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ABSTRACT

Satellite data are used to construct monthly mean snow cover maps for the Northern Hemisphere.
The zonally averaged snow cover from these maps is calculated and used, along with zonally averaged
sea ice cover and detailed data on land surface types, to calculate the seasonal cycle of zonally aver-
aged surface albedo. A parameterization is presented of the solar zenith angle effect on ocean albedo.
The effects of meltwater on the surface, solar zenith angle and cloudiness are all parameterized and in-
cluded in the calculations of snow and ice albedo. It is found that meltwater effects are very important,
but that zenith angle and cloudiness effects are negligible.

The albedo results for January, April, July, and October and the annual average results are compared
to calculations by several other workers. The discrepancies are explained in terms of the above-
mentioned effects and the averaging methods used. It is found that several other workers failed to
weight the albedos by solar radiation when calculating annual averages. The global average surface
albedo is calculated to be 0.150.

The data presented here allow a calculation of surface albedo for any land or ocean 10° latitude
band as a function of surface temperature and ice and snow cover. The relationship between the
seasonal cycles of snow and ice cover and surface temperature are also analyzed for possible use in a
complete surface albedo parameterization for an energy balance climate model. The correct determina-
tion of the ice boundary is found to be more important than the snow boundary for accurately simulating
the ice (and snow)-albedo feedback. Annual average calculations are also presented. Northern and
Southern Hemisphere sea-ice-temperature regressions give differing results for the seasonal cycle but

267

similar ones for annual average values.

1. Introduction

Surface albedo is one of the most important com-
ponents of the climate system, and the changing
snow and ice cover cause the largest changes in
surface albedo. Not only do the snow and ice cover
have a large seasonal cycle, but they also exhibit
a substantial interannual variability. In addition the
albedo of snow and ice exhibits a large seasonal
cycle. In order to completely understand the climate
system, these variations must be understood. As a
first step in the process, this paper presents data on
the mean zonally averaged seasonal surface albedo
cycle. The data presented here include monthly
average snow cover maps as well as zonal averages
of snow cover, ice cover and surface albedo.

The next section presents maps derived from
10-12 years of satellite observations of the monthly
average Northern Hemisphere (NH) snow cover for
the seasonal cycle. While these data are zonally
averaged for analysis in this paper, they also provide
longitudinal information which may be used in other
contexts. For example, general circulation models
(GCM’s) of the atmosphere commonly either employ
fixed surface boundary conditions, including surface
albedo, or calculate albedo as a function of sur-
face wetness and/or snow cover from a hydrological
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model. The snow cover maps presented here are
currently being used to specify surface albedo for
the Goddard Laboratory for Atmospheric Sciences
(GLAS) GCM, and for comparison with the calcu-
lated snow cover of the Geophysical Fluid Dynamics
Laboratory (GFDL) GCM. The seasonal cycles of
NH and Southern Hemisphere (SH) seaice cover are
then presented. Following this the surface albedos
of various surface types are described. Particular
attention is paid to the albedo of snow and ice
and parameterizations of the effects of meltwater on
the surface, solar zenith angle and cloudiness are
presented. The next section describes the calcula-
tion procedure for zonally averaged surface albedo
combining the observed distribution of surface types
with the albedo observations and calculations.

The results of the calculations are presented next.

" They are compared with previous calculations by

Sellers (1965), Schutz and Gates (1972a,b, 1973a,
1974a), Curran et al. (1979), Hummel and Reck (1979)
and Kukla and Robinson (1979b). The present results
are shown to be the most comprehensive, including
the most accurate observations of snow and ice
cover, the meltwater effect, detailed land surface
type data, and weighting by solar radiation when
calculating the annual average. The discrepancies
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TaBLE 1. Northern Hemisphere zonal average seasonal cycle of fraction of land area covered by snow. These data include land
with permanent snow cover and come from Figs. 1-12 including the shaded areas. Latitudes for this and the next three tables indicate
5° latitude belts centered on them.

Lati- Month

tude

(°N) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
82.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

77.5 1.0 1.0 1.0 1.0 1.0 1.0 0.86 0.86 0.86 1.0 1.0 1.0

72.5 1.0 1.0 1.0 1.0 0.99 0.98 0.46 0.32 0.51 1.0 1.0 1.0

67.5 ) 1.0 1.0 1.0 1.0 0.98 0.55 0.17 0.10 0.22 0.99 1.0 1.0

62.5 1.0 1.0 1.0 1.0 0.76 0.17 0.07 0.04 0.03 0.77 1.0 1.0,
57.5 0.97 0.97 0.95 0.84 0.32 0.14 0.04 ©0.02 - 0.02 0.30 0.88 0.93
52.5 0.91 0.91 0.79 0.55 0.22 0.04 0.02 0.02 0.02 0.08 0.71 0.86
47.5 0.87 0.86 0.70 0.17 0.06 0.00 0.00 0.00 0.01 0.01 0.11 0.78
42.5 0.67 0.70 0.20 0.08 0.04 0.03 0.00 0.00 0.01 0.03 0.10 0.33
37.5 0.20 0.23 0.15 0.07 0.05 0.04 0.04 0.03 0.02 0.07 0.08 0.14
32,5 0.15 0.17 0.17 0.16 0.10 0.05 0.10 0.10 0.11 0.13 0.14 0.14

in Table 1, was used to derive the regression equa-
tions relating snow cover to surface temperature
and to calculate the seasonal albedo cycle.

ESMR instrument on Nimbus 5 from July 1973 to
October 1974. This SH sea ice data set is of poorer
quality than the NH data both because of its

limited time period, which may or may not have
been representative, and because of ambiguities in
transforming microwave brightness temperatures
into sea ice concentrations. Since SH snow cover
data are not readily available, NH data offset by six
months because of the difference in the seasons were
used in the albedo calculations. The errors involved
in this are very small due to the small area of the
SH subject to seasonal snow fluctuations. (This can
be seen in Table 10 where the zonal average frac-
tional ice and snow cover is very close to the frac-
tional ice cover for latitudes 30—70°S where seasonal
snow is present.)

3. The seasonal cycle of sea ice

Table 3 presents the mean seasonal cycle of NH
fractional sea ice cover as a function of latitude.
It is essentially the same data set compiled by
Walsh (1978) for the years 1953-77, with the addi-
tion of ‘‘Sea Ice Normals’’ data for 1966-74 from
the British Meteorological Office (1977) for ice in the
Sea of Okhotsk and Baltic Sea which were omitted
by Walsh because of incomplete data. Walsh (1978)
and Walsh and Johnson (1979) discuss the quality
of the data and present detailed analysis of the ice
area fluctuations. Note that the fractional ice areas
presented in Table 3 are centered on the end of each
month, not the middle of the month as was done
for Tables 1, 2 and 4.

Table 4 presents the zonally averaged SH frac-
tional sea ice cover. The data come from Curran
et al. (1979, Table 4) and were obtained from the

4. Surface albedos

a. Surface type

Cohen (1973, p. 99) presents a global map of land
surface type, which classifies the globe into the 16

TaBLE 2. Northern Hemisphere zonal average seasonal cycle of fraction of land area covered by snow excluding the areas of
permanent snow cover and the Tibetan Plateau over 4000 m in elevation. The data come from Figs. 1- 12 excluding the shaded areas.
The boxed data in this and the next two tables were not used in the regressions discussed in Section 7.

Lati- Month

tude

(°N) Jan .Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
82.5

77.5 1.0 1.0 1.0 1.0 1.0 1.0 0.5 0.5 0.5 1.0 1.0 1.0
72.5 1.0 1.0 1.0 1.0 0.99 0.98 0.26 0.08 034 | 1.0 1.0 1.0}
67.5 1.0 1.0 1.0 1.0 0.98 0.52 0.10 0.02 0.15 0.99 1.0 1.0
62.5 1.0 1.0 1.0 1.0 0.76 0.15 0.04 0.01 0.00 0.77 1.0 1.0
57.5 0.97 0.97 0.95 0.84 0.32 0.14 0.04 0.02 0.02 0.30 0.88 0.93
52.5 0.91 0.91 0.79 0.55 0.22 0.04 0.02 0.02 0.02 0.08 0.71 0.86
47.5 0.87 0.86 0.70 0.17 0.06 0.0 0.0 00 | o.01 0.01 0.11 0.78
42.5 0.46 0.49 0.17 0.06 0.01 0.0 0.0 0.0 0.0 0.0 0.07 0.31
37.5 0.13 0.14 0.07 0.01 0.0 0.0 0.0 0.0 0.0 0.0 0.01 0.08
32.5 0.01 0.02 0.02 0.02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ]
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TaBLE 3. Northern Hemisphere zonal average seasonal cycle of fraction of ocean area covered by sea ice. The data were provided
by John Walsh and were supplemented by data from the British Meteorological Office (1977). They are averages for the period
1953-77, and are for the end of each month, rather than the monthly average as in Tables 1, 2 and 4.

Lati- Month

tude

°N) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
87.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
82.5 1.00 1.0 1.00 1.00 1.00 0.99 0.98 0.96 0.98 ~1.00 1.00 1.00
77.5 0.93 0.93 0.93 0.93 0.91 0.83 0.73 0.62 0.65 0.81 0.88 0.91
72.5 0.76 0.77 0.77 0.76 0.73 0.63 0.47 0.31 0.32 0.61 0.71 0.74
67.5 0.57 0.59 0.59 0.56 0.48 0.36 0.21 0.07 0.06 0.26 0.45 0.53
62.5 0.43 0.46 0.46 0.38 0.24 0.14 0.03 0.01 0.00 0.02 0.20 0.36
57.5 0.25 0.28 0.28 0.19 0.11 0.07 0.01 [ 0.00 0.00 0.00 | o0.03 0.17

surface types shown in Table 5. The fractions of
each type were digitized to 10° latitude bands. Ice
caps were assumed to occupy the shaded regions
(Figs. 1-12) in the Arctic, half of the shaded
Himalayan region, and all of Antarctica. Because
of the treatment of snow and ice (Sections 4d and 5)
the surface types were combined into six surface
categories as shown in Table 6. Table 7 presents
the fraction of each of these categories by lati-
tude band.

b. Snow-free land albedos

Albedos of the various land surface types are
listed in Table 5 with references. Hummel and Reck
(1979), who present a static surface albedo calcula-
tion for four seasons, distinguished between the
albedo of deciduous and coniferous forests. I feel,
however, from looking at the references in Table 5,
that the large variety of overlapping measurements
for both types of forest do not justify this
distinction.

The albedos of the various land surface types are
all very close, except for sand deserts, when com-
pared to snow albedos, discussed later. This con-
trast is what produces the snow-albedo feedback.
Several other factors which may affect the seasonal
land albedo cycle,.such as the spectral dependence
of albedo, soil moisture, biological changes, farm-
ing and solar zenith angle dependence were not
considered, because the changes produced would

be much smaller than that caused by snow. (Solar
zenith angle corrections are applied to ocean, snow
and ice albedos as discussed later.) The albedo
values that are used, however, are integrated over
the spectrum, and integrated over the diurnal cycle.
Soil moisture consideration would require assump-
tions about precipitation. In addition, the other
effects are poorly known. In the future, a more de-
tailed surface albedo calculation should include
them. When considering ice age time scales, changes
in the surface types may also be important (Williams
etal., 1974; CLIMAP Project Members, 1976; Cess,
1978).

c. Water albedo

It was determined from the observations of Payne
(1972) that sea surface albedos (a,) for different
months and latitudes fit the formula

a, = 0.06/cosy, )]

where y = (latitude — solar declination)/1.2. These
values, which depend only on solar zenith angle for
their time dependence, were used for each month
and latitude, for ocean and inland water surfaces.

d. Snow and ice albedos

The albedo of snow depends not only on the
underlying surface type, but also on the tempera-
ture, age of the snow, cloudiness and solar zenith

TABLE 4. Southern Hemisphere zonal average seasonal cycle of fraction of ocean area covered by sea ice.
Data are from Curran et al. (1979, Table 4).

Lati- Month

tude

°S) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
77.5 0.96 0.95 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
72.5 0.90 0.82 0.88 099 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 | 0.99
67.5 0.47 0.26 0.32 0.60 0.77 0.87 0.93 0.95 0.95 0.94 0.90 0.71
62.5 0.05 0.01 0.03 0.11 0.29 0.48 0.63 0.69 0.70 0.70 0.52 0.23
57.5 0.0 0.0 0.0 0.0 | o.01 0.04 0.10 0.19 0.23 0.22 0.13 0.04
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TABLE 5. Albedos of different surface types. References for snow-free albedos are indicated by letters where H is Hummel and Reck
(1979), P is Posey and Clapp (1964), M is Miranova (1973) and K is Kung er al. (1964). References for snow and snow with

meltwater are discussed in the text.

Surface type Snow-free (Reference) Snow Meltwater
1. Ice cap Same as snow 0.80 0.40
2. Tundra 0.17 (H) 0.80 0.40
3. Inland water Same as ocean 0.75 (ice) 0.40
4. Deciduous forest 0.15 H.P \ 0.40 0.30
5. Mixed deciduous & coniferous forest 0.15 (M, K) 0.40 0.30
6. Coniferous forest 0.15 ’ 0.40 0.30
7. Equatorial forest 0.07 (H, P) — —
8. Arable & mixed farming 0.15 (H, M, K) 0.80 0.40
9. Rice paddy 0.12 (H) — —
10. Other irrigated land 0.20 (H, K) 0.80 0.40
11. Grazing 0.18 (H, K, M) 0.80 0.40
12. Tropical woodland & grassland 0.16 (H) — —
13. Marsh or Bog 0.14 (K, M) 0.80 0.40
14. Sand desert 0.42 (H) — —
15. Shriubland desert 0.22 (H, P, K) 0.80 - 0.40
16. Ocean ' Eq. (1) 0.75 (ice) 0.40

angle. Ice albedo behaves the same way. In order
to accurately express snow albedo, the land surface
was divided into several categories (Table 6); un-
forested land on which snow falls, forests with
seasonal snow, ice caps with permanent snow, and
land on which snow never falls (equatorial surface
types and sand desert). _

The temperature dependence of snow and ice is
such that higher temperatures cause a lower albedo
due to meltwater pockets on the surface and changes
in the crystal structure. In addition, on a daily basis,
debris accumulates on the surface during the melting
season, lowering the albedo (Petzold, 1977), but
this effect was not thought to be important for 15-
or 30-day averages. The snow and ice albedo were
assumed to vary linearly from a ‘‘snow’’ value for
T < —10°C to a ‘‘meltwater’’ value for T = 0°C
(Petzold, 1977; Doronin, 1970). The snow value
for flat surfaces was chosen to be 0.80 and the melt-
water value to be 0.40 (Kondrat’yev, 1965, Miranova,
1973; Doronin, 1970; Rusin, 1964, Chernigovskii,
1963). For forests, the corresponding values are 0.40
and 0.30 (Kondrat’yev, 1965; Posey and Clapp, 1964;
Hummel and Reck, 1979; Miranova, 1973; Kung et

TABLE 6. Categories of surface types used to calculate
areal average albedos.

Includes. these
surface types

Surface category (see Table 5)

a. Ocean : . 16
b. Inland water 3
c. Unforested land, seasonal snow 2,8,10,11, 13, 15
d. Forest, seasonal snow 4,5, 6
e. Ice cap 1
f. Land, no snow ever 7,9, 12, 14

al., 1974). For sea ice, including the effects of snow
on the ice and breaks in the ice, the values are 0.75
and 0.40 (Miranova, 1973; Vowinckel and Orvig,
1970). This effect is in addition to the changes in
snow and ice area as temperature changes. Thus as
temperature rises, snow and ice area and albedo
both decrease. ,

Rusin (1964) and Petzold (1977) both point out the
effects of clouds on snow albedo, with high cloudi-
ness producing more diffuse radiation which has a
higher albedo. As the above values are for average
cloudiness, this effect was included by increasing
the snow or ice albedo by 5% with clouds and de-
creasing it by 5% for clear areas. The climatological
seasonal and latitudinal fractional cloud distribution
was determined from London (1957) for the NH,
Sasamori et al. (1972) for the SH and Vowinckel and
Orvig (1970) for high NH latitudes.

At high solar zenith angles, the albedo of snow and
ice increases and has been measured by Petzold
(1977). This correction was applied by adding a per-
centage of the albedo (8) to the albedo (Petzold,
personal communication): '

= 0.01766 secZ — 0.0221, 0% = 3 =< 50%,

where Z is the noon solar zenith angle.

2

5. Albedo calculations

This section describes the calculation procedure
to give the zonally averaged surface albedo for any
10° latitude band at any time. The snow and ice frac-
tional areas come from Tables 2—4. As accurate
parameterizations are developed, they could be cal-
culated as a function of surface temperature. Ice
areas for inland water (F;;) were assumed to be the
same as ocean values. If they are to be calculated
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TaBLE 7. Fraction of 10° latitude bands covered by various surface categories (see Table 6), area weighted means of fraction times
albedo for three of the categories (c, d and f) and § parameter, explained in text and calculated in (3). The fractional areas were
calculated from data provided by John Hummel who digitized data from Cohen (1973, p. 99).

Lati-
tude F, F, F, F, F, F; F.c, Faa, Fra, s
85°N 0.9030 0.0 0.0448 0.0 0.0522 0.0 0.0076 0.0 0.0 1.000
75N . 0.6960 0.0 0.1999 0.0 0.1041 0.0 0.0340 0.0 0.0 1.000
65°N 0.2950 0.0333 0.3120 0.3202 0.0394 0.0 0.0527 0.0480 0.0 1.000
S5°N 0.4230 0.0020 0.3339 0.2404 0.0 0.0007 0.0547 0.0361 0.0003 1.001
45°N 0.4770 0.0303 0.3735 0.0914 0.0032 0.0246 0.0652 0.0137 0.0103 1.049
35°N 0.5720 0.0025 0.3289 0.0290 0.0300 0.0376 0.0590 0.0043 0.0108 1.096
25°N 0.6240 0.0 0.2540 0.0188 0.0 0.1032 0.0497 0.0028 0.0265 1.378
15°N 0.7370 0.0 0.1410 0.0042 0.0 0.1179 0.0257 0.0006 0.0163 1.812
5°N 0.7720 0.0006 0.0634 0.0 0.0 0.1640 0.0109 0.0 0.0194 3.563
5°S 0.7640 0.0009 0.0577 0.0217 0.0 0.1556 0.0095 0.0033 0.0122 2.936
15°S 0.7800 0.0 0.1079 0.0541 0.0 0.0581 0.0188 0.0081 0.0072 1.359
25°S 0.7680 0.0 0.2010 0.0040 0.0 0.0270 0.0366 0.0006 0.0093 1.132
35°S 0.8860 0.0 0.1046 0.0089 0.0 0.0005 0.0184 0.0013 0.0002 1.004
45°S 0.9690 0.0 0.0215 0.0095 0.0 0.0 0.0040 0.0014 0.0 1.000
55°S 0.9910 0.0 0.0005 0.0004 0.0080 0.0 0.0001 0.0001 0.0 1.000
65°S 0.9050 0.0 0.0 0.0 0.0950 0.0 0.0 0.0 0.0 1.000
75°S 0.2690 0.0 0.0 0.0 0.7310 0.0 0.0 0.0 0.0 1.000
85°S 0.0 0.0 0.0 0.0 1.0000 0.0 0.0 0.0 0.0 1.000

itis suggested that they be calculated using the ocean
formula, but with land temperatures. The snow frac-
tional areas must be restricted only to those surface
types which receive snow and so are multiplied by a
factor S

S=F)Y (Fy+F. +F; +F,), 3)

where F, is the total fraction of land and F,_, are
given in Table 7. The snow and ice albedos are cal-
culated as indicated in Section 4d with the appropri-
ate corrections. The albedo for any latitude band is
then

a = Fyla(1 — F;) + o4 F))
+ Fy(os(1 — Fy) + o Fy)
+ Fa(l — FeS) + anFsS)
+ Fylog(l — FS) + a5 FS)
+ Foog
+ Fray, @

where F,_; is the fraction of surface category as
given in Table 7, a, the sea surface albedo (1), F;

TABLE 8. Seasonal cycle and annual average of zonal average surface albedo (in percent) for 10° latitude bands calculated with (4).

Annual average

Lati- Radiation Un-
tude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec weighted  weighted
85°N 95.0 950 818 77.1 77.8 48.7 414 418 729 89.4 9.6 95.0 571 76.1
75°N 825 813 719 713 64.3 380 307 27.6 338 61.5 76.1 80.9 45.7 60.3
65°N 60.8 57.5 563 504 29.5 21.6 17.0 15.4 16.2 36.4 526 63.2 28.6 39.7
55°N 430 425 370 222 16.3 13.7 12.7 12.5 12.9 15.6 328 426 19.5 25.2
45°N 316 271 17.8 13.8 12.7 12.3 12.3 12.4 12.8 13.4 150 253 15.1 17.1
35°N 14.3 13.8 13.0 124 12.2 12.1 12.1 12.2 12.5 12.9 13.5 14.2 12.7 12.9
25°N 12.7 12.3 12.0 11.8 11.7 11.7 11.7 11.7 11.9 12.2 12.5 12.8 12.0 12.1
15°N 9.4 9.1 8.8 8.7 8.7 8.7 8.7 8.7 8.8 9.0 9.3 9.5 8.9 8.9
5°N 8.0 7.8 7.7 7.7 7.8 7.8 7.8 7.7 7.7 7.8 7.9 8.1 7.8 7.8
5°S 7.2 7.1 7.1 7.2 7.4 7.5 7.4 7.3 7.1 7.1 7.2 7.3 7.2 7.2
15°S 8.1 8.1 8.2 8.4 8.7 8.9 8.8 8.5 8.2 8.1 8.1 8.1 8.3 8.4
25°S 9.3 9.3 9.5 9.9 10.4 10.7 10.5 10.1 9.7 9.4 9.3 9.2 9.7 9.8
35°S 7.4 7.6 8.0 8.7 9.5 10.1 9.9 9.2 8.3 7.7 7.4 7.4 8.1 8.4
45°S 6.7 7.0 7.7 8.8 10.3 11.5 11.1 9.8 8.3 7.3 6.8 6.6 7.7 8.5
55°S 7.0 7.5 8.6 10.4 12.9 14.9 15.0 14.2 12,9 11.5 9.4 7.6 9.4 11.0
65°S 20.2 18.4 23.5 35.7 50.8 67.3 69.4 68.1 67.2 61.9 45.8 28.3 35.7 . 46.4
75°S 746 776 79.4 839 94.1 942 943 942 81.0 799 79.6  74.6 77.2 83.9
85°S 80.7 81.1 836 950 950 950 950 95.0 89.2 81.5 80.6 80.5 80.9 87.8







