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Abstract. Geometric effects induced by the underlying ter-

rain slope or by tilt errors of the radiation sensors lead to

an erroneous measurement of snow or ice albedo. Conse-

quently, artificial diurnal albedo variations in the order of

1–20 % are observed. The present paper proposes a general

method to correct tilt errors of albedo measurements in cases

where tilts of both the sensors and the slopes are not accu-

rately measured or known. We demonstrate that atmospheric

parameters for this correction model can either be taken from

a nearby well-maintained and horizontally levelled measure-

ment of global radiation or alternatively from a solar radi-

ation model. In a next step the model is fitted to the mea-

sured data to determine tilts and directions of sensors and the

underlying terrain slope. This then allows us to correct the

measured albedo, the radiative balance and the energy bal-

ance. Depending on the direction of the slope and the sensors

a comparison between measured and corrected albedo val-

ues reveals obvious over- or underestimations of albedo. It

is also demonstrated that differences between measured and

corrected albedo are generally highest for large solar zenith

angles.

1 Introduction

The energy balance of snow and ice surfaces is strongly de-

termined by its short-wave surface reflectivity (albedo). Once

the underlying snow/ice is isothermal, the surface energy bal-

ance of a seasonal snow cover or glacier defines the amount

of energy available for melt (Warren and Wiscombe, 1980).

Depending on their directions, tilted radiation sensors and

terrain slopes alter albedo measurements. Most measurement

sites on glaciers or seasonal snow fields are operated in re-

mote areas, making it difficult to perform regular manual ref-

erence measurements of sensor and slope tilts. Moreover, the

underlying terrain slope may change due to differential melt

or changing glacial morphology and ice dynamics, also tilt-

ing the radiation sensors within periods of days or weeks and

altering the direction of these tilts. This means that the geom-

etry of the measurement site is unknown and changes with

time. The use of a dual axis inclinometer to automatically

determine the sensor tilts and directions is only possible if

the azimuthal direction of the (tilted) radiation sensors were

constant with time, which is unfortunately not the case.

Many previous studies note that tilt errors in albedo mea-

surements can more than double with low sun elevation, es-

pecially on snow and glacier surfaces. Large deviations from

the expected true diurnal variations of albedo occur due to

non-horizontally levelled sensors.

In a paper investigating spectral reflected radiation on

glacier surfaces, Dirmhirn and Eaton (1975) mention tilt er-

rors of albedo measurements which lead to under- and over-

estimations caused by specular reflections of melting and re-

freezing snow and glacier surfaces depending on the incident

angle of direct incoming radiation. Furthermore, they con-

cluded that incoming short-wave radiation dominated by the

direct component is underestimated at low sun angles due to

the cosine response error (induced by imperfections of the

glass dome of the pyranometers) and the reflection proper-

ties of the sensor’s black paint, the latter is also noted by

Muneer (1997), leading to an overestimation of albedo. The

authors conclude that these errors can be minimised by us-
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ing instruments with a small field of view and deriving the

albedo via spatial integration. Dirmhirn and Eaton (1975)

also mentioned difficulties in albedo measurements over non-

horizontal surfaces and suggested eliminating this problem

by using horizontal and uniform surfaces with instruments

close to the ground.

Sicart et al. (2001) and Oerlemans (2010) described the

same problems of albedo measurements when the glacier

surface is tilted, but they assumed a horizontally levelled

pyranometer and directly measured tilts and directions of the

slope to correct albedo values.

Landry et al. (2007) described the influence of both a tilted

slope and an inclined pyranometer on albedo measurements.

They corrected the albedo values by using directly measured

tilts and directions.

Ineichen et al. (1987) and Schaaf et al. (1994) described

the radiation on a tilted area without snow cover, measured

by an inclined pyranometer with known tilts. Measurement

with a horizontally levelled pyranometer over a horizontal

area served as a comparison. The results showed an appar-

ent diurnal variation of albedo over a forest surface; even

the diurnal average albedo showed differences between tilted

and horizontal measurements. These results are essential be-

cause albedo of a (non-snow-covered) forest is expected to

be almost constant with time, in contrast to snow albedo

that changes over time due to snow metamorphism (Warren,

1982).

Allen et al. (2006) used a model of solar radiation on tilted

surfaces and integrated analytically over 1 day, also con-

sidering optical properties of the atmosphere. This model

was compared to measurements above surfaces with sim-

ilar tilts and directions, where relative humidity, aerosols

and other influences were considered. By this comparison

the diffuse transmissivity was estimated as a function of the

measured atmospheric parameters. Furthermore, the irradi-

ance on tilted surfaces based on horizontal measurements

was modelled. Allen et al. (2006) determined the extinction

through the atmosphere in a more detailed way using mea-

sured data. In contrast to the method described in the present

paper, neither a horizontal reference measurement nor a high-

resolution radiation model is needed to estimate atmospheric

parameters.

Mannstein (1985) described a method where tilts and di-

rections of slopes were estimated from the data of the down-

facing pyranometer using the measured albedo on a preced-

ing overcast day where snow albedo has no diurnal varia-

tion and a diurnal mean value can easily be calculated. Since

Mannstein (1985) did not consider that albedo on cloudy and

completely diffuse days is approximately 0.15 higher com-

pared to clear-sky days due to the change in the spectral com-

position of the incoming radiation (Oerlemans, 2010), apply-

ing this method may lead to high inaccuracies.

In this paper we present a method to correct measured

albedo values with unknown sensor and slope tilts that

avoid the aforementioned shortcomings of existing correc-

tion methods or the necessity of inclinometer measurements

that are difficult to interpret or often simply are not avail-

able. The proposed correction method needs either a nearby

and horizontally levelled measurement of global and diffuse

solar radiation or the output of a solar radiation model to ad-

just some atmospheric parameters. In this way the method is

transferable in space. Tilts and directions of both the terrain

slope and the radiation sensors can be derived, enabling to

correct measured albedo values.

A similar measurement setup as Ineichen et al. (1987) and

Schaaf et al. (1994) described was made for the presented

case study and the results are shown to demonstrate that

albedo of a concrete surface, which should be constant, has

a strong diurnal variation on clear-sky days when only the

sensor is tilted.

In the present paper, Sect. 2 details the measurement setup

and the derivation and workflow of the albedo correction

model. In Sect. 3 we present the results of the correction

method with data from one test site in Vienna, Austria, and

two remote mountain sites located in the central Alpine area

of Sonnblick. Section 4 discusses the shortcomings and pos-

sible improvements of the described method and Sect. 5 gives

a short summary and the conclusions.

2 Methods

2.1 Albedo over snow and ice surfaces

Surface albedo (α), defined here as the hemispherically aver-

aged broadband reflectance in the spectral range of 0.3–3 µm

(Meinander et al., 2009), is derived from incident and re-

flected solar radiation measured with a horizontally levelled

pyranometer by dividing the values of the down-facing sen-

sor (F↑, reflected radiation) by those of the up-facing sensor

(F↓, global radiation):

α(t)=
F↑(t)

F↓(t)
. (1)

Albedo controls the net short-wave radiation flux at a

snow or ice surface and thus the energy available for melt,

once the underlying snow or ice is isothermal (Pellicciotti

et al., 2005). Albedo is strongly dependent on snow or ice

properties and atmospheric conditions, it can vary over a

large range from α < 0.1 for dirty glacier ice to α > 0.9 for

fresh snow (Röthlisberger, 1987; Paterson, 1994). While the

albedo of pure snow for constant illumination conditions de-

pends only on the effective grain size of the surface snow

layers (Warren and Wiscombe, 1980; Wiscombe and Warren,

1980), the albedo of glacier ice is still less well understood

and is a function of light scattering by bubbles and cracks

(Mellor, 1977). Due to its grain size dependence, daily av-

erage snow albedo is expected to decrease in periods with-

out snowfall due to metamorphism of the snow microstruc-

ture induced by temperature changes, melting and refreezing
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Table 1. Geographic latitude φ, longitude θ , altitude above sea level, tilts and aspects of the used measurement sites.

SBO FLK GOK WHW

φ 12◦57′28′′ 12◦56′42′′ 12◦57′50′′ 16◦21′23′′

θ 47◦3′14′′ 47◦3′15′′ 47◦2′38′′ 48◦14′55′′

(m a.s.l.) 3111 2829 2678 198

Tilt 8–12◦ 11–15◦

Aspect SW NE

processes (Dirmhirn and Eaton, 1975). Generally, albedo in-

creases with increasing solar zenith angle (ϑs) due to a higher

probability of the photons to be redirected out of the snow

cover and due to forward scattering which is enhanced by

diurnal freeze–melt cycles (Warren, 1982). This implies a

strong diurnal variation of albedo during clear-sky days (Oer-

lemans, 2010). It is, however, generally accepted that albedo

is largely independent of the solar zenith angle (SZA) for

ϑs < 50◦ (Warren and Wiscombe, 1980; Wiscombe and War-

ren, 1980; Konzelmann, 1995; Brock et al., 2000). In con-

trast, there is no diurnal variation of albedo on cloudy days

that are dominated by diffuse solar radiation, and it is thus

reasonable to approximate albedo by a daily average value

assuming no metamorphic changes of the snow surface mi-

crostructure during the day (Pirazzini, 2004). Albedo is also

known to increase with cloud cover due to spectral variations

(Brock, 2004; Carroll and Fitch, 1981; Jonsell et al., 2003;

Cutler and Munro, 1996; Oerlemans and Knap, 1998). As has

been noted by Warren and Wiscombe (1980) and Wiscombe

and Warren (1980), the responses of all commercial pyra-

nometers deviate from a proper “cosine law” making them

usually less sensitive at large incident zenith angles. When

not corrected, this causes albedos at low sun elevations to be

overestimated (see Eq. (1); Liljequist, 1956; Dirmhirn and

Eaton, 1975). The surface geometry of a snow cover changes

continuously and the tilts of the sensors increase over time,

due to glacier movements caused by melting processes and

ablation, snow metamorphism and the fact that the automatic

weather stations (AWSs), which are used for these methods,

are drilled into the glacier. Hence, it makes sense to manually

adjust tilts and directions on a daily basis.

2.2 Albedo measurements

The albedo correction method depends on the accuracy of

the used instruments and the measurement setup, which are

detailed in the following paragraphes.

Albedo measurements are conducted with two opposing

pyranometers (also called an albedometer), one facing the

upper hemisphere measuring the incoming radiation F↓ and

the other one facing the lower hemisphere measuring the re-

flected radiation F↑.

A pyranometer consists of a thermopile with black coat-

ing, absorbing the total solar radiation. The sensors have

a glass cover that is transparent defining the exact spectral

range and to protect the sensing elements. Radiation is ab-

sorbed in the thermopile, producing a voltage output by dif-

ferential heating.

The used sensors are Kipp & Zonen CNR4 net radiometers

measuring all four radiation components (incoming short-

wave radiation SWin, reflected short-wave radiation SWout,

incoming long-wave radiation LWin, emitted long-wave radi-

ation LWout) using separate sensors within the same housing,

so all radiation sensors exhibit the same tilt. The expanded

(95% level) calibration uncertainties given by the calibration

certificate are given as 3.4 % for the pyranometers and 6.1 %

for the pyrgeometers. The CNR4 has a field of view of 160◦

and the cosine error is given as < 5 % by the manufacturer

(Kipp and Zonen Manual, 2010).

The net radiometers are part of the AWS on the two

Sonnblick glaciers Goldbergkees (GOK) and Kleinfleißkees

(FLK) (Fig. 1 and Table 1), also measuring air temperature,

wind speed and direction, relative humidity and air pressure,

at a height between 1.5 and 3 m depending on the snow depth,

to determine mass and energy balance of the glaciers. A so-

lar panel and battery serve as the power supply for all used

sensors. The AWSs are drilled into the glacier ice and are

located in a remote area where shadows from the surround-

ing mountains are minimal and the down-facing pyranometer

only sees the glacier surface without any nearby mountains.

A MEAS DQG-Series conductometric dual axis incli-

nometer is attached to each AWS. Four oppositely polarised

electrodes are dipped into an electrolytic fluid, producing

a voltage that is measured (Amsys, 2012). The conductivity

of the electrolyte depends on its depth. When the sensor is

tilted, the depth of the electrolyte and consequently its con-

ductivity changes. The uncertainty of the inclinometer given

by the manufacturer is 0.5 % within a temperature range of

−40 ◦C< T< 85 ◦C. To use the data of the inclinometer it

is necessary to know the orientation of one axis (e. g. south-

wards). The orientation of the AWS on the glacier changes

continuously due to glacier dynamics and snow metamor-

phism and is therefore estimated with an uncertainty of±5 %

since the sensor is fixed to the AWS support hardware.

All radiation data of the AWSs were stored with a reso-

lution of 1 min, all other values with 10 and 60 min average

output. For the used method 1 min data of short-wave radi-

ation of the pyranometers connected to each AWS are used

and compared to 1 min average data of the Suntracker.

www.the-cryosphere.net/10/775/2016/ The Cryosphere, 10, 775–790, 2016
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Figure 1. Map of Sonnblick area (taken from Alpenvereinskarten digital 2007, v. 2.0.9.0, DAV, Munich; ÖAV, Innsbruck). The red marks

indicate the positions of the AWSs and SBO.

2.3 Solar radiation reference data

Additionally, high-quality solar radiation reference measure-

ments from a nearby Suntracker are used. The latter is part

of the Austrian radiation monitoring network (ARAD) and

the Baseline Surface Radiation Network (BSRN) to advance

national climate monitoring and to support satellite retrieval,

modelling and solar energy development. The measurement

setup and a detailed uncertainty estimate is shown in Olefs et

al. (2015). The Suntracker is equipped with two pyranometer

and one pyrgeometer next to each other with a field of view

of 180◦. The tracker follows the sun to shadow one of the

pyranometers in order to measure global and diffuse radia-

tion.

To make the albedo correction method more transferable

in space, a solar radiation model can be used instead of the

nearby reference radiation data. We used the STRAHLGRID

model (Olefs et al., 2013; Olefs and Schöner, 2012), a para-

metric solar radiation model. In STRAHLGRID, direct and

diffuse solar radiation is calculated considering atmospheric

turbidity, cloudiness effects for direct and diffuse radiation

and terrain effects (shading, terrain and multiple reflections).

Usually, the model is driven with gridded meteorological

data from the Integrated Nowcasting through Comprehen-

sive Analysis (INCA) system (Haiden et al., 2011) at 100

m spatial and 15 min temporal resolution. In the present case

the model estimated solar irradiance for the location of each

AWS in clear-sky mode (no cloudiness) using daily MODIS

aerosol optical depth (AOD) and hourly INCA integrated wa-

ter vapour data as input for aerosol and water vapour trans-

mittances calculated in the model.

Figure 1 and Table 1 show the location and some details

about the measurement stations: Suntracker on Sonnblick

Observatory (SBO), AWS FLK, AWS GOK and Central In-

stitute for Meteorology and Geodynamics (ZAMG) in Vi-

enna (WHW).

In order to test the albedo correction method we installed

a measurement setup on the roof of ZAMG (WHW), over

a concrete surface. This experiment was performed to prove

that even a constant albedo changes with a tilted sensor and

has to be corrected to get realistic albedo ranges, as demon-

strated in Fig. 2 (right). To determine the exact and pre-

sumably constant albedo of the concrete, the pyranometer

was first levelled horizontally (Fig. 2, left). In the literature,

albedo over a concrete surface is given by αconcrete = 0.17–

0.27 (Santamouris, 2006).

2.4 Model for solar radiation on a tilted surface

2.4.1 Radiation model for a horizontal plane

The used model is first demonstrated for the direct solar radi-

ation on a horizontal plane. For this method, which uses the

solar position algorithm (SPA) (Reda and Andreas, 2008) to

calculate the solar radiation on top of the atmosphere (TOA),

the general form of the Lambertian cosine law is used:

dF = F · cosϑs · dω, (2)

where F is the irradiance of the incoming radiation, which

is determined by the radiant flux per unit area, ϑs the SZA

and ω the solid angle of the sun as seen from the unit area.

The irradiance per unit area on TOA is called solar constant,

assumed here as S = 1367Wm−2 (Corripio, 2002).

The Cryosphere, 10, 775–790, 2016 www.the-cryosphere.net/10/775/2016/
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Figure 2. Measured, modelled and corrected SWin, SWout and α with a horizontally levelled (left) and an intentionally inclined pyranometer

(right) at WHW for 2 days in July 2014.

The near-surface incoming direct solar radiation on a hor-

izontal plane (Fhor) is given by

Fhor = Sterr · cosϑs, (3)

where Sterr is the near-surface, normal incidence direct solar

radiation.

Solar radiation is weakened by absorption and scattering

between TOA and the surface. This process for clear-sky

days can be described by the Beer–Lambert–Bouguer law

(Rontu Carlon et al., 2010), which uses the extinction co-

efficient ε̃ and ε respectively, depending on the condition of

the atmosphere (e.g. aerosols and water vapour content):

I = I0e
−̃εd
= I0e

−
ε

cosϑs , (4)

where I and I0 are the intensities of the near-surface global

and TOA incident solar radiation respectively and d is the

optical path length in the atmosphere.

To increase the accuracy of the developed model, a lin-

ear factor V is introduced to account for the limited spectral

range of the instrument (0.3–2.8 µm) (Kipp and Zonen Man-

ual, 2010) compared to the extra terrestrial solar radiation or

solar constant (Corripio, 2002). Using Eq. (4) Sterr can be

written as

Sterr =
S

r̃2
·V · e

−ε 1
cosϑs , (5)

where r̃ is the ratio of the actual and the mean sun–earth

distance. ε and V are two unknown parameters which have

to be determined in the first iteration of the correction.

Conclusively, in this model the near-surface incoming di-

rect solar irradiance on a horizontal plane can be expressed

from Eqs. (3) and (5) as

Fhor =
S

r̃2
·V · e

−ε 1
cosϑs · cosϑs. (6)

Zenith

n

σt

γ

N

W

S

E

F ↓

ϕs

ϑs

Figure 3. Geometric account of a tilted surface.

2.4.2 Radiation model for a tilted plane

As glacier surfaces are located in complex terrain, most

glaciological measurements are conducted on tilted surfaces

as shown in Fig. 3. ϑs in the Lambertian cosine law (Eq. 2)

transforms now to ϑtilt, the solar incidence angle of any tilted

plane in general, and can be expressed through

cosϑtilt = F ↓
·n= sinϑs cosϕs sinσ cosγ

+ sinϑs sinϕs sinσ sinγ + cosϑs cosσ, (7)

where n is the normal vector to the slope, ϕs the solar azimuth

angle, σ the tilt and γ the aspect of the slope.

Consequently, the incoming direct radiation on a tilted

plane can be derived from Eqs. (6) and (7) as

F dir
tilt = Sterr · cosϑtilt =

S

r̃2
·V · e

−ε 1
cosϑs

·(sinϑs cosϕs sinσ cosγ + sinϑs sinϕs sinσ sinγ + cosϑs cosσ). (8)
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Figure 4. Diurnal variations of albedo with a constant true albedo

and a constant tilt of the slope but differing aspects.

To distinguish between a tilted plane and an inclined pyra-

nometer the indices σt, γt for the tilted glacier surface and

σp, γp for the pyranometer are used from here on.

In an idealised model of a measuring system with exactly

horizontally levelled sensors, the incoming radiation hits the

pyranometer and the tilted surface and is subsequently re-

flected back to the upper hemisphere as a function of the true

snow albedo. In this idealised case using Eq. (1) the irradi-

ance measured with the down-facing sensor can be expressed

as

F↑ = αtrue ·F
dir
tilt , (9)

where F dir
tilt is defined in Eq. (8) and αtrue is the true value of

the (still unknown) albedo. For now a hypothetical case is as-

sumed where the total incoming radiation only consists of the

direct beam and the diffuse part of the radiation is neglected

and described in detail later in the text.

The reflected part of the irradiance is measured by the

down-facing pyranometer, so the measured albedo can be

written as

αmeas =
F↑

F↓
=
αtrue ·F

dir
tilt

F↓
. (10)

Combining Eqs. (5), (8) and (10), αmeas can be simplified to

αmeas =
αtrue ·

S

r̃2 ·V · e
−ε 1

cosϑs · cosϑtilt

S

r̃2 ·V · e
−ε 1

cosϑs · cosϑs

= αtrue

cosϑtilt

cosϑs

, (11)

and the true albedo can be written as

αtrue = αmeas

cosϑs

cosϑtilt

. (12)

In Eq. (12) it is assumed that the pyranometer is levelled hor-

izontally and the reflection of the snow cover is isotropic,

which assumes that the surface is completely flat and ho-

mogenous.

Figure 4 shows the diurnal albedo variations derived with

Eq. (11), where a constant true albedo (αtrue = 0.7) and

a constant tilted slope (σt = 7◦) are modelled and only the

aspect of the slope (γt) varies.

To improve the described model it has to be considered

that the total incoming radiation measured by the up-facing

pyranometer consists not only of a direct beam but also of

a diffuse component. Consequently, the total incoming radi-

ation can be split into a direct and a diffuse part (pdir and

pdiff).

In order to simplify the model, incoming diffuse fluxes

over a tilted plane are regarded to be isotropic and equal to

incoming diffuse radiation on a horizontal surface. Therefore

the incoming radiation on a tilted plane can be split into

Ftilt = pdirF
dir
tilt +pdiffFhor. (13)

Thus the measured albedo is

αmeas =
αtrue(Fdir+Fdiff)

F↓
, (14)

where

Fdir =
S

r̃2
·V · e

−ε 1
cosϑs ·pdir cosϑtilt, (15)

and

Fdiff =
S

r̃2
·V · e

−ε 1
cosϑs ·pdiff cosϑs. (16)

The total incoming irradiance can be derived by inserting

Eqs. (15) and (16) into Eq. (12), using Eq. (14), and, finally,

the true albedo can be written as

αtrue = αmeas

cosϑs

pdir cosϑtilt+pdiff cosϑs

. (17)

Eq. (17) assumes a constant azimuth angle of ϑtilt (facing

south).

2.4.3 Radiation model for a tilted slope with an

inclined sensor

In practise, pyranometers are not exactly horizontally lev-

elled. The incoming radiation hits the inclined up-facing

pyranometer and the tilted surface, from where it is reflected

in an isotropic way into the inclined down-facing pyranome-

ter (Fig. 5). However, since we assume that the reflection is

completely diffuse, the inclination of the down-facing pyra-

nometer is assumed to be irrelevant.

The true snow albedo can now be derived, considering

a tilted slope and an inclined pyranometer by using Eq. (10)

αtrue = αmeas

Fpyr

Ftilt

= αmeas

cosϑp

cosϑtilt

, (18)

The Cryosphere, 10, 775–790, 2016 www.the-cryosphere.net/10/775/2016/
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Figure 5. Isotropic reflection from a tilted slope with an inclined

pyranometer.

where ϑp is the inclination angle of the pyranometer and ϑt

the inclination angle of the slope, both inclination angles de-

rived as in Eq. (7), Fpyr is the incoming irradiance perpen-

dicular to the up-facing pyranometer and Ftilt the irradiance

hitting the slope.

Figure 6 shows the calculated diurnal albedo using this

model with a constant diurnal true albedo (αtrue = 0.7) for

different tilts and inclinations of slope and pyranometer de-

rived with Eq. (18).

Taking into account the diffuse radiation, Fpyr and Ftilt

have to be split into a direct and a diffuse part analogously

to Eqs. (15) and (16). cosϑp and cosϑt can be derived with

tilts and directions of sensor and slope analogously to Eq. (7):

cosϑp = F ↓
·n= sinϑs cosϕs sinσp cosγp

+ sinϑs sinϕs sinσp sinγp+ cosϑs cosσp, (19)

cosϑt = F ↓
·n= sinϑs cosϕs sinσt cosγt

+ sinϑs sinϕs sinσt sinγt+ cosϑs cosσt. (20)

Considering these assumptions, the true albedo can be ex-

pressed using the measured albedo αmeas, the direct pdir and

the diffuse part pdiff of the incoming radiation, the solar

zenith angle ϑs and the tilts of the slope ϑt and the sensor

ϑp:

αtrue = αmeas

(
pdiff · cosϑs+pdir · cosϑp

pdiff · cosϑs+pdir · cosϑt

)
(21)

or, using pdir+pdiff = 1,

αtrue = αmeas

(
pdiff · cosϑs+ (1−pdiff) · cosϑp

pdiff · cosϑs+ (1−pdiff) · cosϑt

)
. (22)

To correct the albedo with Eq. (22) on clear-sky days, it is

assumed that following parameters are constant over 1 day:

1. extinction coefficient ε

2. linear factor V

3. tilt σt and direction γt of the slope

4. tilt σp and direction γp of the pyranometer

5. diffuse part of incoming radiation pdiff.

The residuals of the results show that there is almost no

diurnal variation between the measured data and the model

where the extinction coefficient ε and the ratio between the

spectral range of the pyranometer and TOA irradiance V are

considered. The reason for this is that AOD has a small range

of values in high altitudes (Weihs et al., 1999).

The tilts and directions of both the slope and the sensor,

σt, γt, σp, γp, are also considered to be constant over a day,

because neither the surface nor the sensor shows relevant

changes within small periods. As evidence the residuals of

the results are considered, which show no relevant diurnal

variations.

For all evaluated clear-sky days in the Sonnblick area and

in Vienna, both the measured data of the Suntracker and the

STRAHLGRID model show a diurnal mean value of the dif-

fuse part of incoming radiation of pdiff ' 10 %; therefore this

value can be assumed to be constant for clear-sky days.

The diffuse reflection of incoming radiation by the surface

is assumed to be isotropic and constant for a day, and our

analysis corrects albedo for periods within a SZA of ϑs < 50
◦

where an average value for 1 day is taken.

2.5 Workflow to correct albedo measurements

The detailed workflow of the albedo correction method is

shown in Fig. 7 and summarised in the following subsections.

2.5.1 Step A: derive atmospheric parameters for

clear-sky days

Nearby reference measurement

To calibrate the radiation model, the atmospheric model pa-

rameters are fitted to nearby reference radiation measure-

ments so as to reduce the residuals between modelled and

measured global radiation using the method of least squares.

Solar radiation model

Instead of reference measurements, the output of a solar radi-

ation model can be used to derive the atmospheric parameters

of the albedo correction model.

2.5.2 Step B: inclination and direction of the

pyranometer

After the atmospheric parameters for clear-sky days are esti-

mated, the inclinations and directions of the sensors can be

derived by using Eq. (13) with Eq. (19).
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Figure 6. Calculated albedo with a constant diurnal true albedo for (a and b) differently oriented (γp) and (c and d) inclined (σp) pyranome-

ters, different tilted (σt) and directed (γt) slopes.

2.5.3 Step C: tilt and direction of the slope

The process to determine the unknown tilts and directions

of the slope out of the measured reflected radiation F↑ is

more complicated because F↑ also depends on the unknown

albedo of the surface.

It is assumed that the incoming radiation of the slope is

directly proportional to the reflected radiation measured by

the down-facing pyranometer with the proportionality factor

being the yet unknown albedo αtrue:

F↑ = αtrue · cosϑt, (23)

where ϑt is the solar incidence angle on the slope, defined in

Eq. (20) and illustrated in Fig. 3.

The task now is to find a combination of σt (tilt) and γt (di-

rection) in such a way that the modelled incoming radiation

on the tilted slope and the measured values for F↑ only differ

by a factor C that should be a constant value for the day in

progress. First of all, for any combination of σt and γt, the

constant C is calculated as the average over 1 day:

C =

〈(
F↑

cosϑt

)〉
, (24)

where cosϑt is expressed in Eq. (20).

For every factor C, the method of least squares is used

to minimise the difference between modelled and measured

reflected radiation with Eq. (25):(
C · cosϑt−F

↑

)2

−→min. (25)

This expression has to be minimal for the combination of σt

and γt, for which the proportionality factorC is constant for 1
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Figure 7. Workflow to correct daily albedo values.

day in an ideal case and σt and γt fit the measured data of the

reflected measured radiation F↑, calculated with Eq. (23).

2.5.4 Step D: derive true albedo

Now that all inclinations, tilts and directions are estimated

for 1 day, the true albedo can be derived from the measured

data with Eq. (22).

Compared to steps A–C, where the results are deter-

mined by fitting the model to the measured values with the

method of least squares, Eq. (22) is only used with mea-

sured (F↑, F↓, pdiff) and derived (σp, γp, σt, γt) parame-

ters within a SZA of ϑs < 50◦. The daily mean value and the

standard deviation (SD) of αtrue are determined.

2.5.5 Step E: derive radiative balance

The purpose of correcting albedo values on clear-sky days

is the correction of short-wave radiative balance. The effects

are shown by comparing measured and corrected radiative

balance in Fig. 11.

The net short-wave radiation SWnet is derived as

SWnet = SWin+SWout

= SWin(1−α). (26)

In Eq. (26) the albedo α can be used with both αmeas and

αcorr.

Table 2. Measured and retrieved sensor inclinations and direc-

tions and daily average albedo, including all standard deviations,

at WHW on 4 and 19 July 2014 on a horizontal concrete surface.

4 Jul 2014 19 Jul 2014

ε 0.102± 0.001 0.111± 0.002

εmod 0.129± 0.001 0.118± 0.002

V 0.86± 0.03 0.84± 0.04

Vmod 0.81± 0.03 0.80± 0.04

σp 0.3◦± 0.0003◦ 24.0◦± 0.024◦

γp 5.0◦± 0.025◦ 265.0◦± 1.325◦

σp(meas) 1.27◦± 0.01◦ 23.33◦± 0.12◦

γp(meas) 170.44◦± 0.85◦ 264.32◦± 1.32◦

αmeas 0.1791± 0.0063 0.2083± 0.0696

αcorr 0.1789± 0.0064 0.1773± 0.0082

Table 3. Results of measured and corrected inclinations and direc-

tions and daily average albedo, including all standard deviations, at

the AWS sites Kleinfleißkees on 5 March 2011 and Goldbergkees

on 27 June 2011.

FLK, 5 Mar 2011 GOK, 27 Jun 2011

ε 0.051± 0.001 0.071± 0.002

εmod 0.071± 0.001 0.081± 0.002

V 0.95± 0.03 0.93± 0.04

Vmod 0.91± 0.03 0.90± 0.04

σt 10.57◦± 0.05◦ 13.51◦± 0.11◦

γt 225.00◦± 5.60◦ 41.43◦± 4.93◦

σp 4.72◦± 0.11◦ 3.93◦± 0.08◦

γp 247.62◦± 3.37◦ 9.68◦± 0.68◦

σp(meas) 4.29◦± 0.02◦ 7.77◦± 0.39◦

γp(meas) 305.43◦± 1.53◦ 52.54◦± 0.26◦

αmeas 0.86± 0.07 0.51± 0.06

αcorr 0.75± 0.01 0.54± 0.01

3 Results

3.1 Atmospheric parameters

3.1.1 Nearby reference measurement

To determine the described parameters that depend on the

composition of the atmosphere, the data of the Suntracker

are compared to the model of TOA for each location, in this

case the roof of ZAMG in Vienna and the Sonnblick Obser-

vatory. In both cases the ranges of ε and V are within the

same intervals, shown in Tables 2 and 3.

The determined extinction coefficients resulting from

model adaptions range between ε = 0.001 and 0.2, which

concur well with known ranges (DeWalle and Rango, 2008),

as a result of several influences, such as water vapour,

aerosols and other meteorological parameters that vary con-

tinuously.

The ratio between the spectral range of the pyranometer

and the irradiance on TOA ranges between V = 0.8 and 1,
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Figure 8. Comparison of the radiation data of the Suntracker and the STRAHLGRID model for the 2 example days at the roof of ZAMG for

a horizontally levelled (left) and an inclined pyranometer (right), including the difference of the corrected albedo.
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Figure 9. Directly measured (blue dots), modelled (cyan) and corrected (black dots) albedo calculated from data of an inclined pyranometer

and a tilted slope at the location of the AWS on Kleinfleißkees on 5 March 2011 (left) and Goldbergkees on 27 June 2011 (right).

which underestimates the known ranges of V ' 0.98 (Cor-

ripio, 2002), caused by model errors.

3.1.2 Solar radiation model

If there is no reference measurement nearby, a solar radia-

tion model such as STRAHLGRID can be used. The benefit

of the use of a radiation model is that it can be used for every

grid point provided for which data on AOD and integral wa-

ter vapour are available. The results of ε and V show values

within similar ranges, shown in Tables 2 and 3.

As can be seen in Fig. 8 the STRAHLGRID model over-

estimates the AOD leading to different albedo values. The

mean bias error and the mean absolute error for measured and

corrected albedo values of both correction procedures, the

reference measurement (Suntracker) and the STRAHLGRID

model are shown in Table 4.

3.2 Roof of ZAMG

To demonstrate the performance of the albedo correction

method and its validity also for large inclinations, the pyra-

nometer was horizontally levelled on 4 July 2014 and in-

tentionally inclined with σp ≈ 25◦ in westerly direction with

(γp ≈ 270◦) on 19 July 2014 over a horizontal concrete plane.

The differences between measured and corrected albedo

values are shown in Fig. 2 and Table 2. In Fig. 2 (left) the

fitted and measured data show an almost constant diurnal

albedo on 4 July 2014, where the pyranometer was horizon-

tally levelled. The anomalies shortly after sunrise and before

sunset occur due to the cosine error of the up-facing sensor

at large SZA and are outside the SZA ranges of ϑs < 50
◦

that

are used for the correction model.

Figure 2 (right) shows that with an inclined pyranometer

the incoming and reflected radiation change unequally, re-

sulting in a modified, wrong surface albedo that is not con-
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Figure 10. Measured (green) and corrected (red) albedo values on Kleinfleißkees (left) and Goldbergkees (right) for the years 2011 and 2012.
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Figure 11. Measured (SWmeas) and corrected (SWcorr) net short-wave radiative balance on Kleinfleißkees on 5 March 2011 (left) and on

Goldbergkees on 27 June 2011 (right).

stant anymore during 1 clear-sky day. After sunrise, the re-

flected radiation is higher than the incoming radiation, which

is the result of the westerly inclination of the sensor because

the down-facing sensor also receives direct incoming radia-

tion due to the flat zenith angle after sunrise. Even within the

taken SZA limits of ϑs < 50
◦

the measured albedo shows a

diurnal variation, which has to be corrected.

In both cases it is apparent that the model of both the hor-

izontal and the inclined sensor fits the measured data and the

corrected albedo values are within the same ranges.

The accuracy of the correction method can be demon-

strated by comparing the measured albedo αmeas as of 4

July 2014 (horizontally levelled sensors) with the corrected

albedo αcorr as of 19 July 2014 (tilted sensors) in Table 2. The

deviation between these two results is less than 1 %, whereas

the deviation between the measured albedo αmeas for both

days is ≈ 16 %.

As shown in Fig. 8, the corrected albedo with the

STRAHLGRID model is ≈ 1 % higher than with the data

of the Suntracker. Though the deviations between the 2 ob-

served days are within the same ranges of 1 % for the cor-

rected albedo and ≈ 16 % for the measured albedo.

3.3 AWS on Sonnblick glaciers

In Figs. 2 and 9 it is apparent that the model can be fitted to

the measured data for highly inclined and differently directed

sensors and slopes. As the figures show, the model differs

from the measured values by ≈ 1 % for a SZA of ϑs < 50
◦

.

The daily mean albedo within a SZA of ϑs < 50◦ is marked

by the grey vertical lines.

The correction for a clear day in March is demonstrated

for the southwesterly directed Kleinfleißkees where the cor-

rected diurnal mean albedo is 0.11 less than the measured

one, even when the period of correction within a SZA of
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Table 4. Mean bias error (MBE) and mean absolute error (MAE) for corrected albedo values between modelled and measured data determined

with reference measurement (Suntracker) and solar radiation model (STRAHLGRID).

Suntracker STRAHLGRID

MBE MAE MBE MAE

5 Mar 2011 FLK -0.08 2.44 -3.30 3.55

27 Jun 2011 GOK 0.25 1.86 -1.87 2.50

4 Jul 2014 WHW 1.51 3.55 4.07 6.52

19 Jul 2014 WHW 2.88 6.29 3.64 6.32

ϑs < 50◦ is very small in this season due to astronomical rea-

sons.

In contrast, the correction for a clear day in June is demon-

strated for the northeasterly directed Goldbergkees where the

corrected diurnal mean albedo is 0.03 higher than the mea-

sured one (see Fig. 9 and Table 3). The actual tilts and di-

rections were directly measured repeatedly when the sensors

were maintained during field works every 1 to 2 months and

matched well with the determined results. The results of the

AWS on the Sonnblick glaciers were also verified with the

method of Mannstein (1985) and lead to the same values.

These results lead to the conclusion that it depends on the

direction of the slope and the sensor whether the true value of

the diurnal mean albedo is over- or underestimated, demon-

strated in Fig. 10, where measured and corrected albedo val-

ues for clear-sky days on FLK and GOK in the observed time

period are presented.

Furthermore, the absolute value of over- or underestima-

tions in summer months are smaller than in winter months

due to generally lower SZA.

3.4 Short-wave radiative balance

As shown in the previous sections, the measured albedo dif-

fers from the corrected albedo. This means that the amount of

short-wave radiation absorbed by the glacier varies likewise.

For example, using data from Table 3, directly measured val-

ues for Kleinfleißkees indicate that 14 % of the incoming

short-wave radiation SWin are absorbed by the glacier. In

contrast, the corrected values show that 25 % of the incoming

short-wave radiation are absorbed during those days.

The correction of the radiative balance using Eq. (26) is

demonstrated in Fig. 11 for the 2 sample days, where on

5 March 2011 on Kleinfleißkees the corrected radiative bal-

ance SWcorr is roughly 55 % higher than the measured one

SWmeas and on 27 June 2011 on Goldbergkees SWcorr is

roughly 7 % smaller than SWmeas.

An average over the years 2011 and 2012 the corrected

radiative balance SWcorr on Kleinfleißkees is roughly 8 %

higher than the measured one (SWmeas). On Goldbergkees

the corrected radiative balance SWcorr is roughly 6 % smaller

than the measured one. These relatively small absolute val-

ues of the relative corrections result from the fact that there

are more cloudy than clear-sky days over the year at those

locations.

4 Discussion

The atmospheric parameters of the albedo correction model

consist of two single numbers (ε and V ), which does not al-

low us to account for eventual diurnal variations of the clear-

sky transmittances. However, the fitting of the albedo cor-

rection model to measured or modelled clear-sky reference

data in order to derive those bulk atmospheric parameters re-

vealed a small SD and diurnal variation of the residuals at

both sites, Sonnblick and Vienna, for all selected and pre-

sented days. We attribute this to generally low AOD and

water vapour values at the remote and high elevated site

Sonnblick, which has been noted in previous studies already

(e.g. Weihs et al., 1999). For the urban test site in Vienna,

AOD values were especially low during the selected days and

showed little diurnal variation as given by a low SD of di-

rect normal irradiance measured with the Suntracker during

those days. We also note that calculated values of V (ratio

of spectral range) are too low compared to radiative transfer

model experiments carried out by Corripio (2002). We ex-

plain this by the fact that other errors of the fitting procedure

are also lumped into this coefficient. For the correction model

we further assumed a constant ratio of diffuse to global radi-

ation pdiff ' 10 %. This number is based on data analysis of

multiple clear-sky days during different seasons at stations,

Sonnblick and Vienna, and is also strengthened by the results

of the STRAHLGRID model which gives a similar number.

The described method can be applied on days with a min-

imum of 2–3 h of nearly clear-sky conditions. The latter con-

ditions are satisfied for at least 60 % of the days per year

on average in high elevated areas in Austria (Hiebl et al.,

2011). Although this might imply a limitation of the method

for other regions in the world with less sunshine, highest

daily sums of melt energy for snow and ice are generally

strongly correlated with direct solar radiation and thus low

cloudiness. In other words, the correction method is applica-

ble when most melt energy is available and corrections are

most needed, independent of the local climate.

We introduced a SZA limit of ϑs < 50◦ for the albedo cor-

rection method as it assumes a diurnal constant albedo which
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is reasonable only for this SZA range. Due to astronomical

reasons, in the Sonnblick region this condition can only be

satisfied in the period from mid-March to mid-September

as minimum daily SZA values do not fall below this value

outside of this period. Again, we do not see this as a major

shortcoming of our method, as main melt energy is avail-

able within the time between March and September. Future

work will investigate whether the diurnal variation of albedo

outside of this period has significant implications for the ap-

plicability of our method.

The tilts of both the sensors and the slope are also as-

sumed to be constant over 1 day. From field observations and

residual analysis of the correction model this assumption ap-

pears justified. Under seldom conditions of extreme sensor

tilt σp > 25◦ the down-facing sensor can receive parts of the

incoming radiation which makes it difficult to separate in-

coming from reflected radiation. In those rare situations the

correction model obviously does not work.

A further improvement of our method would be to directly

use a solar radiation model instead of fitting the atmospheric

parameters of the albedo correction model to a reference

measurement or model. To be successful this would require

(i) more accurate AOD data than those used from MODIS

satellite here, which is a problem that is still under debate

(e.g. Ruiz-Arias et al., 2013; Gueymard, 2012), and (ii) the

integration of an automated clear-sky detection algorithm,

which is available from e.g. Marty and Philipona (2000) and

requires records of long-wave incoming radiation.

Future work will include more in-depth validations of

our methodology in the eastern European Alps. Therefore,

records of snow/ice depth changes and surface temperatures

in connection with energy balance calculations could be very

helpful to further test our method. Finally, it is clear that our

method needs further testing and validation especially in dis-

tinct climates around the world (e.g. tropical glaciers vs. arc-

tic climate).

5 Conclusions

Automatically measured snow or ice albedo values in com-

plex terrain on days with low cloudiness are often incorrect

due to tilted radiation sensors or the underlying terrain slope.

This leads to the conclusion that albedo has to be corrected

during those days.

The presented albedo correction method calculates tilts

and aspects of sensors and the underlying terrain slope dur-

ing periods of clear sky. Atmospheric parameters of the cor-

rection model are determined using data from a nearby Sun-

tracker as reference measurement with a horizontally levelled

pyranometer. In case no nearby radiation reference measure-

ment exists, a solar radiation model can be used to determine

these atmospheric parameters. The results show that the solar

radiation model is accurate enough for the correction method

to be successful. With the determined atmospheric parame-

ters, the model is fitted to the measured data. The results of

these fitting procedures are the tilts and aspects of both the

sensors and the slopes. With these tilts and directions, the

true albedo can be derived from the measured one.

To validate our method, an experimental measurement was

setup on a horizontal concrete surface to show that even a

constant albedo shows strong artificial diurnal variations and

a wrong daily average value when the sensor is inclined,

which has to be corrected to get physically correct values.

For the case of the AWSs on two glaciers, the method

showed large albedo corrections leading to radiative balances

that are up to 55% higher or lower compared to the (wrongly)

measured value for single days. On average over 2 years the

correction factors of the radiative balance ranged on the or-

der of 6 to 8 %. These results indicate that albedo corrections

are strongly needed in order to correctly quantify the energy

balance, especially in cases of AWSs in remote locations.

Our method is a first step towards such a correction and is

easily reproducible and transferable in space. Future appli-

cations of our method could involve validations in different

climate regions in the world (e.g. tropical glaciers, Arctic or

the Himalayan regions) where a lot of glacier mass balance

measurements are carried out and the accuracy of the deter-

mination of available melt energy is of very high importance.
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Appendix A: Used symbols

[C] constant factor [1]

[d] optical path length in the atmosphere [m]

[F ] irradiance [Wm−2
]

[Fdiff] diffuse part of irradiance [Wm−2
]

[Fdir] direct part of irradiance [Wm−2
]

[F↓] measured incoming irradiance of up-facing pyranometer [Wm−2
]

[F↓
] vector of direct incoming irradiance [Wm−2

]

[F↑] measured incoming irradiance of down-facing pyranometer [Wm−2
]

[Fhor] near-surface incoming direct solar irradiance on a horizontal plane [Wm−2
]

[Fpyr] incoming irradiance on up-facing pyranometer [Wm−2
]

[Ftilt] incoming irradiance on a tilted plane [Wm−2
]

[F dir
tilt
] direct part of incoming irradiance on a tilted plane [Wm−2

]

[I ] intensity of near-surface global incident solar radiation [Wm−2
]

[I0] intensity of TOA incident solar radiation [Wm−2
]

[n] normal unit vector [1]

[pdiff] diffuse part of global radiation [%]

[pdir] direct part of global radiation [%]

[r] actual sun–earth distance [m]

[r̄] mean sun–earth distance [m]

[̃r] ratio of r/r̄ [1]

[S] solar constant (1367Wm−2) [Wm−2
]

[Sterr] near-surface direct solar radiation [Wm−2
]

[SW] general global radiative balance (measured, modelled or corrected) with

SWin/mod/corr+SWout/mod

[Wm−2
]

[SWcorr] with corrected values calculated global radiative balance SWin,corr+SWout [Wm−2
]

[SWin] incoming measured short-wave radiation [Wm−2
]

[SWmeas] with measured data calculated global radiative balance with SWin+SWout [Wm−2
]

[SWout] reflected measured short-wave radiation (negative sign) [Wm−2
]

[T ] temperature [
◦C]

[t] time [s]

[V ] ratio between spectral range of pyranometer and TOA irradiance [1]

[Vmod] ratio between spectral range of pyranometer and TOA irradiance, determined

with solar radiation model

[1]

[α] general name of albedo [1]

[αconcrete] albedo of concrete [1]

[αcorr] corrected albedo [1]

[αmeas] with measured data direct calculated albedo [1]

[αmod] modelled albedo [1]

[αtrue] true albedo [1]

[γ ] direction of a tilted plane (north = 0◦) [
◦
]

[γp] direction of pyranometer (north = 0◦) [
◦
]

[γt] direction of tilted slope (north = 0◦) [
◦
]

[ε] extinction coefficient [m−1
]

[εmod] extinction coefficient, determined with solar radiation model [m−1
]

[̃ε] extinction coefficient [m−1
]

[θ ] longitude [
◦
]

[ϑp] angle between normal vector to the tilted pyranometer and vector of incoming

direct irradiance

[
◦
]

[ϑs] solar zenith angle (SZA) [
◦
]

[ϑt] angle between normal vector to the tilted slope and vector of incoming direct

irradiance (specific definition)

[
◦
]

[ϑtilt] angle between normal vector to any tilted slope and vector of incoming direct

irradiance (general definition)

[
◦
]

[σ ] angle of inclination of a tilted plane [
◦
]

[σp] angle of inclination of the pyranometer [
◦
]

[σt] angle of inclination of the tilted slope [
◦
]

[φ] latitude [
◦
]

[ϕs] azimuth of the sun [
◦
]

[ω] solid angle [
◦
]
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