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Classification of Antarctic surfaces using AVHRR data: 
a multispectral approach 
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Abstract: The mapping of sea, land ice, sea ice and clouds, from Advanced Very High Resolution Radiometer 
(AVHRR) images taken over Antarctica in daylight is investigated and a classification scheme is proposed 
on the basis of thresholds retrieved from multispectral patterns of representative data. The scheme, which 
can be used for real time analysis of AVHRR images in scientific and logistic activities, gives satisfactory 
separation of different categories. Major misclassification occurs between ice clouds and land ice because 
of their very similar spectral signature in the AVHRR channels. Comparison of classified samples, obtained 
from visual inspection of images and from application of the scheme, exhibits a confusion matrix with 
accuracy A=92% over areas almost free from ice clouds. 
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Introduction 

Satellites, giving synoptic information of theearth’s surface, 
are a useful aid in atmospheric physics (Kergomard & Tanrb 
1989), oceanography (Sullivan et al. 1988, Schluessel & 
Grass1 1990), glaciology (Gloersen & Campbell 1988; Hall 
et al. 1989), and meteorology (Key et ai. 1989) in Antarctica 
because of the difficulty in exploring its extensive, remote 
and inhospitable territory. 

The Advanced Very High Resolution Radiometer 
(AVHRR), installed on NOAA’s satellites, has great 
importance in operational and research activities because of 
the high frequency of revisiting the same area and capability 
of obtaining measurements of the earth’s surface with 1.1 km 
resolution (at nadir) in five spectral bands (Lauritson et al. 
1979). These are the red (channel 1: 0.58-0.68 pm), near 
infrared(channel2: 0.72-1 .lOpm), middleinfrared(channe1 
3: 3.55-3.93 pm) and thermal infrared (channel4: 10.3-1 1.3 
pm and, only on board NOAA-odd satellites, channel 5: 
11.5-12.5 pm) spectral bands. The use of AVHRR data in 
scientific and logistic activities related to Antarctic regions 
requires the discrimination of different categories such as 
sea, snow, ice and clouds in the image. 

Schemes proposed for surface and cloud classification 
from AVHRR data taken over medium latitude regions 
(Inoue 1987, Saunders & Kriebel 1988), are not optimized 
for polar regions where emittance and reflectance similarity 
for clouds, snow and ice are the main source of 
misclassification. Schemes proposed for polar regions (Ebert 
1987, Key et al. 1989, Welch et al. 1990) do not satisfy 
requirements of low computing time needed forreal-time use 
of data. 

A scheme is proposed, based on the threshold technique 

with identification of patterns for each category in the 
multidimensional radiance space formed by multispectral 
data taken over training areas. This has been set up to support 
real-time image analysis during summertime Antarctic 
expeditions. The purpose of this paper is the description of 
the classification scheme. 

Classification methodology 

The classification scheme has been mainly set up to produce 
sea ice maps and providemasking for sea surface temperature 
(SST) maps. Because of the real-time use of data in 
supporting navigation (by sea ice maps) and oceanographic 
campaigns (by SST maps), the required low computing time 
has been obtained by adopting a fast classifier and by 
selecting few categories representative of the Antarctic 
surface. 

Categories 

The following categories are distinguished: 
a) open sea 
b) land ice (in this paper this category is taken to include ice 

c) sea ice (in this paper this category is taken to include pack, 

d) clouds (including thin clouds, water clouds and ice 

Land free of snow and ice is not accounted for in the 
classification scheme, because of the difficulty in 
distinguishing between land and shadowed surfaces that, 
added to the relative low resolution of AVHRR (the sensor 

shelves and land areas covered by snow and ice) 

floes and bergs) 

clouds). 
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footprint generally is larger than land areas free of snow and 
ice), make it almost impossible to create a training set of data 
for this category. 

Data reduction 

The study of patterns for each category has been performed 
using AVHRR images, taken over Victoria Land and the 
Ross Seain the period January-February 1990. Training sets 
to create multispectral patterns have been obtained from 
radiancemeasured in channels 1,2,3 and4 overrepresentative 
areas (channel 5 has not been used in order to maintain 
compatibility of the classification scheme with NOAA-even 
and NOAA-odd satellite data). Radiance has been computed 
from digital number DN,, for each channel n, by using the 
linear relationship 

Ln = an + b,,DN,, 

where the constants an and bn, for channels 1 and2, have been 
obtained from pre-flight values according to the method 
given by Price (1988) while, for channels 3 and4, they have 
been taken from ancillary data of images. The constants an 
and bn are given in Table I. 

Degradation of sensivity in channels 1 and 2, which could 
be as high as several percent each year (Teillet et al. 1990) 
and whichisnot accounted for inconstants anand bn(because 
of their evaluation from pre-flight values), is a perturbing 
factor in the use of absolute thresholds for multitemporal data 
analysis. In this study,since theused images have been taken 
during a relatively short period (less than two months), the 
change of sensor sensivity in channels 1 and 2 has been 
assumed to have negligible effect in the classification of 
data. 

Radiance, measured by AVHRR in different regions of the 
electromagnetic spectrum, results from different radiative 
processes: in channels 1 and 2 it is due to solar radiance 
reflected by the earth's surface and clouds into the sensor 
field of view; in channel 3 it is the sum of contributions due 
to solar reflected and terrestrial emitted radiance; in channel 
4 it is due only to terrestrial emitted radiance, To avoid 
dependence of data on geometrical illumination of the earth, 
radiance measured in channels 1 and 2 has been normalized 
with respect to the sun zenith and sun-earth distance, through 
the relationship 

<L>, = L, d fp  
where i=1,2, d is a parameter accounting for the sun-earth 
distance (Jackson and Slater 1986) and p is the cosine of the 

Table I. Calibration constants used fro AVHRR (NOAA-11) data. 

Channel 1 2 3 4 
nW 

a m  -19.37 -11.38 146.29* 16.9988* 
b. 0.4705 0.2775 -0.148; -0.01712* 

sun zenith angle. 

Analysis of multispectral patterns 

Training sets of radiance data have been taken from full 
resolution images by visual selection of elements 
representative of the different categories to be interpreted. 
Radiance retrieved from images detected with sun zenith 
between 60 and70 degrees (orbits: 6682,6753,6879,6936, 
7063), have been used to produce scatter plots given in 
Fig. 1. Data obtained from channel 2 have been used 
because of their lower dependence on atmospheric scattering 
than data from channel 1 (scattering decreases contrast 
among different surfaces). 

Cloud type may be shown on scatter plots using known 
radiative properties of clouds. Water clouds are mainly 
characterized by high reflectivity in channel 3 of AVHRR 
(Kidder & Wu 1984). In fact, due to the high value of the 
water refractive index at around 3 pm, the sun radiance is 
reflected by clouds and increases as the cloud layer optical 
thickness increases andas thesize of waterdropletsdecreases 
(Hunt 1973, Arking & Childs 1985). Because of this feature 
(see Fig. 1 a), discrimination of relatively warm water clouds 
can be carried out by applying a threshold to radiance in 
channel 3 (normalization of thereflectedradiance contribution 
in channel 3 is avoided by applying a threshold that is not 
critical even with different daylight illumination conditions). 

Thin clouds, characterized by a low optical thickness, 
exhibit low reflectivity in the visible and near infrared. 
Detection of these clouds over land ice is quite difficult 
because of their negligible effect on the radiance field of the 
underlying surface. In contrast over the sea, thin clouds can 
be discriminated from the contiguous classes such as open 
sea and sea ice, because of the lower radiance in channel 4 
(see Fig. lb). 

Clouds characterized by high percentage of ice crystals in 
the upper layer, here referred as to ice clouds, have a spectral 
signature very similar to land ice: low brightness temperature 
in the thermal infrared, high reflectivity in the visible and 
poor reflectivity (Hunt 1973, Scorer 1989) in the middle 
infrared due to ice-crystal absorption. It may be possible to 
discriminate between ice clouds and land ice by using the 
ratio between radiance in channel 2 and in channel 1 (or the 
difference between the normalized radiances in channels 1 
and 2). 

In fact, theoretical computations (Dozier 1989) show: 
a) decrease from red toward near infrared, as a function of 

the radii of grains, in the snow reflectance and 
b) an almost constant value, depending on the radii of water 

droplets and of ice crystals, in the reflectance of water 
clouds and ice clouds respectively. 

This would suggest the possibility of obtaining separate 
patterns for clouds and land ice by plotting the ratio between 
the radiances in channels 2 and 1 (or the difference between * from ancillaly data of orbit 6753 
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the normalized radiances in channels 1 and 2), against the 
radiance in channel 3. However this ratio, like the difference, 
compufed with actual radiances, produces scattered cloud 
data overlapping with the land ice pattern (see Fig. Ic) and 
thus it does not completely fulfil requirements for ice cloud 
mapping. 

From analysis of scatter plots some general conclusions 
can be drawn: 
a) the open sea category is defined by a pattern having no 

overlapping area with other patterns, making its 
discrimination from othercategoriesaccume (seeFig. Ib) 

b) accurate separability of ice clouds and land ice cannot be 
obtained because of their very similar spectral signature 
in the AVHRR channels and 

c) normalization of radiance in channel 2 is required to 
reduce the indeterminacy caused by different illumination 
conditions in separating contiguous (i.e. open sea and sea 
ice) or overlapping (i.e. sea ice and land ice) categories by 
thresholds (normalization of the radiance has been seen to 
be unreliable at sun zenith larger than about 75 "). 

Misclassification of elements pertaining to contiguous or 
overlapping categories could be produced by perturbing 
effects such as: 
a) increase of view angle which causes an increase in the 

detected radiance due to an increase in optical path 
through atmosphere (the resulting radiometric aberration 
makes the classification of data at the edge of image very 
difficult); 

b) specular reflection of direct sun radiance (sun glint) by 
sea, snow and ice surfaces that gives very high radiance 
values (this effect is mainly restricted to the edge of image 
because of the low sun elevations in polar regions). 

These perturbing effects have not been corrected because of 
difficulty in performing accurate modelling of atmospheric 
and surface reflected radiance at view angles higher than 
about 50" (Tank etal. 1986) whereaberration becomes very 
high. The ratio between radiance in channel 2 and in channel 
1, instead of the simple normalized radiance in channel 2, 
could contribute to the reduction of view angle effects. 
However, use of the ratio between radiance in the two 
channels strongly reduces the ability to discriminate between 
land ice and sea ice as shown in Fig. Ic. 

The classifier 

The classifier separates categories according to decision 
regions defined by radiance limits evaluated from scatter 
plots of training sets given in Fig. 1. The scheme develops 
by evaluating the relevance of each image element to 
subsequentregions (wIa,wlb, wlc, w2, w3) and it stops when the 
element is found to belong toone region. Elements which do 
not pertain to any of the defined decision regions are filled 
as land ice. Such a classification is very fast but, as a 
drawback, has a low ability in discriminating correlations 
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Fig. 1. Scatter plots of a. radiance in channel 4 against 
radiance in channel 3; b. normalized radiance (i.e. 
<Radiance>) in channel 2 against radiance in channel 4; 
c. ratio of radiance in channel 2 to radiance in channel 1, 
against. radiance in channel 4 (open sea (x); sea ice (0); land 
ice (0); clouds ( 0 )  ). Straight lines specify the decision 
regions used in the classification scheme for the different 
categories (w ,~ :  water clouds; wIb thin clouds; wIFice clouds; 
w2 sea ice; w3 open sea). 
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between overlapping decision regions (Lillesand & Monsour 
1979). 

Sea ice coverage 

The average radiance measured over the sensor footprint in 
the presence of water (leads, polynyas) with very low 
reflectance and ice (floes, bergs) generally covered by snow 
with very high reflectance, can be related to sea ice coverage. 
The percentage coverage of sea ice C ,  assumed to have a 
linear dependence on radiance in the near infrared (Comiso 
& Zwally 1982), can be computed, for each element of the 
category, using the relationship: 

<L>, -<L,>, 

dp2 - <L,>, 
C =  x 100 

where -a!,>, is the input radiance in channel 2, and and 
<L,>, are the highest open sea radiance and the lowest land 
iceradiance thresholds(eva1uated from scatterplot in Fig. Ib), 
ideally corresponding toO%and 100% ice coverrespectively. 
The method used for the evaluation of sea ice cover is likely 
to give underestimated values in presence of cloud shadowing 
of the surface. 

Results and discussion 

The developed multispectral classification scheme has been 
tested with several images taken in January-February 1990 
over Victoria Land and Ross Sea in East Antarctica. To have 
an estimateof the actual classification accuracy outside areas 
affected by ice clouds, the scheme has been checked with 
sampledataindependent of thoseused for pattern construction 
(even if taken from the same images). Elements of sub- 
images not significantly affected by ice clouds have been 
visually classified and compared with output data of the 
scheme. The confusion matrix (Estes et al. 1983) given in 
Table 11, obtained with 500 radiance samples, exhibits an 
accuracy close to A=92%. A decrease in accuracy is 
expected as the percentage of ice clouds increases. 

Analysisofresults has shown that minor misclassification, 
besides that between iceclouds and land ice,occurs with sub- 
categories characterized by very similar spectral signature in 
the AVHRR channels. Examples of such misclassification 
are: 

Table XI. Confusion matrix of sample AVHRR data 

Known Number of % No. of elements classified in categ. 
category* elements correct 1 2 3 4  

1 128 94% 120 4 0 4 
2 87 83% 0 72 0 15 
3 80 100% 0 0 8 0 0  
4 205 90% 8 12 0 185 

a) glacier ice which could be classified as sea ice 
b) land ice on shadowed surfaces or on orientated surfaces 

reflecting direct sun radiance, which could be classified as 
cloud 

c) thin clouds over land ice classified as land ice 
d) land areas free of snow and ice classified as cloud or land 

e) floes or bergs several times larger than the sensor 

Pictures obtained from AVHRR data, converted to radiance 
units with added coastline and latitude-longitude grids (using 
SHARK facilities (Pittella & Bamford 1989)), are given in 
Fig. 2. The pictures highlight the very low capability of 
single channel data to separate different categories. The 
classified image and the geographical area, corresponding to 
data of Fig. 2, are shown in Fig. 3. The percent of radiances 
in each category, obtained from the classification of the 
image in Fig. 2,is shown in Table 111. 

Results of a similar analysis obtained from several images 
are given in Table IV. Data have been computed by 
averaging percentages obtained from classification of nine 
sub-images of 5 12x5 12 elements, taken approximately over 
thesameareacentredatabout 166°Eand75030S andrelated 
to orbits: 6682,6753,6865,6879,6893,6907,6922,6936, 
7063. It must be noted that for these examples, which were 
almost free from ice clouds, approximately 97% of cloud 
filled radiances are singled out as water clouds. 

The percentage of sea ice obtained from AVHRR data has 
been compared with visual observation carried out by ships 
and helicopters at approximately the same time. Differences 
between the two methods were less that 15% within the 
investigated area. 

ice 

footprint, that could be classified as land ice. 

Conclusions 

Table 111. Percentage of elements in image shown in Fig. 2 belonging to 
the different decision regions. 

~~~~ 

wIa Wlb W I C  w2 w3 - 

Category* 1 1 1 2 3 4  
Percentage 25.5 0.3 0.1 34.1 3.8 36.2 

* 1: clouds; 2: sea ice; 3: sea; 4: land ice 

Table IV. Percentage of elements from nine images taken over the same 
area in different days, belonging to the different decision regions (the 
standard deviation is given in braces). 

Wl" W l h  wlc WZ w3 
~ ~~ ~ 

Category* 1 I 1 2 3 4 
Percentage 37 (14.1) 0.8 (1.0) 0.3 (0.3) 32.3 (6.9) 5.6 (2.1) 24.0 (8.8) 

*1: clouds; 2: sea ice; 3: open sea; 4: land ice *1:  clouds; 2: sea ice; 3: sea; 4: land ice 
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Fig. 3. a. The classified map constructed from the AVHRR of 
Fig. 2. Clouds are white, open sea is black, land ice is light 
grey and sea ice is dark grey. In the sea ice category, 
increasing brightness indicates an increase percentage sea ice 
cover. b. The geographical area covered by analysis. 

Satisfactory results have been obtained in the mapping of sea 
ice, open sea, land ice and clouds from several daylight 
images taken over Victoria Land and the Ross Sea with 
different illumination conditions. Comparison of classified 
examples, retrieved from visual inspection of AVHRRimages 
and obtained by applying the threshold scheme, has given a 
confusion matrix with accuracy close to 92% over areas not 
significantly affected by ice clouds. The major limitation of 
the proposed multispecual classification scheme lies in the 
discrimination of ice clouds from land ice, because of their 
very similar spectral signature in the AVHRR channels. 

An improvement of the scheme may be possible by 
introducing textural analysis (Liljas 1989, Welch et d. 
1990). In fact, a better separability between ice clouds and 

Fig. 2. Images obtained from NOAA-11 data (sub-images of 512 
x 512 elements) displaying Victoria Land and Ross Sea, centred 
at about 166O E and 75"30'S, taken on 7 February 1990, orbit 
7063: a. channel 2, b. channel 3, c. channel 4. In this figure 
an increase in brightness indicates an increase in radiance. 
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land ice is expected to be achieved because of the feathery 
appearance of ice clouds as opposed to the more homogenous 
snow surface. Further improvement of the classification of 
Antarctic covers would only be possible if further spectral 
information on categories to be interpreted were available. 
For example, a channel centred at about 1.6 pm or 2.2 pm 
could be very useful in separating clouds and snow (Crane & 
Anderson 1984, Dozier 1989, Masuda & Takashima 1990). 
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