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1 INTRODUCTION 

In the final report for the Pre-Launch Phase of the project, we have presented the methodology that 

we wanted to use to process the actual VEGETATION data, together with an application of this 

methodology to simulated VEGETATION and HRVIR images from TM data (Fortin et al., 1998). 

In this report, we will present first a relatively short review of that report, in order to remind the 

methodology and the main results of the pre-Iaunch phase. This will be followed by information 

concerning data acquisition related to both VEGETATION and HRVIR data during the post-Iaunch 

phase. The various steps of the processing methodology of the actual data will be explained next. A 

discussion of the results and a conclusion will complete the report. 
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2 OBJECTIVES OF THE INVESTIGATION 

The general objectives of the investigation are: 

• Estimation of surface variables using data from a medium spatial resolution and high frequency 

remote sensing sensor in orbit. 

• Increased accuracy of spatial registration for multitemporal analysis of data. 

Derived from those are the following specifie objectives: 

• Estimation of physical variables of the surface, corresponding to each land cover within the pixel, 

the albedo for example. 

• Estimation at the sub-pixellevel of the spatial distribution of snow cover on the ground. 

• As accurate as possible registration of the images for multitemporal input into a spatially 

distributed hydrological model using geocoded data. 
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3 APPROACH USED DURING THE PRE-LAUNCH PHASE OF 

INVESTIGATION 

During the pre-launch phase of investigation, the approach has consisted (Fortin et al., 1998) in 

simulating first VGT and HRVIR data from TM data, the differences in bandwidths being acceptable 

for our purposes. The other activities were on the development and testing of our methodology based 

on the application of the spectral mixture theory, in order to meet the objectives of the investigation. 

Development and testing have been undertaken on sm aIl simulated VGT images obtained from TM 

data. 

3.1 Simulation of SPOT-4 HRVIR and VGT images 

3.1.1 Introduction 
Since we estimated that five of the TM bands could be considered as sufficiently good approximations 

of the selected spectral bands that we will find for both SPOT-4 sensors and that it was already a 

satellite borne sensor, we believed that it was a good basis for simulation of the future sensors. The 

TM2, TM3, TM4 and TM5 bands have been used to simulate the corresponding HRVIR bands, 

whereas the TMl, TM3, TM4 and TM5 bands were used for VGT. Another advantage of using a 

satellite borne sensor like TM was simulation of simultaneous data acquisition from the future 

HRVIR and VGT sensors under the same orbital and atmospheric conditions. 

The ~xperimental sites are located in Southern Québec, on the South shore of the St. Lawrence river, 

and are representatives of the conditions encountered in that region (Fig. 3.1). Various land types can 

be found, inc1uding water surfaces, agricultural fields, waste and wet lands, forested areas (both 

conifers and deciduous) and urban areas. One of the image (Nicolet region, 9 May 1993) is taken in 

spring over a relatively flat area. Another one (La Chaudière watershed, 28 August 1995) is a summer 

image over a more hilly are a, while the third one (St.François watershed, 2 April 1988), a little to the 

South-West of the second one, is an early spring image with partial snow cover over the same type of 

terrain. 
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3.1.2 Simulation of HRVIR and VGT data 
After correcting the TM images for atmospheric effects, the next step was the simulation the HRVIR 

2ü-m resolution images. This was made using a nearest neighbor resampling procedure to change the 

original 25-m geocoded TM data to simulated 2ü-m HRVIR data. Since both resolutions are 

approximately the same, it had the-advantage of retaining the original digital counts. The simulated 

2ü-m HRVIR data was subsequently used to prepare a land-use classification of the area. 

As for the simulation of the VEGETATION images, a simple 46 x 46 mean filter has finally been 

applied to the TM data already corrected for atmospheric effects in order to simulate the VGT pixels. 

3.2 Processing of simulated VGT data for estimation of the mean 
reflectances of land use classes in a specifie geographieal area 

3.2.1 Chosen approach assuming perfect registration of the images 
According to the spectral mixture theory, the reflectance of a pixel can be considered as the \inear 

weighted mean of the reflectances of the surface elements in the pixel. In our case, the relation 

between the reflectance of a VGT pixel and that of corresponding HRVIR pixels can be written, for 

each spectral band as: 

n 
R.=Lfr.+E. 

1 • 1 IJ J 1 
J= 

(3.1) 

where: Ris the reflectance of the VGT pixel i, t;j is the fraction of pixel ioccupied by land use class j, 

ri is the mean reflectance of land use class j in the considered spectral band, Ei is an error term for the 

spectral band, taking into account measurement errors and variability ofrj, and n is the number of land 

use classes. 

Knowning the reflectances of the VGT pixels and the fraction of each land use class in each VGT 

pixel, assuming perfect registration, we have to select the pixels and the number of groups of pixels 

that should furnish the best results using the least squares algorithm. Our approach consists in 

selecting K groups of pixels and estimating reflectances for each land use, using these groups and the 

spectral mixture theory. As slightly different results should be reached using data from these groups, 
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taking the me an ofthese estimations should lead to even better estimations. In any case, however, the 

fundamental problem lies in the selection of the pixels for each ofthese groups. 

When only one group of pixels is chosen, the pixel selection procedure consists in choosing first the 

best pixels in each land use c1ass, Ml!, MI
2, ..• ,Ml

n, and then n other pixels chosen randomly among 

the pixels of the VGT image. Thus, 2n pixels are used to solve the system of equations. Completing 

the group of n best pixels by n randomly chosen pixels leads to more stable results and to a good 

reflectance estimation even for less represented classes. To obtain even better results, using the chosen 

procedure, ten trials are done, keeping the n best pixels but reselecting the random pixels each time. 

The resulting relative errors are thus mean values of the ten trials. 

Instead of selecting only one group of pixels, one can consider simultaneously K groups of VGT 

pixels and proceed to the estimation of the reflectances using each ofthese groups. Then, the mean of 

the estimated values in each of these groups will be considered as the estimated reflectance for each 

c1ass and each spectral band. Taking the mean value helps to reduce the estimation errors made by 

anyone group. As pixels within each group should be selected so that aIl groups of pixels lead to 

equally reliable estimations, the elements of the se vectors are randomly swapped, prior to the addition 

of randomly selected pixels, so that aIl best pixels are not in the same group. 

In order to find out the optimal number of groups, the procedure consists in selecting various numbers 

of groups, from 2 to K, and then, using each one of these k (k=2,K) groups, in proceeding to ten trials 

with both a new selection of the random pixels and a new permutation of the best pixels. Since the 

mean reflectances of each c1ass are known it is possible to compare the estimated reflectances to these 

values and find out how many groups will give the best results. 

3.2.2 Estimation of the co-location accuracy in an operation al context 
In an operational context, the registration errors will be unknown but should be within the expected 

values. Also, normally it will not be possible to compare the reflectances estimated from mixed VGT 

pixels to those of pure HRVIR pixels taken at the same time. One exception will be the area covered 

by both VGT and HRVIR images, when both images are taken at the same time, but even in that case 

there is the possibility of a co-location error of approximately 300m. 

There is still a possibility to find out a best match between the land use map and a VGT image for 

which the registration error is unknown. As it is not possible to modify the reflectances of the VGT 

image, we shift the grid superimposed on the c1assified HRVIR image for estimation of the 
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percentages of each land use class in the VGT pixels. By doing so it is possible to create percentages 

of land use classes for various shifts, one of these shifts being that of the VGT image. The 

reflectances for each land use class and each spectral band are then computed using k groups ofVGT 

pixels. The true shift is unknown. However, it should be remembered that our method consists in 

taking the mean of the estimations made by each of the k groups. Then, it is possible to compute the 

standard deviation of these estimations. The most probable shift should be the one for which the 

standard deviation is the smallest. Using that criterion, it is possible to obtain a better registration 

accuracy. 

In practice, two methods are used to perform the search for the best accuracy. The first one consists in 

an exhaustive procedure. The grid superimposed on the classitied HRVIR image is shifted in both 

directions, with a distance increment of 50 m, for example, to find out the location where the lowest 

standard deviation for reflectance estimation is reached. It should be understood that as the fit 

between the position of the classitied HRVIR image and the VGT image becomes more and more 

accurate the values of the reflectances estimated from any of the K groups of pixels should become 

more and more identical, such that the standard deviation between estimations becomes smaller and 

smaller. 

The second one is an heuristic hill-climbing procedure. As in the previous procedure, both a search 

distance and distance increment have to be detined. Normally, this procedure is less time consuming 

than the tirst one, but one should be aware of the possibility of reaching a local minimum, thus 

missing the desired minimum and registration accuracy. One possibility is then to find tirst the area 

were the minimum should lie, using the exhaustive procedure with a larger distance increment and 

using the heuristic procedure in the vicinity of the probable minimum to get a more precise location. 

In the case of VGT images, four spectral bands are available. The estimed misregistration between 

bands for a specifie image being not more than 120m RMS, the locations estimated for each of the 

four spectral bands should be relatively close to each other. If this is not so, the possibility of at least 

one location being that of a local minimum is there. This could be a good way to verify the tirst 

results and make any necessary correction. 
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3.3 Processing of simulated VGT data for the estimation of the 
percentages of snow coyer present in eaeh broad land use class of any 
VGT pixel in a specifie geographieal area 

3.3.1 The spectral mixture approach in the case of a VGT image with partial snow 
coyer 

In the general case where the needed variable is the percentage Pij of occupation of each land use class 

in each pixel rather than the mean reflectance of those classes, equation 3.1 is still applicable. 

However, in that case the number of possible land use classes, or endmembers, is limited by the 

number of uncorrelated spectral bands available, that is more uncorrelated bands than endmembers are 

required (Kerdiles and Grondona, 1995; Shimabukuro et al., 1997; Novo and Shimabukuro, 1997). 

Kerdiles and Grondona (1995) explain that it is possible to incorporate various dates to obtain more 

bands than endmembers. However, they mention that the percentages Pij must be constant over the 

selected dates and that the endmembers reflectances must be known. 

Let us consider a VGT image with a partial snow cover. Because of the dimensions of a VGT pixel, a 

large number of land use classes can be present at the same time. Then, in the case where the 

percentages of snow covered areas are needed for each of the selected land use classes, the spectral 

mixture equation can be written: 

where: 

and: 

Ri 

Rif = 
rjs 

rjf 

Pijs 

N 

R.=R. + L p .. (r. - r
J
) + E. 

1 'f J; 1 lJ s J s 1 
(3.2) 

(3.3) 

reflectance of VGT pixel i with a possible snow cover from 0 to 100%; 

reflectance of VGT pixel i under snowfree fall conditions; 

reflectance of land use class j under snow cover conditions; 

reflectance of land use class j under snowfree fall conditions; 

percentage of pixel i occupied by land use class j, with snow cover conditions; 
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Pijf percentage of pixel i occupied by land use c1ass j, under snowfree conditions; 

Ei error term for the spectral band taking into account measurement errors and variability ofr; 

N number of land use classes. 

It does seem unlikely that Kerdiles and Grondona (1995) suggestion can be respected, as more than 

one VGT image would be necessary and both reflectances of land use classes and the percentages of 

snow covered area over each of the total area occupied by each land use c1ass change rapidly during 

the snowmelt period. 

Another solution can, however, be put forward as a single spring image could be used to find out the 

total percentage of snow cover on each pixel with a relatively good accuracy. Once that percentage is 

done, it could be possible to distribute that percentage among the various land use classes, knowing 

that snow will disappear first in open areas, then in deciduous forested areas and finally in coniferous 

forests. As the resulting partial snow cover map will, at least in a few applications, be used to update 

the snow cover in a hydrological model for snowmelt forecasting, the informations furnished by that 

model could, in turn, help to distribute the total snow covered area on each pixel among the land use 

classes present on that pixel. 

Two indices are suggested to find out the total snow covered area on each pixel. Both are based on the 

effect of the snow reflectance on the ground cover as compared to snowfree reflectances of the 

various land uses. Let us first remember that equation 3.3 gives the relation between theendmember 

reflectances and the VGT pixel reflectance for snowfree conditions, either in fall or in spring. A 

similar equation can be written for complete snow cover conditions for the same land use classes. 

N 

R. = L p .. r. 
1 S J=I lJ s J s 

(3.4) 

Where: 

Ris = reflectance ofVGT pixel i under snow cover conditions; 

rjs reflectance of land use class j un der snow cover conditions; 

Pijs percentage of pixel i occupied by land use class j, with snow cover conditions; 

N number of land use classes. 
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Finally, the reflectance of pixel i under partial snow caver conditions is given by equation 3.2. It is 

then possible ta suggest a first relation: 

R. - R. 
1 Ir F = -_ ... ----'--

R. - R. (3.5) 
[.\ If 

It can be seen rapidly that, for a given pixel, F will go from a value of 1, when the snow cover is 

complete and the reflectances of the land use classes are identical ta those used at the denominator, ta 

a value of 0, under snowfree conditions identical ta those used for the fall or spring reference image. 

The value of F between those two extremes will be a function of the amount of snow caver on each of 

the land use classes present on the pixel, as it can be understood from equation 3.2. 

A relation similar ta the NOVI, which we will cali thenormalized difference snow index, NOSI, can 

also be derived: 

R. - R. 
1 If 

NDSI = ._~~-~--
R. + R. 

(3.6) 
1 If 

3.3.2 Description of the chosen approach 
In the case of partial snow caver when the needed variable is the fraction of snow caver on each 

individual pixel for each of the land use classes present on the pixel, the chosen approach is similar to 

that explained before. Once the position of the VGT image is known as accurately as possible, we can 

proceed ta the estimation of percentages of snow caver for each of the land use classes on a pixel by 

pixel basis. 



4 MAIN RESULTS OBTAINED DURING THE PRE-LAUNCH PHASE 

OF THE INVESTIGATION 

The first chapters ofthis report have permitted to review the main points regarding the methodology 

used in this investigation. In this chapter, the results obtained during that phase will also be reviewed 

in preparation for the discussion of the results obtained with the actual VGT images. 

4.1 Determination of the actual position of a VGT image relative to its 
expected position 

Let us recall here that in an operational context, the exact position of a specific VGT image is not 

known, but that it is possible to recompute the percentage of occupation of each land use c1ass on 

each VGT pixel, assuming various shifts. Computation of the relative error between the estimated 

reflectances from VGT pixels and the true values, as estimated from corresponding HRVIR pixels, 

for each VGT band, as a function of the number of pixel groups, has lead to the conclusion that four 

(4) groups ofpixels would give the best results. 

As four groups of pixels are used, the position for which the estimated reflectances by each of these 

four groups are the more similar should be the seeked position. In practice, we should look for the 

lowest standard deviation estimated from the values furnished by each of the groups. 

The estimation of the expected position of a VGT image, as weIl as the estimation of the 

reflectances of the land use classes present on the image, were done based on the TM image taken 

on the 28th of August 1995. Using the exhaustive method implying detailed standard deviation 

mapping, a maximum shift of 300m has been assumed in each direction, defining a search area of 

600 x 600m centered on the expected true location. A grid size of 50m has been selected to perform 

the computations, resulting in 169 values from which a map cou Id be drawn. 

This exhaustive computation was performed for each of 6 simulated VGT images, with various 

shifts relative to the expected «true» location (0,0). The shifted locations, in meters, were: (0,0), (-

250,100), (250,-150), (-50,-275), (200,200) for the first five images, assuming perfect multispectral 

registration. For the sixth image, each band had a different location (200,-200) for B2, (175,-225) for 

B3 and (225,-150) for B4. 
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It was found out that most maps did have relatively smooth gradients, allowing a slow degradation 

of the results as the distance between the estimated position and the «true» position increased. This 

meant that a perfect fit between the VGT image and the classified HRVIR image was not a must as 

long as the standard deviation did not increase too much. For each of the six cases, the exact location 

was estimated within lOOm and as near as lOm in one case. The heuristic search gave results 

between 27 and 153 meters, a few of them being closer to the true location than the exhaustive 

search. Those distances were considered as acceptable as both the estimated and the «true» locations 

were in areas of relatively low standard deviation gradients. 

4.2 Determination of the reflectances of the land use classes 

Knowing that it was possible to locate the VGT images with a very good accuracy, we have verified 

if the mean reflectances of the various land use classes could also be estimated with a good 

accuracy. The resuIts are presented in table 4.1 and figure 4.1. It can be seen that both search 

methods allow a very good estimation of the mean reflectances for each of the spectral bands. The 

estimated reflectances for "urban areas and roads" is less accurate, but it is still within one standard 

deviation from the mean value estimated from HRVIR pixels. 
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Table 4.1 Estimated land use reflectances from the VGT spectral bands vs HRVIR reflectances, at 
location (0,0) for the August 281h 1995 simulated images. 

B-2 Band 

Estim. reflectances from VGT 

Land use classes HRVIR Reflectances Standard error Heuristic 
Identification %of Mean % Standard 

occupations deviation % 
Urban areas and roads 4.6 7.4 3.1 10.3 10.29 

Pastures and alfalfa 14.6 4.6 0.9 4.4 4.32 

Cereals 8.8 5.5 0.9 5.4 5.4 

Corn 3.9 4.8 0.4 5.2 5 

Water 3.9 2.7 0.7 2.1 2.02 

Wetlands 6.0 5.4 1.0 4.5 4.48 

Bare soils 8.6 9.6 3.2 9.7 9.68 

Herbacious fallow lands 15.9 3.3 0.9 2.8 2.74 
and bushes 
Mixed forest 23.5 2.4 0.4 2.0 2 

Coniferous forests 10.4 2.3 0.4 1.8 1.79 

B-3 Band 

Estim. reflectances from VGT 
Land use classes HRVIR Reflectances Standard error Heuristic 

Mean % Standard 
deviation % 

Urban areas and roads 27.2 6.5 21.2 20.86 
Pastures and alfalfa 45.0 5.8 49.2 49.24 
Cereals 36.9 2.5 35.7 35.38 
Corn 42.1 2.4 43.5 42.69 
Water 2.7 3.4 1.2 1.56 
Wetlands 28.7 3.7 27.7 28.01 
Bare soils 31.2 5.0 29.5 29.89 
Herbacious fallow lands and bushes 32.7 3.1 32.5 31.94 
Mixed forest 34.6 4.1 35.6 35.8 
Coniferous forests 24.6 2.8 21.6 21.68 

B-4 Band 

Estimated reflectances from VGT 
Land use classes HR VIR Reflectances Standard error Heuristic 

mapping Research 
Mean % Standard 

deviation % 
Urban areas and roads 18.3 4.3 17.5 17.25 
Pastures and alfalfa 21.9 2.0 22.16 22.21 
Cereals 24.8 1.9 25.73 25.79 
Corn 19.2 1.0 19.18 18.79 
Water 0.7 1.5 0.07 0.06 
Wet lands 18.2 2.1 17.4 17.44 
Bare soils 27.1 3.4 27.9 28.05 
Herbacious fallow lands and bushes 17.5 2.2 17.5 17.3 
Mixed forest 14.9 2.0 14.88 15.04 
Coniferous forests 10.4 1.5 9.09 8.93 
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4.3 Determination of the snow cover percentages at the sub-pixellevel 

4.3.1 Main characteristics of the HRVIR and VGT images 
The original TM images for partial snow coyer over Southern Québec (figure 3.1) was taken on the 

3rd of April 1988 at 9:30 local time. It corresponds to a quarter of a full TM image. As it was shown 

that it was possible to locate the VGT images normally with an accuracy better than 100m, the 

emphasis was put essentially on the information that could be obtained from VGT images. A perfect 

fit was assumed as the standard deviation did not increase too much within that distance from the 

true location of the image. 

Seven classes were selected on the image (table 4.2). Water surfaces occupy 2.6% of the area, of 

which 0.7% are frozen, whereas open areas occupy 43.5%, ofwhich 19.1% are covered with snow. 

Oeciduous forests occupy 26.8%, of which 21.1 % are covered with snow, and, finally, coniferous 

forests occupy 27.1 % of the image and are completely covered with snow. It was impossible to 

distinguish between snow covered and snowfree coniferous forests, but a careful examination of the 

image showed us that coniferous forests were mostly surrounded by other land use classes on which 

there still was snow. 

4.3.2 Sub-pixel estimation of snow coyer 
The difficulties that would likely be encountered for the estimation of snow cover on each individual 

land use class present on a single VGT pixel have been discussed in section 3.3. In particular, it was 

mentioned that the estimation of those percentages would be possible only if the reflectances were 

known and the number of endmembers, that is of land use classes, would be in agreement with the 

number of independent bands. In practice, those conditions were not satisfied with the image that 

we had and no worthwhile results could be obtained. There were more land use classes than bands. 
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Table 4.2 Mean reflectances (standard deviation) and percentage of occupation of each identified 
land use classes on the spring image (April 2, 1988). 

Land use %of Reflectance (%) 
classes land use 

occupation 
HRVIRI HRVIR2 HRVIR3 HRVIR4 

Mean SD Mean SD Mean SD Mean (%) SD 
(%) (%) (%) (%) (%) (%) (%) 

Coniferous forest 27.1 10.8 5.3 10.5 4.9 26.5 4.6 8.8 1.5 
(with snow) 
Coniferous forest 0.0 
(without snow) 
Deciduous forest 21.1 26.1 7.2 28.0 7.1 35.7 5.6 9.7 1.6 
(with snow) 
Deciduous forest 5.7 9.4 3.0 10.6 2.9 26.9 3.7 19.1 5.0 
(without snow) 
Open areas 19.1 32.5 13.2 34.6 13.1 44.4 10.2 11.3 5.1 
(with snow) 
Open areas 24.4 13.8 4.4 17.0 4.6 29.7 7.4 28.9 9.0 
(without snow) 
Lakes and rivers 0.7 50.4 11.5 47.8 11.0 33.2 10.0 1.9 0.8 
(frozen) 
Lakes and rivers 1.9 12.7 8.3 12.7 7.8 12.9 6.8 5.5 3.8 
(unfrozen) 
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We, then, have concentrated our attention on finding the total percentage of snow cover on each 

pixel using either equation 3.5 or 3.6. Let us look at the results from equation 3.5. Equation 3.5 is 

based on the assumption that the reflectance of a partially snow covered pixel will lie somewhere 

between that corresponding to snowfree conditions and that corresponding to snow covered 

conditions. In normal operations, single VGT images or mosaics corresponding to those conditions 

. would be available. In our case, no such images were of course available. So, we have created both 

a complete snow cover image and a snowfree image using the mean class reflectances of table 4.2 

and the mixing theory. It should be clear that these images represent only an approximation of the 

images that should be used to apply equation 3.5. 

In figure 4.3a, the total percentage of snow cover on each pixel as obtained from equation 3.5, that is 

the value of F, is compared to the total percentage of snow cover on the same pixel, as obtained 

from the HRVIR pixels corresponding to that VGT pixel. It can be seen that equation 3.5 

underestimates the "true" percentage of. snow cover on each pixel, but that a relation could be 

obtained with a coefficient of determination of 0.8377. Other relations could be obtained by not 

forcing the relation to go through (0,0) and/or using higher degree polynomials. It should be 

mentioned that 3672 points are on that figure. 

The relation between the normalized difference snow index (ND SI) obtained from equation 3.6 and 

the total percentage of snow cover on the same pixel, as estimated from the HRVIR pixels 

corresponding to that VGT pixel, is presented in figure 4.3b. It can be seen that it is linear and has a 

coefficient of determination of 0.8473, which is very close to that of the previous relation. As a 

temporary conclusion, it can be said that both relations will likely furnish total snow cover on each 

pixel with approximately the same accuracy. 

It is however possible to try to distribute that total snow cover on each pixel among each of the 

mean land use classes, namely coniferous forests, deciduous forest and open areas. It is clear from 

observations and simulation of the melt process that snow disappears first in open areas, then in 

deciduous forests and finally in coniferous forests. It is thus Iikely that, for a given percentage of 

snow cover on a pixel, the remaining percentage of snow in forested areas will be greater than that 

in open areas. This is effectively shown in figures 4.3c and 4.3d. 
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In figure 4.3c, the percentage of snow cover in open areas on a specifie VGT pixel is shown as a 

function of the total percentage of snow cover on that same pixel. Those percentages have been 

obtained by summing up the snow covered and snowfree HRVIR pixels corresponding to each VGT 

pixel. If ail VGT pixels would correspond to only one class, namely open areas more or less at the 

same elevation, then ail points would lie on the y = x line. Since, in our case, a large number of 

VGT pixels are Iikely to include the tluee main land use classes, for each of these pixels, the 

percentage of snow covered HRVIR pixels corresponding to the open areas class will be lower than 

that corresponding to the total percentage of snow covered HRVIR pixels corresponding to a VGT 

pixel. This is what is shown in figure 4.3c. As an example, if the total snow cover on a pixel is 40%, 

than the snow cover in open areas is down to 20%. 

Let us look now at the relation between the snow cover in deciduous forests as compared to that in 

open areas, which is shown in figure 4.3d. It should be remembered here that it was impossible to 

find out snowfree coniferous forests. One can notice readily that as the percentage of snow cover in 

open areas diminishes from 100% to, let us say, 50%, the percentage of snow cover in deciduous 

forested areas remains practically between 100% and 90% and, then, drops to zero as the percentage 

of snow cover continues to diminish in open areas. This behaviour confirms our assumptions. A 

fifth degree polynomial has been fit to the data as an example of a possible relation, but a number of 

other relations could be possible. For instance, we could have the percentage of snow cover in 

deciduous forested areas stay at 100% as long as the percentage of snow cover in open areas is 

greater than 50%, followed by a Iinear decrease to 0% from then on. It should be mentioned, finally, 

that a number of percentages of snow cover in deciduous forested areas are lower than the 

corresponding percentages in open areas. That should not be the case. The most probable reason for 

that is that pixels were improperly classified either in one class or the other. Fallow lands and bushes 

would probably be in that case. 

It is finally interesting to present the information contained in figure 4.3a on a map rather than on a 

graph. Figure 4.4a represents the total percentage of snow cover on each VGT pixel, from 0 to 

100%, as estimated from HRVIR pixels corresponding to each VGT pixel. The total snow cover 

estimated by equation 3.5 is presented in figure 4.4b. It was mentioned previously that equation 3.5 

was underestimating the percentage of snow cover on each VGT pixel and that is noticeable in 

figure 4.4b, as the grey shades are darker than in figure 4.4a. One can also mention that 

underestimation tends to occur mostly where the percentage of snow is relatively low. If the relation 

between total snow cover from equation 3.5 and total snow cover from HRVIR pixels, as 

determined in figure 4.3a, is applied, then the resulting map is shown in figure 4.4c. It can be seen 
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that this latter map is much more similar to that of figure 4.4a. The absolute estimation error of the snow 

cover mapping in figure 4.4c in relation to the value of figure 4.4a is shown in figure 4.4d. It can 

seen that most of the snow cover estimations are within 10% of the HRVIR estimated values. More 

precisely, we have: 

• Underestimation greater than 25% for 4.1 % of the pixels; 

• Underestimation between -25% and -10% for 10.3% of the pixels; 

• Estimation within -10% and +10% for 70.1% of the pixels; 

• Overestimation between +10% and +25% for 10.3% of the pixels; 

• Overestimation greater than 25% for 1.4% ofthe pixels. 

The results obtained on snow cover estimation show that it is possible to estimate the total 

percentage of snow cover on each VGT pixel with a quite satisfactory accuracy. It was also shown 

that it could be possible to go one step further in distributing that total snow cover among the main 

land use classes present on any VGT pixel. That possibility to estimate the spatial distribution of 

snow cover at the sub-pixel level will be very useful for hydrological simulations. 





5 ACQUISITION OF VGT AND HRVIR IMAGES DURING THE 

POST-LAUNCH PHASE OF THE INVESTIGATION 

5.1 Spatio-temporal evolution of the snow coyer in Southern Québec 
during the 1998-1999 winter 

Ideally, we would have like to have a winter scene with full snow cover and reflectance values close 

to those that are encountered just before snowmelt begins. The partial snow cover image (area 

corresponding to a HRVIR image taken simultaneously to the VGT image) needed to test our 

methodology had to have a snow cover distribution similar to that which we had for simulation, in 

order to be able to find out valuable answers for aIl land use classes. As for the snowfree image, it 

had to be taken after complete snowmelt in the region and before there was a significant change in 

the reflectances of the various land use classes, particularly vegetation. 

Snow cover remained relatively shallow in Southern Québec during the 1998-1999 winter, 

particularly in the region were we wanted to compare the results obtained with actual VaT data to 

those previously obtained with simulated VGT data. As shown in figure 5.l, the snow cover at 

climatological stations in open areas, remained under approximately 5 to 10cm for January and 

F ebruary 1999 for most of the area covered by the HR VIR image taken on the Il th of April 1999, 

which is the high resolution reference image. The month of March began with that shallow snow 

cover, but snowfalls in the second half of the month increased snow depths to more than 20cm over 

the area. However, rapid snowmelt followed that increase, so that by the end of the month, the snow 

depths in open areas were back to less than Scm. In April, most of the area remained snowfree. 

Snow cover could be found only at higher elevations to the N-E of the region. 
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5.2 VGT and HRVIR images pre-selected for the investigation 

We wanted to obtain VGT images covering the whole of Québec from South to North. So, we 

browsed the VEGETATION catalogue from the beginning of January to the end of June, for the area 

included between latitudes 44 0 and 55 0 N and longitudes 65 0 to 80 0 W. Our primary objective was 

the area in southern Québec corresponding to that for which the simulation images had been 

processed. It was also the area for which we could have more snow cover data. We also wanted, as a 

secondary objective, to obtain images covering the more northerly regions of Québec, namely the 

James Bay watersheds on which Hydro-Québec operates power plants. 

In the southern regions of Québec, VGT images were available in February, but very few in March, 

due to increased cloud cover. Five VGT images were pre-selected during those months as possible 

full snow cover reference images with relatively c1oud-free conditions for a sufficiently large area 

(table 5.1). 

The choice of the VGT images for partial snow cover over southern Québec was essentially 

controlled by the availability of high resolution HRVIR data. The only HRVIR image available over 

the area for conditions of partial snow cover was taken on the llth of April (table 5.1), following 

our request to Spot-Image for image acquisition. Most of the snow cover has melted and there are 

lines of small cumulus c10uds in the middle of the image. Both these c10uds and their shadows affect 

the identification of snow cover as they are unfortunately were they should not be. A panchromatic 

image taken by SPOT-2 was also available on the 2nd of April. The identification of snow cover in 

the panchromatic image is somewhat limited by the fact that only one band is available, but there is 

still a sufficiently large fraction of the image covered with snow. Put in other words, both images do 

not constitute very good high resolution reference images for our purposes. So, in April, we have 

pre-selected three VGT images for days including those on which the high resolution images were 

available. 

Five more VGT images were pre-selected in May and one more in June. Those taken at the 

beginning of May were considered as potential snowfree reference images. At the same time, the 

VGT images taken with full snow cover over more northerly region of Québec could be considered 

as potential full cover reference images for those regions, those coming later as partial snow cover 

images and those taken at the end as snowfree images. Also, ail those images were selected with the 

idea to cover the largest area possible in Québec with the minimum of images for the derired snow 

and snowfree conditions. 
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Finally, we should mention that the VGT images were only available according to anAlbers conie 

projection, whereas we are using Lambert conie projection for large regions over Canada. 

Table 5.1 Acquisition of SPOT images in 1999 

Satellite Sensor Month Date Identification 

SPOT-4 VEGETATION January 20 19990129B056 

Febuary 8 19990208E144 

23 19990223 E 15 3 

March 5 19990305EOIO 

27 19990327E032 

April 2 19990402E250 

5 1 999040SEI 06 

11 19990411E053 

May 2 19990502E219 

6 19990506E091 

11 19990511E248 

15 1999051SE127 

24 19990524E 157 

June 8 19990608E 116 

12 19990612E246 

SPOT-4 HRVIR April Il 4628-258990411 
155433 11 / 0 

SPOT-2 PANCHRO April 2 2628-258990402 
155555 2p / 0 



6 PROCESSING OF THE ACTUAL VEGETATION AND HRVIR 

IMAGES 

6.1 Atmospheric corrections 

Proceeding to atmospheric corrections on the VGT and HRVIR data was not easy at ail and a lot of 

time was spent to find out solutions. First, most, if not aIl, commercial software packages werenot 

updated to make atmospheric corrections for the SPOT-4 data. We are using the Easy-Pace software 

from PCI Geomatics. 

Let us begin with HRVIR data. It was possible to correct the first three bands (B 1, B2 and B3) ofthe 

April llth image with the Easy-Pace software, but that software does not allow correction ofthe B4 

band in the infrared. So, the B4 band remained uncorrected for atmospheric effects. For the other 

three bands, the digital counts did not change much after atmospheric correction, suggesting that 

atmospheric effects were not important on that day, at least for those bands. 

In the case of data acquisition on the 2nd of April 1999 by the HRV panchromatic band from the 

SPOT-2 satellite, again the Easy-Pace software could not do it directly. So, we have corrected the 

panchromatic band for atmospheric effects assuming it was not too much different from the B2 

band. 

The four VGT bands have been corrected using SMAC (Rahman and Dedieu, 1994). That program 

was difficult to obtain and was allowing correction of atmospheric effects on only one pixel was the 

program was run. So, we had to modify the pro gram to allow lecture and correction of complete 

images. 
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6.2 Geometrie corrections 

6.2.1 HRVIR and HRV images 
Geometrie corrections of the high resolution HRVIR and HRV images were done using an image-ta-

image procedure, the reference image being a TM image previously resampled to 20-m for the 

simulation of the SPOT-4 images and projected according to UTM coordinates. The output HRVIR 

and HRV images were projected according to the Albers conical equal area projection applied on 

VGT images. 

6.2.2 VEGETATION images 
As far as VEGETATION are concerned, we had to use the images taken on the 2nd and 11th of 

April and two other images, one for full snow cover and one for snowfree conditions. The 

parameters of the projected images according to an Albers conical equal area projection were not 

identical. On the other hand, one full snow cover image (Feb. 8, 1999) and one snowfree image 

(May 2, 1999) had exactly the same projection parameters as that of the April Il image so that it 

was possible to superimpose them. It remained to perform a geometric correction of the April 2 

image using an image-to-image procedure with the April Il image as reference image. 

6.2.3 Relative location of the VEGETATION images between themselves and with 
respect to the HRVIR images 

The multitemporal registration accuracy xT expected in the pre-launch specifications was smaller 

than O.5km with the objective ofreaching O.3km, whereas the multispectral registrationaccuracy xS 

was to be clearly sm aller than O.3km, with an objective of O.lkm. The co-location between the 

mean spectral location and high resolution pixel resolution was to be smaller than O.3km. 

The «preliminary budget for geometrical performance» shown at the final pre-launch meeting in 

September 1998 indicated than those specifications and objectives would be reached for most points, 

using GCP corrections. It was expected at that meeting that the multitemporal accuracy xT with 

GCP corrections would be 100m RMS, with a maximum value of 300m. The performances 

computed on VGT-P images for multispectral registration gave an xS of 120m RMS with a 

maximum value of 200m RMS. As for the co-location between VGT and HRVIR images Ô, it was 

255m RMS with a maximum value of 400m. It was expected that «this performance could be 

enhanced but not very much due to HRVIR mirror position uncertainty». 
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In order to obtain better results we had to find out the relative multitemporal location ofthe VGT 

images used in the investigation, as weil as their co-location with the reference high resolution 

HRVIR image. For this purpose, we used the exhaustive search procedure explained previously in 

Fortin et al. (1998) and outlined in section 3.2.2. Figure 6.1a presents a standard deviation map for 

an area of 1200m x 1200m centered on the location of the HRVIR image. This map was obtained 

with computations of land use reflectances made every 100m in both directions and represents the 

spatial variation of the standard deviation around the mean reflectance of each land use c1ass, in 

band B2, for the VGT image taken on the 2nd of May 1999. It can be found that the minimum 

standard deviation is in the SE quadrant. In order to find out more precisely the location of the VGT 

image relative to the HRVIR image, we made a zoom covering the SE quadrant of the preceding 

image, with computations made every 50m (figure 6.1b). Both figures indicate that there is a 

relatively large area in the SE quadrant in which the standard deviation is un der 0.02, meaning that 

any location within that area should lead to approximately the same results for the estimation of the 

land use reflectances. Note that the minimum standard deviation value wou Id be at (0,0) if the 

images could be superimposed exactly. Ali other maps can be found in Appendix 1. 

The results obtained as far as the multitemporal and multispectrallocations of the various bands of 

VGT images are concerned are shown in figure 6.2 and table 6.1. Let us look first at the VGT image 

taken simultaneaously to the HRVIR image, on April Il, 1999. The B3 and B4 bands are within the 

RMS co-location error of 255m whereas the B2 band is within the maximum co-location error 

estimated at 400m. AIso, the three bands do respect the specifications for the multispectral 

registration. The same can be observed for the other images. AIl of them are located in the SE 

quadrant and are relatively close to each other. 
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Table 6.1 Multispectral and multitemporal registration of VGT images with respect to the HRVIR 
image taken on April Il, 1999. 

* 

Date Band Relative coordinates Distance from 
HRVIR(m) 

X(m) Y(m) 

Feb 8,1999 B2 210 -350 408.2 

B3 240 -320 400 

B4 250 -350 430.1 

April 2,1999* B2 *** *** *** 

B3 *** *** *** 

B4 *** *** *** 

April 11,1999 B2 100 -350 364 

B3 0 -260 260 

B4 120 -175 212.2 

May 2,1999 B2 150 -175 230.5 

B3 200 -280 344.1 

B4 300 -240 384.2 

Only a "standard" geometric correction was performed for the April 2 VGT image (section 
6.2.2). 
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6.3 Estimation of land use reflectances 

Land use reflectances have been estimated for the three VGT bands for which we have similar bands 

on the HRVIR sensor for the images taken simultaneously on April Il, 1999. Whereas on the 

simulated images, land use reflectances were better estimated for the B3 and B4 bands than for the 

B2 band, for the actual VGT and HRVIR images better results are obtained for the B2 band than for 

the other two bands (figure 6.3). Still, the results can be considered as quite good, as the estimated 

reflectances from VGT pixels lie within one standard deviation from the mean reflectance values 

estimated from HRVIR pixels (table 6.2). A total of 18 classeshave been kept for the estimations, 

leading to percentages relatively small. It is not surprising then to find out less accurate estimations. 

Estimations for classes corresponding to a very low percentage cou Id not be considered as accurate 

and significant. So, only nine classes having higher percentages are shown in figure 6.3. 

6.4 Estimation of snow coyer at the sub-pixellevel 

6.4.1 Selection of VEGETATION and high resolution images (HRVIR and HRV) 
As mentioned in chapter 5, the snow cover conditions were far from being optimal in the Spring of 

1999 to test the methodology previously developed using simulated data. Only one reference 

snowfree image is needed if equation 3.6 (normalized difference snow index) is used, whereas an 

image with a full snow cover is also needed ifequation 3.5 is used. 

After a look at potential winter VGT images, the winter image that appeared to be the best from 

those available was taken on February 8, 1999. This not mean that this image can be considered as 

an optimal full snow cover reference image. The snow cover was relatively shallow in 1999, except 

for a few weeks in March during which clouds have prevented the acquisition of a winter image 

with a sufficiently deep snowpack. A shallow snow cover means that even low vegetation can 

contribute to the reflectance of high resolution pixels in open areas. Then, any index based on such 

an image will be affected. 
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Table 6.2 Comparaison ofreflectance values estimated from HRVIR and VGT pixels. Only land use classes in bold are used in figure 6.3 

Reflectance 

Lande use % .of land use B2 B3 B4 

classe occupation HRVIR VGT HRVIR VGT HRVIR VGT 

Mean % SD % Mean % SD 0/0 Mean % SD 0/0 

Clouds 3.7 24.92 12.1 8.15 35.73 Il.31 14.14 25.18 9.22 12.71 

Clear water and shadows 2.2 2.50 1.15 7.73 5.24 2.79 12.06 4.66 1.85 9.43 

Mixed forest with snow 3.7 13.33 4.74 7.67 22.32 3.47 20.27 13.02 3.17 17 

Forest clearing 1 With snow 1.7 22.41 8.53 17.50 29.70 6.07 24.27 Il.03 3.18 12.14 

Frozen water 0.7 12.61 3.8 11.67 10.04 3.11 11.92 4.27 3.23 6.03 

Dense deciduous forest 12.9 6.94 1.48 7.08 17.73 2.48 15.64 17.72 3.31 21.09 

Low density deciduous forest 5.8 9.44 1.38 8.88 20.47 2.5 16.57 21.95 3.15 21.43 

Open areas (1) 12.9 9.72 2.78 9.96 18.82 3.85 13.96 16.40 3.72 18.12 

Open areas (2) 5.6 6.55 2.85 7.67 13.12 4.37 16.16 10.11 3.5 19.15 

Open areas (3) 7.9 10.32 1.89 8.57 24.04 3.07 20.87 20.00 3.31 23.21 

Open areas (4) 10.7 13.88 2.47 12.06 26.92 4.1 22.17 24.83 3.73 22.01 

Evergreen forest 16.1 4.36 1.41 4.59 18.66 2.44 16.77 10.00 2.23 14.05 

Mixed forest 11.8 6.70 2.15 8.76 20.79 3.02 21.39 13.30 3.77 18.83 

Frozen water with snow (1) 0.7 26.37 8.36 7.75 19.92 7.06 19.77 3.18 1.34 0.17 

Forest clearing2 With snow 1.4 14.16 8.45 24.15 24.04 5.91 34.39 8.40 1.9 12.06 

Clouds and frozen water 0.1 31.59 7.69 33.89 29.80 8.85 31.51 15.19 7.87 72.26 

Frozen water with snow (2) 0.1 43.96 7.61 1.30 35.76 6.58 5.12 3.06 1.01 18.23 

Low density evergreen forest with snow 2.0 Il.53 4.56 23.93 24.25 3.79 21.13 9.07 2.03 0 
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Figure 6.3 Comparison of land use reflectances as estimated from HRVIR and VGT pixels, for the 
images taken simultaneously on April Il, 1999 and spectral bands B2, B3 and B4. 
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A VGT image taken at the beginning of May was considered as a good reference image for 

snowfree conditions over Southern Québec. The selected image was taken on May 2, 1999. Both 

images are presented in figure 6.4. 

For the snowmelt peri ad, it was impossible ta take an HRVIR image over the selected region in 

Southern Québec before April Il, 1999. On that date, most of the snow had melted, but as this was 

the only available image, we had no choice but ta accept it. Finally, we found out that a 

panchromatic image from the HRV sensor on the SPOT-2 satellite had been taken on April 2, 1999. 

That image was not from the SPOT-4 satellite and the spectral band was not identical to one of the 

VGT spectral bands, but at least there was more snow on the ground. Sa, that image was also 

purchased. Figure 6.5 shows the VGT and HRVIR images taken on April Il, 1999, whereas figure 

6.6 shows the VGT and panchromatic HRV image taken on April 2 1999. 

6.4.2 Analysis of the VEGETATION and HRVIR images taken on April 11, 1999 
Considering that the April Il VGT image was within a few hundred feet from the two VGT 

reference images (Feb. 8, 1999 and May 2, 1999), we assumed that they cou Id be superimposed 

accurately. As in the pre-Iaunch phase, we have then estimated the values of F (equation 3.5) and 

SNDI (equation 3.6) and compared those values ta the percentage of snow caver as estimated from 

integration ofHRVIR pixels, after determination ofthe snow covered pixels in the various land use 

classes. As seen in figure 6.7, the results are not very good. As ma st of the snow has disappeared, 

most of the points on figure 6.7a and 6.7b correspond ta very low percentages. It is not possible to 

find out a tendency for higher percentages. 

The obvious conclusion ta draw from figure 6.7 is that the April Il, 1999 HRVIR image cou Id not 

be used to verify the results obtained in the pre-Iaunch phase, as far as determining a relation 

between snow caver as obtained from the VGT pixels image and snow cover as obtained from 

integration of classified HRVIR pixels on 1000 X 1000m areas corresponding to VGT pixels. 



Chapter 6, Processing of the actual VEGETATION and HRVIR images 39 

a) Febuary 8, 1999. 

b) May 2, 1999. 

Figure 6.4 VGT images used as references 
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a) VGr image 

b) HRVIR image 

Figure 6.5 HRVIR and VGT images taken simuItaneously on April 11, 1999. 
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r 

a) VGTimage 

b) HRVimage 

Figure 6.6 VGT and HRV images taken on April 2, 1999. 
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Total snow co ver from YGT pixels (%) 

a) Total percentage of snow coyer estirnated from integrated HRVIR 
pixels as a function oftbe total snow coyer estimated from VGT 
pixels (equation 3.5) 

·0.2 ·0.1 0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 

Snowindexfrom vaT pilels 

b) Total percentage of snow coyer estimated from integrated HRVIR 
pixels as a function oftbe normalized difference snow index (NDSI) 
of equation 3.6. 

Figure 6.7 Snow cover estimations with the F and SNDI indices for April Il, 1999 VOT image. 
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6.4.3 Analysis of the VEGETATION and HRV images taken on April 2, 1999 
No verification being possible with an HRVIR image taken simultaneously with a VGT image on 

the same satellite and for the snowmelt period in Southern Québec, we had to turn our hopes to the 

panchromatic image taken on April 2, 1999 by the SPOT-2 satellite. Again, we have estimated the 

values of F (equation 3.5) and SNDI (equation 3.6) and compared those values to the percentage of 

snow cover as estimated from integration of HRV pixels, after determination of the snow covered 

pixels in the various land use classes. The results are shown in figure 6.8. 

For the relation between the F value and the percentage of snow cover from integration of HRV 

pixels (figure 6.8a), again there are more values in the lower percentages, but there are more pixels 

with higher percentages of snow cover, so that a tendency can be seen. It is not as good as that found 

out with simulation data (figure 4.3 a). ln that case, the distribution of points between the various 

percentages was more regular and there were even more points close to 100%, as the snow covered 

area was more extensive. As in the simulation case, the relation between total snow cover and F is 

not linear. A curve was fit to the data, but of high F values corresponding to lower snow cover 

percentages draw the curve downward. ldeally, the curve should go through (0,0) and (100,100), 

which it does not. 

The distribution of point for the SNDI case (figure 6.8b) is similar to that found out with simulated 

data (figure 4.3b). Again, it should be noted that the density of points becomes greater as the 

percentage of snow cover decreases. A linear relation can be estimated between the percentage of 

snow cover on a VGT pixel and the SNDI value, as in the pre-Iaunch phase. Again, points with 

larger SNDI values corresponding to relatively low snow cover percentages draw the relation 

downward. It is worth nothing that the slope of the linear relation is relatively close to that obtained 

previously, but it is shifted towards the right. 

More information can be obtained from the HRV image, conceming the percentages of snow cover 

in various land use classes and the total snow cover on the area corresponding to a VGT pixel. Each 

value on the four graphs of figure 6.9 has been obtained by integration of HRV pixels. As an 

example, in figure 6.9a the total snow cover on the area corresponding to a VGT pixel cornes from 

the number of HRV pixels covered with snow, no matter what land use class, over the total number 

of HRV pixels in the same are a, e.g. 2500, whereas the total snow cover in open areas is the total 

number of snow covered pixels in open areas over the total number ofHRV pixels in a VGT pixel. 
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a) Total percentage of snow coyer estimated from integrated HRVIR pixels as a 
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modified relation used to estimate snow coyer percentage in figure 6.1 Oc is added. 
It is the following: y = -0.0031 F2 + 1.394 F - 9.1278. 
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Figure 6.8 Snow coyer estimations with the F and SNDI indices for the April 2, 1999 VGT image 



April 2, 1999 

a) Percentage of open areas covered by snow on each area 
corresponding to a VOT pixel as a funtion ofthe total area covered 
by snow on that pixel. Both values are from integration of HRVIR 
pixels. 

c) Percentage ofdeciduous and mixed forests covered by snow on each 
area corresponding to a VOT pixel as a function of open areas 
covered by snowon that pixel. Both values are From integration of 
HRVIR pixels. 

b) Percentage of forested areas (deciduous and coniferous) covered by 
snow on each area corresponding toa VOT pixel as a function of the 
total area covered by snow on that pixel. Both values are from 
integration ofHRVIR pixels. 

d) Percentage of forested areas (deciduous and coniferous) covered 
with snow on each VOT pixel as a function of open areas covered 
with that pixel. 

Figure 6.9 Snow cover estimation for various land use classes using integration ofHRV pixels on areas corresponding to VGT pixels. (April 2, J 999). 
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The relations obtained with simulated data (figure 4.3 band c) gave relatively good results in 

agreement with what could be expected from the physics of snowmelt processes in various land use 

classes. In short, snow melts more rapidly in open areas then in forested areas. Then, for a given 

percentage of snow cover in a VGT pixel, we should find a lower percentage of snow in open areas. 

This is what we observe in figure 4.3c. Also, if the percentage of snow in deciduous forest is 

compared to that in open areas, it can be seen that the percentage of snow cover in open areas 

diminishes to less than 50% before there is significant melt in forested areas. Melting occurs even 

later in evergreen forests. 

Let us now look at figure 6.9. In figure 6.9a, we have the total snow caver in open areas as 

compared to the total snow caver on the same VGT pixel. It can be seen that the percentage of snow 

in open areas is lower than the total snow cover on the pixel, in agreement with our pre-Iaunch 

results (figure 4.3c). The points are more spread around the curve than in figure 4.3c and there are 

less points for higher snow caver percentages as mentioned previously. The total snow cover in 

forested areas (both deciduous and evergreen forests), on the contrary, is higher than the total snow 

cover on the same VGT pixel, also as expected. Figure 6.9c is similar to figure 4.3d, but mixed 

forests have been added ta deciduous forests. In that case, the relation between snow cover in 

forested areas and snow cover in open areas shows more similar percentages. The reason why it 

do es not behave like in figure 4.3d is not clear as we are in the same region. One possible reason 

could be that we are later in the melt period. Finally, in figure 6.9d, evergreen forests are added to 

the other types of forested areas. As snow melts more slowly in evergreen forests, it is not surprising 

to find out a number of percentages over 50% in forested areas, whereas snow has completely 

melted in open areas. 

6.4.4 Mapping of the snow cover at the sub-pixellevel 
Even if it was not the ideal reference high resolution image that we would have liked, the 

panchromatic image taken on April 2, 1999 allowed us ta find out results sufficiently similar to 

those that we had obtained with simulation data to consider that we could try mapping the snow 

cover at the sub-pixel level. Let us look at the spatial distribution of snow cover at the sub-pixel 

level as estimated from VGT pixels for both April 2 and April!!, 1999. 

Figure 6.10 shows the distribution of snow cover at the sub-pixel level on April 2, 1999. The areal 

distribution of snow cover percentages on 1000m x 1000m areas corresponding to VGT pixels, as 

estimated from integration of HRV snow covered pixels is first shawn in figure 6.lOa. It should be 

considered as the objective to reach with application of the spectral mixture theory to the VGT 
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image taken on the same day. Snowfree pixels are ciearly identified in the southern portion of the 

image. The highest percentages of snow can be observed over the Stokes mountains in the eastern 

half of the image. Figure 6.b shows the areal distribution of snow coyer as estimated from the F 

value (equation 3.5). It can be observed that the snow cover pattern is relatively weIl reproduced, 

with a tendency to underestimate the highest percentages and overestimate the lowest percentages. It 

should be remembered here that the relation between the F value and the total snow cover on a VGT 

pixel is not linear as shown in figures 4.3a and 6.8a. Application of the relationdetermined from the 

April 2, 1999 data on figure 6.8a lead to underestimation of the highest snow cover percentages as 

the maximum percentage estimated with that relation is 80%. So, it was considered that we should 

not use that relation without modification. The relation estimated from the April 2, 1988 data in 

figure 4.3a lead to results that had a tendency to overestimate the percentages, so we have modified 

the relation on figure 6.8a by staying relatively close to the original curve for values of F sm aller 

th an 50% but selecting points higher than the original curve for values of F higher than 50%, so that 

to reach percentage values cJoser than 100% as the value of F became closer and closer to 100%. 

The result is shown in figure 6.1 Oc. The highest snow cover percentages are estimated with a better 

accuracy. The difference in snow cover percentages for each VGT pixel is shown in figure 6.1 Od. It 

is seen that for 55.9% of VGT pixels the estimation lies within ±10% ofthe percentage estimated 

from HRV snow covered pixels. We have overestimation between 10 and 25% for 16% of the pixels 

and underestimation between -10 and -25% for 14.6% of the pixels. 

Then, 86.5% of the estimations from VGT pixels are within ±25% from the estimations made from 

HRV pixels, which is quite good, if one considers that otherwise he could only decide that a VGT 

pixel is snow covered or not. 

Nine day later, on the Il th of April, there was much less snow on the ground. As shown in figure 

6.7a, it was impossible to even try to find out a relation between the F values and the percentages of 

snow cover from HRVIR pixels. That did not mean that it would be impossible to map the snow 

cover at the sub-pixel level. Figure 6.11 a presents the areal percentage of snow cover as estimated 

by integration of snow covered HRVIR pixels. It is the reference image. It can be seen that there is 

much less snow than on April 2, 1999. Snow cover is mainly concentrated over the Stokes 

mountains and over the higher elevations to the north of the mountains. Figure 6.11 b corresponds to 

the areal distribution of F values, whereas figure 6.11c is obtained using the same relation between 

the F value and the percentage of snow cover estimated from snow covered HRVIR pixels as used 

for the April 2, 1999 VGT image. In both figures, as a negative snow cover is impossible and 
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a) Snowcover estimated from HRV 

c) Snow cover estimated from VGT (B2) 
(% snow = -0.0031 F2 + 1,394 F - 9.1278) 
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10%to 25% 

D >25% 

Snow coyer distribution at the sub-pixelleve1 on April 2, 1999. 

b) Snowcover estimated from VGT (B2) 
(% snow = F) 

d) Difference on the estimated snowcover % 
on each VGT pixel (image c - image a) 
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negative F values can be obtained for pixels for which the reflectances of snowfree surfaces on the 

partial snow cover image is lower than the reflectances of the same surface for the snowfree image 

taken in Fall or Spring, ail values of F smaller than zero have been assumed to equal zero. 

Estimation of the areal distribution of snow cover is very good, as for 80.6% of the pixels, it is 

within ±10% of the percentage estimated from integration of snow covered HRVIR pixels (figure 

6.11d). We have over-estimation between 10 and 25% for 2.8% of the pixels and underestimation 

between -10 and -25% for 9.1 % of the pixels. Then, 92.5% of the estimations from VGT pixels are 

within ±25 from the estimations made from HRV pixels. 

6.4.5 Mapping of the snow coyer at the sub-pixel level for a larger area in Southern 
Québec 

The objective being to monitor snowmelt in regions including at least a few watersheds in order to 

use the information on snow cover at the sub-pixel level for snow cover updating in an hydrological 

model, we have applied for the same dates the procedure used in 6.4.4 to a larger area including a 

number ofwatersheds in Southern Québec. The results are presented in figures 6.12 and 6.13. In can 

be noticed in figures 6.12a and 6. 13 a, that from the 2nd to the Ilth of April the snowfree area has 

progressed in a northeasterly direction, leaving only the areas in higher elevations still covered with 

snow. North of the St. Lawrence river the snow coyer remains predominent. It could be possible to 

c1assify figures 6.12a and 6.13a to obtain a snow coyer map. That wou Id only give the information 

that a VGT pixel is covered or not covered with snow. That would already be a valuable 

information. However, application of the procedure used in 6.4.4 furnishes even more valuable 

information. Figures 6.12b and 6.13b show indeed that a more detailed snow map can be produced. 

The percentages are grouped into classes for better visual discrimination in the figure, but individual 

percentages for each VGT pixels are available as shown previously in the preceding figures. These 

percentages could still be extended to get an estimation of the snow coyer in open areas, deciduous 

and evergreen forests and use that information to update an hydrological model. 
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a) Snowcover estimated from HRV 

c) Snowcover estimated from vaT (B2) 
(% snow = -0.0031 F2+ 1,394 F - 9.1278) 
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Snow cover distribution at the sub-pixelleve1 on April 11, 1999. 
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a) False color VGT image. B2 in bIue, B3 in green and B4 in red. 

_ 100'/0-95% . OOOfcI'{)5% • SOO/o-35% • 2{}O/0-5% 
• doucis 

• 50/0-0% 

b) Snow cover mapping (%). 

Figure 6.12 
April, 1999. 

Snow cover distribution at the sub-pixel level in Southem Quebec on the 2nd of 
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a) False color VGT image. B2 in blue, B3 in green and B4 in red. 

- 100'/cr95% . 8OO/cr65% • SOO/cr 35% . 2O"/cr5% 
.doods 

• SO/crO% 

b) Snow cover mapping (%). 

Figure 6.13 Snow cover distribution at the sub-pixellevel in Southem Quebec on the 11 th of April, 
1999. 
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7 DISCUSSION 

After having obtained very promising results with simulated VGT and HRVIR data, we were hoping 

to get even better results with the actual data. Unfortunetely, it was impossible to make the 

acquisition of a HRVIR reference image at the right time at the right spot. However, the HRVIR 

image taken on the Il th of April, 1999 has allowed us to verify successfully our procedure for the 

estimation of the multispectral and multitemporal registration of VGT images as weil as their co

location with an HRVIR image. Estimation from VGT images, of the meanreflectances of land use 

classes present on the area covered by the HRVIR image on April Il, 1999 was also relatively good. 

In order to meet, at least partially, the other objective bearing on the estimation of snow cover at the 

sub-pixellevel, we had to use a panchromatic image taken on April 2, 1999 by the SPOT-2 satellite. 

Even if the snow cover was more extensive than on April Il, 1999, it was not as extensive as in the 

image used for the simulation in the pre-Iaunch phase, with the resuIt that the curves previously 

obtained could not be reproduced as accurately as we would have liked. The tendencies are there, 

but we had to use a curve a little different from the one that had been determined in the pre-Iaunch 

phase (see figure 4.3). For the moment, we cannot consider either of them as the curve to use for 

other applications. This does mean that the results are bad. Let us remember that in section 6.4.4 

and for the llth of April, 1999, we have estimated the areal distribution of snow cover within ± 10% 

of the percentage estimated from integration of snow covered HRVIR pixels (figure 6.lld) for 

80.6% of the pixels. If the equation in figure 4.3 is used that percentage falls only to 75.5%. Aiso 

the equation used in the pre-Iaunch phase has a greater tendency to overestimate the snow cover than 

the equation derived from the April 2, 1999 data (11.6% against 2.8%), but underestimation is much 

betler (4.2% against 9.1%).Then, whereas 92.5% of the estimations from VGT pixels are within 

±25% from the estimations made from HRV pixels for the equation derived from the April 2, 1999 

data, that percentage was 91.3 for the equation derived from the pre-launch data. Both results are 

quite good, but further estimations using other data sets would help to determine relations that cou Id 

be used operationally with confidence. 





8 CONCLUSION 

For the post-Iaunch phase we were not able to obtain the proper synchronisation between snowmelt 

processes in the primary region of interest and acquisition ofhigh resolution HRVIR data. As a result, 

whereas in the pre-launch phase we could conclude that it was possible to reach our objectives, in the 

post-launch phase we have only been able to conclude that those objectives could most probably be 

reached with a better set of data as far as the estimation of the percentage of snow cover on each VGT 

pixels is concerned. The other objectives have been met. 

During the next months, we will continue to work on the VGT images already obtained to try and 

understand ifwe can get more precise information from them. We will also apply them to areas north 

of the St.Lawrence river, as monitoring snowmelt in those regions on a day-to-day basis, even using a 

relation that could be more accurate, wou Id still give an information on snow cover that cannot be 

known otherwise from ground data. 
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