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Abstract

At ultraviolet wavelengths the albedo of most natural surfaces is small with the striking

exception of snow and ice. Therefore, snow cover is a major challenge for various

applications based on radiative transfer modelling. The aim of this work was to deter-

mine the characteristic effective UV range surface albedo of various land cover types5

when covered by snow. First we selected 1 by 1 degree sample regions that met three

criteria: the sample region contained dominantly subpixels of only one land cover type

according to the 8 km global land cover classification product from the University of

Maryland; the average slope of the sample region was less than 2 degrees accord-

ing to the USGS’s HYDRO1K slope data; the sample region had snow cover in March10

according to the NSIDC Northern Hemisphere weekly snow cover data. Next we gen-

erated 1 by 1 degree gridded 360 nm surface albedo data from the Nimbus-7 TOMS

Lambertian equivalent reflectivity data, and used them to construct characteristic ef-

fective surface albedo distributions for each land cover type. The resulting distributions

showed that each land cover type experiences a characteristic range of surface albedo15

values when covered by snow. The result is explained by the vegetation that extends

upward beyond the snow cover and masks the bright snow covered surface.

1 Introduction

Surface albedo at ultraviolet (UV) wavelengths is an essential parameter for various

applications based on radiative transfer modelling. For example the satellite retrieval20

algorithms for estimation of the amount of tropospheric trace gases, aerosols or surface

UV irradiance are very sensitive to errors in the assumed surface albedo (Martin et al.,

2002; Veefkind et al., 2000; Krotkov et al., 2001). Moreover, Laepple et al. (2005) have

shown that the UV range surface albedo data used with a chemistry transport model

can greatly influence the resulting photochemical reaction rates.25

The measured UV albedo values of most natural surfaces are smaller than 10%
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(Feister et al., 1995; McKenzie et al., 1996), but for fresh pure snow UV albedos near

unity have been reported (Grenfell et al., 1994; Wuttke et al., 2006). Vast regions ex-

perience seasonal snow: in the Northern Hemisphere nearly half of the land surface is

seasonally covered by snow (Frei and Robinson, 1999). Although the albedo of snow

depends on the snow grain size, both of which tend to increase as the snow ages5

(Wiscombe et Warren, 1980; Wuttke et al., 2006), at UV wavelengths the observed

decrease in the snow albedo with age is dominantly caused by absorbing contami-

nants, such as desert dust and carbon soot (Wiscombe et Warren, 1980; Warren et

Wiscombe, 1980; Chýleck et al., 1983).

In mid-latitudes vegetation often extends upward beyond the snow cover reducing10

the effective albedo of snow covered terrain. The processes related to the surface

albedo transitions of a vegetated region are often intricate. Falling snow may first

accumulate on the forest canopy and may later be shaken to the ground by wind.

In high latitude forests frost, snow and ice stick to trees and pile up forming crown

snow-load that does not fall off until spring. Melting of snow is a gradual transition15

from completely snow covered land to snow-free land, and usually it involves patchy

snow cover patterns, ie. part of the ground is snow-free, while there is still some

snow left in the shades. Obviously, the effective surface albedo decreases gradually

during the transition, and furthermore, the surface albedo of the heterogeneous region

depends strongly on the solar zenith angle as well as on the viewing angle. Arola et al.20

(2003) established a model for the effective surface albedo as a function of snow depth.

The model involves a saturation level of the surface albedo, that is reached when low

vegetation is completely covered by snow. The saturation level of the surface albedo is

a characteristic property of the land cover type.

Three-dimensional radiative transfer models have been used to study the effect of25

the heterogeneous surface albedo on surface UV irradiance (Ricchiazzi and Gautier,

1998; Degünther et al., 1998; Lenoble, 2000; Kylling and Bernhard, 2001; Ricchiazzi

et al., 2002). The model results imply that the surface UV irradiance may be influenced

by changes in surface albedo as far as tens of kilometers from the point of interest. In
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mountainous regions topography adds a further complexity to radiative transfer mod-

elling (Lenoble et al., 2004). In order to be able to use 1D radiative transfer models

in the case of heterogeneous surface albedo distribution various methods have been

developed for estimation of the effective albedo (Degünther et al., 1998; Kylling et al.,

2000; Weihs et al., 2001; Schmucki et al., 2001; Smolskaia et al., 2003). These efforts5

have mainly focussed on cases that consist of snow covered and snow free regions

that are typical of mountainous or coastal regions. However, these methods can be

generalized for determination of an effective albedo of the terrain consisting of various

land cover types.

In general, the reflection of light from the surface is described by its bidirectional10

reflectance distribution. However, it is often assumed that the surface is a Lambertian

reflector which scatters light isotropically. This assumption leads to a simple formu-

lation of the radiative transfer equation and enables determination of the Lambertian

Equivalent Reflectivity (LER) from

LER =
R − R0

T + (R − R0)Sb

(1)15

where R is the measured top-of-the-atmosphere reflectance, R0 corresponds to the

purely atmospheric part of the reflectance, T is the fraction of the radiation that reaches

the surface and reflects into the direction of the satellite, and Sb is the spherical albedo

of the atmosphere for illumination from below.

The Lambert equivalent reflectivity (LER) determined from the top-of-the-20

atmosphere UV radiance measured by satellite instruments can be considered as an

estimate of the effective surface albedo in the case the sky is clear of clouds and

aerosols. Various sets of surface UV albedo climatologies have been constructed us-

ing LER data (Herman and Celarier, 1997; Koelemeijer et al., 2003). Herman and

Celarier (1997) identified six surface scene types, but they made no attempt to make25

a distinction between snow/ice and clouds. Koelemeijer et al. (2003) calculated spatial

averages and standard deviations for a few surface types of the Matthews land us-

age database (Matthews, 1983), but they did not try to characterize the surface albedo
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of snow covered land cover types. The objective of this work was to determine the

characteristic effective UV surface albedo for various snow covered land cover types

using information on land cover type, topography, snow cover, and LER. In order to

determine the characteristic saturation level of the surface albedo we chose to study

the surface albedo data in March, when the amount of snow is still considerable, the5

amount of deposited contaminants is small, and there is sufficient amount of light for

solar backscatter measurements at high latitudes.

2 Materials and Methods

2.1 Lambert Equivalent Reflectivity Data from the TOMS Measurements

Total Ozone Mapping Spectrometer (TOMS) is series of NASA’s satellite instruments10

that measure the solar UV radiation scattered from the Earth and its atmosphere at six

wavelength bands. Moreover, the TOMS instruments measure the extraterrestrial solar

radiance in the same six channels. The field of view of the Nimbus-7/TOMS instrument

is some 50 by 50 km in the nadir direction, increasing to 150 by 200 km in the extreme

off-nadir position (Eck et al., 1987). In this work we used the Nimbus-7/TOMS V8 Level15

2 LER at 360 nm data obtained from NASA Goddard Space Flight Center. The Nimbus-

7/TOMS measurements cover the time period from late 1978 to early 1993. In order to

enable temporal analysis of the LER behaviour the original LER data was gridded into

1 by 1 degree regular grid, and by converting the daily grids into time-series of 360 nm

LER data for each pixel of the grid. The gridding was done by selecting the LER value20

with the smallest zolar zenith angle to represent the LER of each grid cell.

2.2 Construction of the Surface Albedo Time Series

Surface albedo time-series were constructed by applying the moving time-window

(MTW) technique (Tanskanen et al., 2003) to the time-series of the gridded 360 nm
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LER data. The MTW technique is based on the assumption that the Lambertian equiv-

alent reflectivity values within a certain time-window around the day of interest form

a sample of the reflectance distribution. In general, the low values of the distribution

correspond to the clear sky case. Therefore, an estimate of the surface albedo can

be obtained by fitting a linear function to the lower tail of the cumulative reflectivity5

distribution. At very high values of surface albedo (Rs>0.7) clouds can no longer be

distiguished from the bright surface, and the results given by the MTW technique be-

come uncertain.

The surface albedo data constructed using the MTW technique differs somewhat

from the widely used surface albedo climatologies (Herman and Celarier, 1997; Koele-10

meijer et al., 2003). The most significant differences are found at high latitudes during

the snow cover transition periods: the MTW surface albedo is usually several percents

larger than the climatological values. This is because the climatologies essentially rep-

resent the all time lowest surface albedo for a specific month and location, while in

reality snow cover and surface albedo vary interannually. Because the LER data exists15

only for the sunlit portion of the Earth, the surface albedo data is not available for po-

lar regions during the polar night. The error in the surface albedo time series derived

from the LER time series originates from the error in the radiometric calibration of the

satellite instrument as well as from residual cloud contamination (Koelemeijer et al.,

2003). The use of the surface albedo data constructed using the MTW technique is not20

a prerequisite for obtaining the results presented in this paper; the correlation between

the land cover type and the surface albedo during snow cover period can be found also

in the climatological surface albedo data.

2.3 Land Cover Type Data

The information on land cover type (LCT) was obtained from the 8 kilometer global25

land cover classification product (DeFries et al., 1998) from the University of Maryland.

The land cover product is based on the Pathfinder AVHRR data (1981–1994). The

global land cover classification was carried out using in addition to the normalized
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difference vegetation index (NDVI) the invidual AVHRR red, infrared and thermal band

data. Additionally, 156 high resolution scenes with known cover types were used for

training of the classification algorithm. The product gives land cover type using 13

classes of land cover types listed in Table 1. Additionally, land cover type number 0

denotes water. Not all the land cover types coexist with seasonal snow.5

2.4 Slope Data

The HYDRO1K slope data (Verdin et al., 1996) were used to exclude sample regions

with too much topographical variation. HYDRO1k is a geographic database developed

at the U.S. Geological Survey’s Center for Earth Resources Observation and Science

(EROS) to provide comprehensive and consistent global coverage of topographically10

derived data sets, including streams, drainage basins and ancillary layers derived from

the USGS 30 arc-second digital elevation model of the world (GTOPO30). The slope

data layer describes the maximum change in the elevations between each cell and its

eight neighbors. The slope is expressed in integer degrees of slope between 0 and

90. The HYDRO1K slope data sets for North America, Europe and Asia were used to15

calculate the average slope of the Northern Hemisphere of the grid cells of the 1 by

1 degree regular grid that was used for exclusion of the sample regions with average

slope larger than 2 degrees.

2.5 Snow Cover Data

The snow cover information was extracted from the Northern Hemisphere EASE-Grid20

Weekly Snow Cover and Sea Ice Extent Version 2 product (Armstrong et Brodzik, 2002)

from the National Snow and Ice Data Center (NSIDC). Snow cover extent data of this

product is based on the digital NOAA-NESDIS Weekly Northern Hemisphere Snow

Charts, revised by D. Robinson (Rutgers University) and regridded to the EASE-Grid.

The original NOAA-NESDIS weekly snow charts are derived from the manual interpre-25

tation of AVHRR, GOES, and other visible-band satellite data. Sea ice extent is re-
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gridded to EASE-Grid from the NSIDC polar stereographic sea ice concentration grids

derived from Scanning Multi-channel Microwave Radiometer (SMMR) and Special Sen-

sor Microwave Imager (SSM/I) passive microwave brightness temperature data. The

spatial resolution of the data is 25 km, the temporal coverage is from October 1966

to June 2001 for snow cover data, and from November 1978 to June 2001 for sea ice5

extent data.

2.6 Identification of the Homogeneous Test Regions

In order to determine the characteristic effective surface albedo of the various land

cover types with snow cover, several test regions of 1 by 1 degree with as homoge-

neous land cover as possible were identified. This was done by first determining the10

dominant land cover type of each 1 by 1 degree grid cell in the Northern Hemisphere,

and then by selecting the regions with the largest dominance ratio. Furthermore, HY-

DRO1K slope data wer used to exclude regions whose average slope was larger than

2 degrees. For common mid- and high-latitude land cover types it was easy to find

completely homogeneous regions, but for rare land cover types adjusted dominance15

criterion of 95% dominance was used. In Table 1 are shown the landcover types, the

applied dominance criterion and the number of the acceptable test regions found. In

addition to the water regions there were seven land cover types, for which we were

able to find sufficient number of representative test regions. In Fig. 1 are shown the

selected test regions for these seven land cover types.20

2.7 Characteristic Surface Albedo Distributions

As the 1 by 1 degree test regions had been selected, the surface albedo data of March

were collected for the seven land cover types. The surface albedo data were obtained

from the LER data using the MTW technique. Additionally, it was required that the

test region was covered by snow according to the NSIDC snow cover data. Thus,25

distributions of the characteristic surface albedo values for each land cover type were
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obtained. Because the amount of snow is still considerable in March, the obtained

surface albedo distributions were assumed to correspond to the saturation level of the

effective surface albedo. Statistical methods were applied to the distributions to obtain

further information on the characteristic effective surface albedo of the different land

cover types.5

3 Results

In Figs. 2 and 3 are shown the effective surface albedo distributions of the seven dif-

ferent land cover types in March. There are several physical factors that can explain

the wide spread of the effective surface albedo values: the vegetation density or snow

depth may vary between test regions of the same land cover type, and there may be10

errors in the surface albedo, land cover type or snow cover data. It should also be

noted that the LER approach neglects the fact that the surface albedo is a function of

both the solar zenith angle and the viewing angle. Despite the theoretical limitations

classification of the LER based surface albedo data according to the land cover type

showed that vegetation affects the surface albedo and that the effective UV surface15

albedo of snow covered land is largely determined by the land cover type.

According to the obtained distributions the effective surface albedo of the three forest

land cover types (Evergreen Needlelead Forests, Deciduous Needleleaf Forests, and

Woodlands) were significantly lower than that of pure snow. This can be explained by

masking of the bright snow cover by dark vegetation. Figure 2 shows that evergreen20

needleleaf forest is the most efficient forest type to mask the bright snow surface. Ap-

parently, the crown of the evergreen transmits less light that the other forest types.

Masking is significant also in deciduous needleleaf forests as well as in woodlands,

while the effective albedo of the grasses land cover type is of the same level as that

of snow. Apparently, grasses are usually not tall enough to mask the snow cover in25

March. Figure 3 shows that the effective surface albedo of the two minimal vegetation

land cover types (Bare, and Mosses and Lichens) were very high, which is natural be-
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cause there is no vegetation to mask the snow cover. The distribution of the effective

surface albedo obtained for the croplands (11) land cover type showed unexpected

features: the distribution consisted of a wide range of values and there was a peak at

low values below 10%. It is likely that the low end peak was caused by faulty snow

cover information, but the result is still surprising because intuition suggests that at5

least in some croplands the vegetation masking effect should be of the same order as

that of grasses. However, it should be noted that there is a lot of heterogeneity within

the croplands land cover type, and that the number of the test regions was relatively

small. The obtained effective UV surface albedo distributions were further analyzed by

calculating the average as well as the 10% and 90% percentiles of the distributions.10

The distribution statistics are presented in Table 2.

Robinson and Kukla (1984) have carried out somewhat analog study using data of

the visible part of the solar spectrum. They found that the broadband albedo of the

snow covered forest increases as the latitude increases, and emphasized the role of

canopy masking on the effective albedo in coniferous forests. Additionally, Davidson15

et al. (2004) studied the effect of sampling resolution on broadband surface albedo

in Canadian boreal forest using bith in-situ pyranometer and GOES-8 satellite data.

They found a clear correlation between the land-cover type and clear-sky albedo of

the seasonally snow covered boreal forest. Our results are in line with these previous

findings.20

4 Conclusions

The 360 nm surface albedo data derived from the Lambertian equivalent reflectivity

data were used together with land cover type, topography and the snow cover data to

determine the characteristic effective UV surface albedo of various land cover types

when covered by snow. The results imply that the vegetation that extends upward be-25

yond the snow cover has a significant effect on the effective surface albedo by masking

the bright snow covered surface. The obtained characteristic values for each land cover
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type can be used to improve the performance of various satellite retrieval algorithms as

well as atmospheric models that involve photochemistry. The new satellite instruments

(e.g. MODIS or OMI) provide spectral data with high spatial resolution, and offer further

possibilites for improved knowledge on global surface albedo at UV wavelengths.
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Table 1. Land Cover Types, the criterion for land cover type dominance, and the number of the

found test regions with average slope less than 2 degrees.

LCT Description Criterion n

0 Water 1.00 10425

1 Evergreen Needleleaf Forests 0.95 114

2 Evergreen Broadleaf Forests – –

3 Deciduous Needleleaf Forests 0.95 46

4 Deciduous Broadleaf Forests – –

5 Mixed Forests – –

6 Woodlands 0.95 31

7 Wooded Grasslands/Shrubs – –

8 Closed Bushlands or Shrublands – –

9 Open Shrublands – –

10 Grasses 1.00 92

11 Croplands 0.95 44

12 Bare 1.00 596

13 Mosses and Lichens 1.00 429
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Table 2. The statistics of the effective surface albedo distributions of the snow-covered lands.

< Rs > is the average surface albedo, P10 and P90 are the 10% and 90% percentiles of the

surface albedo distribution, respectively.

LCT Description < Rs > P10 P90

1 Evergreen Needleleaf Forests 27.8 13.9 41.7

3 Deciduous Needleleaf Forests 40.6 30.4 50.7

6 Woodlands 55.8 47.0 67.7

10 Grasses 72.0 45.5 80.8

11 Croplands 37.6 4.8 56.6

12 Bare 83.6 73.5 87.5

13 Mosses and Lichens 82.9 72.5 88.6
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1 Evergreen Needleleaf 3 Deciduous Needleleaf 6 Woodlands 10 Grasses 11 Croplands 12 Bare 13 Mosses and Lichens

Fig. 1. The identified 1 by 1 degree test regions with homogeneous land cover and average

slope less than 2%. The test region is sampled only if it has a snow cover in March.
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3: Deciduous Needleleaf Forests
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Fig. 2. Effective surface albedo distributions of the land cover types 1, 3, 6, and 10 when

covered by snow.
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11: Croplands
12: Bare

13: Mosses and Lichens

Fig. 3. Effective surface albedo distributions of the land cover types 11, 12, and 13 when

covered by snow.
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