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Albedo observations of the Earth’s surface for climate research

By A. HENDERSON-SELLERS AND M. F. WiLsonN
Department of Geography, University of Liverpool, P.O. Box 147,
Liverpool L69 3BX, U.K.

' . \

The primary input of energy to the Earth’s climate system occurs at the surface and
can be highly sensitive to the surface albedo. Albedo changes have been proposed as
one cause of climatic variation, but results from climate models are not yet consistent.
It is very difficult to establish an agreed global data set with which to initiate com-
parative climatic simulations. Albedo observations must be spectrally resolved because
reflexion of solar radiation is a strong function of wavelength and incident and reflected
beams are modified by the atmosphere. Parametrization of system albedos in energy-
balance models draws on satellite data. The use of satellite observations is less easy in
general circulation climate models. The removal of atmospheric distortion is par-
ticularly difficult. The establishment of a surface albedo data set generally follows one
of two approaches: geographical categorization or remote monitoring. Surface albedo
specification in current general circulation models is diverse. This paper reviews the
ways in which remotely derived albedo measurements are used now and may, in the
future, be improved for climate research.
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1. INTRODUCTION

The majority (over 709,) of the solar energy input to the climate system is first absorbed at the
surface (figure 1). Changes in the surface albedo, the ratio of reflected to incident radiation,
provide a fundamental source of variability within the climate system. Climate model simu-
lations are sensitive to the input values and parametrization of surface albedo (see, for example,
Charney ¢f al. 1977; Hummel & Reck 1979; Hansen et al. 1981). Globally the absorbed solar
radiation, a function of the albedo, «, is balanced by the emitted thermal infrared radiation
plus the fluxes of sensible and latent heat, @, and @, (figure 1), so that

(1—a) Ry = e(cT§—R{) + D+ D), (1)

where ¢ is the infrared emissivity and R} and R§ downward longwave and shortwave radiation

p
[\ \

— fluxes. The global balance disguises local and regional inhomogeneities.

; P The reflexion of incident solar radiation from many surfaces is a strong function of wave-
= length: the albedo of plants is ¢ca. 0.10 in the wavelength region below 0.7 pm, rising to ca. 0.5

O g P g g

% ﬂ at near-infrared wavelengths, whereas snow is observed to have high albedos ca. 0.8 in the

= O visible region, decreasing to ca. 0.3 at longer wavelengths (figure 2). Surface albedos are found

E 9) to depend upon both the incident angle and spectrum of the received radiation and upon the

state of the surface (Henderson-Sellers & Hughes 1982). Snow albedo is a function of age,

depth, compaction and purity; ice albedos depend upon structure and surface puddling of the

ice (Robock 1980; Warren & Wiscombe 1980); the albedo of foliage alters as it matures

(Monteith 1973); ocean albedos depend on latitude and wind speed (Cogley 1979) and the

albedo of bare soil surfaces is dependent upon the soil moisture (Kondratyev 1969; Ahmad &

Lockwood 1979). The considerable range in observed surface albedos makes parametrization
[ 43 ]
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286 A.HENDERSON-SELLERS AND M. F. WILSON

of surface albedo into climate models very difficult. Observational work could be planned
better if there were an understanding of the requirements of the modelling community.
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Ficure 1. Schematic diagrarﬁ of the globally and annually averaged components of the
shortwave (@) and thermal infrared (b) radiation streams.
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Ficure 2. Spectral albedos of plant and soil surfaces (data from Kondratyev 196g)
and snow albedos (redrawn from Wiscombe & Warren 1980).

2. ALBEDO FOR CLIMATE MODELS

The term albedo implies integration of reflectivity over the full solar spectrum (ca. 0.15-
00 pm). As instruments are frequently restricted to narrow wavelength regions, estimation or
alculation (see, for example, Warren & Wiscombe 1980) often replaces integration. The
Ibedo measured by satellites (the system albedo) encompasses surface and atmospheric
henomena (Winston et al. 1979). The global albedo is dominated by cloud reflectivity
(figure 1).

[ 44 ]
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The method of albedo representation employed varies amongst climate models. The simplest
climate models (EBMs) consider an energy balance in latitudinally averaged zones (see, for
example, Budyko 1969; Sellers 1969; Cahalan & North 1979; North et al. 1981). The albedo
parametrization is generally of the form

A = {Alce_f (T(6)) for T > Tonprem
Alce fOI‘ T < TcrltlcaP

(2)

There is no physical basis for parametrization of the system albedo as a function of the surface
temperature alone. All other model types include surface and atmospheric reflexion separately.
Surface temperature calculations for the averaged globe in one-dimensional radiative convec-
tive (rRc) models, where the dimension is height, are sensitive to the surface albedo (see, for
example, Hummel & Reck 1979; Hansen et al. 1981). Statistical dynamical models, formulated
in terms of latitude and height, parametrize the energy balance of land and ocean separately
within each zone. They also respond to surface albedo changes (see, for example, Potter et al.
1975, 1981).

The full three-dimensionality of the climate is parametrized in general circulation models
(cems). The effects of clouds and atmospheric gases and particulates are treated so that the
surface incident radiation is well specified. The surface parametrization includes turbulent
fluxes of sensible and latent heat and the radiation term dependent upon the surface albedo.
Carson (1981) reviews the land surface albedos used in a wide selection of cems. He groups the
treatment of snow-free surface albedos into three categories (see table 1): (i) a single fixed value
for ‘bare’ land; (ii) land albedo specified as a function of latitude only; (iii) specified geogra-
phical distribution of albedo. The general trend in all cowms is towards category (iii).

Representation of snow-covered and ice-covered surfaces is diverse, partly because obser-
vational data are sparse. The albedo of snow-covered surfaces depends on the type, density and
roughness of vegetation and the depth of snow cover (Kukla & Robinson 1980). Snow albedo
can increase with cloudiness as a result of near-infrared absorption (Grenfell & Maykut 1977).
Carson (1981) identifies three types of snow-covered or ice-covered surfaces (table 1) used in
ceMs: (i) surfaces with an instantaneously variable depth of snow either predicted or implied;
(ii) permanent or seasonally prescribed snow-covered and ice-covered land surfaces; (iii)
permanent or seasonally prescribed areas of sea ice. There is generally a simple dependence of
albedo on snow depth (Holloway & Manabe 1971). Since one goal of most modelling groups
is to simulate cryosphere—climate feedback, the diversity among the methods of assigning
surface albedos and of predicting areas of ice and snow is disturbing. The effect of altering the
‘frozen surface’ albedo in EBMs (equation (2)) is dramatic (Warren & Schneider 1979;
Cahalan & North 1979), whereas cam simulations of even the present-day cryospheric extent
are extremely poor (see §4).

3. GLoBAL SURFACE ALBEDO DATA

The urgent need for an agreed global surface albedo inventory for climate modelling has
been identified (see, for example, GArp 1975). There have been a limited number of attempts
to produce such a data set but uncertainty over surface albedos persists. The difficulties en-
countered in trying to construct an acceptable surface albedo data set are considerable.
The choice of a “typical’ albedo for a land class from observational data is difficult. Spectral

[ 45 ]
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TaBLE 1. SURFACECRYVBRBMRI HORD TR RAVRSSMPRRIS B PR AL CIRCULATION CLIMATE MODELS
(Updated from Carson (1981)).

example centre
(reference)
Atmospheric Environment
Service (Canada) (Boer
& McFarlane 1979)

Australian Numerical
Meteorology Research
Centre (McAvaney et al.
1978)

Computing Centre,
Siberian Academy of
Sciences (Marchuk et al.
1979)

Geophysical Fluid
Dynamics Laboratory
(Holloway & Manabe

1971)

(Manabe & Stouffer
1980)

Goddard Laboratory for
Atmospheric Sciences
(Halem et al. 1979)

Goddard Institute for
Space Studies
(Hansen et al. 1983)

Meteorological Office,
U.K. (Corby et al. 1977)

(Saker 1975)

National Center for
Atmospheric Research

(Washington & Williamson

1977)
(Dickinson et al. 1981,
and unpublished)

Oregon State University
(Schlesinger & Gates

1979)

Rand Corporation
(Gates & Schlesinger
1977)

University of California
at Los Angeles
(Arakawa 1972)

model
AES

ANMRC

CCsAS

GFDL

GFDL

GLAS

GISS

UKMO

UKMO

NCAR

0su

RAND

UCLA

snow-free and ice-free
surfaces

no specific details but
implied geographical
distribution based on
Posey & Clapp (1964)

latitudinal variation based
on Posey & Clapp (1964)

a = 0.2, bare ground
a = 0.1, ocean

geographical distribution
based on Posey & Clapp
(1964)

geographical distribution
based on Posey & Clapp
(1964)

Feb.: geographical
distribution based on
Posey & Clapp (1964)

Aug.: Charney et al. (1977)

vegetated land 0.14,

desert 0.35, ocean 0.07

land: 8 vegetation types
have seasonally varying
albedos for < 0.7 pym and
>=0.7 pm

5-level model: snow-free
land values vary with
latitude range
0.150-0.223

11-level model: land 0.2,
sea (where effective) 0.06

originally:
geographical distribution
based on Posey & Clapp
(1964)

third-generation model:
two spectral regions
<0.7 ym and =0.7 pym;
dependence on vegetation
type and extent

geographical distribution
based on Posey & Clapp
(1964) and model’s 9
surface types

geographical distribution
based on Posey & Clapp
(1964)

bare soil 0.14, ocean 0.07

snow-covered and ice-covered
surfaces
follows Holloway & Manabe (1971),
equation (3): see GFDL

snow albedo prescribed as latitudinal
variation of a. « of sea ice = 0.07

snow: & = 0.2+ 0.4 d,,
a < 0.6
(same as NCAR)
ice: & = 0.6
snow: equation (3)
a=o+0.6—a)dl d,<1 cm} (3)
a = 0.6 d, > 1lcm
poleward of 75° lat., albedo for land and
pack-ice 0.75
sea ice: 0.5 for lat. <55°,
0.7 for lat. >66.5°,
0.45 if top melting

snow and ice 0.70

Holloway & Manabe (1971) equation (3):
see GFDL

snow-free ice: 0.45 ocean,
0.5 land
snow albedo: a, = 0.5+¢79/8
ground partly snow-covered albedo:
a1+ (oca——ocl) (1 — e—dsw/dmask)
two spectral regions
snow:
a = a,+0.38 d},
a < 0.6
similar to Holloway & Manabe (1971),
equation (3): see GFDL
sea ice and permanent snow cover:
a=08; T, <2711.2 K
a=05;T, 2271.2K
transient snow cover 0.5, permanent snow
cover, land ice and sea ice 0.8
originally:
snow or ice:
o= 0.2+04d,, and
a < 0.6
third-generation model:
snow albedo function of age and depth of
snow: two spectral regions

fixed value

snow-covered 0.7, ice-covered soil or
sea water 0.4

Symbols: (i) d,, is the water equivalent depth of snow (centimetres); (ii) a is the snow age (days); (iii) dp,q
is the vegetation snow masking depth equivalent thickness of water (centimetres); (iv) o, is the snow-free land

albedo.
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1o —— Kukla & Robinson (1980)
————— Robock (1980)

- Hummel & Reck (1979)
—— Sellers (1965)

---- a1ss geM (Hansen et al. 1983)

0.5

surface albedo

P N N N U T U T i i RO MO A S N
90 60 30 0 30 60 90
N latitude/deg S

Ficure 3. Latitudinally averaged cross sections of annual averaged albedos from a variety of sources.

F1cure 4. (a) GrpL surface albedos (redrawn from Preuss & Geleyn 1980); (b) surface albedos derived from
satellite-observed minimum albedos by inversion (after Preuss & Geleyn 1980); (¢) surface albedo map
drawn from annual average surface albedo values of Hummel & Reck (1979) (from Henderson-Sellers &

Hughes 1982).
variation (figure 2), the effects of shading (see, for example, Dozier & Frew 1981; Otterman
1981) and the addition of snow to vegetated environments modify surface albedos. These effects
alter as the solar elevation and azimuth vary (Nkemdirim 1973; Ahmad & Lockwood 1979).
Atmospheric scatter tends to increase measured clear-sky system albedos. It is therefore prefer-
able to make observations close to the surface. However, satellites may provide the only data

in inhospitable areas.
[ 47 ]
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(a) Surveys

There are basically two ways of compiling a surface albedo data set: (i) a satellite data
composite; (ii) geographical land type classification plus measurement at selected ‘typical’
locations. Satellite information alone cannot yet provide acceptable snow and surface albedo
data and will never be able to provide information about diffuse surface albedos under total
cloud cover. At the high resolution provided by for example Landsat, detailed case studies
abound (Moscher & Norton 1977; Rockwood & Cox 1978; Robinove 1982), but a complete
global compilation is a massive undertaking. The alternative is to select the lower spatial
resolution provided by meteorological satellites. The compilation of a land-surface survey
requires the production of a minimum-brightness map (see, for example, Raschke et al. 1973).
The chance of removing all clouds increases with the time period but so does the ‘noise’ pro-
duced by the surface variability (snow, moisture, vegetation) and the effect of real radiometer
noise. Rossow (personal communication 1982) has found that for N.O.A.A. sr data the
3 month absolute minimum value observed has a value approximately 1.6 standard deviations
below the true clear-sky minimum. A continually updated minimum albedo will continue to
decrease because of instrument noise. In the ‘inventory plus specific observation’ method of
compiling global albedo data there are two problem areas: (a) composing the global classifi-
cation and (b) obtaining appropriate ‘typical’ albedo observations for each selected category.

The resulting albedo sets differ (figures 3 and 4). There is a large region of the globe (40° N
to 40° S) for which the latitudinally averaged data sets (figure 3) are in agreement. Middle and
high latitude values are less consistent. Kukla & Robinson (1980) emphasize the effect of the
seasonal cryosphere whereas Hummel & Reck (1979) give greater weight to the seasonality in
vegetation albedos. Figure 4 illustrates three global albedo fields. Figure 44 is the global model
based on ground and aircraft observations of Posey & Clapp (1964); figure 45 shows surface
albedo derived by Preuss & Geleyn (1980) from satellite data calculated by Raschke et al.
(1973); and figure 4c¢ is the annual albedo map proposed by Hummel & Reck (1979) based on
land-survey and ground observations updating the work of for example Posey & Clapp (1964)
and Schutz & Gates (1972). In general, low-latitude and mid-latitude values are lower in the
satellite-derived data set (figure 44) over deserts. A greater degree of spatial variation is
observed in figure 45 than in either the Hummel & Reck data set (figure 4¢) or the Posey &
Clapp model (figure 4a). At extreme high latitudes in the Northern Hemisphere the satellite
data are lower than surface observations, whereas in the Antarctic satellite derived values are
higher than the two ground based data sets. Contamination of the satellite data appears to have
been caused by cloud cover in a number of areas.

A major advantage in using satellite-derived data for climate models is that this albedo is
ready-integrated information for the grid box sampled. Careful interpretation of satellite data
could solve the problem of heterogeneous land classes within a specified cem grid. However,
there are clearly significant discrepancies between surface and satellite-derived data sets.

(b) Limitations of data sets

There are three categories of effects that lead to discrepancies between different observations
of surface albedos: (i) instrumental, (ii) viewing geometry, and (iii) environmental, especially
atmospheric, influences. Instrumental limitations in satellite surveys result from deficiencies in
the optical system, satellite instability, sensor design and degradation, and the orbital con-
figuration. Radiometers not subject to in-flight recalibration drift from their original settings

[ 48]
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(see, for instance, Winston et al. 1979). The influence of the waveband of the sensor upon the
observations can be critical, and comparison of measurements made in different wavelength
regions is difficult (see, for example, Duggin et al. (1982) and the discussion of figure 55). It is
generally found that minimum clear-sky albedo occurs at midday (Nkemdirim 1973). Kowalik
et al. (1982) give an analysis of the relation between Landsat observed radiances and the solar

A/pm
o 1.660
0.3 —— low turbidity 4l (bl___/’—2 200
« W [ = ———————1.243
- == pasture land 2 T . -0.866
____________ 3 TT-——-~""average #
0.2\~ 810 ~— —————————0.606
K] NS savannah E 6 - 0.521
Q - « I~ \/
2 g 4
« 3 -
0.1 & o
- coniferous forest
1072 \_/”—‘ 0.429
N N NN NN NS RN N N I T T T R T
0 30 60 90 0 30 60 90
solar elevation angle/deg . solar elevation angle/deg

FiGure 5. (a) Four natural surface albedos, wavelength-integrated from observations for low and high turbidity
atmospheres as a function of solar elevation angle (after Kriebel 1979); (b) spectral albedos and wavelength-
integrated albedo for savannah as observed on 10 August 1971 (after Kriebel 1979), with permission of
Elsevier Science Publishing Co.

zenith angle at the time of observation for ten sites in Nevada. Although significant, the zenith
angle effect poses less of a problem for Landsat data than for those data from meteorological
satellites.

The non-Lambertian nature of land surfaces (Stowe e al. 1980; Kimes & Kirchner 1982)
and the influence of the scene geometry upon observed albedos can be considerable (Monteith
1959; Idso ef al. 1975). Dirmhirn & Eaton (1976) suggest that the reflectance observed through
a small aperture, as by satellites, can be inverted from the observed system albedo only if the
degree of non-isotropy is known. However, Ueno (1981) suggests that over a complete canopy
and mixed surface types, the anisotropic reflective properties of individual elements may be
masked and the assumption of isotropy reasonable. Dozier & Frew (1981) and Otterman (1981)
deriverelations between planar and non-planar configurations. Kriebel (19776) shows that, for low
solar zenith angles, shadowing effects are small and that only slight azimuthal anisotropy occurs.

The problem of removal of atmospheric contamination (figure 54) (Turner 1978; Otterman
et al. 1980) is important for all except very low-altitude flight measurements (Kung et al. 1964).
Bauer & Dutton (1962) demonstrated that albedo measurements made up to heights of
approximately 300-400 m are within 0.05 of measurements made at the surface. This difference
is as large as the contrast between some land type classes. Recent theoretical calculations by
Briegleb & Ramanathan (1982) illustrate some features of clear-sky albedos and their relation
to surface albedos. Duggin et al. (1982) show that removal of cloud contamination is difficult.
Kriebel (1976, 1979) considers the effect of aerosol loading on satellite-sensed ‘clear-sky’
albedos. His results suggest a greater dependence upon solar zenith angle than upon atmospheric
turbidity (figure 5a). Figure 55 shows that there is a dependence of spectral albedo upon zenith
angle. It seems to be fortuitous that the dependences cancel when the wavelengths are
integrated.

[ 49 ]
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292 A.HENDERSON-SELLERS AND M. F. WILSON

The purpose and skill of the originator of the albedo file can be important: cloud contami-
nation, ignored in the original because of detailed local knowledge, may be archived. Moscher &
Norton (1977) publish an estimate of the error on their calculated values of surface albedo
(ca. 119, of the retrieved surface albedo). It is apparent that all current surface albedo data
sets should be treated cautiously.

4, CONCLUSIONS AND RECOMMENDATIONS

The effect of incorrect specification of surface albedos upon climate model sensitivity is
difficult to ascertain. Hummel & Reck (1979) state that surface albedo errors of +0.025
produce uncertainties of ¥ 2.5 K in the surface temperature. Hansen ef al. (1981) calculate,
from their one-dimensional rc model, a temperature change of 1.3 K for a land-surface albedo
alteration of 0.05. Sagan et al. (1979) calculate a man-generated temperature change of 0.2 K
resulting from an albedo change of 0.001 over the last 25 years. Their results have been dis-
puted by Potter et al. (1981). Revised calculations suggest that Sagan et al. (1979) tend to over-
estimate the surface albedo by neglecting the recovery of some arid areas. Inclusion of these
revisions leads to a global albedo increase of only half that computed by Sagan et al. (1979),
with a resultant temperature decrease of ca. 0.1 K.

The sensitivity of current cems to surface albedo changes is a function of the type of change,
its geographical location and the nature of the ccm itself. The parametrization of surface
albedo in cems differs (§2 and table 1). Preuss & Geleyn (1980) make a comparison between
very short (10 day) atmospheric integrations by using the surface albedo data sets in
figure 44, b. They observe that, although computed surface temperature differences were small,
at the cessation of their experiment the atmospheric column temperature showed no tendency
to equilibriate.

There are two regions for which com climate sensitivity to surface albedo changes has been
established: deserts and the cryosphere. In 1975 Charney proposed a biogeophysical feedback
mechanism as the cause of extending drought regions in the Sahel. Increased albedo, resulting
in a net radiative loss, produced general subsidence, which decreased cloud formation and
rainfall (Charney 1975; Charney et al. 1977; Sud & Fennessey 1982). It is unclear how surface
modification will modify the local climate régime in humid regions. Preliminary results from a
simulation of the effects of tropical deforestation in the Amazon region with the ciss com
show no significant alteration in local or regional surface temperature, although local annual
precipitation decreases by 200 mm. The ice-albedo feedback mechanism is believed to be sig-
nificant for climatic perturbation on a large number of timescales (see, for example, GARP
1975). It is the fundamental forcing effect on EBMs (equation (2)) and is included in all other
climate models (see, for example, Wang & Stone 1980; Manabe & Stouffer 1980), although
the lack of success of ccMs in simulating the current sea-ice extent (Manabe & Stouffer 1980)
could affect computed temperature sensitivities.

It is important that interchange between the remote-sensing and climate-modelling com-
munities be encouraged. Surface albedo variations, caused by changes in the cryosphere extent
and vegetation pattern, have been invoked as important causes of climatic change, but model-
ling results are not yet consistent and no agreed global data set is available with which com-
parative simulations can be made. Currently the albedo differentiation and level of accuracy
derivable solely from satellite measurements are much lower than those being examined in
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climate-sensitivity experiments. The development of understanding of our global environment
requires constructive and coordinated development of climatic modelling and satellite and
surface observational programmes.

M.F.W. holds an N.E.R.C. studentship; part of this work was undertaken while A.H.-S.
was an N.R.C. (U.S.A.) Visiting Research Associate at the Goddard Institute for Space
Studies, New York. K. P. Shine, N. A. Hughes and J. Jones are thanked for their help.
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