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�
INTRODUCTION


The CEO HydAlp project aims to use Earth Observation data to improve the monitoring and forecasting of snowmelt runoff from alpine and high latitude basins, and to prepare a basis for the operational use of this information. A crucial parameter for snowmelt runoff modelling is the snow covered area. Methods have previously been developed for mapping snow cover in alpine basins using medium and high resolution optical data and for mapping wet snow using synthetic aperture radar (SAR) data [1,2]. An objective of HydAlp is to determine the applicability of these methods to high latitude basins. This paper discusses the applicability of the SAR wet snow mapping method to high latitude basins and highlights differences with respect to alpine areas. We wish to determine:


If wet snow causes a detectable change in backscatter as compared to no or dry snow cover.


What the detection and false alarm rates are.


What other dynamic changes occur within the image and whether these could be mistaken for wet snow.


How the method is affected by topography and whether ascending and descending pass image combinations are needed to reduce these effects.


SAR WET SNOW MAPPING


At C-band the backscatter from a surface is most often reduced when it is covered by wet snow. By comparison, dry snow is transparent at C-band and has little effect on the backscatter from the underlying surface. Thus wet snow can be detected in an image by comparing backscatter values, pixel by pixel, with those in a reference image from a period of no or dry snow cover [2]. This is done by ratioing the two images and then thresholding. In the Alps thresholds of -0.5 dB to -3 dB have been used to indicate wet snow [2,3].


As backscatter is also dependent on incidence angle the imaging geometry must be exactly the same in the wet snow and reference images. Such repeat pass images are provided by the SARs onboard the ERS and Radarsat satellites. Prior to ratioing, images must be registered and filtered to reduce the effects of speckle.


Data


The algorithm was tested on ERS SAR images of the Spey (Scottish Highlands) and Tjaktjajaure (Northern Sweden) high latitude basins. The images used are listed in � REF _Ref415369320 \* MERGEFORMAT �Table 1�.


Table � SEQ Table \* ARABIC �1� Repeat pass ERS SAR PRI image pairs analysed.


Area�
Pass�
Reference�
Wet snow�
Processing�
�
Sweden�
Desc�
7/2/93�
16/5/95�
UK-PAF�
�
Scotland�
Desc�
16/9/96�
29/4/96�
I-PAF/DERA�
�
Scotland�
Asc�
4/9/93�
30/4/96�
I-PAF�
�
Sweden: The scene is comprehensively covered by snow on both image dates. Meteorological data indicates that the snow is dry at all elevations in the 7/2/93 image and that it is wet (melting) at lower elevations in the 16/5/95 image.


Scotland: Pairs of images from both ascending and descending passes are available. Both reference images are from warm dry periods in late summer with no snow cover. Hence, the ground should be mainly dry. The two wet snow images are from consecutive days late in the melt season when snow covering the highest summits was wet.


Method


Wet snow detection involved the following steps:


For each repeat pass pair the wet snow and reference images were registered using a simple translation. For the Scottish images matching was based on point features. No point features were apparent in the Swedish images so layover features were used.


A 4x4 intensity block average was applied to each image to reduce speckle.


The wet snow image was divided by the reference image to form a ratio image.


The ratio image was thresholded to generate a wet snow mask.


Results


Sweden


After translation the images registered to an accuracy of one pixel over the whole image.


On viewing the registered images as a two colour combination, three distinctive regions were apparent:


An area where backscatter was greater in the reference image than in the snow image.


An area where backscatter was greater in the snow image than in the reference image.


An area where both images had equal backscatter.


These three regions were separated by thresholding the ratio image: a) below -3 dB, b) above 3 dB, and c) between -3 dB and 3 dB. When compared to a DEM of the catchment the three regions were seen to correspond roughly to respective elevation bands of a) less than 700 m, b) 700 to 1200 m, and c) 1200 m and above. The 700 m contour also corresponds to the upper limit of forest.


The presence of snowmelt at lower elevations agrees with the decrease in backscatter in the snow image as compared to the reference image at lower elevations. Equal backscatter at the highest elevations is indicative of no change (dry snow on both dates). At intermediate elevations the increase in backscatter in the snow image as compared to the reference image is suspected to be due to a thaw event followed by refreezing.


Scotland


After translation the ascending images registered to an accuracy of a pixel over the whole image. With the descending images a range disparity was observed. One image is stretched in range compared to the other, by about ten pixels over the whole image. Azimuth registration appears satisfactory. This means that translation can only be used to properly register the images at a certain range. Away from this range the images slowly lose registration. The range disparity may be due to the fact that the descending images were generated by different processors (ESA and non-ESA) using different ground range conversion algorithms.


When the registered images were displayed as a two colour combination, change was apparent over the summits of the highest mountains within the scene. However, change was also apparent over agricultural areas and open water implying that these areas would need to be masked out for wet snow detection. Also more smoothing may be required to reduce single pixel false detections.


Due to the range disparity, various artefacts were generated in the bit-map produced from the descending images, especially along layover features. The regions of wet snow cover detected in the descending and ascending images appeared to match, although geocoding would be required to locate and compare them properly.


THE EFFECT OF TOPOGRAPHY


In mountainous areas, such as those studied in the project, foreshortening, layover and radar shadow all lead to loss of information in SAR images. It is possible to rectify this information loss by combining images of a scene generated from different viewing directions, e.g. images from ascending and descending passes of spaceborne SARs [2,3].


Combining images requires prior geocoding of the ascending and descending images to an accuracy of one pixel and calculation of the incidence angle at each pixel in the two geocoded images. The combined image is formed by selecting pixels from the two geocoded images. At any position the pixel selecting each pixel value from the image with the greater incidence angle at that point, except in areas of radar shadow where the non-shadow value is always chosen, if it exists; areas covered by layover in both passes are masked as residual layover and are excluded from further analysis. As the method is equivalent to selecting the pixel with the finer ground range resolution it is sometimes termed the optimal resolution (ORA) approach.


Image simulations were used to quantify the information loss due to layover and radar shadow in ERS SAR images of the Spey and Tjaktjajaure basins and hence to determine whether ascending and descending pass combinations are required. For comparison with alpine basins the same procedure was applied to the Zillertal basin (Austria). The simulations were generated from DEMs with a planimetric resolution of 50 m, using the PCI SARSIM2 routine. The simulation produced layover and radar shadow masks which were used to measure the proportion of each basin affected.


Results


The results are summarised in � REF _Ref415645522 \* MERGEFORMAT �Table 2�. Layover is much more prevalent than radar shadow (of the order of 100 times more in any individual image) due to the steep look angle of the ERS SAR. Thus, only layover is of real concern for the ERS SAR. The proportion of each basin affected by layover is greatest in Zillertal and least in the Spey. The increase in layover is due to the increase in relief, as evidenced by the


Table � SEQ Table \* ARABIC �2� Percentage area of layover and radar shadow in simulated ERS SAR images of test basins. Values are listed for ascending and descending passes, and their combination.


Basin�
Ascending�
Descending�
Combination�
�
�
Layover�
Shadow�
Layover�
Shadow�
Layover�
Shadow�
�
Spey�
2.9�
0.043�
4.6�
0.053�
0.16�
0.016�
�
Tjaktjaj.�
6.9�
0.016�
6.5�
0.036�
0.73�
0.003�
�
Zillertal�
18.9�
0.6�
29.5�
0.7�
9.4�
NA�
�
corresponding increase in the range of elevation (Spey: 198-1284 m, Tjaktjajaure: 450-2044 m, Zillertal: 560-3503 m). Some dependence on viewing direction is also evident.


When the proportion of the basins affected by layover is small (e.g. Spey, and possibly Tjaktjajaure), the significance of the resulting information loss with respect to wet snow detection, and the feasibility of correcting for this, depends on how layover correlates with elevation, surface slope, aspect, and in particular snow cover. As layover is caused by topography it can be expected to correspond to areas of high ground or surrounding slopes, areas which also have an above average likelihood of being covered by snow.


If the information loss due to layover is considered to be significant (e.g. Zillertal), ascending and descending passes are combined. This reduces the residual layover areas to less than 10% for Zillertal and to less than 1% for the Spey and Tjaktjajaure.


The above analysis does not consider the effect of foreshortening, i.e. the worsening of ground range resolution on slopes facing towards the SAR. While layover may not affect large areas in the Spey, it is likely that significant areas are affected by foreshortening. The proportional change in SAR ground range resolution when viewing a surface sloping towards the SAR at an angle (, as compared to a flat surface is given by (1-tan(cot()-1 where ( is the incidence angle with a flat surface. For the ERS SAR the incidence angle with a flat surface at mid-swath is 23°. A slope facing towards the SAR at half this angle will cause the ground range resolution to double while a slope facing towards the SAR at 18° will cause the ground range resolution to quadruple. The range of slope angles occurring in the HydAlp basins and hence the spatial distribution and amount of foreshortening have yet to be assessed.


Temporal Constraints


An issue the above analysis does not take into account is the time lag between the acquisition of ascending and descending passes. Their combined use to reduce information loss assumes that there is little or no change in the scene between the two acquisitions.


For ERS the minimum lag is half a day. There are 14 narrow latitude bands at which this occurs, only three of which, 7° S, 47° S and 46° N, lie outside polar regions (latitude < 63° N/S). By good fortune the 46° N band covers the alpine areas where the ORA approach has previously been applied. However, the time lags for the Spey and Tjaktjajaure are 1.5 and 6.5 days respectively. In the maritime climate of the Spey snow conditions can change rapidly in 1.5 days as illustrated by recent fieldwork coinciding with ERS overpasses. The temperature at the Cairngorm summit weather station (1245 m) was -5.0(C at the time of the ERS descending pass at 11:16 on 11/3/98. Of 39 field sites surveyed within a few hours of the overpass only 3 were estimated to be below the freezing line. By the time of the ascending pass at 22:16 on the following day the weather conditions had changed markedly: the temperature was -0.5(C at Cairngorm summit and thawing had occurred throughout the day. Hence, most survey sites were expected to have had different snow wetness in the two passes.


CONCLUSIONS


It has been demonstrated that wet snow cover causes a detectable change in backscatter, as compared to no or dry snow cover, in ERS SAR images of high latitude basins in the Scottish Highlands and Northern Sweden. However, additional dynamic changes were also observed and may need to be accounted for in a classification scheme. Range misregistration between some repeat pass images illustrates the need to ensure SAR images undergo identical processing.


Further work is needed to identify how much smoothing to apply prior to ratioing and the best detection thresholds to use. This work will be aided by the results of fieldwork.


As compared to a typical alpine basin, there is less need to combine ascending and descending ERS passes to reduce information loss due to layover in the two high latitude basins. The validity of inferences on combined snow maps are limited by the latitude dependent time lag between passes versus  the rate of change in the scene. Similar temporal con-straints will apply to other polar orbiting SARs; though less so with the wider swaths provided by Radarsat and Envisat.
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