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Abstract. Surface albedo is an essential variable to deter-
mine the Earth’s surface energy budget, in particular for
snow-covered areas where it is involved in one of the most
powerful positive feedback loops of the climate system. In
situ measurements of broadband and spectral albedo are
therefore common. However they are subject to several arte-
facts. Here we investigate the sensitivity of spectral albedo
measurements to surface slope, and we propose simple cor-
rection algorithms to retrieve the intrinsic albedo of a slope
from measurements, as if it were flat. For this, we first derive
the analytical equations relating albedo measured on a slope
to intrinsic direct and diffuse albedo, the apportionment be-
tween diffuse and direct incoming radiation, and slope incli-
nation and aspect. The theory accounts for two main slope ef-
fects. First, the slope affects the proportion of solar radiation
intercepted by the surface relative to that intercepted by the
upward-looking, horizontal, sensor. Second, the upward- and
downward-looking sensors receive reduced radiation from
the sky and the surface respectively and increased radiation
from neighbouring terrain. Using this theory, we show that
(1) slope has a significant effect on albedo (over 0.01) from as
little as a ~ 1° inclination, causing distortions of the albedo
spectral shape; (ii) the first-order slope effect is sufficient to
fully explain measured albedo up to ~ 15°, which we desig-
nate “small-slope approximation”; and (iii) for larger slopes,
the theory depends on the neighbouring slope geometry and
land cover, leading to much more complex equations. Next,
we derive four correction methods from the small-slope ap-
proximation, to be used depending on whether (1) the slope

inclination and orientation are known or not, (2) the snow
surface is free of impurities or dirty, and (3) a single or a
time series of albedo measurements is available. The meth-
ods applied to observations taken in the Alps on terrain with
up to nearly 20° slopes prove the ability to recover intrinsic
albedo with a typical accuracy of 0.03 or better. From this
study, we derive two main recommendations for future field
campaigns: first, sloping terrain requires more attention be-
cause it reduces the measurement accuracy of albedo even for
almost invisible slopes (1-2°). Second, while the correction
of the slope effect is possible, it requires additional informa-
tion such as the spectral diffuse and direction partitioning and
if possible the actual slope inclination and aspect, especially
when the absence of impurities can not be assumed.

1 Introduction

The solar irradiance absorbed by snow-covered surfaces (or
net shortwave flux ASW) is an important term of the sur-
face energy budget that drives surface temperature and snow
melt. This term is usually computed from the surface broad-
band albedo (the percent of radiation reflected by the surface,
a, between 300 and 5000 nm) and the incoming broadband
irradiance on the surface EY, relying on the energy conser-
vation principle to relate absorption and reflection, such that
ASW = (1 — @) E". For this reason, broadband albedo is a
common meteorological variable measured using two hori-
zontal radiation sensors, one looking upward and the other
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looking downward (Driemel et al., 2018; van den Broeke,
2004). Despite the apparent simplicity, measuring albedo is a
notoriously difficult problem (Michalsky and Hodges, 2013),
and the equation hides several potential caveats related to
the angular and spectral distribution of the incoming irra-
diance and snow reflectance (e.g. Lee et al., 2011; Wang
and Zender, 2010). Here we focus on one of these difficul-
ties, arising when the terrain is not flat and the sensors are
consequently not parallel to the surface. In such a case, the
albedo computed as the ratio of the readings from the two
sensors (hereinafter called measured or apparent albedo) dif-
fers from the intrinsic surface albedo « (that of the surface if
it were flat, also called true albedo by some authors) needed
to compute ASW. This issue concerns most snow fields in
practice because it affects slopes as small as 2° (Grenfell
et al., 1994; Larue et al., 2019). As a first consequence of
the slope, albedo values over 1 may be measured in the case
of sun-facing slopes (Grenfell et al., 1994), even with perfect
instruments highlighting that measured albedo is not a well-
defined reflectance bounded between 0 and 1 as it should be,
to respect the energy conservation principle. Another con-
sequence visible when acquiring albedo time series with a
sub-daily resolution, is a spurious daily cycle due to varia-
tions in the local solar zenith angle on the slope during the
course of the sun in the sky, even if the surface properties
have not changed (Weiser et al., 2016). Such cycles can be
mistakenly interpreted as a diurnal change in surface snow
properties (e.g. snow specific surface area) if the slope is not
considered. Such situations occur even in the Antarctic and
Greenland interior where despite an extremely flat surface at
large scales, the local slope in the footprint can be significant
because of sastrugi or dunes (Grenfell et al., 1994; Warren
et al., 1998; Pirazzini, 2004; Wang and Zender, 2010). These
two consequences lead to visible effects in some cases that
should raise observer’s attention during data quality checks.
However in other cases the slope effect is present but barely
visible. For instance, albedo on slopes facing away from the
sun is systematically lower than 1 and may look like a nor-
mal flat-surface albedo if the slope is small (Grenfell et al.,
1994). Similarly, cross-calibration errors or an imperfect an-
gular response of the light collector can compensate for the
effect of small slopes.

A potential solution to overcome the effect of the slope and
obtain intrinsic albedo is to set the sensors parallel to the ter-
rain (Wu et al., 2018). However, it seems unpractical because
the accuracy of the parallelism between the sensors and the
terrain required to remove all spurious daily variations is of
the order of 0.1-0.2° (Picard et al., 2016b). Such an accuracy
can not be achieved in practice, because the measurement ac-
curacy of slope is rarely better than 1° (Larue et al., 2019).
Moreover the slope of the surface often changes over a sea-
son, due to snow redistribution by wind and melt, preventing
unattended albedo monitoring with such a parallel setting.
Because measuring albedo with horizontal sensors is prac-
tical, and because numerous long time series exist (Driemel

The Cryosphere, 14, 1497-1517, 2020

et al., 2018; Fausto and van As, 2019), algorithms correcting
for the slope have been developed. Weiser et al. (2016) pro-
posed a correction method exploiting the diurnal cycle of the
upwelling light flux. Nevertheless, the study neglected the
zenith angular dependence of snow albedo (Warren and Wis-
combe, 1980), which induces a natural diurnal cycle that is
intertwined with the spurious cycle caused by the slope. Un-
tangling the natural and spurious cycles is required to avoid
an overcorrection. Despite this limitation, their method ac-
counts for both terrain slope and sensor tilt. Tilt is another
frequent issue with albedo measurements and is related to the
slope problem, at first order. Despite being beyond the scope
of the present study, it is worth citing Bogren et al. (2016),
who investigated the sensitivity of albedo measurements to
sensor tilt through simple modelling, and Wang et al. (2016),
who proposed a correction method exploiting the diurnal cy-
cle. All these studies target broadband albedo.

Spectral albedo measurements are less frequent than
broadband albedo but provide richer information, enabling
us to not only establish the shortwave radiative budget, but
also investigate if and how surface albedo is driven by snow
microstructural properties (Gallet et al., 2011; Carmagnola
et al., 2013; Libois et al., 2015; Carlsen et al., 2017), liquid
water (Dumont et al., 2017), impurities (Skiles et al., 2018;
Tuzet et al., 2017), or algae (Painter et al., 2001). As is the
case with broadband albedo, spectral albedo measurements
are affected by slope. In the range 400—600 nm where the in-
trinsic snow albedo is close to 1, a small slope is sufficient to
raise the measured value above 1 (Grenfell et al., 1994; Wut-
tke et al., 2006). Correction methods for spectral albedo can
be more elaborate than for broadband albedo, by exploiting
the richness of the spectral information. Dumont et al. (2017)
propose a method to jointly correct slope and estimate snow
specific surface area and impurity concentration. The method
relies on the diurnal cycle similarly to Weiser et al. (2016) but
accounts for the natural dependence to the incident angle at
the cost of requiring extra information to separate the direct
(sun) and diffuse components (e.g. spectral measurements
of the diffuse-to-total ratio). Their method also assumes a
particular theoretical form for the albedo, which is available
and accurate for a thick layer of dry and pristine snow (e.g.
Kokhanovsky and Zege, 2004) but is more problematic for
wet, dirty, or shallow snow (Tuzet et al., 2019). In the present
paper, we propose several complementary methods requiring
either weaker assumptions or that apply to single acquisitions
instead of time series.

To develop slope correction methods for spectral albedo,
the first step is to establish the equations linking measured
albedo to intrinsic albedo accounting for the slope and illumi-
nation conditions. Mathematically, this problem is closely re-
lated to the widely addressed problems of the distribution of
the solar radiation at the surface and remote sensing data cor-
rection in mountainous areas (e.g. Dozier, 1980; Lenot et al.,
2009; Lee et al., 2011). The calculation of the direct (sun)
component is a trivial geometrical problem once the slope

www.the-cryosphere.net/14/1497/2020/



G. Picard et al.: Spectral albedo measurements over snow-covered slope 1499

and the cast and self shadows are known (Grenfell et al.,
1994; Dozier and Frew, 1990). The diffuse component is
more complex because it includes several contributions (the
sky, surrounding terrain, and multiple reflections between
slopes) that can be formulated with a wide range of complex-
ity. The diffuse component first includes the sky radiation,
which has an angular distribution that depends on the atmo-
spheric conditions (e.g. type of clouds, aerosols; Olyphant,
1986). Nevertheless, an isotropic sky is often assumed even
though simple equations with some angular dependence ex-
ist for single-layered atmospheres (Dozier, 1980). More ad-
vanced calculations can be performed numerically using
multilayer plane-parallel models or Monte Carlo models ac-
counting for 3D cloud effects (Cornet et al., 2010). The great-
est difficulty in practice is to obtain the atmospheric parame-
ters to drive the models. The diffuse component also includes
the illumination from surrounding mountains, which poten-
tially results from multiple reflections between the surround-
ings and the atmosphere or the surroundings and the con-
sidered point (Lenot et al., 2009). The reflections from sur-
rounding mountains can be treated assuming a simple reflec-
tion (e.g. assuming a constant slope or purely diffuse radia-
tion), up to full-featured Monte Carlo models accounting for
all possible ray trajectories (Lee et al., 2011). In the present
paper, we aim to develop simple and computationally effi-
cient correction methods, and to this end analytical formula-
tions using simplifying assumptions are preferred over com-
plex models. In particular, we neglect the multiple interac-
tions with the atmosphere, but we do consider the illumina-
tion from the neighbourhood surfaces, which is increasingly
important as the slope increases.

The objective of the present paper is to (1) provide the
theoretical framework to relate spectral apparent albedo to
intrinsic albedo on a slope and (2) present four correction
methods to be applied depending on the available informa-
tion and the assumptions that can be reasonably made, for
different measurement conditions.

We first describe the theory of apparent albedo over a
snow-covered slope (Sect. 2) and then present the correction
methods (Sect. 3) and data used to evaluate the theory and
the methods (Sect. 3.4). The theory is then applied to high-
light the impact of the slope on apparent albedo spectra for
various slope configurations (Sect. 4.1) and is compared to
measured albedo from an Alpine site (Sect. 4.2). The cor-
rection for single acquisitions and time series is presented in
Sect. 4.3. Sections 5 and 6 summarize and discuss the results.

The theoretical equations are implemented in an open-
source computer code, and a web application is made avail-
able to interactively explore the slope effect as a complement
to the present paper (see “Code availability™).
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2 Theory

The objective is to relate the albedo measured with perfectly
horizontal sensors over a slope to given intrinsic direct and
diffuse albedo of the snow surface and other variables (dif-
fuse direct proportion of the incident radiation, solar angles,
slope angles, etc.). To this end, we establish the equations
for the downwelling and upwelling radiative fluxes on the
slope and the neighbourhood (Sect. 2.1) and on the upward-
and downward-looking sensors (Sect. 2.2) to finally compute
the apparent albedo as the ratio of the sensor measurements
(Sect. 2.3). Further lengthy mathematical derivations can be
found in the Appendix.

The geometry and angles of the problem are depicted in
Fig. 1. The sensor height is considered to be very small with
respect to the size of the slope and the horizontal surface.
Both surfaces are indeed considered semi-infinite planes for
most equations, except when otherwise stated. The sensor is
thus located very far from the horizontal surface. The theo-
retical equations are provided for a given wavelength A and
using trigonometric angles (azimuth is given anticlockwise
from the x axis). The measurements and practical examples
shown in Sect. 4 use geographic angles instead (sun azimuth
and slope aspect are measured clockwise from the north).

2.1 Incoming and reflected radiation at the surfaces

The incoming light irradiance Ei on a horizontal surface
or on a perfectly levelled upward-looking sensor is the sum
of the direct solar irradiance E}"" weighted by the intercep-
tion probability cos6; (6; € [0, %]) and the diffuse irradiance

coming from the sky E;ky:

k
E)(6i, i) = ES™(0;, i) cosb; + E}, (1)

where 0; and ¢; are the zenith and azimuth solar angles.

A slope is modelled here as a plane defined by its normal
N pointing upward with zenith angle 6, and azimuth angle
¢n. This surface receives direct solar radiation with a mod-
ified interception probability cos 6;, accounting for the local
incidence angle, given by

coséi = S (cosB; cosb, + sinb; sinb, cos(d; — ¢y)), 2)

where the “shadow” function S(x) is 1 for x > 0 and 0 for
x < 0. This ensures that when the sun is below the slope, the
interception probability is null and not negative.

In addition, the slope receives diffuse irradiance from the
atmosphere E Sky, which is lower than that received by the
horizontal surface owing to the screening by the slope itself.
Assuming isotropic sky radiation, the received diffuse irradi-
ance can be written

Esky
EN = f / A _cosfsinfdodg, 3)
b
HS,cosé>0
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Figure 1. (a) Geometry of the sloped infinite plane illuminated by the sun. The red symbol represents the upward- and downward-looking
sensors. (b) Sky solid angle (blue shade) used to compute V and neighbourhood solid angle (green).

where cosf is given by Eq. (2) without the i subscript.
The integral runs over the sky sector, i.e. the sector of the
hemisphere (HS, 6 € [0, %] and ¢ € [0, 27 ]) above the slope
(cosf > 0, blue shading in Fig. 1b). This integral can be cal-
culated in the reference frame of the slope (Wang et al., 2016;
Dumont et al., 2017) involving variable changes and some
analytical calculations. An alternative is to write this integral
in terms of the flux of the slope normal N through the sky
sector:

sky
Asky E;

E; / Nds. “

b
UHS,cosé>0

Let us consider the closed surface including the sky sector
(blue shade in Fig. 1b), the unit half disc on the slope above
the sensor, and the unit half disc on the horizon plane. Ac-
cording to Gauss’ theorem, the total flux of any conservative
vector, as N, through this closed surface is null. Thus the flux
in Eq. (4) can be deduced from the fluxes through both half
discs. The flux through the half disc on the slope — which is
perpendicular to N —is — 7 and the flux through the half disc
on the horizontal plane is —7% N.z = —7 cosf,, z being the
vertical axis. It follows that

EN =VEY, 5)
1 0
y = LHcostu CZOS " (6)

V can be interpreted as the cosine-weighted viewing fraction
of the sky seen from the slope.

This reduced contribution from the atmosphere (Eiky) is
compensated for by radiation coming from the solid angle
under the horizon and above the slope, which impacts both
the slope and the downward-looking sensor (the latter is
shown as green shading in Fig. 2). This contribution — which
we qualify hereinafter by neighbourhood — is written

E;eigh =(1— V)E;eigh, (7
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where we have assumed isotropic radiation and that the sur-
faces are infinite planes, so that the solid angle of the slope
seen from the horizontal surface is the same as the solid an-
gle of the horizontal surface seen from the tilted surface. This
implies that the same cosine-weighted viewing fraction 1 —V
applies to both surfaces as illustrated in Fig. 1b. Summing the
direct and the two diffuse contributions, the total incident ir-
radiance on the slope is

Ef 0,0 = Ef"cosy + VE} + (1= V)E}™" (8
and the flux reflected by the slope is
E;T i, 1) = a3 (6;) ES*™ cosb;

+ T (VEN + (1 - V), ©)

where we have distinguished the direct-hemispherical re-
flectance a4 (0) (direct albedo) and the hemispherical-
hemispherical reflectance a4t (diffuse albedo).

To continue, the term E;elgh must be specified. Many sce-
narios are imaginable depending on the terrain topography
and surface type (snow, vegetation, etc.) present in the neigh-
bourhood. For the sake of simplicity, here we consider a hor-
izontal surface and distinguish two cases for the surface type
(Fig. 2): (case D) the horizontal surface is dark with reflec-
tivity equal to zero (E;elgh’D = 0) and (case S) the horizontal
surface is covered by snow having the same properties as on
the slope, i.e. the same reflectivity. Case S is more complex
than case D as it depends on the radiation reflected by the
slope. The neighbourhood contribution by the snow-covered
horizontal surface can indeed be written as

E;eigh,s _ agir(gi) E"cos; + aiiff (VEiky
+1=V)E]61.9)). 1o

This equation depends on the light flux reflected by the slope
(E )T (6;, @), which itself depends on the neighbourhood ir-
radiance (Eq. 9). This interdependence is due to the mutual
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Dark horizontal surface Snow-covered horizontal surface
Lo S
\\ ~N
Top-hill NS N
~N
sensors \\ NS
\\~ \\\
DT case — - e | ST Case N
\\ \\
~N N
N .
Mid-slope < *—\z:e:—**‘ —T*—\:: —————————————
sensors SO AN
N N
\\ \\
N N
DM case — - = | SM Case N

Figure 2. The four studied cases depending on the sensor position (mid-slope, top hill) and surface type of the horizontal surface: snow (blue),
dark (black). The neighbourhood (i.e. horizontal surface) is seen by the downward-looking sensor in the lower solid angle (green shading, as
in Fig. 1). The upper slope is seen by the upward-looking sensor by the upper solid angle (orange shading). Note that the horizontal surface

is infinite and the slope is infinite except in the top-hill case.

re-illumination by the two surfaces. We assume that radiation
received from the slope is isotropic (as in Eq. 3), meaning
that snow is considered to be a Lambertian surface. This very
common assumption makes possible the analytical calcula-
tions presented in the following. However, we also assume
that the direct albedo has an angular dependency (&dir(é,-)).
These two assumptions are physically incompatible, as the
albedo of a strictly Lambertian surface has no angular depen-
dence. Nonetheless, the angular dependence of snow albedo
has been evidenced by numerous ground observations (e.g.
Dumont et al., 2017; Larue et al., 2019) and must be kept.
On the other hand, the Lambertian assumption is required to
conduct analytical calculations and provide simple formula-
tions. This is the reason why in the following we keep these
two somewhat physically incompatible assumptions.

Multiplying Eq. (10) by the mutual re-illumination factor
M, defined by

M = (1= V)" (11)

and adding the result to Eq. (9) gives the upwelling light flux
for the case S:

ENS6:, i) =

(@56 cos6, + TS0 M;.cos6; ) E + a8 GV (1 + M) £
1 — M?
(12)

Similarly, by multiplying Eq. (9) by M,, the neighbourhood
contribution follows

neigh,S
E, =

(M@ @) cos +@ 01 cost; ) B +aiTV (14 My) B

1— M? - 19

which is symmetrical to Eq. (12), where the role of the slope
and the horizontal surface are permuted.
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2.2 Upwelling and downwelling radiation on the
sensors

The upward- and downward-looking sensors are considered
to be horizontal and to have a perfect cosine response with
a 180° field of view. The flux received by the downward-
looking sensor placed over a slope comes from the slope and
the facing horizontal surface and follows

186i, i) = VE] 6;, ) + (1 = V) E}©¢", (14)

For the irradiance received by the upward-looking sensor,
two cases shall be distinguished (Fig. 2). The first case is
when the measurement is taken on the slope far from the hori-
zontal neighbourhood and far from the top of the slope (here-
inafter case mid-slope or M). In such a case, the part of the
slope above the sensor reflects radiation toward the upward-
looking sensor (orange shading in Fig. 2) which adds up to
the solar direct and sky radiation. The irradiance in case M is
written

Lese M@, i) = ES"™ S (cos6;) cosb; + VE}SLky
+ (A= V)E] @, ¢0), (15)

where the shadow term S(cos éi) is 1 when the sun directly
illuminates the slope and 0 otherwise.

The second case (called T) is when the sensor is above
or close to the top of the slope, but still low enough for the
downward-looking sensor to mostly view the slope. This is
a common case on small slopes. Rigorously, the notion of
“top of the slope” is incompatible with the assumption of
infinite slope used before, but it is acceptable here as a trade-
off between conducting analytical calculations and represent-
ing concrete practical situations. In case T, the irradiance re-
ceived by the upward-looking sensor is given by

15T (0, ) = ES* cos6; + E°. (16)
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From this point, we have all the fluxes required to compute
the albedo for four various cases, depending on whether the
sensor is located at the top (T) or middle (M) of the slope
and on whether the surrounding terrain is dark (D) or covered
with snow (S).

2.3 Apparent albedo

The measured apparent albedo can now be expressed as a
function of the intrinsic direct and diffuse albedo, the diffuse-
to-total ratio, and the geometrical parameters. We present
here the analytical derivation for the case of “small slopes”
and leave the general case of “large slopes” to the Appendix.
A summary of all the results is provided at the end of the
section.

The small-slope approximation mathematically corre-
sponds to neglecting second-order variations in 6, (practical
upper bounds for 6, are given in Sect. 4), so that sinf, ~ 6,
cosb, = 1+0(6,) . It follows that V = 1+ 0(6,) and that for
all the cases considered above (cases S or D and T or M), the
measured albedo reduces to the same mathematical form:

al" 0 = (1 = r)K 0, 6@ 6) + rad™, a7
where we have introduced the geometrical factor

. Ccos é,'
K(9;,6;) =
cos;

, (18)

which is the main term carrying the first-order slope effect,
and the ratio r; between incoming diffuse and total flux far
above the slope:

sky
E A
sky °

=t (19)
E3"cos0; + E;

I

This ratio can be computed with an atmosphere radiative
transfer model (e.g. SBDART, Ricchiazzi et al., 1998, 6S
Vermote et al., 1997) or can be measured with an upward-
looking sensor by obstructing the direct sunlight under the
small-slope approximation (as long as V = 1).

For large slopes, the mathematical derivation of the appar-
ent albedo is more complex because V becomes as important
as K; i.e. the partial screening of the sky by the slope and the
illumination by the neighbourhood have an increasing contri-
bution. The mathematical details are given in the Appendix.
The cases DT, DM, ST, and SM lead to different equations.
Nevertheless, despite the relatively higher complexity com-
pared to small slopes, a common general form can be found
when the diffuse-to-total ratio 7, is measured at the same lo-
cation as the albedo. This form writes

@.(6:) = (1 — /) AST(6;) + 75 AT (20)

and it appears to also be suitable for flat surfaces and small
slopes as well. Table 1 gives the A% and AT for all the
cases considered in the present paper.

The Cryosphere, 14, 1497-1517, 2020

3 Methods

We propose four methods to retrieve the surface albedo based
on measured albedo on moderate slopes, when the small-
slope approximation applies (Sect. 2.3). We consider several
cases depending on whether the slope parameters are known
or not and in the more complex case depending on the addi-
tional available information or assumptions. In all cases, we
assume that the diffuse-to-total ratio of incoming irradiance
is known, which is a critical information to be able to perform
the correction. Lastly, we assume that the albedo angular de-
pendence is given by the asymptotic approximation radiative
transfer (Kokhanovsky and Zege, 2004):

(Yiiff = exp (_\/a_k) , (21)
() =exp (—;(1 + 20059%/07) : 22

where a,, is a factor depending on snow microstructure, ice
absorption coefficient, impurity content and absorption, etc.
Even if this factor is unknown, it is possible to relate the di-
rect and diffuse albedos as follows:

. ce(6) 3
@l (6) = [aglff]n with n(0) = 5(1 +2cosh). (23)

The methods presented in the following solely depend on this
relationship between the direct and diffuse albedos; they do
not explicitly depend on @, and all the hidden complexity in
it. Furthermore they can be easily adapted to other formula-
tions for n(0).

3.1 Albedo correction with known slope parameters

Given the slope parameters (6, and ¢,), measured &;"**, and

measured r), the goal is to estimate &iiff, using the relation-
ship between the direct and diffuse albedos and the small-

slope formulation (Eq. 17) given the following equation:
j (6 .
& = (=) K @O, O[T+ rai, 24)

where the only unknown is @3, It can be solved with any
non-linear equation solver. For instance, rearranging this
equation to let the difference between the direct and dif-
fuse albedos appear leads to a solution that can be efficiently
solved by iterations as follows:

—d
a,

Gmes — (1 = 1)K (agiff(j) - [aﬁi“(j)]"‘””)

—diff,
1) =
@ u+D (I=r)K+r

(25)

with j the iteration counter, starting at O with Eiiff( j=0)=
min(&}", 1). The convergence has been tested for a wide
range of parameters. Even in the worst case (i.e. the slope
opposed to the sun, grazing zenith incidence angle, K = 0.2),
10 iterations are sufficient to reach a precision of 0.1 %. In
most practical cases (K close to 1), fewer than five iterations
are sufficient.

www.the-cryosphere.net/14/1497/2020/
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Table 1. Apparent albedo formulation &(6;) = (1 — ;ﬁ)Adir ;) + # A for horizontal terrain, small slopes, and for four configurations with
significant slopes depending on whether the neighbourhood is covered by snow or by a dark surface, and the albedo and diffuse-to-total ratio
measurements are taken mid-slope or at the top of the slope. The slope is not in its own shadow S(cos 6;) > 0. We have also introduced
M=(1- V)Ediff. The A dependence is implicit for the sake of simplicity.

Case Adirg.y Adiff
No slope adirg;) diff
Small slope Kaditg;) diff
Dark & top (DT) V Kadit4;) v 2gdiff
Dark & mid-slope (DM) mrkatrd) et
VAMA-V) o gir s, MV +A=-V)_gie V. _diff
Snow & top (ST) WKC{ (gi)_{_wa ) l—Ma
1-V+M_y; .
Snow & mid-slope (SM) Tou Ailr(e )+ 1_'_7;15(1”(91') diff

3.2 Albedo correction with unknown slope parameters

The slope parameters are often unavailable or the precision
on these parameters is insufficient. If we further assume that
surface snow contains negligible amounts of light-absorbing
impurities, the intrinsic albedo in the visible wavelengths is
nearly constant and close to a value of 1 over a wide range,
typically between 400 and 500 nm (Warren and Wiscombe,
1980). This range is also where the slope effect on albedo is
the most visible — which is highlighted in Sect. 4 — so that
constraining adlff = o for a range of wavelengths provides
a way to estimate K. Indeed, Eq. (24) becomes linear in K if
n is calculated by approximating 6; by 6;, an approximation
that is more and more valid as o gets closer to 1. One albedo
measurement at one wavelength is in principle sufficient to
estimate K, but to improve the reliability we consider here
multiple measurements at L different wavelengths A; in the
range of 400-500 nm. The least-square optimal solution of
the linear equation with the unknown K gives the estimate
K according to

N,
12 (ozine‘ — Vxlao) (l — r,\])

Ig =
1=Al (1 - rkz)zo‘g(@i)

(26)

Here we use ag = 0.98. From K , it is possible to estimate
fz(é,-) = %(1 + 2K cos#;), which is sufficient to apply the it-
erative method depicted in Eq. (25) and hence to obtain the
diffuse albedo. Note however that knowing K is insufficient
to estimate the slope angles 6,, and ¢,,.

3.3 Unconstrained and constrained correction of the
diurnal cycle of albedo with unknown slope
parameters

Another practical case is when albedo is measured at differ-
ent hours during a single day. If we can assume that snow
properties have not evolved during that day (e.g. no precipi-
tation, no melt), @ _d‘ﬁ is a constant. This assumption leads to

www.the-cryosphere.net/14/1497/2020/

the following system of equations:

aye () =1 —rut Do

cos; (1) [_dlﬁ] 3 (142cos6; (1)

0s0; (1)
+n.(ma", @7
coséi (t) = S[cos0;(t)cosby
+sin6; (t) sinb, cos(¢; (t) — Pn)], (28)
—dlff

where o} is the unknown along with the two slope pa-
rameters 9 and ¢,. Assuming that albedo measurements
are taken at N, wavelengths, and N, time steps, the num-
ber of equations is N, N; and the number of unknowns is
N, + 2. Because of the strong non-linear coupling between
the unknowns, no simple analytical method is devisable, but
the system can be numerically solved with non-linear least
squares using the cost function

Ny Ni

ZZ(GECS(IJ) —Olirlmd(t]))z, (29)

where o’zfl“’d(t[) is given by the right term in Eq. (27). Min-
imizing the cost function in this study is performed using
the Python function scipy.optimize.leastsq implementing the
Levenberg—Marquardt algorithm (Levenberg, 1944).

Another method is derived for situations where the snow
surface is known to be free of impurities. In such a case, it
may be interesting to constrain the albedo value in the blue—
green range, 6&‘“ = g, A € [400nm, 500nm], as in Sect. 3.2.
Adding such a constraint is straightforward using the Python
function scipy.optimize.minimize.

3.4 Data

Albedo data were acquired at the Col du Lautaret site
(45°2'4"N, 6°24’'18” E) in March and April in the frame-
work of the EBONI campaign running from 2016 to 2019,
already presented in Tuzet et al. (2019) and Larue et al.
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(2019). The albedo data were collected at different locations
with various slope configurations in an overall snowy envi-
ronment, using the manually operated albedometer Solalb,
and at a fixed position on a south-east-facing slope using the
automatic spectrometer Autosolexs.

Solalb is composed of a single light collector fixed at
the tip of a 3m long arm and connected to a spectrometer
(400-1050nm) (Belke-Brea et al., 2019; Tuzet et al., 2020).
Downwelling and upwelling fluxes required to compute the
albedo are successively acquired by manually rotating the
arm held horizontally, hence pointing the collector upward,
then downward. The albedo acquisition is only considered
valid if the solar variations stay within 0.1 % during this op-
eration, which takes no more than 30s. Levelling of the col-
lector, which is critical for the quality of the data, is adjusted
and maintained by the operator during the measurements us-
ing an electronic inclinometer fitted adjacent to the light col-
lector. The accuracy and stability are usually better than 0.2°.
Sensor height is about 1 m. The processing of the raw spec-
tra to compute albedo is detailed in Picard et al. (2016b).
Repeatability of the measurements in clear-sky conditions
is better than 1%. In addition, the diffuse-to-total ratio is
measured by first recording the total downwelling flux, as
for the albedo measurement, and second the diffuse down-
welling flux by shading the collector from the direct sun
using a thin black metallic strip fixed to the arm. The ratio
is calculated following the same processing steps as for the
albedo. Terrain slope is measured after the Solalb acquisition
using a 3m long and 5 cm wide bar fitted with an electronic
inclinometer. In 2018 when Solalb data were obtained, the
greatest slope was sought by rotating the bar on the surface
until the maximum inclination was found. The azimuth of
the bar, giving the aspect of the slope, was measured with
a handheld compass. In 2019, at the Autosolexs location,
the slope was measured at the end of the season only, by
taking two inclination measurements with the bar lying in
the north—south and east—west directions. The greatest slope
and azimuth were deduced by calculation. Despite the incli-
nometer intrinsic accuracy (0.1°), the precision of the slope
and aspect angle obtained with these protocols is relatively
mediocre (probably > 1°) compared to the requirements for
the albedo interpretation. It is also worth pointing out that the
natural surface is not always a perfect plane, even at the scale
of the bar (3 m), but the roughness was not recorded.

Autosolexs has two fixed light collectors pointing upward
and downward, which are successively connected to a spec-
trometer by an optical switch (Picard et al., 2016b) every
12 min. The collectors and the spectrometer have the same
specifications as those in Solalb. Sensor height is about 2 m.
Data processing, detailed in Picard et al. (2016b), also fol-
lows the same steps as for Solalb acquisitions, except that
an additional cross-calibration step is required to account for
the slightly different responses of the two collectors. In addi-
tion to albedo, Autosolexs automatically records the diffuse
irradiance using a third light collector shaded by a small rod
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following the course of the sun. Data used here were acquired
on 23 March 2018 in clear-sky conditions.

4 Results

4.1 Theoretical analysis of the apparent albedo
formulations

4.1.1 Quantitative impact of slope on apparent albedo

The impact of the slope is studied considering both 100 %
diffuse radiation (overcast conditions) and 100 % direct ra-
diation for various zenith solar angles 6;. In all cases, the
sun is located to the south. For an intrinsic direct albedo of
0.8, Fig. 3 shows the impact of the slope from —35° (north-
facing) to 35° (south-facing). With direct illumination, the
impact of the slope is considerable and greatly increases with
the solar zenith angle. For instance a sun-facing slope of 10°
affects the albedo by +0.04, 40.13, and +0.42, at SZAs
of 20, 45, and 75° respectively. Neglecting the slope effect
leads to detectable albedo errors of 0.01 or larger for slope
inclinations larger than 2° at a SZA of 20°. This inclination
value drops to 0.7° at a SZA of 45° and to 0.3° at a SZA
of 75°. Such slopes are very small and barely visible to the
eye in the field, yet have a detectable effect on the albedo. At
SZA =70°, which is typical of winter at mid-latitudes, the
apparent albedo ranges from 0 to 1.6 over the investigated
slope range, a 2-fold variation with respect to the flat albedo
value. At SZA = 45°, which is a typical angle during the melt
period in many regions, the apparent albedo ranges between
0.25 and 1.1 for the various formulations. Even when the
sun is high (SZA = 20°), albedo varies significantly from 0.4
to 0.9. Apparent albedo higher than 1.0 for the south-facing
slopes may be surprising at a first glance, but it is mainly the
consequence of the K factor which accounts for the higher
interception probability of the sun beam by these slopes fac-
ing the sun compared to horizontal surfaces. It is clear that
apparent albedo (being higher or even lower than 1) must not
be used for energy budget calculations as is commonly done
for a flat terrain.

The differences between the scenarios appear on the graph
starting from about a 10° slope (both north- and south-
facing). For a slope of 35°, the maximum difference is 0.2
for SZA = 45° and 0.4 for SZA = 70°. The smallest appar-
ent albedo in south-facing slopes is for surrounding dark sur-
faces and the mid-slope position of the sensor, because the
downward-looking sensor has a deficit of incoming radiation
due to the dark surface, while the upward-looking sensor has
an excess due to downward reflections from the upper slope.
The opposite is estimated with surrounding snow and a sen-
sor located near the top of the slope, because the downward-
looking sensor receives additional illumination from the hor-
izontal area while the upward-looking sensor is not affected
by the slope.
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Figure 3. Apparent albedo as a function of slope computed for various formulation and different illumination conditions. The flat albedo is

here fixed to 0.8 and the no diffuse radiation is considered.

The slope effect is largest under direct illumination, which
occurs most in the near-infrared domain under clear-sky con-
ditions. Under diffuse radiation (overcast conditions or in the
blue and UV ranges) the slope effect is null for the small-
slope formulation (bottom right panel in Fig. 3) and very
weak when the surrounding surfaces are covered by snow
and leads to a decreased albedo for a dark neighbourhood,
but this decrease is generally smaller than the impact under
direct illumination.

The dependence of the albedo variations with slope on
the type of illumination is of practical interest to understand
spectral albedo measured in natural conditions, which is ad-
dressed in the next section.

4.1.2 Spectral shape of the apparent albedo on a slope

Under clear-sky or partially cloudy conditions, the propor-
tion of direct and diffuse incident radiation varies as a func-
tion of the wavelength, and given the contrasted response to
the slope between direct and diffuse albedo the shape of mea-
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sured albedo spectra is distorted over slope. Figure 4 illus-
trates this distortion by showing theoretical apparent albedo
spectra for various slopes under clear-sky conditions. The
calculation here assumes pure Rayleigh diffusion, with a
given diffuse-to-total ratio modelled as r, = (Ag/X)" with
n =4 and 19 =350nm. The snowpack is considered to be
homogeneous and infinitely deep. The specific surface area
(SSA) is set to 20m? kg~!, a typical value for near-surface
snow in Alpine regions in winter (Dumont et al., 2017) and
on the Antarctic Plateau in late summer (Libois et al., 2015).
The snow is free of any impurities. To relate the direct and
diffuse albedo to snow physical properties, we rely on the
asymptotic radiative transfer theory (Eq. 21), where

4mny B 1
L 3(1—g) piceSSA’

a), = 16 (30)

with the ice permittivity imaginary part n} taken from Pi-
card et al. (2016a) and the ice density pjce = 917kg m~3 and
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the shape factors B = 1.6 and g = 0.845 according to Libois
et al. (2014).

The flat surface case (second panel in Fig. 4) shows
a typical albedo spectrum (Warren and Wiscombe, 1980)
with a nearly constant value in the blue and green range
(400-550nm) and a decreasing trend at longer wavelengths
attributed to the increasing ice absorption (Warren and
Brandt, 2008; Picard et al., 2016a). The absorption feature
at 1030 nm is more marked than that at shorter wavelengths
(800 and 890nm) and leads to a local minimum which is
often used to infer grain size metrics (Painter et al., 2007;
Kokhanovsky et al., 2019). Because we have chosen 6; =
45°, the direct and diffuse components (dash grey curves)
are similar and as a consequence are overlaid by the apparent
albedo spectrum (blue curve) that is a weighted proportion
of both components. For other 6; angles, despite a potentially
larger difference between the diffuse and direct albedo, one
would observe the same plateau in the blue and green range
with a value close to 1 for flat terrain.

When the terrain is not flat, the shape of the albedo spec-
trum is affected and not only depends on the ice absorption
variations but also on the proportion of direct and diffuse illu-
mination. In the red and infrared range (> 700 nm), because
the illumination is mostly direct, we observe that the appar-
ent albedo is close to the direct albedo and is therefore very
sensitive to the slope as shown in the previous section. It is
lower for a north-facing slope compared to the albedo over a
flat terrain and is larger for a south-facing slope. In the blue
range (close to 400 nm) where scattering by the atmosphere
is significant, the apparent albedo spectrum lies between the
direct and the diffuse albedo curves, and, because the dif-
fuse albedo is always close to 1 for small slopes, the apparent
albedo also tends to 1. In the intermediate range, between the
blue and the red ranges, the variations in albedo with wave-
length are driven by the transition from diffuse-dominant to
mostly direct illumination rather than by the variations in the
ice absorption. The result is a distortion of the spectra shape
that depends on the slope and on the illumination conditions.

The distortion is very different for north- and south-facing
slopes. For a north-facing slope, where the direct albedo is re-
duced by the slope and is thus systematically lower than the
diffuse albedo, the apparent albedo shows a marked decrease
from the blue to the red ranges (left column in Fig. 4). Con-
versely, for a south-facing slope, the albedo first increases
with wavelength due to the increasing proportion of direct
illumination and then decreases because the ice absorption
increases rapidly enough to dominate the trend (right col-
umn and bottom middle in Fig. 4). The albedo for a south-
facing slope thus presents a maximum value in the transition
wavelength range, which is always above 1, around 1.008
at 490 nm for a 2° slope, 1.09 at 570 nm, and 1.18 at 600 nm
(values taken from the small-slope calculation). These values
depend on the illumination conditions and snow characteris-
tics, as lower n, Ag, 6;, or SSA lead to a lower maximum.
The strongest distortion of the spectra is observed for steep
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slopes, low sun elevation, low aerosol content, and high alti-
tude. It is noteworthy that all the approximations accounting
for the slope effect yield the same general distortion; only
small differences appear from about 10° and become signif-
icant from about 20°, as shown in the previous section and
in Fig. 3.

4.2 Comparison between theoretical calculations and
albedo measurements

A set of Solalb measurements acquired in winter 2018 on
clean and dry snow has been selected to cover a wide range of
slope inclinations and orientations. The comparison with the
theoretical apparent albedo using measured slopes, SSA, and
diffuse-to-total ratio is shown in Fig. 5 (left column, sorted by
increasing slope) for the small-slope approximation and the
SM case. The latter was chosen among the four large-slope
cases because the surroundings were fully covered by snow
and the measurements were taken mid-slope. The agreement
is variable, but, in general, the measured (apparent) albedo
spectra are clearly affected by the slope as predicted by the
theory. All the cases show that the measured albedo is either
lower or higher than 1 according to the slope aspect rela-
tive to the sun azimuth; that is, for cases 1, 2, 3, 5, and 7
that are opposite to the sun, the albedo is lower than 1 and
features a decreasing trend in the blue—yellow range, while
for cases 4 and 6 facing the sun, the albedo is higher than
1 and features a maximum in the green—yellow range. The
root-mean-square error (RMSE) is in the range of 0.015-
0.04, the worst cases being the ones with the largest slope.
The bias (calculated minus measured albedo) is variable be-
tween about —0.02 and 0.02 except for the largest-slope case
(case 7) where it reaches 0.04. Lastly we note that the dif-
ference between the two approximations (small slope and
SM case) is undetectable in all but case 7 with an 18° slope,
and even in this case the difference is much smaller than the
discrepancies between the measured and calculated albedo.
This indicates that the uncertainties in the albedo measure-
ments and the ancillary data required to perform the calcu-
lation (slope, SSA, and diffuse-to-total ratio) are larger than
the theoretical formulation differences and therefore that im-
proving the measurement accuracy is a higher priority than
developing more advanced theories. As a corollary, using the
simple small-slope approximation is probably sufficient for
most applications.

Figure 6 shows a similar calculation for the Autosolexs
measurements taken on 23 March 2018, a day with contin-
uous clear-sky conditions. Since not all the measured and
calculated spectra can be shown (acquisition every 12 min),
we selected spectra at a few representative hours (panel a)
and albedo time series at a few representative wavelengths
(panel b). The slope estimated from a 50 cm resolution digital
elevation model (DEM) of the Lautaret area gives 6, = 4.5°
and ¢,, = 165°. However, the calculation using these angles
disagrees with the observations, so that we increased the
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Figure 4. Spectra of apparent albedo for various slopes under blue-sky conditions (the diffuse irradiance decreases as a power of 4 of the
wavelength). The grey curves are calculated with the small-slope approximation.

slope inclination up to 6, =7.5° to obtain the agreement
shown in Fig. 6. A possible explanation is the difference be-
tween the snow surface and the DEM that was acquired over
bare ground, but we did not perform in situ slope and aspect
measurements in the footprint of the sensor, to avoid snow
disturbance. This issue emphasizes the difficulty to acquire
in situ slope measurements, which are valuable to perform
albedo corrections or interpretations. UAV and laser scanners
are possible tools to acquire an accurate snow digital sur-
face model in a non-invasive way (Deems et al., 2013; Biih-
ler et al., 2016). In addition we choose SSA = 30m?kg™!
to obtain an agreement in the near-infrared range (1030 nm).
This value falls within the range of SSA measured a few days
earlier in the surroundings (14 March, Fig. 5).

With the slope being south-south-east, most albedo spec-
tra are affected by sun-facing distortions, i.e. a maximum
higher than 1 in the visible range and a concave spectral
shape, which is also predicted by the calculation. A greater
distortion is observed in the morning when the sun is fac-
ing the slope, while the spectrum taken just before the lo-
cal sunset is almost unaffected. The agreement between the
measurements and the theory is overall good even though the
adjustment of the slope inclination has a great influence on
such a result. The largest discrepancy between measurements
and calculations is found at the end of the day, in the near-
infrared range, suggesting that snow metamorphism during
the day might have decreased the specific surface area. Ad-
ditional simulations with a SSA of 22 m? kg_l (dotted line)
solve this discrepancy at the end of the day.

www.the-cryosphere.net/14/1497/2020/

4.3 Albedo correction

The correction methods described in Sect. 3 are applied to
the measurements used in the previous section, first using
the individual measurements taken with Solalb and second
the time series of measurements at a single location taken
with Autosolexs.

4.3.1 Albedo correction with known and unknown
slope parameters

Figure 5 (second and third columns) shows corrected albedo
using the measured diffuse-to-total ratio, assuming the angu-
lar dependence in Eq. (23). The calculation either uses the
measured slope inclination and aspect (in the second col-
umn) or considers optimized slope parameters (in the third
column). The quality of the correction is judged according
to (1) the resemblance of the shape of the corrected albedo
spectrum to a flat-terrain albedo and in particular whether
the albedo is constant and close to 1 in the blue—green range
and (2) the adequacy of the theoretical flat-terrain albedo cal-
culated using measured SSA to fit the corrected albedo in
the near-infrared domain (distance of the violet or red curve
from the grey curve). In all the cases, the corrected albedo
is closer to a flat-terrain albedo spectrum than the measured
one, meaning that the correction improves the measurements.
In general, the correction without using the slope parame-
ters yields nearly flat albedo with a value lower than 1 in
the blue—green range, meaning that even a highly distorted

The Cryosphere, 14, 1497-1517, 2020



1508 G. Picard et al.: Spectral albedo measurements over snow-covered slope

12 Forward calculation 12 Correction with known slope 12 Correction with unknown slope
’ Bias: -0.021 ' Bias: 0.026 ' Bias: 0.0054 | No.1
RMSE: 0.023 RMSE: 0.029 RMSE: 0.014 Slope: 1.6°
1.04 1.0 1.0 4 Aspect: 36°
T SZA: 62.4°
] SAA: 234°
2 0.84 SN 0.8 0.8 SSA: 26.0 m2kg~t
< XS Ta00nm: 0.34
—— Solalb measurement —— Solalb measurement —— Solalb measurement 2018-03-14 14:46:33
0.6 9 Small-slope calculation 0.6 1 —— Flat albedo calculation 0.6 — Flat albedo calculation
% SM case calculation ——— Correction with known slope —— Correction with unknown slope
0.4 T T T 0.4 T T T 0.4 T T T
400 600 800 1000 400 600 800 1000 400 600 800 1000
1.2 1.2 1.2
Bias: 0.011 Bias: -0.014 Bias: 0.031 No. 2
RMSE: 0.027 RMSE: 0.03 RMSE: 0.038 Slope: 7.9°
1.04 1.0 4 Aspect: 56°
— SZA: 39.8°
] oo SAA: 198°
2084 0.8 SSA: 10.0 m?kg~*
=< Fa00nm: 0.31
2018-04-06 12:23:59
0.6 q 0.6
0.4 T T T 0.4 T T T 0.4 T T T
400 600 800 1000 400 600 800 1000 400 600 800 1000
1.2 1.2 1.2
Bias: -0.026 Bias: 0.033 Bias: -0.0064 | No.3
RMSE: 0.027 RMSE: 0.034 RMSE: 0.0089 | Slope: 8.7°
1.0 1.0 = = e 1.0 4 Aspect: 58°
- . SZA: 53.4°
] - : SAA: 215°
2 0.8 0.8 s 0.8 SSA: 50.0 m2kg~!
Ed o Fa0onm: 0.34
064 064 064 2018-03-14 13:33:30
0.4 T T T 0.4 T T T 0.4 T T T
400 600 800 1000 400 600 800 1000 400 600 800 1000
1.2
No. 4
Slope: 8.7°
1.0 e Aspect: 182°
SZA: 63.9°
S SAA: 236°
3 0.8 1 SSA: 36.5 m2kgt
< ra00nm: 0.34
2018-03-14 14:57:19
0.6 1 0.6 0.6
Bias: -0.034 Bias: 0.028 Bias: -0.012
RMSE: 0.035 RMSE: 0.029 RMSE: 0.013
0.4 T T T 0.4 T T T 0.4 T T T
400 600 800 1000 400 600 800 1000 400 600 800 1000
1.2 1.2 1.2
Bias: -0.0086 Bias: 0.0071 Bias: 0.013 No. 5
RMSE: 0.016 RMSE: 0.018 RMSE: 0.021 Slope: 8.8°
1.0 1 1.0 o Aspect: 20°
SZA: 44 .4°
8 SAA: 185°
2 0.8 SSA: 21.5 m2kg~?
=< Fa00nm: 0.33
2018-03-22 11:56:25
0.6
0.4 T T T 0.4 T T T 0.4 T T T
400 600 800 1000 400 600 800 1000 400 600 800 1000
1.2 1.2 1.2
Bias: -0.025 Bias: 0.014 Bias: 0.0044 No. 6
RMSE: 0.04 RMSE: 0.029 RMSE: 0.023 Slope: 14.3°
1.04 1.0 s Aspect: 178°
SZA: 38.7°
] SAA: 174°
2 0.81 0.8 SSA: 10.0 m2kg~*
E: F400nm: 0.61
2018-04-06 11:20:59
0.6 - 0.6
0.4 T T T 0.4 T T T 0.4 T T T
400 600 800 1000 400 600 800 1000 400 600 800 1000
1.2 1.2 1.2
Bias: 0.018 Bias: -0.043 Bias: -0.022 No. 7
RMSE: 0.02 RMSE: 0.046 RMSE: 0.03 Slope: 18.3°
1.04 1.0 4 1.0 4 Aspect: 15°
SZA: 54.2°
8 SAA: 226°
2 0.84 0.8 0.8 SSA: 29.9 m?kg~*
B Fa00nm: 0.33
2018-03-22 14:03:01
0.6 q 0.6 0.6
0.4 T T T 0.4 T T T 0.4 T T T
400 600 800 1000 400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5. Measured, calculated, and corrected albedo for seven acquisitions (rows) taken in different terrain configurations. The first column
compares apparent albedo calculated from the theory (small slope and SM case) to measured albedo. The second column compares corrected
albedo using measured slope parameters to intrinsic diffuse albedo calculated for a flat surface using measured SSA (grey). The third column
is similar to the second column, except that the measured albedo is corrected without using measured slope parameters but by assuming clean
snow. The second and third columns also show measured albedo to highlight the change due to the correction.
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Figure 6. Measured (plain) and simulated (dashed) albedo acquired on 23 March 2018. (a) Albedo spectra acquired at four selected hours
during the day; (b) albedo as a function of time for three selected wavelengths.

albedo can be recovered. The correction method yields bet-
ter results than with the measured slope parameters (all ex-
cept case 2 and case 5 which shows a marginal deterioration),
highlighting the difficulty to measure sufficiently accurate
slope parameters. However, the slope uncertainty is not the
only cause; for instance, the shape of the measured spectra in
case 2 seems too flat in the range of 400—600 nm, suggesting
a measurement artefact. Neither the forward simulation nor
the corrections reproduce a “normal” spectral shape.

Overall, we also note that the quality of the correction does
not depend on the slope inclination. The amplitude of the cor-
rection (i.e. the difference between the blue and the violet or
red curves) can be large (e.g. case 7); still the correction is
satisfactory. These results show that the correction of appar-
ent albedo is possible for a relatively large range of slopes,
even without knowing the slope parameters. However, this
high performance relies on the assumption of clean snow and
on the quality of the cross-calibration between the upwelling
and downwelling flux acquisitions, which is usually not an is-
sue for manual measurements (e.g. Carmagnola et al., 2013),
because the same channel is used for both acquisitions, but
could be an issue for dual-channel automatic spectrometers
(e.g. Picard et al., 2016b). With the method interpreting any
departure from g = 0.98 in the blue—green range as the pres-
ence of slope, the correction would be incorrect if this depar-
ture were to be caused by impurities, a poor cross-calibration,
or any other artefacts.

4.3.2 Albedo correction for diurnal cycle
measurements with unknown slope parameters

Figure 7 shows Autosolexs albedo spectra corrected using
the diurnal time evolution on 23 March 2018 with the uncon-
strained (blue) and constrained (orange) methods described
in Sect. 3.3. All the spectra measured between 08:30 and
16:00 UTC (grey curves) are used as inputs of the methods.
Since no in situ SSA were measured near the albedometer it
is not possible to compute the expected diffuse albedo that
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Figure 7. Albedo spectra measured with Autosolexs (grey) and cor-
rected (orange, blue) on 23 March 2018. Measured albedo during
overcast conditions on 2 March 2018 are also shown (green).

the correction methods are expected to approach. However,
fully overcast conditions occurred 4 d later, and, assuming
that the near-surface snow did not change during this lapse
of time, the albedo measured then (green curves) provides
a reference diffuse albedo to assess the performance of the
correction.

The albedo spectrum corrected without constraint (blue
curve) shows an improvement compared to the measured
albedo spectra (grey). The albedo value is more constant in
the visible range and closer to 1 in the blue—green range.
Nevertheless, it is still higher than 1 and slightly concave,
which is a clear sign of insufficient correction. Furthermore,
the method produces mixed results depending on the condi-
tions (e.g. taking a subset of the inputs, results not shown).
This unstable behaviour comes from the fact that the only
constraint to infer the slope parameters is provided by the
temporal variations induced by the course of the sun. In turn,
any small uncertainty that affects the angular behaviour of
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the sensor (e.g. imperfect levelling or imperfect cosine re-
sponse), of the snow surface albedo (e.g. roughness), or of
the underlying theory (mainly Eq. 23) may have significant
consequences. In our case, the method appears unsuitable for
radiative forcing calculations, which require albedo at least
lower than 1, but it could be helpful when only wavelength
band ratios are necessary (Mary et al., 2013). The case of
small slopes may also be more favourable and remains to be
explored.

Assuming an impurity-free surface brings a strong con-
straint on the albedo in the visible, and, if it is true, precisely
provides what was missing in the unconstrained method. The
constrained method performs well in our case (orange versus
green curves, in Fig. 7), especially in the visible range. The
slightly higher value in the near-infrared range is not neces-
sarily an error, as it could reflect a decrease in SSA during
the 4 d between the clear-sky measurements (23 March) and
overcast measurements (27 March). Although the correction
method only constrains the albedo value in the visible range,
the shape of the spectrum is almost perfectly corrected over
the whole spectral range, and the spectrum is smooth (which
could have been added as a constraint, but was not). The
smoothing comes from the fact that all the measured spectra
are effectively used in the estimation process, cancelling the
incoherent noise visible in the measurements (grey curves).

Along with the corrected albedo, both methods provide es-
timates of the two slope angles, which was not possible with
the methods using a single acquisition. We obtain a slope of
3° with the unconstrained method. This low value explains
why the corrected albedo is still higher than 1 at some wave-
lengths and still has the traits of a sun-facing slope. In con-
trast, the constrained method estimates a slope of 7.6° and
an aspect of 157° and achieves a good correction. Only the
aspect agrees with the DEM (bare ground) of the area.

5 Discussion
5.1 Apparent albedo and energy conservation

The theoretical developments and the measured spectra pre-
sented throughout this paper make it clear that the “apparent
albedo” of a slope is not an albedo sensu stricto and must not
be used to compute the energy absorbed by the surface with
the usual equation (1 — ) E". This is obvious when the ap-
parent albedo value is higher than 1, because the calculated
absorption would then become negative, but this statement
holds true even for values lower than 1. The reason is that
the apparent albedo is not a purely reflective property of the
surface; it also contains the factor converting the energy re-
ceived on a flat surface to that received by the slope (K), as
well as other terms in the case of large slopes. Only the re-
flective property is subject to energy conservation; K is not.
A correct way to calculate the absorption A, per unit of flat

The Cryosphere, 14, 1497-1517, 2020

ground surface area is

A =

= —— (A=) =T @)K @, 6) cos6, 5"
cosb,

(1 =TI ER),
€1y

which requires more information than just the apparent
albedo and the irradiance. It is thereby inapplicable in many
situations such as when only the spectral albedo is mea-
sured. This equation respects the energy conservation princi-
ple even if K > 1, because the energy absorbed on the slope
is always lower than the irradiance (E3"" 4 E;ky), owing to
KcosH; < 1.

It is worth recalling that measured broadband albedo is
similarly subject to the slope effect and that the usual equa-
tion (1—a)SWY is also invalid on a slope when « is measured
with horizontal sensors, even though the measured value is
lower than 1. Furthermore, the slope effect is impossible to
detect from a single acquisition of broadband albedo.

Ideally, the term “albedo” should not be used to refer to the
ratio of upwelling and downwelling light fluxes over a slope,
but in practice, we recommend at least considering this issue,
systematically using the terms “apparent” or “measured”.

5.2 Albedo accuracy and slope effect

All the results presented in Sect. 4 highlight the large and
complex sensitivity of the apparent albedo to slope. If one
targets an albedo measurement accuracy of 0.01 (Picard
et al., 2016b) — for instance to detect small amounts of impu-
rities (Warren, 2013), to detect multiannual trends (Dumont
et al., 2014), or to close the surface radiative budget within
4-8 W m~2 — the error on the slope inclination should remain
below 0.6° (considering the sun at a 45° zenith angle and not
including aspect error, a very favourable case). This under-
lines the high level of measurement quality requirements.
Improvement of instruments (equipped with an inclinome-
ter) and protocols (systematic acquisition of diffuse-to-total
ratio and slope inclination) is a response to these require-
ments. Another response is the ad hoc correction of the mea-
sured albedo. In a first attempt, it was common in our com-
munity to normalize the measured albedo to 1 (or 0.98) in
the visible range (e.g. Picard et al., 2016b) because it helped
overcome not only the slope effect but also other common
problems, such as the cross calibration of the upwelling and
downwelling channels or the poor cosine response of the sen-
sors (Zibordi and Bulgarelli, 2007; Picard et al., 2016b), or
eliminate operator shadows (Carmagnola et al., 2013). How-
ever, this is an error-prone practice, because the spectrum of
the scaled albedo on a slope looks similar to the albedo of
dirty snow surface in the case of sun-facing slopes, as illus-
trated in Fig. 8. The convex shape in the visible domain is
indeed a common feature of both flat dirty snow and pristine
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Figure 8. Example of scaled spectrum of pristine snow affected by a
small slope (2°) and comparison to dirty snow spectrum with fitted
SSA and black carbon (BC) content.

snow slopes. For instance a pristine snow surface with a small
slope of 2° has a similar albedo to a flat dirty snow surface
with 61 ngg~! of black carbon, if the apparent albedo mea-
sured on the slope is scaled down by 3 % only (blue curve in
Fig. 8), so that its maximum is equal to 0.98.

We thereby recommend not applying rough scaling but in-
stead using a proper correction method as described in this
paper. Nevertheless, the risk of over or undercorrections also
exists and may result in confusion with dirty snow. For in-
stance overcorrecting measurements taken over pristine snow
on a slope facing away from the sun result in a spectrum with
a convex shape characteristic of dirty snow. Our conclusion
is that small slopes, impurity content and calibration errors,
sensor angular response, and operator shadows are interre-
lated, and only a global assessment of the main error sources
and a consistent treatment of these sources can lead to prop-
erly corrected albedo spectra.

5.3 The correction methods and their underlying
assumptions

The results show that the correction of the slope effect is pos-
sible in the domain of validity of small slopes (<15°), but the
method to be applied depends on the available information
about the actual illumination and slope and/or some assump-
tions on the snow impurity content. Throughout the paper, we
have assumed a known diffuse-to-total ratio, either because it
was measured at the same level as the albedo measurements
or as a fallback because it was calculated above the mountain
ridge with an atmospheric radiative transfer model. Knowing
this ratio is absolutely required to correct albedo in the visi-
ble domain, except in the very particular case of a solar zenith
angle close to the effective angle of the diffuse illumination
(in the AART formulation, this occurs when n(6) ~ 1 and is
usually 45-50°). In the near-infrared domain under clear-sky
conditions, the diffuse illumination can be neglected, and, if
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the variation in SSA can also be neglected, a correction with-
out the diffuse-to-total ratio is feasible.

Here we used diffuse-to-total ratio measurements acquired
at almost the same time as the albedo acquisitions, which is
a very favourable case. Weiser et al. (2016) use nearby mea-
surements of the ratio but considered a constant value for all
clear-sky days. The solution to use an atmospheric model is
attractive when no measurements are available. Tuzet et al.
(2020) obtained consistent results using the SBDART model
(Ricchiazzi et al., 1998) parameterized with a generic mid-
latitude winter atmosphere and only considering solar zenith
angle variations, under the condition that clear-sky condi-
tions are separated from overcast conditions. Dumont et al.
(2017) applied the same model but used actual atmospheric
profiles obtained from a meteorological analysis and cloud
optical depth adjusted using shortwave in situ measurements.
The trade-off between costs and benefits of using such a com-
plex setting and more generally the impact of the accuracy of
the diffuse-to-total ratio remain to be assessed.

When a single albedo acquisition is available, the most
favourable case is when the slope angles (inclination and
aspect) or the slope parameter (K or the local solar zenith
angle) are precisely known. The correction then requires no
assumption on the snow surface (works for clean snow and
snow covers with any impurity content). The main required
assumption is the angular dependence of the direct albedo
(Eq. 23) which depends on the theory used (here AART) and
on the smoothness of the surface. However, our results show
that the quality of the correction is variable and we suspect
the slope parameters’ accuracy to be an issue (Fig. 5, second
column). Assuming that snow is clean strongly constrains the
correction and relaxes the requirement of knowing the slope
parameters (Fig. 5, third columns). When the SSA is known
with precision, it should also be possible to devise a correc-
tion method without the slope parameters (not covered in this
paper). At last, the case of dirty snow, unknown SSA, and
unknown slope parameters cannot be solved with a single
acquisition.

When multiple albedo acquisitions at the same location are
available for a wide range of sun positions (e.g. time series of
albedo), a correction method exists assuming constant snow
properties throughout the acquisitions but without the re-
quirement of assuming clean snow or a known SSA (Eq. 29).
The variations in the distortion of the spectrum carry the sig-
nature of the slope effect, enabling in principle the recovery
of both slope inclination and aspect. The method should best
work when the sun azimuth covers a wide range such as in
the polar regions during the summer. In mid-latitude regions
the range is more limited (less than 180°), which may explain
the mediocre results we obtained with this method (Fig. 7).
Another possible explanation is that SSA was varying at the
end of the day as suggested in Sect. 4.2 and Fig. 6. As ob-
served for the single-acquisition case, assuming clean snow
provides a strong constraint, and the correction is then excel-
lent (Fig. 7). Although this strong constraint holds most of
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the time in winter, in spring at the end of the season snow
is rarely clean in mountains, and, as discussed in Sect. 5.2,
small slopes and small amounts of impurities can have simi-
lar signatures.

The correction method proposed by Dumont et al. (2017),
applicable to time series of albedo over dirty snow surfaces,
makes a stronger assumption to untangle the effect of slope
and impurities. It assumes a known analytical formula for
the shape of the spectrum, which applies when the type of
impurities is perfectly known (e.g. BC or dust of known ori-
gin, or algae), and the absorption spectrum can be prescribed
in the AART theory yielding a relationship between albedo,
SSA, and impurity concentrations. The joint optimization of
slope angles, SSA, and impurity concentration is efficient as
demonstrated at Col de Porte (Dumont et al., 2017) and Col
du Lautaret (Tuzet et al., 2020). If these strong assumptions
are acceptable, and depending on the final goal of the correc-
tion, this method is certainly the most efficient.

Another important assumption used in the present paper
is the perfect levelling of the sensors. It applies well to our
measurements because the inclination angles are systemati-
cally recorded and proved to be stable within 0.2°. Because
the effect of the tilt is of the same order as of the slope (in
K, Eq. 18, the denominator is calculated with Eq. 2 using
the tilt angles instead of the slope angles), this accuracy is
sufficient. The method in Weiser et al. (2016) relaxes this as-
sumption and the need for extra measurements. It uses the
diurnal cycle of reflected radiation instead of the albedo to
infer the slope angles, while the sensor tilt is retrieved using
the incident radiation cycle.

The wide range of possible assumptions shows that many
methods can be valuable depending on the conditions. Fur-
ther work should perform a more systematic comparison and
exploration of the sensitivity to input uncertainties of each
method.

6 Conclusions

Spectral albedo measured with horizontal sensors is very sen-
sitive to the slope of the underlying surface in clear-sky con-
ditions, first because the illumination received by the slope
from the sun is changed compared to that on a flat surface,
and second because the upward- and downward-looking sen-
sors are affected by additional illumination coming from the
slope itself and the neighbouring slopes.

The first cause dominates up to about 15° (“small slopes™)
and has a detectable impact even for nearly flat surfaces, with
1-2° inclination. The main impact is a distortion of the spec-
trum shape embodied by a curvature in the visible range.
For slopes facing the sun, the curvature is concave, peaking
around 600 nm, which may result in an albedo value higher
than 1. Nevertheless, even if less noticeable, the full spec-
tral range and other slope configurations are affected by the
slope effect. The second cause becomes significant for slopes
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larger than about 15°. The theory for large slopes is analyt-
ically tractable in several particular cases but is more com-
plex than for the small slopes and requires information or as-
sumptions on the neighbouring slope, which limits its interest
in practice. In all cases, the distortion due to the slope may
greatly impact the calculation of the surface energy budget
and snow property retrievals (SSA, impurities) if the mea-
sured albedo is directly used in theories established for hori-
zontal surfaces only.

The four spectral albedo correction methods proposed here
for small slopes complement other methods presented in the
literature for both spectral and broadband albedo. The diver-
sity of methods is explained by the different possible assump-
tions that apply or not depending on the type of available
measurements. More methods can be devised in the future,
and the rigorous equation set provided in this paper should be
helpful for this. Nevertheless, even though our results show
that a satisfactory correction can be achieved in many situa-
tions (residual error better than 0.03), we emphasize that an-
cillary information is required to perform such a correction,
implying higher complexity and cost of instruments and pro-
tocols. In this context, our main recommendation is that slope
inclination and aspect and the diffuse-to-total irradiance ratio
should be systematically recorded in future albedo measure-
ment campaigns.
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Appendix A: Apparent albedo for large slopes

Al Top-hill measurements and dark neighbourhood

(case DT)
Combining Eqs. (14) and (16) and using Enelgh D _ 0 yields
DT ( 1r(9 )Esun COS@ + adlffVEsky>
o, (0) = - "

E3"cos0; + E;

The measured ratio between the diffuse flux obtained by
obstructing the sun and the total received is equal to r, in the
case of top-hill measurements. It follows that

&> ) = (1= r)VK @G, 6T @) +nviadt. (A2

This equation is similar to that for a small slope, except
that the direct term is scaled by V — due to screening of the
incoming diffuse radiation by the slope — while the diffuse
term is scaled by V2 — due to the combined effect of screened
incoming diffuse radiation and a reduced view of the slope by
the downward-looking sensor.

A2 Mid-slope measurements and dark neighbourhood
(case DM)

At mid-slope, the albedo has a different expression,
&;M(6;) =

%4 (&dir(éi)ES““ cosf; + EiiHVE;ky)
(A3)

ES”“S(COSQ YcosB; + VESky +(1 - V)E/)T(Gi,dh‘),

because it includes the light reflected by the portion of the
slope above the sensor that illuminates the upward-looking
sensor. This results in an additional term at the denominator
compared to the case DT (Eq. A3).

If the diffuse-to-total ratio is measured mid-slope by ob-
structing the sun, it is of the form

k Z
v VEY + (1= V)E] 6, )
ES*S(coséy) cosb; + VES + (1= V)E] 6:.1)
(A4)

from which we can deduce the expression for the measured
albedo:

&M@ = (1 =MV K O, 6@t @) + P Myl (AS)

This equation differs from Eq. (A2) for case T in two ways:
first V is not squared in the diffuse term and second the mea-
sured diffuse-to-total ratio needs to be corrected from the il-

lumination received by the upper slope. The measured ratio
corr,D,M

r, can be corrected with
~corr,D,M
iy =
A1
1—-V)E/)(6;, ¢
o (1= V)E] 6. ¢) A6)

ES™S(cos6;) cos; + VEYY +(1—V)E] 6;, 1)
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and by replacing E ; (6;, ¢;) defined in Eq. (9):

-V
aM@). (AT)

-corr, DM _ M
2 =7,
This equation is interesting per se to get the diffuse-to-total
ratio above the slope (r,) from the measured diffuse-to-total
ratio. However, it can also be combined with Eq. (AS) to
yield a closed form for ¢P-M:

Mo =a- ) K(Glﬁ) @3 (6;)

174 .
M —diff
. A8

+r; A o (A8)
Another useful derivation is when the diffuse-to-total ratio
is modelled using an atmospheric model, i.e. similar to when
measured at the top of the hill. The ratio is then defined as in

Eq. (19) and the albedo can be expressed as

a M) = a0
A 1= 1=V + 5> 6
if S(cos@i) > 0. (A9)

When the sun disappears below the slope, the previous equa-
tion is not valid anymore because the upward-looking sensor
records a discontinuous drop of irradiance, resulting in a dif-
ferent formulation for the albedo that we directly derive from
Egs. (9) and (A3):

DM adlﬁ

aPM@,) = if S(cosf;) = (A10)

1+ M,

A3 Top-hill measurements and snow-covered
neighbourhood (case ST)

The energy received by the downward-looking sensor in the
case of snow is obtained by plugging Egs. (12) and (13) into
Eq. (14):

1S .60 =
((V + M (1— Vy)adin (4 ( )cosé,- + (MY + (1= Vyyad (0[)0036,-) Esen
2
1— M2
E(){iffVEiky
- M,

(Al1)

Dividing by the incoming irradiance at the top of the slope

Ef"cosf; + E;ky gives the albedo measured near the top of
the slope when the area is fully covered by snow:

| L o) ()

MV +A=V)_g V. it
6i o
+ I—M)% o, (l) +VA1—M)L Iy

(A12)
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A4 Mid-slope measurements and snow-cover
neighbourhood (case SM)

The energy received by the downward- and upward-looking
sensors is given by Eqs. (A11) and (15) respectively, leading
to the albedo:

&M@ = - M [wlaa,e )@dir (6;)

1 — M?
MV4+(A-V
+ AV + ( . )—d]r(e )
1—M;
(A13)
oS Ml——dlff if S(cos6;) > 0. (A14)
- M;
where 7™M is given by Eq. (A6). Unfortunately it is not

possible to obtain a simple form as in the DM case (Eq. A7)
because we use the fact that for a dark neighbourhood the
downwelling irradiance from the upper slope reaching the
upward-looking sensor is equal to the upwelling flux from
the slope reaching the downward-looking sensor. The neigh-
bourhood contribution in the snowy case for the flux reach-
ing the downward-looking sensor voids this simple relation-
sh1p Nevertheless, it is possible to inject the expression for
(9, , ¢i) for snow (Eq. 12) into Eq. (A6), leading to

1-V o )
~corr,M M —dir
g =" _—2<°‘A 6:)K (6:,6;)
1—M;
. v
+a )M, ) (1 = A — _&imrim,M’
M;
(A15)
and when solving for ri(’“ M
@M@ = (1 -
V+ M
ol di
[1 M, K 6. 6@ (6) + Wuf(@)}
+fM&g1ff if S(cos él) > 0. (A16)

The expression of the albedo when the diffuse-to-total ra-
tio is available from atmospheric modelling far above the to-
pography is derived following Eq. (A9):

. . 1

ay M) =" 6) ores A1
= =V e

Because of the neighbourhood contribution, the term

E, ol (6;, ¢;) can not be simply related to the albedo as was the
case for the dark case (Eq. A9). A fully developed expression
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can nevertheless be obtained by using Eq. (12):
O’lf’M(Qi) =
& 6

1+(1-V) [(1 —r,\)< K(@,,@)a dir(4;)

M; & 14
+ —dir 6; +r < —dlff 1) .
1_M}L ( )) A I—MA a,

When the sun is below the slope, we shall distinguish
two cases, first when the upward-looking sensor is shad-
owed but the neighbouring surface is still illuminated and
second when the neighbouring surface is also in the shadows.
The first case is not tractable because E*'" is not recorded
by any of the sensors, whereas the neighbourhood term de-
pends on this term. It is therefore impossible to provide
an expression of the measured albedo without making E'"
explicit. The second case, when the whole area is in the
shadow, is obtained by noting that E 1 S(@, ,0i) = E;elgh’s =

I IM o A‘ff VE, Y and yields a trivial result:

(A18)

O’[f»M(e,-) =it if S(cosf;) = 0. (A19)

This expression is in fact included in Eq. (A16) when 7 rA =1
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Code and data availability. The theory presented in Sect. 2 is im-
plemented in the snowoptics library available from https://github.
com/ghislainp/snowoptics (last access: 4 May 2020; Picard, 2020a),
and a web app to interactively explore the slope effect is available
here: http://snowslope.pythonanywhere.com/ (last access: 4 May
2020; Picard, 2020b).
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