albedo results:
in the morning the albedo may be expected higher than later the day (according to
the Eq. 4). Also, during snow melt, the effective surface UV albedo distributions; like
presented in Tanskanen and Manninen (2007), and Robinson and Kukla (1984); are ex-
pected to move left along the x-axis (toward smaller values). We may expect that snow
height dependent parameterizations (like in Arola et al., 2003), in turn, might function
well during melt time. In the UCAR Atmospheric model (CAM 3.0), the melting snow
parameterization depends linearly on surface temperature Ts accordingto 0.1-(Ts+ 1)
(Collins et al., 2004). The snow and ice albedo parameterization depending on temper-
ature is in the ECHAMS model (Roeckner et al., 2003; Roesch and Roeckner, 2006),
too. In the ECWMF model, albedo parameterization is with temperature (exponential
relationship) and snow fall occurrence (ECWMF, 2010). According to Pirazzini (2008),
the representation of the snow and ice albedo for climate and numerical weather pre-
diction models may be one of the most serious oversimplifications, and this may cause
large errors in weather prediction and climate simulations. In the paper by Cheng et
al. (2006) it has been shown, that in the case that the albedo parameterization is too
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sensitive to surface temperature, errors in the surface energy and mass balance grow
rapidly due to the strong positive feedback between albedo and temperature errors.
According to Pedersen and Winther (2005), snow depth-dependent parameterizations
perform better during the snowmelt period than temperature-dependent parameteri-
zations. Furthermore, Pirazzini (2008) has presented a simulation experiment with
the two-dimensional mesoscale HIRLAM model of the University of Helsinki, Finland,
where the old snow albedo of 0.7 was used instead the measured albedo of 0.83 (fresh
snow). According to their sensitivity runs, they concluded that in the case of fresh snow,
the use of old snow albedo and thermodynamic values caused, alone, a delay in the
surface cooling, and about 3°C of error in the surface temperature. Therefore, we
might expect that the differences in snow albedo during melt, with variation from 0.8 to
0.4 as shown in our results, might cause a significant effect, too.

We have been investigating the April snow melting period for the specific area of
Northern Finland, and the spectral and temporal variations of snow albedo during this
period. Using RT calculations, spectral and temporal information on the effect of albedo
change on UV irradiances were gained. In our case, it was shown that melting snow
can be the source of irradiance differences up to 9% if modeled results do not take
into account the change of the albedo in the melting period. Our RT calculation results
also showed that if we under- or overestimate the albedo, even with a realistic value, the
difference in calculated irradiances are effected as a function of wavelength. Therefore,
during snow melt, the snow albedo, used in various RT models, have to be carefully
implemented and not assumed a priori.
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Table 1. Snow conditions during the time [UTC] of the spectral albedo measurements.

Day/Time Snow Surface

20 April

17:46 Snowball test: no

21 April

13:50 Snowball test: no, grain size 0.25 mm, a new snow layer, icy snow

16:38 Snowball test: yes, 1 mm grains melted together, sunny cloudless calm weather;
melting snow, new snow layer exists

17:30 Wet new snow layer exists, surface layer of 0.5cm

18:19 Snowball test: no

22 April

12:35 No new snow layer, icy snow, 0.5 cm surface layer with grains minimum 0.25 mm,
maximum 1 mm, all stick together; the rest of the snow is 1.5-5mm grains and
sticks together

13:00 1 mm grains, sunny weather, clear sky

13:58 2mm grains on the surface

15:17 Snowball test: yes, 2-3 mm grains on the surface, wet snow

16:08 3 mm grains

17:12 Snowball test: yes, 3mm grains, wet snow

20:17 Wet snow, 3 mm grains, fluffy surface

27091

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 27075-27098, 2010

Spectral albedo of
arctic snow during
intensive melt period

O. Meinander et al.

40


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

SOLAR IRRADIANCE (mW.m 2nm™)

Fig. 1.
campaign.

SNORTEX Campaign April 2009, Spectral Albedo measurements X Downwelling
4 420 nm Upwelling
800 — b
%
. 3
600 —| . "
- J
400 — ..
. ;.f' .
200
L |
*
&y
% e .
e X% x
i £
% fa
x
"4 M
I i I '
23-Apr 24-Apr 25-Apr

27092

Global downwelling and upwelling irradiance for 340nm and 440 nm during the

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 27075-27098, 2010

Spectral albedo of
arctic snow during
intensive melt period

O. Meinander et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

0.8

SNORTEX Campaign April 2009, Spectral Albedo measurements

0.7 —

Surface Albedo
o
(2]
|

21.04

22.04

23.04

24.04

0.5 —
330 nm
0.4 T I T I T I T I T I T I T I I T I
12 18 12 18 6 12 18 12 18
TIME (U.T)

Fig. 2. Snow albedo at 330 nm, during 21 — 24 April, 2009. Blue dots represent 6 min period

measurements, and black line time interpolated 1 min ratios.

27093

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 27075-27098, 2010

Spectral albedo of
arctic snow during
intensive melt period

O. Meinander et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

snow albedo

Fig. 3. The snow albedo increased as a function wavelength. (Up) Spectral snow albedo
for 22 April for different periods during the day. (Down) Ratio of each of the above spectral

0.70 —
0.65 —
0.60 —
0.55 —
0.50 —

Spectral Albedo 22.04.2009

=

1.05 —
1.00 -
0.95 —
0.90 —
0.85 -

T I T I T I T I T I T I T
320 360 400 440 480 520

Time (U,T.)

e

— 0 @@

Normalized with the 9 U.T spectral albedo

9

1
13
15
17

300 320 340 360 380 400 420 440 460 480 500 520 540 560

wavelength (nm)

measurements with the 09:00 UTC measurement.

27094

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 27075-27098, 2010

Spectral albedo of
arctic snow during
intensive melt period

O. Meinander et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

0.6
——suTC
—=—12UTC

0.5 T

0.4 = e

0.3

Albedo (01-)

0.2

0.1

0

17 18 19 20 21 22 23 24 25 26 27 28 29 30
Day in April

Fig. 4. The erythemal UV albedo of snow from 17 April to 30 April, 2009. The albedo decline
during day: blue line for 08:00 UTC, purple line for 12:00 UTC.

27095

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 27075-27098, 2010

Spectral albedo of
arctic snow during
intensive melt period

O. Meinander et al.

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
10, 27075-27098, 2010

Jaded uoissnasiqg

Spectral albedo of

22.4.2009 =0 — arctic snow during
8 /X =<2 . intensive melt period
=6 —
(2}
7 RO o O. Meinander et al.
X / =¥=14 1)
6 A / X 18 Z.
—>=2 >
g° AN : . ThePsge
i | AostsetIntroducton
3 [ ) \ -
7 J } ~ Conclusions  Reterences
2 4 —_— — 0
1 ~ 23
o
0 - 1
6:00 8:24 10:48 13:12 15:36 18:00 Q
©
rime 1UTC) : 1
Fig. 5. The snow water liquid content, as a function of time and snow depth (0, 2, 6, 10, 14, 18, .
24.cm) on 22 April. The data shows that the water content first increased in the surface layer, i g
and after several hours of accumulation moved into deeper layers. g
~ Printertiendy Version
5
 Imeractive Discussion
Q
®
B

27096


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/27075/2010/acpd-10-27075-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

0.2

Snow depth [cm] /\

-25 -20 -15 0 -5 0

| L = L 4

e
N
[0,] ainresadwsl mous

-~ 9:17UTC
- 10:27UTC

-0.6

Fig. 6. The snow temperature (y-axis) profile showed both vertical and temporal increase
during the study days. Blue line marks for temperature measured at 09:17 UTC 22 April, and
magenta for appr. one hour later, 10:27 UTC, at depths from 20 cm to the snow surface layer
(0cm). Despite the calibration of the temperature measurement, some results are above zero.
This may be due to, e.g., the mixture of snow-air-water that is measured in the case of melting
snow.
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Fig. 7. The ratios of modeled irradiances using maximum measured albedo A,,,, for 22 April,
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and measured albedo A for the same day.
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