CRAICC deliverable 8: Surface albedo changes induced by the deposition of soot to snow in the Arctic, and by
the presence algae and bacteria in snow and their effect on the conversion of species (M36)
Background
The surface albedo of snow is wavelength dependent (see figure 1) and is influenced by many parameters. These
include the snow grain size, light-absorbing impurities, snow depth, solar zenith angle, and the underlying
ground’s albedo. The snow grain size is the main component affecting the snow albedo. In the seasonal
snowpack in the Arctic the aging process during the winter season enables the snow grains to grow naturally, as
well as during spring when the onset of melt further increases the grain size. The increase in grain size has the
effect of reducing the snow albedo. Light-absorbing impurities—usually airborne—are particles that when
deposited onto the snow further decreases the surface albedo. Examples of light-absorbing impurities are soot,
dust, and organic material. Soot, usually referenced to as black carbon (BC) in the literature, is the lightabsorbing impurity with the ability to absorb the most solar radiation.
The initial change in albedo from the BC particles being deposited to the snow is only the first of a series of
events that are caused by BC in the snow. The consequent effect of increased solar absorption by the BC
particles elevates the snowpack temperature, which in turn enables faster snow aging and grain growth in the
snowpack. This step is more important from the climatic perspective, since a known concentration of BC has a
higher albedo reduction in a snowpack with larger snow grains compared to a snowpack with smaller snow
grains (Warren and Wiscombe, 1980; see figure 1). An additional important feedback process is that BC
particles have a tendency to stick to the surface of the snowpack (e.g. Conway et al. 1996), which further
enhance the BC effect. With the BC feedback process amplifying and speeding up the onset and rate of melting
of the snowpack, the underlying ground exposure adds to the snow albedo feedback in the seasonal snow
environment.

Figure 1. Albedo of snow with grain size (r) of 50 and 1000 µm, and the effect of added BC concentrations of
200 ng/g. Adopted from Bond et al. 2013

There are a few properties of the BC particles which can affect their impact on snow albedo. The mass
absorption cross section of BC particles affects the amount of actual light absorption taking place in the snow.
Additionally, the position of BC particles on the snow grains affects the albedo. The mass absorption cross
section is affected by the size of the particles and mixing state of the BC particles with other materials, whereas
the position of the BC particles depends on whether the BC particles are incorporated into the snow grains or if
they are attached to the surface of the snow grains.
The albedo of the snowpack is calculated through radiative transfer calculations, with models usually presenting
the radiative forcing. Several models studies have been conducted (e.g. Flanner et al. 2007; Koch et al. 2009,
Rypdal et al. 2009, Skeie et al. 2011), with each model performing the calculations different.
Measurements of BC concentrations in remote areas in the northern hemisphere have shown to be on the order of
3-100 ppb according to measurements studies by Doherty et al. (2010) and Meinander et al. (2013). These BC
concentrations, depending on the conditions, could yield albedo reductions of up to ~10%, which is significant in
climatic forcing.

Black carbon induced albedo changes
Within the CRAICC framework, studies related to BC’s effect of the snowpack albedo have been carried out in
different regions of the Arctic.
Meinander et al. (2013) studied BC and snow albedo both with the help of SNICAR albedo model (Flanner et al.
2007) and on natural snow with BC of 87 ppb, and organic carbon 2894 (Meinander et al. 2013) and on Soot on
Snow experiments (data unpublished, manuscripts in prep. by Virkkula et al.; and Meinander et al.).
During the most intensive seasonal snowmelt period of four days, we found very low albedo values. Albedo was
decreasing from 0.65 to 0.45 at 330 nm, and from 0.72 to 0.53 at 450 nm. In the literature, the UV and VIS
albedo for clean snow are ∼ 0.97–0.99, consistent with the extremely small absorption coefficient of ice in this
spectral region. Our low albedo values were supported by two independent simultaneous broadband albedo
measurements, and simulated albedo data. We explain the low albedo values to be due to (i) large snow grain
sizes up to ∼3 mm in diameter; (ii) meltwater surrounding the grains and increasing the effective grain size; (iii)
absorption caused by impurities in the snow.
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Figure 2. The SNICAR online simulated snow albedo spectra at 0.3 – 1.3 µm (clear sky at SZA = 55 degrees,
grain radius 1.5 mm, snow depth 10 cm, snow density 350 kg/m3) demonstrate that the absorption caused by
impurities in snow is the bigger the shorter the wavelength, compared to clean snow (blue). The EC in snow
determined by the thermo-optical method was 87 ppb (red). The snow BC concentration was assumed to be
approximately double the EC concentration determined by the thermo-optical method (green). Introducing a
mass absorption coefficient MAC=10, produced albedo values close to the lowest measured albedo of ~0.4 – 0.5
at UV (purple) (adopted from Meinander et al. (2013).
In Pallas, northwestern Finnish Lapland, BC concentrations in the surface snow has been measured to be on the
order of 30 ppb (Svensson et al. 2013), resulting in a rough estimate of 2% albedo reduction in the visiblewavelengths (also using the SNICAR model). The albedo reduction is larger in melting snow, and is estimated to
roughly 6%. Measurements from the CHINARE 5 (Fifth Chinese National Arctic Expedition) during 2012 from
snow on the Arctic sea ice had BC concentrations in the range 2-60 ppb, which have similar albedo reductions as
measurements from Pallas and measurements done by Doherty et al. (2010).
Until now, we have not studied the albedo effects due to algae or bacteria in snow, but instead we have studied i)
spectral albedo changes of snow induced by deposition of soot to snow in the Arctic; Both with the help of
SNICAR model and own empirical measurements, we have found that the UV part of the spectrum is most
effected by the soot in snow (Meinander et al. 2013).ii) the possible effects of organic carbon in snow on snow
albedo (Meinander et al. 2013); iii) the effect of BC in various snow properties related to albedo (SoS data); iv)
Antarctic snow UV albedo (data unpublished, manuscript in prep. by Meinander et al.). v) variability of BC
concentrations in natural Arctic snow from Arctic Scandinavia and from the Arctic Ocean; We have gained an
understanding on the variability of BC in natural Arctic snow in Sodankylä (Meinander et al. 2013, Table 3).
The snow BC contents, in Sodankylä snow in 2009-2011, varied in one sampling place between 9-106 ppb. vi)

The origin for the high BC concentrations in Arctic snow in Sodankylä; The high concentrations of carbon,
detected by the thermal–optical method, were shown to be due to air masses originating from the Kola
Peninsula, Russia, where mining and refining industries are located (Meinander et al. 2013, Fig. 9).
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