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Landsat 5 TM itnagery 

ROBER T KOELEMEIJER, J OHANNES OERLEMANS AND STEPHEN TJEMKES 
Institutefor Marine and Atmospheric Research, Princetonplein 5, 3584 CC Utrecht, The Netherlands 

ABSTRACT. Landsat 5 Thematic Mapper observations are used to derive the 
horizontal distribution of reflectance over Hintereisferner in Austria. To analyze 
temporal evolution of surface reflectance, three different dates are considered. The 
retrieval method adopts the linear relation between the planetary and surface 
reflectance, which follows directly from the principles of invariance. Constants in this 
linear relation are determined using a simple two-stream radiation model for each of 
the three days under consideration. From a comparison with observations the 
retrieved albedo is shown to compare favorably with ground observations. 

INTRODUCTION 

To make realistical estimation of glacier ablation by 
means of model simulations, the albedo over the entire 
glacier needs to be specified, for it is the albedo which 
determines to a large extent the energy balance and thus 
the ablation (Van de Wal and others, 1992). In general 
reflectance decreases from head to front. Detailed 
distribution depends strongly on the physical state of 
the surface, especially the presence of crevasses, dust, 
moraine material and air bubbles in the ice. Unfortu­
nately the ice surface is largely heterogenous, which 
makes extrapolation of in situ observations difficult, 

especially for large glaciated surfaces like subpolar ice 
caps and the Greenland ice sheet. 

Space-borne observations of reflected solar radiation 
could in principle be used to monitor the spatial and 
temporal structure of the reflectance. The retrieval of 
surface reflectance from these observations has been a 
topic of active research (e.g. Dozier, 1989; Hall and 
others, 1989; Kaufmann, 1989). It is a priori not clear 
that existing algorithms which were especially derived for 
application over spatially homogeneous areas, can readily 
be applied to retrieve surface reflectance for glaciated 
surfaces. 

In the present paper we report on the retrieval of the 
reflectance of Hintereisferner in Austria (46°50' N, 
10°50' E) from space-borne observations of reflected 
solar radiation by the Landsat 5 Thematic Mapper. 
The objective of the present study is to analyse the spatial 
and temporal distribution of surface reflectance, without 
too much emphasis on the absolute value. Spatial and 
temporal evolution of surface reflectance has roughly the 
same pattern every year. This allows us to make a useful 
comparison between space-borne and in situ observations 
of the surface reflectance taken during different ablations 
seasons in at least a qualitative way. The in situ 

Table 1. Landsat 5 Thematic Mapper spectral data 

Channel 

I 
2 
3 
4 
5 
6 

Spectral interval 

pm 

0.45-0.52 
0.52- 0.60 
0.63- 0.69 
0.76-0.90 
1.55-\.75 
2.08-2.35 

observations were obtained during a glacio-meteorologi­
cal experiment on Hintereisferner in summer 1989, (Van 
de Wal and others, 1992). These ground observations 
could in principle be used to validate the retrieved 
reflectance, except that no temporal collocated Landsat 
observations exist. 

Three Landsat 5 Thematic Mapper scenes were used 
to study the evolution of reflectance, one at the beginning 
of the ablation season on 4 May 1989, one in the middle 
on 20 July 1988 and one at the end on 22 September 
1988. Here we consider observations in the visible 
(channels 1- 4) and near-infrared (channels 5 and 7) 
channels (Table I). The Thematic Mapper has a 
horizontal resolution of 30 m. 

To determine surface reflectance from these observa­
tions, the latter must be corrected for the interaction 
between radiation and the atmospheric constituents. This 
is done using the linear relations between the planetary 
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and surface reflectance, which follow directly from the 
principles of invariance (see below: "Retrieval method" ). 
The proportionality constants in this relation are 
dependent upon the particular spectral interval, the 
specific thermodynamical profiles and solar zenith angle, 
and constants are determined from a simple two-stream 
radiative transfer model. The total reflectance is found as 
a linear combination of the channels 2, 4 and 7, or the 
channels 4 and 7 spectral reflectance, depending on the 
saturation of channel 2. Results for the three days are 
discussed in "Results" below. 

RETRIEV AL METHOD 

Consider a spectral interval in the shortwave part of the 
spectrum. According to the principles of invariance 
(Chandrashekhar, 1960), which in essence is a statement 
about the linearity of the radiation field, the upweUing 
shortwave flux at the top of the atmosphere is the linear 
combination of the downwelling flux at the top of the 
atmosphere reflected by the total atmospheric column 
and the upwelling flux from the surface transmitted 
through this column: 

(1) 

where F represents the flux (W m- 2
) in the upward (+ 

superscript) or downward (- superscript) at the top of 
a tmosphere (toa subscript) or surface (sfc subscript). 
Atmospheric reflectance and transmission are represented 
by Rand T respectively. Replacing the upwelling flux at 
the surface by the product of the surface reflectance and 
down welling surface flux Fst = RsfcF;Cc we find the linear 
relation between the surface and the planetary reflectance 
(R toa = Fttal Ft~a ), which after some trivial manipulation 
can be written as 

R toa = a + bRsfc (2) 

This form was used also by Koepke (1989) in his study 
of the retrival of surface reflectance of vegetated areas 
from Advanced Very High Resolution Radiometer 
(A VHRR) observations. It is clear that to derive Rsfc 

from the space-borne observation of the reflected solar 
radiation, the constants a and b in Equation (2) need to 
be specified . These depend upon the particular spectral 
interval and actual atmospheric thermal structure. They 
are determined using a two-stream radiative transfer 
model. 

In the radiation model employed in the present study, 
the effects of Rayleigh scattering as well as absorption by 
ozone and water vapour on the transfer of shortwave 
radiation through the atmosphere are parameterized. 
The gaseous absorption by water vapour and ozone is 
modeled using the sum of exponential method (Stephens, 
1984). In this method the transmission in a spectral band 
of a homogeneous layer is given by 

n 

T(u) = L.Bie-1"U, (3) 
i=1 

in which u represents the absorber amount. Simple 
pressure and temperature scaling is used to simulate the 
transfer through inhomogeneous layers (Stephens, 1984). 
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Table 2. Constants a and b in the linear relation between 
the planetary and surface reflectance as derived from model 
calculations for each of the 6 spectral intervals considered 
here. The calculations were done Jar a standard midlatitude 
summer profile (McClatchey and others, 1971) which is 
assumed to be representative Jar the three days. Solar 
inclination is taken from Landsat cc T tapes 

Channel 4 May 1989 20 July 1988 22 September 1988 

1 

2 
3 
4 
5 
6 

a 

0.049 
0.021 
0.009 
0.007 
0.001 
0.001 

b 

0.882 
0.892 
0.910 
0.926 
0.837 
0.819 

a b a b 

0.046 0.885 0.066 0.863 
0.020 0.894 0.030 0.877 
0.009 0.912 0.014 0.899 
0.006 0.927 0.008 0.921 
0.001 0.837 0.001 0.834 
0.001 0.820 0.001 0.814 

The constants .Bi and /i are adopted from Slingo and 
Schrecker (1982). 

In Table 2 values of a and b for the six spectral 
intervals considered and the three days are presented. A 
standard midlatitude summer profile (McClatchey and 
others, 1971 ) is assumed to be representative for the 
actual atmospheric thermal structure. The solar inclina­
tion is taken from the Landsat CCT tapes which allow for 
the glacier to be located at the center of the images. From 
test calculations it was concluded that a and bare 
insensitive to the actual water vapour content, mainly 
because of the mean surface elevation of 3000 m for the 
Hintereisferner. Note that a and b in Equation (2) do not 
include an atmospheric aerosol effect. As mentioned 
above, we are more interested in the horizontal 
distribution of surface reflectance than its absolute 
value. As long as the atmospheric aerosols fluctuate on 
a much larger characteristic length scale than surface 
reflectance, the aerosol effect in our retrieval method can 
be ignored. 

While the satellite makes observations of specific 
intensity (I, the flow of energy from a particular 
direction units: W m-2 sr- 1

) , the radiation model simu­
la tes the total flux (the flow of energy through a 
horizontal plane units : W m-2

) . By definition, the 
upward flux is the first moment of the specific intensity 
over the upper half hemisphere (Chandrasekhar, 1960): 

F+ = 27r 11 I(p,)p,dp" (4) 

with J-£ the cosine of the angle between the normal and 
propagation direction. This equation can be solved only 
when the angular dependence of the specific intensity is 
specified. Here we assume that the observed upwelling 
radiation field is isotropic, I -I- I(p,), such that Equation 
(4) can readily be evaluated to yield: 

(5) 
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The spectral planetary reflectance defined by the ratio 
of the upwelling and downwelling flux at the top of the 
atmosphere follows directly 

R = Ft~a _ nlobs 
too- - (' Ft~a S 0 cos B0 ) 

(6) 

with S 0 the solar insolation at the top of the atmosphere. 
Finally, to convert the spectral to a spectral mean surface 
reflectance, the simple relationship proposed by Duguay 

and LeDrew (1991 ) was used. In the case that channel 2 
was not saturated, they proposed a 3-channel relation 

Rsrc = O.526R2 + O.204R4 + O.015R7. (7) 

a 

c 
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In the case that channel 2 was saturated they used a 2-
channel relation 

Rsfc = O.793R4 + O.015R7 , (8) 

Horizontal distribution of retrieved reflectance for the 
different days is presented in Figure I. In the upper left 
corner a geographical map of the lower part of the 
Hintereisferner is presented on roughly the same scale. 
Clearly shown is the large horizontal variation of 
reflectance over the glacier. Even in May, when the 
glacier is still covered by snow, the horizontal distribution 
of reflectance is not entirely homogenous . Some small 
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Fig. 1. Horizontal distribution of the total reflectance of HintereisJerner for three different stages of the ablation season, 
(a) geographical map of the area at the same scale, (b) at the beginning (4 May, 1989), (c) middle (20 July 1988), 
( d) at the end (22 September 1988). 
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Fig. 2. Total and spectral riflectance along a longitudinal 
path over the glacier. (a) 4 May 1989, (b) 20 July 1988, 
( c) 22 September 1988. 
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regions with a somewhat lower reflectance are visible, 
probably due to the presence of crevasses. In the middle 
and at the end of the season more details are present than 
at the beginning, as a result of the heterogeneous 
structure of the physical state of the glacier surface, i.e. 
dust and air bubble concentration, presence of crevasses 
and moraine material. While air bubble concentration 
tends to increase the reflectance, dust, crevasses and 
moraine material tend to decrease reflectance (cr. Dozier, 
1989; Mullen and Warren, 1988; Pfeffer and Bretherton, 
1987; Warren and Wiscombe, 1980; Wiscombe and 
Warren, 1980). 

In Figure 2 we present the retrieved albedo along a 
longitudinal profile of Hintereisferner for the three days. 
This path is collated with the position of stakes Ll-L9 
used in the field campaign described below. Each point is 
the average of nine adjacent points. This is done to reduce 
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the variability introduced by local inhomogeneities, so 
that a better representation of the general profile is 
obtained . We show spectral as well as total reflectance as 
a function of the approximate distance from the front. In 
May, the glacier is still totally covered by snow at the 
beginning of the ablation season. Total reflectance 
increases from 0.75 at the front to 0.90 at the head, 
probably due to a decrease of grain size. This can be 
clearly seen in the near-infrared, which is sensitive to 
grain size (Wiscombe and Warren, 1980). 

In July, at 2500 m from the front, reflectance suddenly 
increases by almost 0.20. this sudden increase is associated 
with a rapid change of surface texture. While above this 
line the glacier is still covered by snow, below it all snow 
has been melted. Spectral reflectance in channels 2, 3 and 
4 (Fig. 2) shows roughly the same pattern as total 
refl ectance. These channels are sensitive to impurities 
(Wa rren and Wiscombe, 1980; Dozier, 1989 ). The 
general decreasing reflectance down the glacier may be 
partly due to the increasing dust concentration . Spectral 
refl ectance is also influenced by the presence of crevasses 
and air bubble concentration. It is to be expected that 
dips in reflectance around 700, 1500 and 2300 m are 
caused by these crevasses. Lack of additional information 
about the physical state of the glacier surface prohibits a 
detailed explanation of these features . 

At the end of the ablation season no sudden increase of 
the reflectance associated with a change in surface texture 
is present (Fig. 2). Reflectance increases rapidly the first 
1000 m or so, but after that remains fairly constant. Again 
some areas where the reflectance suddenly decreases are 
visible, possibly due to crevasses. The reflectances in 
channels 2, 3 and 4 show a similar behaviour. Differences 
between spectral reflectances in these channels are less 
than at the middle of the ablation season. 

In Figure 3 the total reflectance for three days as a 
function of the distance to the glacier front is presented. 
In the middle of the ablation season, reflectance is less 
than at the beginning of the season. While the difference 
between reflectance at the beginning and middle of the 
ablation season at the glacier head is only 0.25 , it 
increases to 0.60 at the front. Near the glacier head the 
reflectance is lower at the end of the season than at mid-
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Fig.3. Total albedo along a longitudinal path over the 
glacier for the three different days. Also shown are the 
ground observations taken during a field experiment In 

1989, adopted from Van de Wal and others (1992). 
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season, while near the front the reverse is true. This is a 
common feature; a glacier appears to be somewhat 
brighter towards the end of the ablation season than in 
the middle, possibly due to the larger value of the solar 
zenith angle. Scattering of visible radiation by the air 
bubbles in the ice is mainly in the forward direction. This 
implies that the chance for a photon to scatter out of the 
ice increases with increasing solar zenith angle. 

Also shown in this figure are the in situ measurements 
averaged over the period 13 July to 16 September 1989 
along a longitudinal path on the glacier obtained during 
the 1989 field campaign (Van de Wal and others, 1992) 
at the positions L I- L9 shown on the geographical map . 
The reflectance at 1.5 m above the surface was measured 
with a hand-held reflection meter, which compared with a 
standard Aandera pyranoradiometer has an absolute 
accuracy of abou t 2% (Van de Wal and others, 1992). 
Thus uncertainties in the absolute value of the observed 
reOectance are much smaller than the horizontal 
variation . Although the retrieved reflectance appeared 
to be low for a glacier, it compares favorably with the in 
situ observations, which indicate that at the snout the 
reOectance is even lower than values retrieved from the 
Landsat 5 observations. This may be the result of the 
steep surface slope there . In the present method the 
reflectance for a horizontal plane is retrieved, while the 
observations were taken parallel to the surface. Since 
Hintereisferner has an average slope of a few per cent, no 
large differences were observed during the observational 
campaign between the reflectance parallel to the surface 
and the horizontal plane reflectance. 

The cross profile of total reflectance (Fig. 4) shows a 
decrease of reflectance from the middle of the glacier to 
the sides. When compared with the in situ measurements 
obtained at stake positions CI-C8 on the map, again a 
good correspondance is found . 
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Fig. 4. Total reflectance along a cross-glacier path for the 
three different days. Also shown are ground observations 
taken during afield experiment in 1989, adoptedfrom Van 
de Wal and others (1992). 
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SUMMARY 

The horizontal distribution of surface reflectance over 
Hintereisferner has been derived from Landsat 5 
Thematic Mapper observations at different times in the 
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ablation season (May, 1989; july, 1988; September, 
1988). Ground observations of surface reflectance taken 
during a field campaign in 1989 have been adopted as a 
reference for the retrieved albedo. Although no temporal 
correlation exists between the space borne and in situ 
measurements, it has been shown that retrieved reOec­
tance compares favorably with in situ measurements. This 
is quite surprising, given the dependence of reflectance 
upon the physical state of the ice and various simplifica­
tions made in the retrieval method. It is quite possible 
that the good correlation is the result of error cancella­
tion. For instance, the linear relation adopted to relate the 
spectral ref1ectances to the total reflectance is derived for 
snow-covered terrain, while here we used it for glacier ice. 
The spectral characteristics of glacier ice differ from that 
of snow, especially when this ice contains dust and liquid 
water. It is possible that a different weighting formula 
more appropriate for glacier ice containing dust and 
liquid water yields lower values. The error introduced by 
the weighting formula is probably offset by the error in 
the hemispheric mean reflectance introduced by assuming 
that the glacier reflects isotropically. For the adopted 
conversion of the directional reflectance, observed at an 
angle different from the specular, to hemispheric mean 
reflectance, results in an underestimation of the actual 
hemispheric mean reflectance. I t is clear that a proper 
accuracy assessment of the adopted retrieval method can 
be made only from detailed observations of all relevant 
para meters compa rable with Landsat 5 observations. 
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