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1 | INTRODUCTION

The Sun is essential to life here on Earth. Its radiation provides suste-
nance for plants and drives the complex climate system of our planet.
But not all solar energy that reaches the Earth system is absorbed in
it. Both the Earth’s surface and the atmosphere above it reflect some
of the incident solar energy away. The albedo of the surface is defined
as the ratio of reflected to incoming solar radiative flux intensity. Sur-
face albedo varies across materials, from just a few per cent for water or
asphalt to approximately 90% for fresh, very small-grained pure snow.
This wide range of variation causes significant spatiotemporal variations
to the amount of energy that stays within the Earth system and makes
surface albedo an important variable for understanding Earth’s climate
and its changes.
The role of the surface albedo can be mathematically expressed through

the energy budget. For a very thin surface in energy balance,

(1—a)S|+Ll=Lt+H+AE+G (1.1)

where « is the surface albedo, S | is the downwelling (incident) solar
(shortwave) irradiance on the surface, L 1 and L | are the up- and down-
welling longwave radiative fluxes (essentially the thermal radiation of
the surface and the atmosphere above), H is the sensible heat flux (heat
conducted between the surface and the atmospheric boundary layer), AE
is the latent heat flux (heat transferred to or away from the surface by
deposition/sublimation), and G is the ground heat flux (heat conducted
away within the surface, significant for e.g. water and arid ground).

The role of surface albedo in the Earth’s energy budget is particu-
larly important in the polar regions. The albedos of snow and ice vary
considerably with the size and shape of the ice grains, contained im-
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INTRODUCTION

purities and/or liquid water, atmospheric conditions, and the observa-
tion waveband (so-called spectral albedo, Wiscombe & Warren (1980)).
Should the snow or ice melt, its albedo will decrease, enhancing solar
radiation absorption and causing further melt. The opposite is also true;
an increase of snow and ice cover increases albedo and decreases ab-
sorbed radiation, causing further cooling. This well-known phenomenon
is called the ice albedo feedback (Budyko 1969, Curry et al. 1996). It is,
though, but one of several mechanisms influencing the effect that snow
and ice albedo have in the surface energy budget of the polar regions.
The impact of changes in polar snow and ice albedo is not limited to the
polar regions, but can have an effect on the global climate system (Hall
2004).

The need to observe the albedo of the polar regions is therefore obvi-
ous, but they are too large, too sparsely populated and environmentally
too harsh to enable sufficient spatial or temporal coverage from ground-
based or airborne measurements. Optical imagers on board polar-orbiting
satellites can observe the vast areas of the Arctic and Antarctic contin-
uously, making them the most cost-effective instruments to retrieve sur-
face albedo with. Exploring the retrieval of surface albedo from space is
the first focus of this dissertation. My area of interest shall be the Arctic
because of its scientific relevance to global change. The observed re-
treat and thinning of sea ice cover over the past three decades has gained
increasing research attention (Stroeve et al. 2007, Kwok & Rothrock
2009). The relevance of the boreal forest zone for regional and global
climate is also being acknowledged (Pielke & Vidale 1995). My main
interest will be the determination of snow and ice albedo for the rea-
sons discussed above; however, some attention will be given to the re-
trievals of surface albedo for the non-snow covered parts of the Arctic.
Of the available optical satellite imagers, I will focus on utilization of
the Advanced Very High Resolution Radiometer (AVHRR) instrument
series. The AVHRR series is used in Paper 2 of this dissertation to pro-
duce a 28-year data record (1982-2009) of global surface albedo called
CLARA-A1-SAL (for CM SAF cLouds, RAdiation and Albedo-First
Release-Surface ALbedo). The data record has been produced within
the Satellite Application Facility on Climate Monitoring (CM SAF), a
project of the European Organisation for the Exploitation of Weather
Satellites (EUMETSAT).
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Correctly accounting for all relevant physical processes in satellite-
based remote sensing of albedo to produce an estimate of surface albedo
that is close to reality is highly challenging. The process of determin-
ing the quality of the estimate is the validation of satellite observations
against well-known and reliable reference data. Validation is a crucial
step in identifying the strengths and weaknesses in any observational
data and its interpretation. Validation of the surface albedo datasets pro-
duced in this research is the second focus of this dissertation. I will ex-
plore the challenges in validating satellite observations of surface albedo
and present the main validation results for the long-term CLARA-A1-
SAL albedo dataset.

The third part of this dissertation is dedicated to the study of trends in
Arctic sea ice albedo. I will analyze the sea ice albedo from the CLARA-
A1-SAL dataset, assess trends in the data and attempt to identify the
dominant drivers behind them.

Finally, I will present some concluding remarks and summarize the
contributions of this dissertation work to the science of remote sensing
of surface albedo.
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2 RETRIEVING THE SURFACE
ALBEDO OF THE ARCTIC
FROM SPACEBORNE OPTICAL
IMAGERS

In this chapter, I will describe the process of obtaining an estimate of
Arctic surface albedo from spaceborne optical instruments. This starts
with the definition and terminology of surface albedo, followed by an
overview of the principal reflective properties of snow and ice. Next,
I will briefly review the body of literature concerning surface albedo
measurements. Then, I will discuss the contribution of this dissertation
to the field of satellite-based albedo retrievals, in the form of preparing
and validating the SAL algorithm for the creation of operational surface
albedo products of the Arctic (Paper 1), and a thematic climate data
record of surface albedo with an Arctic subset (Paper 2).

2.1 Reflectance and albedo: definitions and
terminology

It is important to first define the concepts regarding surface reflectivity.
Firstly, in optical remote sensing the quantity measured by the instru-
ment(s) is the spectral radiance, defined as the radiant flux in a beam of
radiation per unit wavelength, per unit area, per solid angle. It has units
of (Wm2sr 'nm™1].
In areview of reflectance quantities for optical remote sensing, Schaepman-

Strub et al. (2006) defines the reflectance of a surface as the ratio be-
tween the radiant exitance [Wm 2] and irradiance [Wm 2], which are
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both hemispherical quantities. However, especially in remote sensing
terminology, surface reflectance is usually defined as a directional quan-
tity describing the relative brightness of a surface. In general terms,
reflectance is a function of the illumination and viewing geometry as
well as wavelength (Schaepman-Strub et al. 2006):

P(6i7¢iami§9r7¢rawr;l) (21)

where 0 and ¢ are the zenith and azimuth angles of illumination (sub-
script 1) or viewing directions (subscript r). @ indicates the solid angle
of the cone where the radiation comes from, or is observed from. A
indicates the wavelength(s) of interest.

The definition of the solid angle of incoming/reflected radiation is
important. In remote sensing terminology, it is often the case that one
speaks of bidirectional reflectance quantities, where in principle both the
incoming and reflected radiant fluxes are unidirectional, i.e. defined over
a infinitesimally small solid angle. However, Nicodemus (1970) stated
that infinitesimal solid angles do not contain measurable amounts of ra-
diant flux. In reality, all optical remote sensing measures the conical
reflectance of a surface, i.e. both @; and ®, are finite. A similar ar-
gument applies for wavelengths; only a non-infinitesimal waveband (A)
contains a measurable amount of radiation. As speaking of bidirectional
reflectance is nevertheless now standard terminology in optical remote
sensing, these terms are used in this dissertation as well. The reader is
still advised to keep in mind that the quantities are approximations of
true bidirectional reflectances.

If the illumination and observation cones are then expanded to full
hemispheres (2 7w of solid angle), the formal term for the surface re-
flectance would be bihemispherical reflectance (BHR), but that is usu-
ally supplanted by the term surface albedo. Yet, the definition remains
as the ratio between the intensities of the hemispherical radiant flux re-
flected away from a surface, and the hemispherical radiant flux incident
on it. This definition and albedo quantity is the one used in surface en-
ergy budget studies and thus in Equation 1.1. Mathematically the sim-
plest definition for surface albedo is:

_ST(A) _ fyau(A)S L (A)dA
SLA) [y StA)dr
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where S 71 is the reflected hemispherical radiant flux, S | is the incident
hemispherical radiant flux, and A is the waveband under consideration
(divided into small intervals of dA).

For a correct mathematical definition of surface albedo for the re-
mote sensing purposes of this dissertation, it is necessary to define the
terminology still further. Ambient illumination (sunlight) consists of
both a direct radiant flux component and a diffuse radiant flux com-
ponent. In theoretical terms, the direct flux is unidirectional, whereas
the diffuse flux is perfectly isotropic. Using the reflectance definition
of Equation 2.1, we can therefore write the definition of surface albedo
under ambient illumination following (Schaepman-Strub et al. 2006):

P (650, Gi0, 27,27 A)E 45 (650, Pio)
E4ir((6i0, 9io) + an’f f
diff 2 )2 Ay :
n 7L'Ll~ (1/71') o Jo p(@i(), ¢i0> 2T; 27I,A)COS9iSln9id9id¢i
Eqir((6i0, $io) + ”L?lff

where 6;y, ¢;o marks the direction of the Sun, E;, is the direct radiant

flux intensity, and L?if 1 is the diffuse radiant flux density. A shorthand
form of the same equation is

Olplue—sky = BHR = p (6o, §io, 27; 27 A)d + p (27521, A) (1 — d) (2.4)

Oplue—sky = BHR =

(2.3)

where d is the fractional amount of direct radiant flux. In optical remote
sensing terms, this definition of surface albedo is often called the blue-
sky albedo (Lucht, Hymana, Strahler, Barnsley, Hobson & Muller 2000),
marked in the equations with the subscript blue-sky.

For both remote sensing and surface modeling applications it is use-
ful to examine the direct and diffuse radiant flux separately. If the in-
coming radiant flux is unidirectional, i.e. there are no atmospheric scat-
tering effects, surface albedo is defined as the directional-hemispherical
reflectance (DHR). Its mathematical expression is

ds 1 (6;,¢1,27,A)

opsa ds \l/ (ei; (pivA) ( )
_dAJ§T 7L (61, 612 6,, 03 A)cos6,sind,d6,dg, 06
dS\L (Gia ¢i7A)
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where dA is the surface area, and dL, is the (directional) reflected ra-
diance. If we further define the Bidirectional Reflectance Distribution
Function (BRDF) of a surface as (Nicodemus 1970)

dLr(9i7 ¢l’ Gh ¢"’A>

BRDF = f, =
J dE;(6;, ¢;)

2.7

and where dE; is the incident radiant flux from an infinitesimal solid
angle (6;, ¢;), we can write the definition of DHR as

2 m/2
— / 1+(6i, 03 65,0, A)cos6,sinB,d6,d g, (2.8)
o Jo

The interpretation of Equation 2.8 is that, assuming the incident flux
is unidirectional, the albedo is determined by simply integrating the
(bi)directional surface reflectances (f,) over the viewing hemisphere.
This point of view on surface albedo is highly useful for using remote
sensing techniques; we will return to it later. DHR is also called ”black-
sky albedo” (oss) because of the conception of the sky being fully
black without atmospheric scattering effects (Lucht, Hymana, Strahler,
Barnsley, Hobson & Muller 2000). This term is useful in its descriptive-
ness and we will use it throughout this summary.

Similarly, if the entire incident radiation flux is diffuse, as might
naturally occur under a very thick cloud layer, the expression of BHR
can be simplified to (Schaepman-Strub et al. 2006):

1 r2m pm/2
owsa =BHR;s0 = p(27l';27l';/\) = E/() /0 p(9,~, (Z)i;27T;A)COS9iSin9id9id¢i

(2.9)
The diffuse-flux BHR;so is also called “white-sky albedo” (ogys4) (Lucht,
Hymana, Strahler, Barnsley, Hobson & Muller 2000). Figure 2.1 illus-
trates the difference between the reflectance quantities DHR and BHR;so.
The reader may note that blue-sky albedo may be calculated based on the
black- and white-sky albedos if the fractional amount of direct radiation
flux (d) is known, as shown in Equation 2.4.
To illustrate the wavelength-dependent nature of both surface re-
flectance and incident irradiance, Figure 2.2 shows an example of a typ-
ical solar irradiance spectrum at Earth’s surface (author’s measurement,
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v ‘1 """
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Figure 2.1: Left: a schematic of the directional-hemispherical re-
flectance (DHR), or black-sky albedo. Right: a schematic of the diffuse-
flux bihemispherical reflectance (BHR;s0p), or white-sky albedo.

Arctic circle during spring) with typical nadir-viewing reflectance spec-
tra of snow and grass (snow from author’s own measurements, grass
spectrum courtesy of USGS spectral library (Clark et al. 2007)).

If grass and snow surfaces were isotropic reflectors, the observed
surface reflectance would be equal in all directions and the graphs in
Figure 2.2 would describe the spectral surface albedo. However, natural
surfaces are rarely isotropic reflectors. Snow, in particular, has strongly
anisotropic reflectance properties, to which we shall return later. For the
purposes of understanding the wavelength dependence of reflectance,
it suffices here to consider that if we examine the waveband of visible
light (390-700 nm) in Figure 2.2, snow will appear to have a very high
reflectance whereas grass will have a low reflectance (with a small reflec-
tion peak around 500 nm, explaining its green color). If we consider the
full (wavelength-integrated) broadband, both snow and grass have large
spectral reflectance (and albedo) over the near-infrared wavelengths, but
its effect is dampened by the rapidly decreasing intensity of solar radia-
tion after 800 nm. This is why the broadband albedos of natural surfaces
are closer to their visible spectral albedo than the near-infrared albedo,
although the latter does provide a contribution.

The absorption peaks in Figure 2.2 also hint at the role that the
Earth’s atmosphere plays in the determination of surface albedo. Atmo-
spheric constituents such as water vapour or aerosols can either scatter
or absorb solar radiation, altering the incident flux at the surface and
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Figure 2.2: Upper panel: example of solar irradiance spectrum at Earth’s
surface (68 °N, 26 °E, March 2010, SNORTEX campaign (Roujean et al.
2010)). Lower panel: Examples of spectral reflectances of snow (68 °N,
26 °E, March 2010), and grass (USGS spectral library)

thereby also changing the BHR. Here, though, it is important to note
that the optical properties of natural surfaces are inherent for each mate-
rial; the black-sky albedo (DHR) does not depend on atmospheric con-
ditions as the incident flux is unidirectional and there is no diffuse flux
present. In this dissertation, the black-sky albedo is the quantity that
is being estimated from satellite observations. Finally, in this disserta-
tion the term reflectance means the directional reflectivity of a surface,
following common remote sensing terminology.

2.2 Reflective properties of snow and ice

The ice-air interfaces in a snowpack provide opportunities for the pen-
etrating radiative flux to be reflected or refracted, ultimately leading to
a portion of the incident flux escaping the snowpack entirely. The in-
tensity of this escaped flux determines the albedo of the snowpack. As
discussed before, the probability of reflection and refraction events de-
pends on the wavelength being studied. It is also intuitively clear that the
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more ice-air interfaces exist in a unit volume of snow, the more chances
there are for the incident flux to be scattered away. This relationship
between the snow grain size and shape and snow albedo is well-known
from both theoretical and experimental studies (Warren & Wiscombe
1980, Nolin & Dozier 2000, Kokhanovsky et al. 2005). The relationship
is weak in the visible wavelengths, but strong in the near-infrared (War-
ren & Wiscombe 1980). A useful definition of ”snow grain size” for
reflective properties studies is a challenging task; without going into the
details, we note that defining the optically relevant grain size through the
Specific Surface Area (SSA), the ratio between grain size surface area
(accessible to gases) and the snow grain mass has yielded useful results
(Domine et al. 2006). The relationship between SSA and the physical
size of snow grains is given by (Legagneux et al. 2002):

3
D- Ve ff
where D is the density of ice and r,sr is the radius of spherical snow
grains having equal surface area/volume ratio with actual snow grains
(Grenfell & Warren 1999). Marking density with D is necessary here to
avoid confusion with reflectance, which marked throughout this disser-
tation with p.

Snow is a porous medium and the reflective properties of ice grains
change with wavelength, therefore the penetration depth of the incident
flux into a snowpack is also wavelength-dependent. Blue wavelengths
penetrate deepest, up to 20-30 cm depth - which is why snow inside deep
holes in the snowpack appears blue - whereas near-infrared wavelengths
only penetrate the snowpack to a depth of a few millimeters before ab-
sorption (Li et al. 2001). The considerable penetration depth of visible
light also means that the albedo of thin snowpacks (less than 10 cm) is
lowered because a part of the penetrating radiative flux survives to meet
the darker soil and is more efficiently absorbed, relative to an optically
semi-infinite snowpack (Warren & Wiscombe 1980).

The surface-to-mass ratio is largest for fresh, small-grained snow.
Sintering, rounding and faceting processes cause the snow grains to
grow with time, leading to a lower reflectance and albedo for the snow-
pack. This ageing process is often called snow metamorphism. Snow
metamorphism manifests differently in different snowpacks. It is pri-

SSA =

(2.10)
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marily a function of water vapour available within the snowpack layers,
therefore depending on the snow permeability and the temperature gradi-
ents between the snow layers (Legagneux et al. 2004, Flanner & Zender
2006). On the other hand, snowfall can reset albedo locally to a high
value, commonly cited as 0.84 or 0.85 (Konzelmann & Ohmura 1995,
for broadband).

As discussed previously, snow albedo is also a function of the an-
gular distribution of incoming radiation. Commonly this relationship is
expressed using the Sun Zenith Angle (SZA); Solar rays entering the
snowpack at a large angle of incidence have a higher chance of being
scattered in the layers nearest the snow surface, increasing the chances
of the photons escaping from the snowpack. The presence of clouds
increases the fraction of diffuse incident flux at the surface, which typi-
cally, but not always, increases snow albedo (Warren 1982). This effect
on snow albedo is sometimes modeled by substituting true SZA with a
larger effective SZA under cloudy skies. Clouds also absorb radiation
at near-infrared wavelengths more than at UV or visible wavelengths,
altering the spectral composition of the (remaining) incoming radiation
flux at surface to consist more of visible wavelengths, which snow can
reflect more strongly. Multiple reflections between the snowpack and
an overhead cloud layer have a similar effect on snow albedo. The net
effect of clouds is usually to increase snow albedo underneath.

Another significant driver of snow albedo is the concentration of
light-absorbing impurities within the optically accessible layers of the
snowpack. Relatively small amounts of impurities can decrease snow
albedo significantly in the ultraviolet and visible wavelengths, where
light absorption in pure snow is very weak (Warren & Wiscombe 1980).
Black carbon, formed by incomplete combustion, is the most effective
type of absorbing impurities, but organic carbon and soil dust can ac-
count for 20-50% of light absorption caused by impurities in Arctic snow
(Doherty et al. 2010).

During the melting season, and generally when the snowpack is
warm, meltwater within snow decreases its albedo through filling the
spaces between snow grains (and thus decreasing the number of ice-air
interfaces) and enhancing grain growth (Dozier 1989). The optical prop-
erties of pure ice and water are quite similar in the shortwave waveband,
therefore the presence of meltwater within the snowpack affects snow
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albedo not directly but indirectly through the mechanisms mentioned
(Wiscombe & Warren 1980).

The various drivers of snow albedo act together, but we may con-
sider their effects separately through radiative transfer modeling and the
superposition principle. Such a snow albedo parameterization was intro-
duced by Gardner & Sharp (2010), which gives snow broadband albedo
as

Osnow—bb = Otssa +d ot +doy, +dag (2.11)

where ogs4 1s the term describing the snow SSA-albedo relationship,
do, describes the (negative) effect of light-absorbing impurities, da,
describes the increase in snow albedo under cloudy skies (as a function
of the cloud optical thickness (COT) and effective Sun Zenith Angle),
and da; describes the increase in albedo resulting from the filtering ef-
fect of clouds on the incident radiative flux. Cloud optical thickness
quantifies light attenuation by cloud droplets in the atmosphere. For the
purposes of this thesis, it suffices to illustrate the various components in
Figure 2.3, the full parameterization description can be found in Gardner
& Sharp (2010).

It should be noted that the Gardner-Sharp parameterization does not
take snow surface roughness into account. Several authors argue that
surface roughness can have a substantial impact on snow albedo (Carroll
& Fitch 1981, Warren 1982), although noting that the surface irregulari-
ties have to be several centimeters in size to produce a large effect in the
visible albedo. Sastrugi are the most studied roughness features (Warren
et al. 1998), but roughness effects between smooth fresh snow and old
coarse snow have been experimentally detected (Peltoniemi et al. 2005).
However, surface roughness effects are generally difficult to detect in
satellite-based albedo measurements due to the coarse spatial resolu-
tion, and their effect on surface energy budget is likely not significant
(Gardner & Sharp 2010).

As stated in Equation 2.6, surface albedo can be determined by in-
tegration of directional reflectances over the viewing hemisphere. The
angular reflectance distribution is a function of material properties and
wavelength; snow is typically a strong forward scatterer in the visible
waveband, but has a more isotropic reflectance distribution in the in-
frared waveband. Figure 2.4 shows an example of old perennial snow
reflectance anisotropy for a selection of wavelengths. Sufficiently dense
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Figure 2.3: Components of snow albedo from the Gardner-Sharp param-
eterization (Gardner & Sharp 2010). Upper left: Snow broadband albedo
as a function of snow Specific Surface Area (SSA) for a Sun Zenith
Angle of zero degrees. Upper right: Snow albedo decrease with vari-
ous levels of light-absorbing carbon contamination. Lower left: Snow
albedo increase with increasing cloud optical thickness (COT) and Sun
Zenith Angle (SZA). Lower right: snow albedo increase from cloud
cover-induced spectral shift in irradiance, impurity concentration used

is 0.3 ppmw.

30



ALBEDO RETRIEVALS

angular reflectance observations can be exploited to obtain a good es-
timate of snow albedo; this is the basis of the SAL retrieval algorithm

(Papers 1, 2 and 5) which will be discussed in more detail in section
2.4.
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Figure 2.4: An example of the directional reflectance distribution
(HDREF) of perennial snow at several wavelengths. Radial distance from
plot center indicates increasing viewing zenith angle (0 to 80 degrees).
Principal plane is on the x-axis. Sun position marked with a white ball.
Lower right panel shows spectral snow reflectance of sample at nadir as
a function of wavelength [nm]. Data measured with the FIGIFIGO spec-
trogoniometer during the RASCALS campaign (Riiheld et al. 2011) on
the Greenland Ice Sheet. Measurements and image by Teemu Hakala,
FGI. Reproduced with permission.

The albedo of sea ice depends largely on the surface conditions of
the ice. If there is a snow cover that is sufficiently thick to be consid-
ered optically semi-infinite, then the previous snow albedo discussion
applies. The albedo of bare thin ice is firstly sensitive to ice thickness
(Maykut 1982), and secondly to ice type - multiyear (bare) ice is brighter
than first-year ice thanks to more gas bubbles in the top layers (Perovich
1996). After summer melt onset, melt ponds form on the ice surface,
lowering the albedo. The size and depth of the melt ponds is the con-
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trolling factor in the albedo decrease. Drainage of the melt ponds can
temporarily reset the albedo to a higher level (Perovich & Polashenski
2012). In the autumn, refreezing begins to increase the surface albedo
again, closing the seasonal cycle (Perovich & Polashenski 2012). In very
cold conditions (ice temperature less than -23 °C), salt crystals begin to
condense in the brine inclusions within the top snow/ice layers (hydro-
halite precipitation), which increases the ice albedo (Light et al. 2004).
However, as the summer melt of the snow and ice dilutes salt crystals in
brine and later flushes them away, their overall effect on sea ice albedo
is very small.

2.3 A literature review of snow and ice
albedo measurements

In this section, we will review a selection of past scientific literature on
measurements of snow and ice albedo. This review is by no means ex-
haustive; its purpose is to provide the reader with a general overview on
the development of the field, and to provide a starting point of references
for the reader interested in pursuing the topic further. As the dissertation
focus is on the Arctic, I will omit literature relating to surface albedo
measurements from geostationary satellites to maintain brevity and clar-
ity.

Published in situ measurements of the reflective properties of snow
have a history of nearly a century. Following the development of the
modern pyranometer (Angstrom 1919), snow albedo measurements were
published probably for the first time by Angstrém (1925). This was
soon followed by Kalitin (1930), describing measurements taken near
Leningrad in the Soviet Union in 1929. Both studies obtained results
agreeing very well with current estimates for snow albedo, recognized
the variability of albedo with the condition of the snow cover, and noted
that fresh snow is brightest of all observed natural surfaces. As for peren-
nial snow, the albedo in Antarctica was first measured systematically
by Liljequist (1956) at Maudheim near the coast of Queen Maud Land.
Similar measurements were undertaken on the Greenland Ice Sheet by
Ambach (1985) in 1959 and 1967. Published in situ measurements of
the reflective properties of snow have a history of nearly a century. Fol-
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lowing the development of the modern pyranometer (Angstrom 1919),
snow albedo measurements were published probably for the first time by
Angstr(im (1925). This was soon followed by Kalitin (1930), describ-
ing measurements taken near Leningrad in the Soviet Union in 1929.
Both studies obtained results agreeing very well with current estimates
for snow albedo, recognized the variability of albedo with the condition
of the snow cover, and noted that fresh snow is brightest of all observed
natural surfaces. As for perennial snow, the albedo in Antarctica was
first measured systematically by Liljequist (1956) at Maudheim near the
coast of Queen Maud Land. Similar measurements were undertaken on
the Greenland Ice Sheet by Ambach (1985) in 1959 and 1967.

It was recognized early on that ground measurements could not cover
sufficient area to provide climatologically valuable estimates of surface
albedo. Thus thoughts turned to airborne measurements. An extensive
flight campaign of albedo measurements over the continental U.S. was
described by Kung et al. (1964). They found, correctly, that snow albedo
increases with increasing snow depth up to 10-15 cm depths, after which
the albedo levels off. They also noted that the albedo of snow-covered
forest stands appears to relate to the canopy density, tree species mixture,
and differences in the condition of the snow cover.

Airborne flight campaigns of albedo measurements might have be-
come common if not for the advent of satellite remote sensing. Nordberg
et al. (1962) and Fritz et al. (1962) published results of reflectivity mea-
surements of the Earth’s surface-atmosphere system (now known as Top-
of-Atmosphere [TOA] reflectance) based on the TIROS (Television and
InfraRed Observation Satellite) III experimental meteorological satel-
lite. These first studies, although pioneering, had very limited spectral,
spatial or temporal coverage. A few years later, Vonder Haar & Suomi
(1969) and Raschke et al. (1973) were already able to provide global
maps of the broadband albedo of the Earth system, including the polar
regions. Raschke et al. even estimated global surface albedo by find-
ing the minimum TOA albedo per grid cell in their observations. While
this approach was relatively simplistic compared to modern atmospheric
correction algorithms, it represented the first step in obtaining surface
albedo from satellite observations.

Polar-orbiting sun-synchronous satellites were found to be the most
appropriate for cryospheric monitoring, and continuous observation ca-
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pabilities were introduced in the NOAA satellite series with the AVHRR
instrument family. Robock & Kaiser (1985) summarized early measure-
ments of bidirectional snow reflectance from AVHRR. Dedicated algo-
rithms for deriving snow and ice albedo began emerging soon; DeAbreu
et al. (1994) and Lindsay & Rothrock (1994) published Arctic sea ice
albedo retrieval algorithms, as did Stroeve et al. (1997) for snow on
the Greenland Ice Sheet. Key et al. (2001) presented an algorithm for
snow and ice albedo determination for both clear- and cloudy sky con-
ditions from AVHRR Polar Pathfinder data (Maslanik et al. 1997). This
algorithm was later implemented in the creation of the AVHRR Polar
Pathfinder Extended (APP-X) dataset, which has been the most com-
monly used long-term source for satellite-based surface albedo data over
the polar regions.

The albedo retrieval capabilities of the polar-orbiting satellite fam-
ily were further advanced by the launch of the MODIS instruments on
board the Terra and Aqua satellites in 1999 and 2002 (Salomonson et al.
1989). The MODIS instrument features better spatial resolution and a
larger selection of imaging channels than the AVHRR, as well as a con-
tinuous on-board calibration of the measurements. The retrieval scheme
for snow albedo from MODIS was developed by Klein & Stroeve (2002)
and implemented as the MOD10A1 snow albedo product.

In the last decade, the available satellite products and datasets have
grown long enough to enable studies related to cryospheric climate trends
from satellite retrievals. To provide some examples, I mention studies of
decadal Arctic albedo changes such as Laine (2004) for sea ice, (Wang &
Key 2005) for the whole Arctic, Comiso (2001) combining microwave
and optical satellite data, and Box et al. (2012) for the Greenland Ice
Sheet. This dissertation continues in the direction pointed by these stud-
ies.
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Table 2.1: Main characteristics of the AVHRR/3 sensor

Channels 1: 0.58 - 0.68 um
2:725-1 um
3A: 1.58 - 1.64 um
3B:3.55-3.93 um
4:103-113 um
5:11.5-125 um

Swath width 2600 km
Spatial sub-nadir resolution 1.09 km (LAC)
4.36 km (GAC)

2.4 Retrieving the surface albedo of the
Arctic with AVHRR and the SAL
algorithm

From this point onwards, we begin to consider the contributions that
this dissertation brings to the field of remote sensing. Paper 1 details
the SAL albedo retrieval algorithm, which is used again for deriving a
long-term albedo dataset in Paper 2. It should be noted that while the
development of the SAL algorithm itself is not a part of this dissertation
work, its validation and deployment to Arctic climate monitoring are -
therefore we will briefly summarize the AVHRR instrument capabilities
and SAL algorithm first.

The Advanced Very High Resolution Radiometer observes the Earth’s
surface at six separate channels (the AVHRR/3 version) between 0.58
and 12.50 um. All imaging channels have a sub-nadir spatial footprint
of 1.09 km at surface. The instrument is of the “whisk-broom” type,
meaning that a rotating mirror moves the light detector focus continu-
ously over the surface beneath the satellite. While this continuous scan-
ning limits instrument sensitivity for any single imaged scene (pixel), it
offers a wide imaged swath per orbit in exchange. From a flight altitude
of approximately 830-870 km, the AVHRR achieves an imaging swath
width of approximately 2600 km.

Due to limitations in onboard data storage, the full-resolution data is
typically only available on a regional level via local receiving stations.
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Global coverage for the full AVHRR family coverage period is avail-
able through the reduced-resolution Global Area Coverage (GAC) data.
The GAC data consists of an average of 4 out of every 5 pixels in an
AHVRR full-resolution swath, and 1 out of 3 imaged swaths. Thus, its
sub-nadir resolution is roughly 4.4 km. The operational SAL products
(as described in Paper 1) are based on full-resolution AVHRR data; the
CLARA-AI1-SAL dataset (as described in Paper 2) is based on AVHRR-
GAC data.

In general, the retrieval of surface albedo from satellites requires
solving the following problems:

1. Many image pixels are partly or completely contaminated by cloud
cover. The reflectance properties of most clouds also resemble
snow quite closely. Both of these issues must be solved to exempt
the cloud-contaminated pixels from the retrieval and to identify
cloud-free snow and sea ice pixels for later computation (cloud
mask problem)

2. Topography effects on radiometry and geolocation of satellite data
need to resolved for accurate albedo determination over rough,
mountaineous terrain (topography problem)

3. The radiances contain a contribution from the absorption and scat-
tering mechanisms of the atmosphere between the instrument and
the observed surface (atmospheric problem)

4. The radiance observed by the satellite instrument represents only
a single viewing and illumination geometry (BRDF problem)

5. The observed radiances are limited in wavelength by the instru-
ment’s spectral response (narrow-to-broadband conversion prob-
lem)

Some retrieval schemes also choose to normalize the satellite mea-
surements to correspond to a predescribed Sun Zenith Angle. In the
operational SAL processing we chose to use such a procedure (Briegleb
et al. 1986), whereas the CLARA-A1-SAL data were not normalized,
but rather represent the mean distribution of SZAs for each grid cell and
time period.
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These problems are solved in the SAL algorithm following the pro-
cessing flow depicted in Figure 2.5. The identification of cloudy pix-
els in the AVHRR images is performed by the PPS software package
in the pre-processing stage. Details on the AVHRR-PPS package and
cloud mask derivation can be found in Dybbroe et al. (2005). Iden-
tification of snow, ice and clouds is accomplished through a series of
dynamic thresholding tests of the observed radiances, achieving a suc-
cess rate of approximately 90% for Arctic summer clouds (Karlsson &
Dybbroe 2010). At this point, the radiances are also converted to Top-
of-Atmosphere (TOA) reflectances by normalizing them with the exoat-
mospheric irrandiance (adjusted by the Sun-Earth distance variation).
AVHRR channels 1 (0.58-0.68 um) and 2 (0.725-1 um) are used as SAL
input.

ToA

reflectances Cloud mask generation by Cloud
from _ PPS masking
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Compute BRDF VEGT.

: Atmospheric Radiometric &
correction for . . :
vegetation (Wu et _ correction with geolocation
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Figure 2.5: The Surface ALbedo (SAL) algorithm flow, as used in the
processing of the CLARA-A1-SAL dataset.

Topography effects in satellite-based surface albedo retrievals are a
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significant source of uncertainty in mountainous terrain (e.g. the Alps or
Himalaya). In SAL, topography effects on radiometry are calculated by
using a high-resolution digital elevation model (DEM) from the Shuttle
Radar Topography Mission (SRTM) to identify the number and disposi-
tion of slopes within an AVHRR image pixel, and calculating reflectance
anisotropy effects for each slope separately. Topography effects on ge-
olocation are corrected for by calculating true pixel coordinates given
realistic topography, and comparing to the given coordinates calculated
by the preprocessor software assuming a flat ground surface. If the dis-
crepancy is more than half a pixel versus true terrain, the coordinates are
corrected. The full equations are not reproduced here, more details on
the topography correction can be found in Manninen et al. (2011) and
on SRTM DEM in Farr et al. (2007).

The atmospheric correction of satellite-observed reflectances is an
important and necessary step to bring the observations to surface re-
flectance level. First- and multiple-order molecular and aerosol scatter-
ing, as well as absorption effects need to be compensated for to retrieve
a good estimate for the surface reflectance. Atmospheric correction also
depends on the viewing and illumination geometry of the satellite im-
age - at large angles, the path length of the solar radiation through the
atmosphere is large, making the correction more difficult. The Sim-
plified Method for Atmospheric Correction (SMAC) algorithm is used
for atmospheric correction in all SAL product calculations (Rahman &
Dedieu 1994). The algorithm accounts for gaseous absorption, as well as
Rayleigh and aerosol scattering. To avoid the most problematic correc-
tion cases with large viewing or illumination angles, the SAL algorithm
uses cut-offs of 60 degrees for the Viewing Zenith Angle (VZA), and 70
degrees for SZA.

A robust atmospheric correction requires knowledge of the atmo-
spheric constituents. Generally speaking, the amounts of water vapour
and aerosols affect satellite radiances most, with ozone concentrations
and the columnar air mass playing minor parts. It is possible to attempt
a simultaneous single image-based retrieval of surface albedo and the pa-
rameters needed for the atmospheric correction (Loew & Govaerts 2010,
Kaufman & Gao 1992), but such an approach is not optimal for AVHRR
because of the large bandwidth and low number of the imaging channels.
In SAL processing, water vapour input is based on atmospheric model
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runs made at the European Centre of Medium-range Weather Forecast-
ing (ECMWF). The question of aerosols, however, is more complicated.

The commonly used quantity to describe aerosol concentration is the
Aerosol Optical Depth (AOD, sometimes also called Aerosol Optical
Thickness), which is the integrated extinction coefficient (of radiation)
over a vertical air column of unit cross section. Aerosol concentrations
in the atmosphere vary considerably, being generated both by natural
sources (e.g. dust storms over deserts) and anthropogenic sources (e.g.
combustion byproducts). A wrong choice of AOD can substantially bias
the satellite-based surface albedo retrieval. The issue is also complex
because land cover affects aerosol scattering and absorption intensity
through multiple scattering between the surface and the atmosphere -
aerosol effects are potentially more severe over bright snow and ice sur-
faces (Li & Garand 1994, Kaufman & Tanré 1996).

In SAL processing, a conscious choice was made to avoid aerosol
models, instead utilizing a constant background AOD value (0.1 at 550
nm) until a robust, observation-based global aerosol dataset of sufficient
duration is available. The validity of this choice was evaluated with
RTM calculations as a part of Paper 2. The main findings were that
a) using a background AOD value of 0.1 is an acceptable choice over
the polar regions, where prevailing AODs are generally close to that
value and vary only slightly over time (Tomasi et al. 2012), and b) the
broadband surface albedo estimates from SAL are not critically sensi-
tive to typical AOD variations over most landmasses in the Northern
Hemisphere. The main reason for this is that the narrow-to-broadband
albedo conversion in SAL gives substantially greater weight to the re-
trieved NIR waveband albedo, limiting aerosol effects on the result since
aerosols are less effective scatterers at NIR wavelengths than visible
wavelengths (Kaufman & Tanré 1996). The analysis in Paper 2 also
confirmed the RTM calculation results with direct comparisons to MODIS
black-sky albedo products for which a dynamic aerosol correction is im-
plemented. The difference showed low sensitivity to AOD (taken from
an independent dataset) until larger values of over 0.35 were reached.

After the atmospheric correction, the next computation stage de-
pends on the type of surface in question. For land surfaces, spectral

albedo is calculated in conjunction with the BRDF correction following
the approaches of Roujean et al. (1992) and Wu et al. (1995). The re-
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quired broadband albedo is then derived through a narrow-to-broadband
conversion algorithm (Liang 2000).

The retrieval of broadband albedo for snow and ice is based on a
different approach. The spectral (directional) surface reflectances are
directly converted into broadband reflectances (using the algorithm by
Xiong et al. (2002)), reprojected into the desired end product grid, and
averaged over a suitable timeframe for each grid cell. In essence, we ex-
ploit the varying AVHRR imaging geometry, high data availability over
polar regions, and averaging to a coarser end product grid to sample
the reflectance hemisphere densely enough to retrieve an albedo esti-
mate. On a conceptual level, one may consider that the method modifies
Equation 2.6 replacing the hemispherical integral of bidirectional sur-
face reflectances with an averaging of dense reflectance samples. This
approach is novel and its validation was the main task in Paper 1 for the
operational SAL product, and also in Paper 2 for the 28-year CLARA-
A1-SAL timeseries.

A similar type of approach is used in the determination of MODIS
land surface albedo (Lucht, Schaaf & Strahler 2000), where multian-
gular satellite observations are fitted into a kernel-based reflectance-to-
albedo model. As the reflectance signatures of snow and ice vary widely
depending on surface conditions (Warren 1982), which are difficult to
determine from the satellite image alone, it was decided not to attempt
this approach for snow and ice albedo calculations in SAL.

The multiangular reflectance averaging approach places the follow-
ing limitations on the data: Firstly, the reflectance hemisphere must be
sampled with sufficient density for the averaging to produce a good es-
timate of albedo. The viewing sampling density of the AVHRR obser-
vations of Arctic snow and ice was evaluated in Papers 1 and 2. The
sampling density was found to be sufficient when averaging the observa-
tions over a period of a week or a pentad (5 days), and quite good when
averaged over a period of one month. As albedo studies relate primar-
ily to climatology, the monthly mean albedo is often the most desired
quantity - meaning more available data per SAL product, and resulting
in a more robust albedo retrieval. Figure 2.6 illustrates the achievable
angular sampling for monthly means in the CLARA-A1-SAL dataset.

Secondly, rapid changes in surface conditions could potentially bias
the resulting albedo estimate if e.g. high cloudiness were to limit the
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amount of available data for the timeperiod. However, the narrow-to-
broadband conversion algorithm (Xiong et al. 2002) self-adjusts for vary-
ing snow and ice conditions, mitigating this issue.

Viewing Azimuth/Zenith Angles Viewing Azimuth/Zenith Angles Viewing Azimuth/Zenith Angles
for month #4 for month #5 for month #6
90 60 90 60 90 60
0

Viewing Azimuth/Zenith Angles Viewing Azimuth/Zenith Angles Viewing Azimuth/Zenith Angles
for month #7 for month #8 for month #9

90 60 90 60 90 60
0 -

270

Figure 2.6: An example of the viewing zenith and azimuth angle sam-
pling in the 28-year CLARA-A1-SAL dataset. The radial direction in
the subplots shows viewing zenith angle, azimuthal direction equates to
azimuth viewing angle. The site in question is the Summit Geophysical
Observatory on the Greenland Ice Sheet, the period is the year 2005.

Figure 2.7 shows examples of the Arctic surface albedo from CLARA-
A1-SAL. The Arctic products are released at a spatial resolution of 25
kilometers in a Lambertian equal-area grid. The figure shows the July
monthly mean albedos from 1982 and 2009, the first and last years of the
dataset. The figure highlights some of the changes in the sea ice zone
albedo, to which we will return in detail in Chapter 4.
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The amount of available AVHRR data was considerably lower in the
1980s when only one or two satellites were operational simultaneously.
This indicates that the early period mean albedos can exhibit some arti-
facts where misclassifications of clouds as snow and ice co-occur with
cloudy periods that limit the number of available observations, increas-
ing the weight of sporadic poor-quality retrievals. This issue was re-
solved in the operational SAL algorithm with the inclusion of OSI-SAF
sea ice concentration mask (Paper 1). A long-term sea ice mask will
be included in the next release of the CLARA-SAL dataset to improve
quality for the early period.

Figure 2.7: Left: July 1982 monthly mean black-sky surface albedo over
the Arctic. Right: July 2009 monthly mean black-sky surface albedo
over the Arctic. Data from CLARA-A1-SAL dataset (Paper 2).

For consideration of the Arctic sea ice albedo trends that I will present
in Chapter 4 (based on Paper 5), it is important to note that the amount
of available overpasses for the mean albedo retrieval was still suffi-
ciently large even in the early period. Figure 2.8 displays the increase in
AVHRR data through the 28 years of CLARA-A1-SAL coverage. Even
in the 1980s, there were on average 500 successful satellite observations
per grid cell for the mid-summer months, and approximately 200 for
August.

Before finishing this discussion on the retrieval technique for Arctic
surface albedo, one last mention needs to be made. In climate applica-
tions, the correct identification of trends in data is of crucial importance.
The AVHRR family is one of the few series of instruments that have
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Figure 2.8: Average number of observations per grid cell over the Arc-
tic sea ice zone (area with over 15% ice concentration) in CLARA-A1-
SAL.

provided data on timescales which begin to be useful for climate model
verification and development. However, a lasting source of lament has
been the fact that the individual AVHRR instrument calibrations were
not consistent and tended to drift post-launch with sensor aging (Stowe
et al. 2002). The work by Heidinger et al. (2010) led to an intercalibra-
tion procedure for the entire AVHRR instrument family from NOAA-7
to METOP-A, utilizing MODIS as a stable reference through Simultane-
ous Nadir Overpasses (SNO) when available, and known stable-albedo
ground targets as an alternative reference. This procedure was applied
to the CLARA-A1-SAL dataset and is a vitally necessary precursor to
this dissertation’s study of Arctic sea ice albedo trends in Paper S and
therefore deserves a special mention here.
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3 VALIDATION OF THE
SATELLITE-BASED SURFACE
ALBEDO RETRIEVALS

In this chapter, I will present some notable challenges in verifying the
quality of the satellite-based surface albedo retrievals described in the
previous chapter, and summarize the contributions of the dissertation to
this topic. I will first consider two particular problems in the albedo
retrievals and then review the validation results obtained using the SAL
algorithm with a long-term AVHRR radiance dataset, as described in
Section 2.4.

3.1 The representativeness problem

Surface albedo retrievals from typically used satellite data have ground
footprints ranging from 900 m? (Landsat TM) to 18.15 km? (AVHRR
GAC at nadir), even without considering spatial averaging of end prod-
ucts. But the ground reference data on surface albedo usually comes
from pyranometer pairs installed at close to ground level, having an ap-
proximate footprint of several hundred to a thousand square meters, de-
pending on installation height and sensor angular response. This large
disparity in resolution poses a question whether even a perfect retrieval
algorithm would produce a satellite-derived albedo that would agree per-
fectly with the ground reference because of the difference in measure-
ment areas.

The problem of spatial representativeness of ground observations of
albedo has drawn considerable research attention (e.g. Lucht, Hymana,
Strahler, Barnsley, Hobson & Muller 2000, Liang et al. 2002, Susaki
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et al. 2007, Roman et al. 2009). Many recent attempts at enabling the
validation of satellite-derived albedo products from ground truth data
have revolved around a combined usage of higher-resolution satellite
data and empirical semivariograms. In geostatistics, semivariograms are
used to describe the spatial autocorrelation of measurements. Semivar-
iograms illustrate the similarity of measurements at increasing distance
(lag) relative to a reference point and therefore quantify the representa-
tiveness of a single site for a larger area. The empirical semivariogram
(also called semivariogram estimator) is calculated as (Matheron 1963)

[N

9(h) = 0 ; (i + 1) —z(x;)) (3.1)

where N(h) is the number of data pairs (z(x; + h), z(x;)) at distance h
from each other.

In Paper 2, I developed a method to rank the representativeness of
validation sites using semivariogram estimators and Landsat TM im-
agery. The principle of the method is that the differences in surface
reflectance relative to the validation site across a Landsat image can
be integrated to obtain a quantitative measure of site representativeness.
Specifically, I calculate the average NIR waveband (TM channel 4) sur-
face reflectance of all TM pixels at each (increasing) lag distance from
the site coordinates, and subtract the site surface reflectance to derive
the average reflectance difference. This procedure is repeated until re-
flectance differences have been calculated up to a lag distance equal to
half of the coarser (in this case AVHRR GAC) satellite resolution. I
then integrate the resulting set of semivariogram estimators to obtain the
representativeness indicator. That is then used as a weight in the deter-
mination of (average) albedo retrieval capability. If the validation site is
representative of its surroundings, the semivariogram estimator integral
will have a low value, and vice versa.

Figure 3.1 illustrates the calculation: upper subplot shows the cal-
culated semivariogram estimators at each lag distance (multiples of 30
meters). Lower subplot visualizes a selection of landsat pixels at various
lag distances for visual verification.

The method is very similar to the ones developed by Susaki et al.
(2007) and Roman et al. (2009), but is simplified. Most previous ap-
proaches keep to the semivariogram theory, interpreting the result through
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Figure 3.1: Example of calculated semivariograms in Paper 2. Site is
Payerne in Switzerland. Increase in mean surface reflectance difference
(upper subplot) is clearly seen when the variogram is calculated at lag
distance of 250 [Landsat pixels] as a result of the influence of nearby
Lac du Neuchitel in the middle of lower subplot (Landsat TM channel
4 image).
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a variogram model fit and using the model parameters, commonly range
and sill, as the resulting indicators.

Strictly speaking, my use of NIR surface reflectances limits the scope
of the method as-is to vegetated terrain sites in absence of snow. If
the NIR surface reflectances were replaced with albedo estimates, then
the method could be applicable also for (partly) snow-covered sites.
NIR waveband surface reflectances are a justifiable substitute for broad-
band albedo in the case of vegetated surfaces and AVHRR-based re-
trievals using the narrow-to-broadband conversion algorithm by Liang
(2000), which gives greatest weight to NIR waveband over vegetated
terrain. Also, aerosol scattering effects are weaker in the NIR waveband
compared to visible wavelengths, meaning that the Landsat surface re-
flectance data from the NIR channel is likely more reliable.

When the site or its surroundings are snow-covered, the situation is
different. In the case of complete snow-cover and in absence of forest
stands, the homogeneity of snow reflectance over the scale of a few kilo-
meters is typically so large that site representativeness can be considered
assured. Thus, the validation effort in Paper 2 did not include represen-
tativeness calculations for sites over perennial snow on the Greenland
Ice Sheet or Antarctica.

Partial snow cover and/or snow cover on trees complicates the site
representativeness assessment further. While this method could be ex-
tended to partial snow cover given full broadband albedo calculation
from the high-resolution image, the availability of e.g. Landsat data over
a given area at a given time tends to be uncertain due to revisit time lim-
itations and cloudiness. Also, the spatial coverage of partial snow cover
is variable in the melting season, limiting the true representativeness of
a single variogram estimator calculation for a site.

The case of in situ albedo measurement representativeness for for-
est stands with or without snow cover is a problem which warranted a
separate study (Paper 3). I will summarize the results of that study next.
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3.2 Forest albedo at stand versus ground
level

The interaction of solar radiation with forest canopies is a complex pro-
cess. The albedo of a forest stand is determined by multiple-order scat-
tering processes between the forest understory and the canopy (Kuusk
2001, Manninen & Stenberg 2009). The presence of snow cover on the
ground and on the trees further increases the complexity of the radia-
tive transfer process, increasing forest stand albedo and increasing its
variability (Betts & Ball 1997, Kuusinen et al. 2012).

The large boreal forest zone with its seasonal snow cover is an im-
portant part of the Arctic and even global climate systems, having a suf-
ficiently large area to significantly influence global albedo. However,
the validation of satellite-based albedo retrievals is made difficult by the
sparsity of above-canopy albedo monitoring sites. This motivated the
study in Paper 3 to assess the possibilities to estimate the surface albedo
of a forest stand from ground level measurements.

To that end, a measurement apparatus was constructed by FMI tech-
nical staff and myself at the FMI Arctic Research Center (FMI-ARC)
in Sodankyld which enabled an albedo-meter to be raised and lowered
within a Scots pine forest stand of roughly 12 m high. The present un-
derstory was a mix of sand, heather and other typical understory species
of the area. Measurements were taken during summer 2006 and win-
ter 2007. The summer measurements were characterized by persistent
cloud cover over the site; the winter measurements were performed
when there was heavy snow cover on the trees. The measurements gen-
erally took place so that they were centered on midday, the exception
being the second profile measured on 2.8.2006 in the afternoon.

The measured forest stand albedo over the canopy (approximately
0.1 in summer and 0.2 in winter) was in line with previous studies (Betts
& Ball 1997). The vertical albedo profiles were form-wise similar and
appeared to match a power-law distribution best, although the best-fit
regression parameters varied significantly. Figure 3.3 summarizes the
measurement results. Why is the best agreement found in power-law be-
haviour? Because the data characterizes only one site and the focus of
the study was on demonstrating if ground observations could be repeat-
ably related to top-of-canopy albedo, no firm conclusions on the causes
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Figure 3.2: A photograph of the measurement arrangement in Paper 3.
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of the apparent power-law behaviour may be drawn from the data. If
we allow for some speculation, it may be noted that phenomena follow-
ing power-law behaviour are common in forest structure studies. For
example, Dobson et al. (1995) showed that the dry biomass of a boreal
North American forest was related to Synthetic Aperture Radar (SAR)
backscattered power (at two wavebands) by a power-law relationship.
On a more general note, West et al. (1999) stated that scaling relation-
ships in biological delivery networks, such as forest canopies, will obey
power-law relationships owing to their fractal nature. Also, the albedo
measurements taken in Paper 3 were broadband, therefore they need
not necessarily conform absolutely to the exponential forms of spectral
radiation attenuation.

The winter measurements were few in number, and their results showed
more scatter. This was most likely a result of the low Sun elevation, lead-
ing to long path lengths of incident radiation within the canopy, com-
bined with snow cover on the trees, which enhance multiple reflection
processes within the canopy. It is noteworthy that despite the fact that
surface albedo at the understory level is comparable to the albedo of a
snow field, the albedo of the forest stand over the canopy still reduces to
approximately 0.2. This behaviour has been noted in other studies (Betts
& Ball 1997), although also higher forest stand albedos have been ob-
served for Finnish boreal forests in winter (Kuusinen et al. 2012).

The study thus showed that, in principle, forest stand albedo is re-
lated to the understory-level albedo, alhtough a single albedo measure-
ment at the forest floor is insufficient to predict the forest stand albedo.
Forest structure, the presence of snow and illumination conditions all
play a part in the relationship. Thus, more modeling and observation
studies are necessary to provide a robust solution to the problem of
obtaining applicable validation data for forest albedo from understory
albedo measurements.

3.3 Blue-sky vs. black-sky albedo: The
impact of atmospheric effects

The satellite-derived albedo estimated in this dissertation is the black-
sky albedo, equivalent to a situation where the incoming radiant flux is
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Figure 3.3: A summary of measured vertical albedo profiles for a Scots
pine forest stand at FMI-ARC in Sodankyld, Finland. The forest stand
was roughly 12 meters high. Upper subplot: Measurements from sum-
mer 2006, taken in cloud conditions with diffuse illumination. Lower
subplot: Measurements from winter 2007, taken in clear-sky conditions
with substantial snow cover on trees.
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unidirectional. Yet, validation of such an albedo product using in situ
pyranometer measurements raises an additional question of compara-
bility; considering that atmospheric scattering and absorption alter the
spectral irradiance measurable at Earth’s surface compared to the TOA
irradiance, is it justifiable to use ground-level pyranometer data (measur-
ing blue-sky albedo which has a diffuse radiation component) to validate
black-sky albedo products?

This question was explored in Paper 4. The theoretical difference
between blue-sky and black-sky albedo was simulated using the SPC-
TRAL2 radiative transfer model (Bird & Riordan 1986) for a wide vari-
ety of natural surface types, Sun Zenith Angles (SZA) and atmospheric
conditions, characterized by the Aerosol Optical Depth (AOD) at two
wavelengths, as well as ozone and water vapour concentrations. The
simulation results, consisting of over 200 000 individual cases, were
then exploited to construct an empirical regression equation which al-
lows the estimation of black-sky albedo from actual blue-sky albedo
measurement data. Finally, the regression equation was tested on mea-
surements from the Cabauw Baseline Surface Radiation Network (BSRN)
station in the Netherlands (Knap 2012).

The simulation results showed that the relative blue-sky/black-sky
differences are typically on the order of 5-10%, although differences of
more than 20% can occur with large AOD or SZA values. The con-
tributions of ozone or water vapour were slight. Surface type plays a
role, since the shape of spectral albedo as a function of wavelength can
be very different (e.g. between water and grass) and aerosol scattering
in the near-infrared wavelengths is less effective than in the visible, as
mentioned in Section 3.1. The difference is weakly dependent on SZA
up to about 60 degrees, above which the difference increases strongly as
a result of large atmospheric path lengths.

The simulated radiative fluxes contained both the direct and dif-
fuse component, therefore an empirical regression relating the blue-sky
albedo to the black-sky albedo through the radiant flux densities, AOD
at 440 and 870 nm wavelengths, and SZA was sought. The regression
was intentionally formulated as 0tgsa = Opjye—siy(1 =+ .. .) to follow con-
vention and the individual term expression were formulated to resemble
the diffuse radiation formulation terms in the model by Bird & Riordan
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1 —exp(—1440/cos6
oBsa = Oplue—sky [Co +c1 lp( / J
- ablue—sky
1— —T 0
e exp(—1870/cos6s) (3.2)
cosby
14ir/1367(1 — exp(—1440/cos6y))
Lyirr /1367
+c cos0? +calaifs/1367]

where the parameters are as listed in Table 3.1 below.

Table 3.1: Listing of terms in Equation 3.2

ogsa Black-sky albedo
Oplye—sky Blue-sky albedo

T440 Aerosol Optical Depth at 440 nm

O Sun Zenith Angle

1870 Aerosol Optical Depth at 870 nm

Lyir Direct radiant flux density

Liiry Diffuse radiant flux density
co...c4 | numerical regression parameters

(Table 2 of Paper 4)

It should be noted that since the albedo of snow and ice has a large
range of variability (Warren & Wiscombe 1980), our small sampling of
snow spectra is not expected to produce a regression equation valid for
all snow and ice conditions. The accuracy of Equation 3.2 was calcu-
lated in Paper 4 to be quite good, the 90% relative error quantile being
approximately 8% (relative). Large Sun Zenith Angles of over 60 de-
grees can cause larger estimation errors.

In addition to Equation 3.2, another regression equation in similar
form was introduced for cases where AOD data is not available. In
this case, the black-sky albedo is estimated from blue-sky albedo using
solely the direct and diffuse radiative flux densities and SZA. This alter-
native regression generally works almost as well as the full regression,
although at long atmospheric path lengths (i.e. large SZA) its perfor-
mance decreases notably.
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Testing the regression to measurements from BSRN Cabauw site
showed that typical differences between blue-sky and black-sky albedo
are up to 5% (relative). The magnitude of the difference is similar to that
proposed previously by Key et al. (2001). Considering that the data from
Cabauw exhibits a large range of atmospheric conditions, it seems there-
fore safe to conclude that using blue-sky ground albedo measurements
(from non-cloudy periods) to validate black-sky albedo products is jus-
tifiable over most atmospheric conditions, with the exception of very
large SZAs. As discussed in section 2.4, SAL discards all observations
where SZA exceeds 70 degrees, thus avoiding the most inappropriate
comparison cases.

3.4 Validating SAL over the Arctic

In this section, I will summarize the observed performance of the SAL
products over the Arctic. The emphasis shall be on the 28-year CLARA-
A1-SAL dataset, whose data will be utilized in Chapter 4 to assess the
trends in Arctic sea ice albedo. The results summarized here are from
Papers 1 and 2.

Perennial snow

The retrieval capabilities of CLARA-A1-SAL for (perennial) snow were
assessed at five perennial snow validation sites; three of which were on
the Greenland Ice Sheet and two on Antarctica. The Antarctic site results
are included here for completeness, although our focus is on the analysis
for the Arctic sites. The site locations are illustrated in Figure 3.4. The
full site names are listed in Table 3.2.

Validation of satellite albedo retrievals with in situ data requires that
the data be matched temporally, spatially (at least assessing site rep-
resentativeness as in Section 3.1), and spectrally. In my analysis, the
in situ observations and SAL data were matched temporally by record-
ing the successful retrieval timestamps in CLARA-A1-SAL at each site,
and subsequently selecting only corresponding ground observations for
comparison. This allowed me to exclude cloudy-sky in situ observations,
in which snow albedo is typically 0.05 to 0.1 higher than for clear-sky
conditions (Key et al. 2001). Spatial representativeness for perennial
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Figure 3.4: Locations of the CLARA-A1-SAL validation sites over the
Arctic and Antarctic. Gray stars indicate perennial snow sites, gray
squares indicate seasonal snow sites. The black line shows the SHEBA
floating ice camp locations in 1997, and the red line shows the Tara float-
ing ice camp locations in 2007. The locations are overlaid on CLARA-
A1-SAL monthly mean products from July 2009 (Arctic) and January
2009 (Antarctic)

snow sites is not an issue, as mentioned earlier in section 3.1. Spectral
matching of the in situ data to the broadband SAL products was also con-
sidered (Paper 2). Excluding the DYE-2 and JAR-2 sites on GrlS, the
pyranometers used were capable of observing the full broadband albedo,
requiring no matching operations. The LI-COR200SZ pyranometers at
the two sites had limited sensitivity (0.4 - 1.1 um), which leads to a re-
ported bias of 0.04, or roughly 5-6% relative (Stroeve et al. 1997). In
my analysis, this bias was simply considered as a part of the in situ data
uncertainty.

While the initial validation of SAL snow albedo was limited to a
single year (2007) in Paper 1, the 28-year coverage in CLARA-A1-
SAL enabled me to extend the validation period significantly. Between
9 and 15 data-years were processed for each site. The validation metrics

55



were also expanded, showing seasonal mean differences between SAL
and in situ data in addition to the conventional RMSE values. This gives
better insight to any seasonally varying effects in SAL retrieval quality.

The validation results are summarized in Table 3.2. CLARA-A1-
SAL albedo retrievals of continuous snow fields are fairly good, with
relative accuracy typically around 5% relative. The good agreement is
partly due to negligible site representativeness issues on perennial snow
fields and the AVHRR radiance intercalibration to MODIS and in situ
standards, but it also validates the chosen retrieval approach as discussed
in section 2.4. Also, the limitations in CLARA-SAL atmospheric cor-
rection - the fixed AOD and ozone content - do not have a large impact
over the Arctic. Previous studies propose that typical AOD over the
Greenland Ice Sheet is in the range of 0.05 - 0.1, and thus well-matched
to the CLARA-SAL AOD level. The effect of ozone variations is limited
in comparison to aerosols, as mentioned in section 2.4.

The retrieval accuracy is similar to that shown previously for the
APP-X dataset by e.g. Stroeve et al. (1997), Stroeve (2001). The DYE-2
and Summit sites are high on the GrIS and have in the past typically ex-
perienced little or no surface melt, leading to a stable albedo year-round.
The JAR-2 site, located in the ablation region of the ice sheet, experi-
ences far more seasonal albedo variation as a result of surface melt and
influx of dust from the Greenland coast, as also reported by Stroeve et al.
(1997). This implies more challenging retrieval conditions for CLARA-
A1-SAL, which is seen as larger scatter in retrieved albedo vs. in-situ
observations (see Figure 3.5 for the retrieved CLARA-A1-SAL albedos
at JAR-2 in 2005).

It should be noted here that Box et al. (2012) have reported a de-
crease in snow albedo over the central parts of GrIS in the 2000s based
on MODIS snow albedo retrievals. However, CLARA-A1-SAL has not
detected an appreciable decrease over the Summit site, which is situated
in the middle of the ice sheet (Figure 3.6 shows the full CLARA-A1-
SAL timeseries over the area). Given that AVHRR is, even after the
radiance intercalibration, a less sensitive instrument than MODIS, it is
possible that the albedo decrease over central GrlS has not been large
enough to be detectable by AVHRR, or that the arguably more precise
atmospheric correction in MODIS enhances its detection capabilities for
less dramatic trends. Quantification of differences in atmospheric cor-
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Figure 3.5: Example of validation results of CLARA-A1-SAL at the
JAR-2 site, in the ablation region of the Greenland Ice Sheet. The year
shown is 2005.

rection accuracy is a challenging task and not within the scope of this
dissertation. This question remains open for future study at this time.
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Figure 3.6: Upper subplot: A 1982-2009 timeseries plot of monthly
mean CLARA-AI-SAL albedo retrievals of the grid cell containing
Summit camp, near the top of the Greenland Ice Sheet. Middle subplot:
number of observations used in the monthly mean calculation. Lower
subplot: Standard deviation of the monthly mean albedo.

We have focused on validation results for CLARA-A1-SAL thus far,
but also the validation carried out for the operational Arctic SAL prod-
uct in Paper 1 produced very similar results. This is understandable
given that the retrievals followed similar logic, excepting somewhat dif-
ferent product averaging, the presence of a radiance intercalibration in
CLARA-AI1-SAL and the omission of the SZA normalization routine
in CLARA-A1-SAL. The radiance intercalibration had a small effect on
the most recent AVHRR instruments (Heidinger et al. 2010), so that the
AVHRR input radiance data for the study in Paper 1 should resemble
CLARA-AI1-SAL data quite well. The averaging differences are not sig-
nificant (resolution changed from 15 to 25 km?, and time resolution from
weekly to pentad), and the effect of the omitted SZA normalization to 60
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degrees is small over the Polar regions, where SZA input varies naturally
between 50 and 70 degrees (SAL cut-off) over the polar summer.

As a final note, the validation results from the Antarctic sites (Table
3.2) are similar to those from GrIS sites. The higher RMS error results
mainly from the coastal location of the Antarctic sites; the 25 kilome-
ter CLARA-SAL grid cell containing the site is composed of a varying
mixture of snow, ice and open water which causes the larger difference.

Arctic sea ice

Validation of CLARA-A1-SAL for the Arctic sea ice presents a problem
of in situ data scarcity. Over the last three decades, quality-controlled
in situ measurements of sea ice albedo over a full melting season have
(to my knowledge) only been carried out on two expeditions: the Sur-
face Heat Budget of the Arctic Ocean (SHEBA) field campaign between
1997 and 1998 (Perovich et al. 2002), and the Tara expedition between
2006 and 2008 (Gascard et al. 2008). Both expeditions were actually
floating ice camps, carried on the sea ice around the Arctic sea ice zone.
The drifts of the ice camps are shown in Figure 3.4. Tara measurement
point was fixed and measurements continuous, SHEBA measurements
took place every 2.5 m along a 200-meter long line on every other day
during summer (June-August).

The drift of the ice camps poses an additional challenge to the valida-
tion, as the in situ measurement location is variable. This was accounted
for in the validation study by selecting the CLARA-SAL grid cell closest
to the respective ice camp locations as the applicable satellite retrieval.
Sea ice as a material also potentially poses a representativeness prob-
lem; ground truth albedo measurements may not correctly represent the
fraction of open water leads and/or melt pond coverage, both of which
have a large impact on the areally integrated sea ice albedo as a result of
the large reflectivity contrast between ice and water (Grenfell & Maykut
1977, e.g). Fortunately, sea ice albedo was measured from a C-130 air-
craft during the SHEBA campaign, the results being in agreement with
the ground truth observations although the aircraft measurements cov-
ered a somewhat larger area (Curry et al. 2001). Based on these results,
I found no reason to question the areal representativeness of the SHEBA
albedo data.
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As previously discussed in the Subsection on perennial snow vali-
dation, cloudy-sky in situ albedo observations have been excluded from
the analysis. However, owing to the persistent cloudiness over the Arctic
Ocean (Key et al. 2001), exclusion of all cloudy-sky albedo data from
the field campaigns would render the reference dataset too small to draw
any conclusion on CLARA-SAL performance. Therefore, the sea ice
reference albedo was calculated as a mean of all in situ observations in
the validation timeperiod for which SZA is less than 70 degrees. Snow
albedo is typically 0.05 higher under clouds (Key et al. 2001). The mag-
nitude of this effect actually changes during the polar summer, because
the progressing surface melt increases the size and frequency of melt
ponds on the sea ice, and the albedo of these ponds depends much less
on cloudiness. Late-season melt pond drainage will again expose bare
ice and increase the cloudiness effect somewhat. Owing to this complex
interplay of surface conditions and clouds, I have chosen to consider the
in situ data to have an uncertainty of 0.05 in lieu of attempting a cor-
rection, which could potentially induce an artificial bias in the results
depending on melt season characteristics.

The validation results against both SHEBA and Tara campaign data
are shown in Figure 3.7 and listed in Table 3.2. The results are broadly
similar for both campaigns, showing that CLARA-A1-SAL can retrieve
the sea ice albedo with a fairly good degree of accuracy (5-15%), and
that the satellite retrievals can track the evolution of sea ice albedo through-
out the melting season. Outliers naturally occur, given that the low Sun
elevation in August causes uncertainty in both the cloud detection (i.e.
more misclassifications) in the AVHRR processing and in the surface
albedo retrievals themselves. Mean RMSE for the pentad CLARA-A1-
SAL products against SHEBA data was 0.081 and 0.09 against Tara data.
The achieved accuracy is comparable to that reported for APP-X (0.07
albedo units by Key et al. (2001).

Land surfaces

CLARA-A1-SAL was validated at 14 land surface sites worldwide, us-
ing 180+ (cumulative) years of in situ data; for brevity and consistency,
I will focus here on two Arctic sites: Sodankyld in Finnish Lapland, and
Barrow in Alaska. Full validation results over all sites are available in
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Figure 3.7: Upper subplots: CLARA-A1-SAL pentad mean albedos of
the grid cell(s) over the floating ice camps versus the temporally aver-
aged five-day mean in situ albedos. Lower subplots: Relative retrieval
error of CLARA-A1-SAL versus in-situ data. Note that in situ data may
have an uncertainty of up to 0.05 (see text for details).

Paper 2.

The Sodankyld site is maintained by the Arctic Research Center of
FMI; the albedo measurements are taken from a 50-meter mast over a
boreal forest stand. This mast is not the same as used in the measure-
ments for Paper 3, although the shorter mast and its forest stand are
within the field of view of the pyranometer used here. The quantitative
site representativeness analysis discussed before suggested that the So-
dankyli site is well representative of its surroundings during summer,
although some caution is yet in order. While the reflectance characterics
of the site and its surroundings are mostly similar in the summer anal-
ysis, the wetlands surrounding the research center likely have different
diurnal and seasonal cycles in albedo compared to the boreal forests of
the area. Thus, winter and the melting season can still exhibit different
albedo cycles.

Figure 3.8 shows an example of the seasonal albedo cycle at So-
dankyli for both in situ data and CLARA-SAL. The entire annual albedo
cycle is not retrievable by CLARA-SAL due to solar illumination limita-
tions. In the late winter and early spring, both in situ data and CLARA-
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SAL mark the gradual decrease of the snow-covered surface albedo of
the site as snow ages and begins to melt. CLARA-A1-SAL is negatively
biased during this period. However, as previously stated, the albedo
evolution of a potentially snow-covered boreal forest stand is different
from the surrounding wetlands. Furthermore, the perennial snow albedo
validation discussed in section 3.4 should show a notable bias if the al-
gorithm itself were at fault. The atmospheric correction is also not to
blame, since the reported AOD over Sodankyld is well-matched with
SAL input (Toledano et al. 2012). Considering also that both in situ data
and SAL show a similar decreasing albedo trend prior to the relatively
abrupt final melt of the snow cover, it seems highly plausible that the
algorithm is not the source of the discrepancy.

The reader may also note that the in situ winter albedo shown in Fig-
ure 3.8 is considerably higher than that measured just over the canopy
(at 13 meters height) in Paper 3. There are several factors at work here.
Firstly, the reference albedo measurements for the validation are made
from a 50-m tall mast, meaning that the measured area at canopy level
(12 m height) is more than 150 times larger compared to a measurement
from 13 meters height. The terrain visible to the mast measurement of
reflected radiation is therefore certainly different. It should also be noted
that albedo measurements just over the canopy, while better representa-
tive of forest stand albedo than understory measurements, may still have
a height-dependent component as tree stems and brances are likely more
visible than higher above the canopy. As seen in Figure 3.8, the in situ
albedo can also vary greatly over the spring depending on the presence
of snow or frost on the trees (as also measured by Kuusinen et al. (2012)
for a site in Southern Finland). Finally, tree density can also play a role
in the typically sparse boreal forest, as the measurements in Paper 3
were taken with the albedometer quite close to a patch of trees, whereas
the validation reference measurements from the tall mast may see a dif-
ferent fraction of open, and thus certainly snow-covered, ground.

In contrast, we find that the summer CLARA-A1-SAL retrievals at
Sodankyld are in very good agreement with the in situ reference. This
is supported by the site representativeness analysis in Paper 2, which
showed the Sodankyld site to be one of the most representative of its
surroundings. This does not necessarily mean that the land cover is ho-
mogeneous, but it does imply that the reflectance characteristics of the
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Figure 3.8: In situ albedo observations (red circles) versus CLARA-
A1-SAL albedo retrievals at Sodankyld site in 2006. Black and blue
(dashed) lines indicate monthly and pentad CLARA-A1-SAL means,
respectively. Black crosses indicate instantaneous CLARA-A1-SAL re-
trievals at AVHRR-GAC resolution.

surrounding wetlands and forests are more similar in the summer.

At Barrow, the coastal location of the site and the numerous small-
scale lakes and ponds create challenging conditions for surface albedo
retrieval and validation at AVHRR-GAC resolution. This 1s well re-
flected in the representativeness analysis in Paper 2, where Barrow was
ranked as one of the least representative sites at CLARA-A1-SAL scale.

Figure 3.9 illustrates the validation results obtained at Barrow. Un-
derestimations of site albedo are common, which is typical for coastal
sites where open water albedo tends to bias the 0.25 degree CLARA-
A1-SAL averages low relative to in situ observations over land. Of
special note in Figure 3.9 is that even the AVHRR GAC-resolution in-
stantaneous retrievals (black crosses) at Barrow are often classified as
occurring over open water, a definite signature of the coastal mixed-
pixel problem. This issue cannot be easily resolved in coarse resolution
imagery, which is why other studies have advocated the use of higher
resolution imagery in analyzing shortwave radiation characteristics of
coastal sites (Niu & Pinker 2011).
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Figure 3.9: In situ albedo observations (red circles) versus CLARA-A1-
SAL albedo retrievals at Barrow site in 2009. Black and blue (dashed)
lines indicate monthly and pentad CLARA-A1-SAL means, respec-
tively. Black crosses indicate instantaneous CLARA-A1-SAL retrievals
at AVHRR-GAC resolution.
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4 APPLICATION TO TRENDS IN
ARCTIC SEA ICE ALBEDO

The Arctic sea ice has undergone considerable changes over the past
decades. Beyond the well-documented retreat of the ice cover (Stroeve
et al. 2007, Parkinson & Cavalieri 2008) and the related transforma-
tion of the remaining ice from thick multiyear ice into thin first-year
ice (Maslanik et al. 2007, Kwok & Rothrock 2009), studies have also
shown that the ice melt season is growing longer (Markus et al. 2009)
and the ice is moving faster (Rampal et al. 2009). Considering all this,
the assessment of Arctic sea ice albedo trends is a topical study and an
appropriate first use of the CLARA-A1-SAL dataset created during this
dissertation work. By following the prerequisite retrieval and validation
work with an application of the dataset for climate monitoring purposes,
it is also the culmination and final study of this dissertation (Paper 5).

The CLARA-A1-SAL validation in Paper 2 showed that sea ice
albedo can be retrieved with a satisfactory level of accuracy and that
AVHRR intercalibration issues have largely been resolved with the radi-
ance homogenization. Therefore, the dataset should be reliable enough
for sea ice trend analysis. To further diminish the effects of retrieval
uncertainties in the trends, I decided to focus on the mean albedo trends
over the Arctic Ocean. Robust AVHRR-based retrievals over the en-
tire Arctic Ocean are possible during the melt season (May to August),
which is, fortunately, also the most interesting period for the albedo dy-
namics. Keeping to the large-scale study philosophy, I also decided to
only study the monthly means. Maximizing the number of independent
overpasses per analyzed product also helps with minimizing effects of
retrieval errors according to the law of large numbers.

As a further quality control measure, I discarded any SAL grid cells
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where the montly mean albedo was derived from fewer than 60 AVHRR
overpasses. The threshold was empirically chosen to remove nearly all
of the obviously poor-quality retrieval areas near the North Pole in Au-
gust, where the low Sun elevation limits data availability and causes
cloud misclassification errors. This thresholding typically creates a vari-
ably large no-data area in August over the North Pole. This changing
no-data area could conceivably bias the mean Arctic Ocean albedo for
August and obfuscate its trend. To prevent that, I implemented a gap-
filling algorithm (Garcia 2010) which not only considered the albedo of
the surrounding sea ice, but also the albedo of the region during June
and July for each year. This "memory” of sea ice conditions should help
in keeping the gap-filled albedo estimates realistic. For completeness, I
analyzed both original and gap-filled data and compared the results.

The CLARA-A1-SAL dataset was processed for trend calculation
using two masking operations. In the first one, I excluded all land
surfaces using the Global Self-Consistent Hierarchical High-Resolution
Shoreline data as a mask (Wessel & Smith 1996). Averaging the re-
maining grid cells provides the mean albedo of the composite of open
water and sea ice. Examining the means month per month through the
28 years of coverage is expected to produce a negative albedo trend,
considering the a priori knowledge of sea ice retreat and the presence of
a negative albedo trend in the AVHRR-based Extended Polar Pathfinder
dataset (Wang & Overland 2012).

By further masking out open water areas using the NSIDC/NASA
Team microwave-based sea ice concentration data (Cavalieri et al. 1996),
it is possible to exclusively study the mean albedo of the sea ice zone (de-
fined as the area where ice concentrations area above 15%). The relative
size of the sea ice zone is between 35 and 85% of the composite open
water-sea ice study area, depending on month and year. If each month is
studied separately, then the insolation may be considered similar across
the monthly samples and the resulting trends thus reveal changes in the
mean surface conditions of the sea ice. Keeping in mind that SAL is a
black-sky albedo product and assuming that cloud masking is accurate,
any changes or trends in cloudiness only affect the amount of available
data for each monthly mean albedo. The accuracy of cloud masking
has been evaluated to be approximately 90% during the Arctic summer
(Karlsson & Dybbroe 2010), which I consider sufficient to ensure that
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the remaining misclassfied clouds do not have a noticeable impact on the
Arctic Ocean-wide average albedo. Using microwave-based ice concen-
tration to identify ice coverage is also more reliable than thresholding
using optically retrieved albedo alone. Figure 4.1 illustrates the corre-
spondence of sea ice concentration against retrieved sea ice albedo in
August over the full period 1982-2009 and over all of the Arctic sea ice
zone.
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Figure 4.1: Density scatterplot of retrieved 0.25 degree CLARA-A1-
SAL estimates (y-axis) versus nearest-neighbor NSIDC/NASA team re-
trieved sea ice concentrations (x-axis). Plot shows all retrievals over the
Arctic sea ice zone in August for the years 1982-2009.

The composite albedo means across the CLARA-A1-SAL dataset
are shown in the upper subplot of Figure 4.2, and the means for sea ice
albedo alone in the lower subplot. As expected, the composite albedo
trends reflect the sea ice retreat through a (statistically significant) neg-
ative trend for all months. The strength of the negative trend (Table
4.1) increases as the melt season progresses, as was expected given
the increasingly positive late-summer temperature anomalies (Serreze
et al. 2009) across the Arctic as well as the lengthening melting season
(Markus et al. 2009).
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Figure 4.2: Upper subplot: Changes in the mean open water-sea ice
composite albedo of the Arctic between 1982-2009. Lower subplot:
Changes in the mean sea ice zone albedo of the Arctic between 1982-
2009. Thin solid lines indicate best-fit linear trends. Dashed lines indi-

cate non-gapfilled August data.
69



Table 4.1: Observed trends in monthly mean albedos through least-
squares fitting. GF means gap-filled data. Trend uncertainties calculated
at the 95% confidence interval.

Month linear trend slope (units/decade) R?
May, composite -0.019 £ 0.006 0.62

May, sea ice -0.007 £ 0.005 0.21

June, composite -0.027 £ 0.009 0.61
June, sea ice -0.019 +0.010 0.35
July, composite -0.029 £+ 0.008 0.66
July, sea ice -0.020 £ 0.009 0.44
August, composite -0.030 £ 0.008 0.70
August, sea ice -0.029 £ 0.011 0.50
August GF, composite -0.035 4+ 0.009 0.70
August GF, sea ice -0.032 £ 0.012 0.54
August GF & denoised, sea ice -0.032 £+ 0.006 0.82

Month 2nd degree polynomial R?

(x=years since 1982)

August GF, sea ice -0.0002x> + 0.0015x + 0.461 0.61

August GF & denoised, seaice | -0.0002x? + 0.0020x + 0.458 | 0.95

The sea ice zone albedo means show similar negative trends. This
finding is perhaps not intuitively clear; it could be assumed that the
summer melt as well as warm air and ocean currents would affect the
marginal sea ice much more strongly than the sea ice of the central Arc-
tic Ocean, keeping the sea ice albedo of the ice-masked region high after
the lowest ice concentrations are discarded. According to the data this is
not so. The albedo of the central Arctic, home to much of the oldest and
thickest multiyear ice, is also decreasing. This implies that average sur-
face conditions of the sea ice have been changing throughout the Arctic
over the past three decades. The late-summer mean ice albedo has de-
creased the most (Table 4.1). This can be expected given the increased
solar heat input from longer melting seasons (Markus et al. 2009, Per-
ovich & Polashenski 2012).

An interesting question relating to the albedo decrease is whether it
has been going on for the entire duration of the data coverage. Laine
(2004) analyzed the Arctic sea ice albedo from the APP-X dataset be-
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tween 1982-1998 and found only small or negligible negative trends in
the sea ice albedo. To compare results, we repeated the analysis of the
CLARA-A1-SAL dataset for the same period. The subset trends agreed
with the results of Laine within the uncertainty limits. The subset trends
particularly for the late summer were substantially weaker than the full
period trends. This is an indication that the mean surface conditions
may have changed more rapidly in the 2000s than before, particularly
for the late summer period. However, there is considerable variability
in albedo means of the sea ice zone, particularly in August. E.g. West
et al. (2013) states that for two trend slopes to be considered different in
the statistical sense, the trend slope uncertainties must not overlap. This
condition is not fulfilled for neither the 1982-1998 subset nor the full
period sea ice albedo trends in CLARA-A1-SAL. Therefore, the possi-
bility that the apparent acceleration of albedo decrease is illusory must
be acknowledged.

The trend uncertainties in general were calculated at the 95% con-
fidence interval using the two-tailed t distribution critical value and the
standard error of the regression slope. As mentioned, the late-summer
monthly means have the largest variability and therefore the largest trend
uncertainties. Yet, it remains clear that there is a negative trend in mean
sea ice albedo for all months except May.

Considering the albedo decrease, one is next tempted to ask what
causes it. I sought to answer this question for the sea ice zone albedo by
considering the likely physical drivers of albedo change. If we consider
sea ice albedo in an areally integrated sense, then sea ice concentration
must be a strong driver of albedo because of the large albedo contrast be-
tween open water and sea ice, even if it is bare ice (Perovich et al. 2007).
The other significant driver must be the (mean) surface condition of the
ice - is it snow-covered or not, is the snow fresh or old, are there melt
ponds, and if yes, how large and deep are they? Following this logic,
I chose mean surface air temperature (SAT) of all regions North of 65
degrees of latitude, and the mean length of the melting season to-date
(day of year minus melt onset date) as the other inputs for a multiple lin-
ear regression of the observed mean sea ice zone albedo. I chose linear
regression because the relationships should be linear in nature - areally
integrated sea ice albedo is a linear function of ice concentration, the
energy transfer from air to sea ice is a linear function of the near-surface
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air temperature, and the phase changes in sea ice surface accumulate
linearly according to the length of the experienced melt season.

The ice concentration data was extracted from the the NSIDC NASA
Team passive microwave sea ice concentrations product (Cavalieri et al.
1996), SAT data from the NCEP-DOE AMIP-II reanalysis (Kanamitsu
et al. 2002), and melt onset dates from the dataset by Markus et al.
(2009). All data sets were spatially averaged; ice concentration was
averaged over the area commonly agreed to be the sea ice zone (con-
centrations above 15%), SAT was averaged over all regions North of 65
degrees latitude, and melt onset date was calculated as a single average
melt onset date (per year) over the full sea ice zone.

The proposed multiple linear regression turned out to be very capable
of explaining the variability in the mean sea ice zone albedo, as shown
in Figure 4.3. The negative trends are tracked, as is most of the year-to-
year variability. This result is of course expected given the previously
discussed theory, but obtaining such a good agreement between data
from independent instruments (optical and microwave-based) and SAT
reanalysis reinforces the robustness of the observed albedo and its trend.

The equation for the best-fit multiple linear regression is

s = 0.6387xC—0.0065 *SATg5_90N —0.0011 * (DOY —MOD) +0.0676

4.1
where C is the average sea ice concentration over the Arctic, SATgs_gon
is the average SAT of all regions north of 65N, DOY is the average
day of year of each monthly mean (15th day of month), and MOD is
the average day on which onset of melt occurred over the Arctic. The
constant term was forced as 0.0676 to ensure that the parameterization
agrees well with open water albedo when C is zero (at a Sun Zenith
Angle of 60 degrees).

The scope and range of the parameterization is limited; it considers
only averaged variables over the entire Arctic sea-ice zone, its tempo-
ral validity is limited to the melting season and, being empirical in na-
ture, has limits on the validity range of SAT. Passive microwave-based
ice concentrations are generally biased low during the melt season, also
contributing to the bias of the parameterization (Fetterer & Untersteiner
1998).

The relative contribution of the albedo drivers in Equation 4.1 for
August is visualized in Figure 4.4. The negative albedo trend is mainly
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= G| ARA-A1-SAL, sea ice only, averaged over the Arctic Ocean

== o=== | inear regression with C, SAT of area >65N and DOY-MOD as drivers

N ~ May
0.77 \/ - - N SN —m ]
0.6 .

RMSE =0.016
O 5 1 1

RMSE =0.017
0.7y ,

0.5

RMSE =0.015

4

Sea ice monthly mean surface albedo

0.6 ‘ ‘ R
RMSE =0.015 August

0.5

0.4

1980 1985 1990 1995 2000 2005 2010
Year

Figure 4.3: CLARA-A1-SAL monthly mean Arctic sea ice zone albedo
(blue line) and the parameterized sea ice zone albedo using ice concen-
tration, SAT and time since melt onset as drivers. All albedo and driver
data are averaged over the entire Arctic sea ice zone.
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caused by a diminishing mean sea ice concentration and an increase in
SAT. The melt season length term varies only slightly in comparison.
The static open water albedo term is not plotted for clarity.

On the other hand, it should be acknowledged that the drivers used
are not fully independent from each other. Large increases in SAT or
melt season length will cause a reduction in sea ice concentration due
to melting. Also, an increasing sea ice concentration affects the atmo-
spheric dynamics of the sea ice zone, potentially reducing SAT and in-
hibiting melt through the albedo feebacks on the surface radiative bud-
get. It should therefore be considered likely that further study of sea ice
albedo parameterization based, for example, on CLARA-A1-SAL could
yield an improved parameterization equation where the drivers have a
greater degree of independence from each other.

Contributions to the parameterized August mean sea ice zone albedo
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Figure 4.4: Contributions of the three drivers to the mean sea ice zone
albedo (non-gapfilled for August).

The observed sea ice albedo from CLARA-AI1-SAL is consistent
with field study results, implying a relatively low bias in the retrievals.
The albedo trends agree well with independently derived estimates of
changes in the main drivers of sea ice albedo. The albedo retrievals nat-
urally have an associated uncertainty, which is admittedly largest for the
late summer season when the largest changes have been observed. Yet,
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APPLICATION TO TRENDS IN ARCTIC SEA ICE ALBEDO

the albedo data fits very well with sea ice concentration and SAT data,
which have been derived with means that are independent from opti-
cal satellite measurements and do not share error sources. Considering
this, I find it very likely that the observed trends are real and that their
attribution, as shown above, is justified.
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5 | CONCLUSIONS

This dissertation has sought to increase our understanding of the remote
sensing of snow albedo in the Arctic regions. The main satellite dataset
has come from the AVHRR family of instruments, spanning 1982-2009.
In situ observations of surface albedo have been gathered from a variety
of sources including floating ice camps, the BSRN observation network
and my own field work. Therefore, a large dataset of in-situ observa-
tions has been available to validate the satellite retrievals made in this
dissertation. Issues such as site representativeness and imperfect atmo-
spheric effect compensation create a bias in the satellite retrievals and
uncertainty in their validation accuracy. Overall, the satellite retrievals
have been shown to be consistent and capable of tracking actual albedo
changes in the snow and ice.
The main contributions of this dissertation are the following:

1. The SAL algorithm which retrieves surface albedo from AVHRR
observations was implemented into operational use and validated
(Paper 1). The algorithm was then reused in the processing of
the 28-year CLARA-A1-SAL dataset, which was also thoroughly
validated and compared with other satellite data (Paper 2).

2. The validation results showed that polar region albedo could be
retrieved with an accuracy that is sufficiently good for climate
monitoring applications (Paper 2). Thanks to the radiance inter-
calibration, the stability of the dataset was confirmed to be also
sufficiently good for surface albedo trend studies (for the polar
regions).

3. A semivariogram-based method was presented in Paper 2 to quan-
tify the comparability of coarse-scale satellite observations versus

76



CONCLUSIONS

a point-like ground measurement. This enabled the quality assess-
ment of the validation results over sites on vegetated terrain.

. Validation data on surface albedo is easiest to gather with pyra-
nometers at ground level, but over forested sites this creates a
discrepancy with the satellite observations, which mostly see the
canopy level albedo signature of the site. Paper 3 detailed an ex-
perimental study on the relationship between pyranometer obser-
vation height and boreal forest stand albedo. The relationship over
summer under cloudy skies was found to follow a power law. The
winter results were more ambiguous due to the effect of snow on
the tree branches, as well as challenging illumination conditions.

. Black-sky surface albedo products such as SAL are commonly
validated using ground truth data from pyranometers, which mea-
sure the albedo in ambient conditions, i.e. with an atmospheric ef-
fect included. Paper 4 was a study on quantifying the magnitude
of the atmospheric effect in the pyranometer data. It was shown
that a priori knowledge of diffuse radiative flux density and AOD
at two wavelengths is sufficient to calculate the atmospheric ef-
fect. Typical overestimations at Cabauw test site were found to be
approximately 5% (relative), although substantially larger values
can occur.

. The developed and validated CLARA-A1-SAL dataset was ap-
plied to study the albedo trends in the Arctic sea ice between
1982-2009 in Paper 5. The findings were that the basin-scale sur-
face albedo of the Arctic is decreasing for most summer months,
mainly as a result of the ongoing retreat of the sea ice cover. How-
ever, the study also showed that the remaining sea ice zone albedo
clearly shows a negative trend - the remaining sea ice is becoming
darker. The cause of this trend was investigated and it was found
that the changes can be explained using mean ice concentration,
mean surface temperature over the Arctic and time elapsed since
melt onset as drivers. These findings fitted previous study results
logically, reinforcing confidence in the veracity of the satellite-
derived trend estimates.
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The obtained results should prove of value in the study of the Arctic
climate. In particular, the 28-year dataset created within this disserta-
tion was recently released for the scientific community and there remain
several potential applications for it apart from the sea ice albedo trend
study done in this work. Combined with datasets on irradiance and cloud
properties over the Arctic, it is possible to calculate radiative forcing
estimates which correspond to the observed albedo changes. If inde-
pendent large-scale datasets on black carbon deposition over the Arctic
become available, they could be compared to the albedo estimates pre-
sented here for verification. And, of course, the snow and ice albedo
data presented has been shown to be of good accuracy and thus should
be applicable to the verification of albedo parameterizations in climate
models, an important motivator for this work.

As ever, there were also points which could be improved on in the fu-
ture. There remains some room for improvement in the atmospheric cor-
rection, although the current limitations do not significantly affect Arctic
snow and ice albedo retrievals. Also, further work towards an even better
delineation of clouds, open water and sea ice can only serve to make the
resulting albedo retrievals more precise. As more and more long-term
satellite datasets on snow and ice are becoming available, combining dif-
ferent datasets and data from different satellite platforms has the poten-
tial to create more coherent datasets and thus enhance our understanding
of the Arctic and polar regions in general.
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