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Abstract. At ultraviolet wavelengths the albedo of most nat- used with a chemistry transport model can greatly influence
ural surfaces is small with the striking exception of snow andthe resulting photochemical reaction rates.

ice. Therefore, snow cover is a major challenge for various
applications based on radiative transfer modelling. The aimf
of this work was to determine the characteristic effective UV zie et al, 199§, but for fresh pure snow UV albedos near

range surface albedo of various land cover types when COVDnity have been reportedfentell et al, 1994 Wuttke et

ered by snow. Firstwe selected 1 by 1 degree sample regions, 2006. Vast regions experience seasonal snow: in the

that met three criteria: the sample region contained domi- . :
nantly subbixels of onlv one land cover tvoe according to theNorthern Hemisphere nearly half of the land surface is sea-
y subpix y vertyp ng sonally covered by snowF(ei and Robinsgn1999. Al-

\?krr’nitglo]tc)il/ll I?r}dnc;vtir cliss:flcatlcl)n pro??ﬁt from tlherUr;|— though the albedo of snow depends on the snow grain size,
Wea: |g52 thaan);aclje ,ree?s Zcioargiens ?(f tehg USE(EBSSE}S I—?\?D;%cl) oth of which tend to increase as the snow agéis¢ombe
9 9 and Warren198Q Wuttke et al, 2006, at UV wavelengths

slope data; the sample region had snow cover in March 4Che observed decrease in the snow albedo with age is domi-

gg\r/(i'rngattg tr&ix':lfvlggeygg?:éq E;nggfer: g;lvri?j?jlg?j/ ; gg\;]v nqantly caused by absorbing contaminants, such as desert dust
surface albedo data from the Nimbus-7 TOMS Lambertianand carbon sooMiscombe and Warrer198Q Warren and

equivalent reflectivity data, and used them to construct charyv iscombe 198 Chyleck et al, 1983.

acteristic effective surface albedo distributions for each land In mid-latitudes vegetation often extends upward beyond
cover type. The resulting distributions showed that eachthe snow cover reducing the effective albedo of snow cov-
land cover type experiences a characteristic range of surfacered terrain. The processes related to the surface albedo tran-
albedo values when covered by snow. The result is explainegitions of a vegetated region are often intricate. Falling snow
by the vegetation that extends upward beyond the snow covemay first accumulate on the forest canopy and may later be
and masks the bright snow covered surface. 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 transition from completely snow covered land to
snow-free land, and usually it involves patchy snow cover

The measured UV albedo values of most natural sur-
aces are smaller than 10%dister et al. 1995 McKen-

1 Introduction

Surface albedo at ultraviolet (UV) wavelengths is an essentiaP2(terns, ie. part of the ground is snow-free, while there is

parameter for various applications based on radiative transStill some snow left in the shades. Obviously, the effective

fer modelling. For example the satellite retrieval algorithms surface albedo decreases gradually during the transition, and

for estimation of the amount of tropospheric trace gases3‘urtherm0re, the surface albedo of the heterogeneous region

aerosols or surface UV irradiance are very sensitive to errord€PENdS strongly on the solar zenith angle as well as on the

in the assumed surface albedd(tin et al, 2002 Veefkind viewing angle. Arola et al. (2003 established a model for
et al, 200 Krotkov et al, 2007). Moreover,Laepple et al the effective surface albedo as a function of snow depth. The

(2005 have shown that the UV range surface albedo date{mdel involves a saturation level of the surface albedo, that is

reached when low vegetation is completely covered by snow.
Correspondence toA. Tanskanen The saturation level of the surface albedo is a characteristic
(aapo.tanskanen@fmi.fi) property of the land cover type.
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Three-dimensional radiative transfer models have beeramount of light for solar backscatter measurements at high
used to study the effect of the heterogeneous surface albedatitudes.
on surface UV irradianceRjcchiazzi and Gautierl998
Dedinther et al. 1998 Lenoble 2000 Kylling and Mayer ,
2001 Ricchiazzi et al.2002. The model results imply that 2 Materials and methods
the surface UV irradiance may be influenced by changes i
surface albedo as far as tens of kilometers from the point o
interest. In mountainous regions topography adds a further

complexity to radiative transfer modellipg'e(noble et al. Total Ozone Mapping Spectrometer (TOMS) is series of

2004. In order to be able to use 1-D radiative transfer mod-Nyasas satellite instruments that measure the solar UV ra-

els in the case of heterogeneous surface albedo distributiogation scattered from the Earth and its atmosphere at six

variou_s methods have been developed for estimation of th%vavelength bands. Moreover, the TOMS instruments mea-

effeptwe albedgDeginther e,t al.1998 Kylling et alj' 200Q sure the extraterrestrial solar radiance in the same six chan-

Weihs et al. 2001, Schmucki ?t al.200% Smolskaia et a. nels. The field of view of the Nimbus-7/TOMS instrument is

2003. These efforts have mainly focussed on cases that cong,me 50 by 50 km in the nadir direction, increasing to 150 by

sist of snow covered and snow free regions that are typicabog km in the extreme off-nadir positioE¢k et al, 1987).

of mountainous or coastal regions. However, these methodg, this work we used the Nimbus-7/TOMS V8 LevelER

can be generalized for determination of an effective albedoat 360 nm data obtained from NASA Goddard Space Flight

of the terrain consisting of various land cover types. Center. The Nimbus-7/TOMS measurements cover the time
In general, the reflection of light from the surface is de- period from late 1978 to early 1993. In order to enable tem-

scribed by its bidirectional reflectance distribution. However, poral analysis of th&.ER behaviour the originaL ER data

it is often assumed that the surface is a Lambertian reflectoygg gridded into 1 by 1 degree regular grid, and by convert-

which scatters light isotropically. This assumption leads tojng the daily grids into time-series of 360 nbER data for

a simple formulation of the radiative transfer equation andeach pixel of the grid. The gridding was done by selecting

enables determination of the Lambertian Equivalent Reflectne | ER value with the smallest zolar zenith angle to repre-

.1 Lambert equivalent reflectivity data from the TOMS
measurements

tivity (LER) from sent theLER of each grid cell.
R—R : . .
LER = 0 Q) 2.2 Construction of the surface albedo time series
T 4+ (R — Ro)Sp

Surface albedo time-series were constructed by applying the

whereR is the measured top-of-the-atmosphere reflectancemoving time-window (MTW) techniqueTéanskanen et al.
Ro corresponds to the purely atmospheric part of the re-2003 to the time-series of the gridded 360 mfERdata. The
flectance,T is the fraction of the radiation that reaches the MTW technique is based on the assumption that the Lam-
surface and reflects into the direction of the satellite,&id  bertian equivalent reflectivity values within a certain time-
the spherical albedo of the atmosphere for illumination fromwindow around the day of interest form a sample of the re-
below. flectance distribution. In general, the low values of the dis-

LERdetermined from the top-of-the-atmosphere UV radi- tribution correspond to the clear sky case. Therefore, an esti-
ance measured by satellite instruments can be considered asate of the surface albedo can be obtained by fitting a linear
an estimate of the effective surface albedo in the case the skiunction to the lower tail of the cumulative reflectivity dis-
is clear of clouds and aerosols. Various sets of surface UMribution. At very high values of surface albedB8,&0.7)
albedo climatologies have been constructed ukiBR data  clouds can no longer be distiguished from the bright surface,
(Herman and Celariefl997 Koelemeijer et al.2003. Her- and the results given by the MTW technigue become uncer-
man and Celarief1997) identified six surface scene types, tain.
but they made no attempt to make a distinction between The surface albedo data constructed using the MTW tech-
snow/ice and cloudsKoelemeijer et al(2003 calculated nique differs somewhat from the widely used surface albedo
spatial averages and standard deviations for a few surfacelimatologies Herman and Celarierl997 Koelemeijer et
types of the Matthews land usage databaé&thews 1983, al., 2003. The most significant differences are found at high
but they did not try to characterize the surface albedo of snowatitudes during the snow cover transition periods: the MTW
covered land cover types. The objective of this work was tosurface albedo is usually several percents larger than the cli-
determine the characteristic effective UV surface albedo ofmatological values. This is because the climatologies essen-
various land cover types when covered by snow. In ordettially represent the all time lowest surface albedo for a spe-
to determine the characteristic saturation level of the surfaceific month and location, while in reality snow cover and sur-
albedo we chose to study the surface albedo data in Marchace albedo vary interannually. Because [tf#R data exists
when the amount of snow is still considerable, the amountonly for the sunlit portion of the Earth, the surface albedo
of deposited contaminants is small, and there is sufficientdata is not available for polar regions during the polar night.
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The grror In t.he Su.rf:_':lce albedo time Serlgs derlved.from t,herable 1. Land Cover Types, the criterion for land cover type domi-
LERtime series originates from the error in the radiometric nance. and the number of the found test regions with average slope
calibration of the satellite instrument as well as from resid- jess than 2 degrees.

ual cloud contaminationoelemeijer et al.2003. The use

of the surface albedo data constructed using the MTW tech- | ~
nique is not a prerequisite for obtaining the results presented
in this paper; the correlation between the land cover type and © Water 1.00 10425

Description Criterion n

the surface albedo during snow cover period can be found E\‘gg:ggz gfoescile;zﬂ:z?erizs 0.95 114
also in the climatological surface albedo data. 3 Deciduous Needleleaf Forests 0.95 46

4 Deciduous Broadleaf Forests - -
2.3 Land cover type data 5 Mixed Forests _ _

6 Woodlands 0.95 31
The information on land cover type (LCT) was obtained from 7 Wooded Grasslands/Shrubs _ _
the 8km global land cover classification produbefries 8 Closed Bushlands or Shrublands - -
et al, 1998 from the University of Maryland. The land 9 Open Shrublands - -
cover product is based on the Pathfinder AVHRR data (1981 10 Grasses 1.00 92
1994). The global land cover classification was carried out 11~ Croplands 0.95 44
using in addition to the normalized difference vegetation in- 12  Bare _ 1.00 596
dex (NDVI) the invidual AVHRR red, infrared and thermal 13 Mosses and Lichens 1.00 429

band data. Additionally, 156 high resolution scenes with

known cover types were used for training of the classifica-

tion algorithm. The product gives land cover type using 13

classes of land cover types listed in Tatile Additionally, . .

land cover type number O denotes water. Not all the Iandwe.e'<Iy snow charts are derived from t'h.e manual mterpre-

cover types coexist with seasonal Snow. tation of AVHRR, GOES, anq other V|S|ble-bar!d satellite
data. Sea ice extent is regridded to EASE-Grid from the

NSIDC polar stereographic sea ice concentration grids de-

rived from Scanning Multi-channel Microwave Radiometer

(SMMR) and Special Sensor Microwave Imager (SSM/I)

exclude sample regions with too much topographical varia-paSSive microwave brightness temperature data. The spatial

tion. HYDRO1K is a geographic database developed at théesolution of the data is 25 km, the temporal coverage is from
U.S. Geological Survey’s Center for Earth Resources Obserpcmber 1966 to June 2001 for Show cover data, and from
vation and Science (EROS) to provide comprehensive an&\lovember 1978 ta June 2001 for sea ice extent data.
consistent global coverage of topographically 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 itth order to determine the characteristic effective surface
eight neighbors. The slope is expressed in integer degrees @llbedo of the various land cover types with snow cover, sev-
slope between 0 and 90. The HYDRO1K slope data sets foeral test regions of 1 by 1 degree with as homogeneous land
North America, Europe and Asia were used to calculate thecover as possible were identified. This was done by first de-
average slope of the Northern Hemisphere of the grid cells otermining the dominant land cover type of each 1 by 1 degree
the 1 by 1 degree regular grid that was used for exclusion ofyrid cell in the Northern Hemisphere, and then by selecting
the sample regions with average slope larger than 2 degreeshe regions with the largest dominance ratio. Furthermore,
HYDROI1K slope data were used to exclude regions whose
2.5 Snow cover data average slope was larger than 2 degrees. For common mid-
and high-latitude land cover types it was easy to find com-
The snow cover information was extracted from the North-pletely homogeneous regions, but for rare land cover types
ern Hemisphere EASE-Grid Weekly Snow Cover and Seaadjusted dominance criterion of 95% dominance was used.
Ice Extent Version 2 producAtmstrong and Brodzik2002 In Tablel are shown the landcover types, the applied domi-
from the National Snow and Ice Data Center (NSIDC). nance criterion and the number of the acceptable test regions
Snow cover extent data of this product is based on the digfound. In addition to the water regions there were seven land
ital NOAA-NESDIS Weekly Northern Hemisphere Snow cover types, for which we were able to find sufficient num-
Charts, revised by D. Robinson (Rutgers University) and re-ber of representative test regions. In Figare shown the
gridded to the EASE-Grid. The original NOAA-NESDIS selected test regions for these seven land cover types.

2.4 Slope data

The HYDROIK slope dataerdin et al, 1996 were used to

Identification of the homogeneous test regions

www.atmos-chem-phys.net/7/2759/2007/ Atmos. Chem. Phys., 7, 27682007
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= 3 Deciduous Needleleaf * 6 Woodlands = 10 Grasses

Fig. 1. The identified 1 by 1 degree test regions with homogeneous land cover and average slope less than 2%. The test region is samplec
only if it has a snow cover in March.

2.7 Characteristic surface albedo distributions as well as in woodlands, while the effective albedo of the
grasses land cover type is of the same level as that of snow.
As the 1 by 1 degree test regions had been selected, the sukpparently, grasses are usually not tall enough to mask the
face albedo data of March were collected for the seven langnow cover in March. Figurd shows that the effective sur-
cover types. The surface albedo data were obtained from thgyce albedo of the two minimal vegetation land cover types
LERdata using the MTW technique. Additionally, it was re- (Bare, and Mosses and Lichens) were very high, which is nat-
quired that the test region was covered by snow according t@ral because there is no vegetation to mask the snow cover.
the NSIDC snow cover data. Thus, distributions of the char-The distribution of the effective surface albedo obtained for
acteristic surface albedo values for each land cover type werghe croplands land cover type showed unexpected features:
obtained. Because the amount of snow is still considerablghe distribution consisted of a wide range of values and there
in March, the obtained surface albedo distributions were aswas a peak at low values below 10%. There are several possi-
sumed to correspond to the saturation level of the effectiveple explanations for the unexpected behaviour of the surface
surface albedo. Statistical methods were applied to the disalbedo of snow covered croplands. Firstly, it should be noted
tributions to obtain further information on the characteristic that croplands land cover class includes a wide range of sub-
effective surface albedo of the different land cover types.  classes, which are all subject to anthropogenic manipulation.
Secondly, because most of the croplands are found at lower
latitudes, snow cover is less likely and the few selected ho-
mogeneous test sites may represent only a subset of the land

In Figs. 2 and3 are shown the effective surface albedo dis- cover type. Thirdly, the algorithms used for determination pf
tributions of the seven different land cover types in March. the snow cover as well as surface albedo produce occasion-

There are several physical factors that can explain the wid lly f::\julty'data mainly dule t.o cloi%dc.qver, I;Nh|cr|1 prevlen'ts
spread of the effective surface albedo values: the vegetatio %m rﬁwmg stro_ng conc ?S'Ons'b ftiona dyaat ower a]ff"
density or snow depth may vary between test regions of thdudes the contamination of snow by soot and dust may airect

same land cover type, and there may be errors in the sun‘ac@‘a surface _albedo. . N
albedo, land cover type or snow cover data. It should also The obtained effective UV surface albedo distributions

be noted that theERapproach neglects the fact that the sur- were further analyzed by galculating the average as well_as
face albedo is a function of both the solar zenith angle ancfhe 1_0% and_ 9_0% percentiles of ?he dlstrlbuuqns. The dis-
the viewing angle. Despite the theoretical limitations clas-trIbUtlon statistics are presented in Talle Robinson and

sification of theLER based surface albedo data according to Ku_kla ((1198‘9 h?]ve _cqgied out so;newhlat analogous Stl;]dy
the land cover type showed that vegetation affects the surysing ﬁta ?}f the visible pa:t of t ef Sﬁ ar spectrum. T fey
face albedo and that the effective UV surface albedo ofsnOV\IourTd that the broadbar?d a bgdo of the snow covergd or-
covered land is largely determined by the land cover type. est increases as the latitude increases, and emphasized the

According to the obtained distributions the effective sur- role of canopy masking on the effective albedo in conifer-

face albedo of the three forest land cover types (Ever-ous forests. AdditionallyDavidson et al(2004 studied the

green Needlelead Forests, Deciduous Needleleaf Forests, ar_‘?geCt of §ampl|ng resolutlon on prqadpand surface albedo
Woodlands) were significantly lower than that of pure snow. in Canadian bqreal forest using bith in-situ pyranome_ter and
This can be explained by masking of the bright snow coverGOES's satellite data. They found a clear correlation be-
by dark vegetation. Figurshows that the evergreen needle- tween the land-cover type and clear-sky albedo of th_e sea-
leaf forest is the most efficient forest type to mask the brights'(_)nally show cpvere_d b_oreal forest. Our results are in line
snow surface, because the crown of the evergeen needleleﬁ@th these previous findings.

forest transmits less light than those of the other forest types.

Masking is significant also in deciduous needleleaf forests

3 Results

Atmos. Chem. Phys., 7, 2758#64 2007 www.atmos-chem-phys.net/7/2759/2007/
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T T
1: Evergreen Needleleaf Forests

Table 2. The statistics of the effective surface albedo distributions
J of the snow-covered lands< R > is the average surface albedo,
Py and Pgg are the 10% and 90% percentiles of the surface albedo
r 1 distribution, respectively.

6: Woodlands
r 10: Grasses

LCT Description <Ry> Pig Pgo

Frequency
T
I

1 Evergreen Needleleaf Forests 27.8 139 417
3 Deciduous Needleleaf Forests 40.6 30.4 50.7

3 1 6 Woodlands 55.8 47.0 67.7
10 Grasses 72.0 455 80.8
| | 11 Croplands 37.6 48 56.6
‘ ‘ ‘ 12 Bare 83.6 735 875
0 2 “° 60 80 100 13 Mosses and Lichens 82.9 725 88.6
Surface Albedo (%)
Fig. 2. Effective surface albedo distributions of the land cover types
1,3, 6, and 10 when covered by snow. AcknowledgementsThe author is grateful to NASA, University
of Maryland, USGS and NSIDC for provision of well documented
11: Croplands data.

L 12: Bare 4

Edited by: A. Hofzumahaus
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