THE ROLE OF EARTH OBSERVATION IN MONITORING SNOWMELT RUNOFF FROM HIGH LATITUDE BASINS
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Abstract:  Snow covered area is an important parameter for snowmelt runoff modelling. Methods have previously been developed at the University of Innsbruck for mapping wet snow cover in alpine basins using SAR. This paper discusses the applicability of this method to high latitude basins, specifically the Spey in Scotland. Processing flowlines are briefly described. Differences between applying the method to high latitude and alpine basins are highlighted, including quantifying the area of missing coverage due to geometric effects, temporal constraints on improving coverage using descending and ascending pass combinations, the selection of suitable thresholds for detection of wet snow and analysing elevation dependence of the detected area of wet snow and missing coverage. While rapidly changing snow conditions limit the application of the method in the Spey it should prove more viable in other high latitude basins having greater and more stable snow cover.


This work is being conducted as part of the EU CEO HydAlp (Hydrology of Alpine and High Latitude Basins) project. HydAlp 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.


�
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 (Nagler and Rott 1998). An objective of HydAlp is to determine the applicability of these methods to high latitude basins. This paper discusses the application of the SAR wet snow mapping method to high latitude basins, specifically the Spey basin in the Scottish Highlands (area 1271 km2), and highlights differences with respect to alpine areas. The following topics are addressed:


Quantifying the area of missing coverage due to geometric effects and its consequences.


Improving coverage using descending/ascending combinations and temporal constraints.


Investigating the selection of suitable thresholds for detection of wet snow.


Analysing elevation dependence of the detected area of wet snow and missing coverage.


THE SAR WET SNOW MAPPING Method


At C-band the radar backscatter from a surface is usually 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 a SAR image by comparing calibrated backscatter values, pixel by pixel, with those in a reference SAR image from a period of no or dry snow cover. This is done by ratioing the two images and then thresholding. In the Alps, a threshold of -3 dB has been recommended for detection of wet snow in ERS C-band SAR images.


As backscatter is dependent on incidence angle the imaging geometry must be exactly the same in the wet snow and reference images. Such repeat pass SAR image pairs are provided by the ERS series of satellites and Radarsat. Registration of repeat pass images requires only translation. Prior to ratioing, images are filtered to reduce the effects of speckle.


Combination of Descending and Ascending Passes


In mountainous areas, such as those studied in HydAlp, areas of missing coverage arise in SAR images from layover and radar shadow. As the ratio method for wet snow detection performs poorly at local incidence angles less than 17° and greater than 78° we also class such areas as “missing coverage”. The lower bound is due to foreshortening and specular effects at low incidence angles and the upper bound is due to poor signal to noise ratio at grazing angles. It is possible to reduce significantly the missing coverage due to these effects by combining images of a scene taken from different viewing directions, e.g. images from the ascending and descending passes of a spaceborne SAR. Image combination is based on the optimal resolution approach (ORA) and is applied between the ratioing and thresholding operations. It requires prior geocoding of both ratio images to an accuracy of one pixel and calculation of the local incidence angle at each pixel in the two geocoded ratio images. The combined ratio image is formed by selecting pixels from the two geocoded images. At any position the pixel selecting each pixel value from the ratio image with the greater incidence angle (i.e. finer ground range resolution) at that point, except in areas of shadow/grazing where the non-shadow/grazing value is always chosen, if it exist. Areas with missing coverage in both passes are masked out and are excluded from further analysis.


Temporal Constraints


For the combination to be used for wet snow cover detection both images must be taken close together in time during a period of little change in snow conditions, e.g. 2 to 3 days in the Alps. For ERS the minimum lag between ascending and descending passes is half a day. This occurs over the Alps, where ORA has previously been applied. For the high latitude basins in Scotland and Sweden studied within HydAlp, the time lags are respectively 1.5 and 6.5 days, during which snow conditions can change substantially in the respective basins. Hence, any inferences on wet snow covered area based on ascending/descending pass combinations are less valid than in the Alps.


Application to high latitude basins


In Caves et al. (1998) the ratio method for detecting wet snow was tested on ERS images of two high latitude basins: the Spey (Scottish Highlands) and Tjaktjajaure (Northern Sweden). It was demonstrated that wet snow cover causes a detectable change in backscatter, when compared with reference images for periods of no (Scotland) or dry (Sweden) snow cover.


ERS images are being regularly acquired to monitor snow cover during the 1998 melt season in the Scottish (January to May) and Swedish (May to August) basins. Fieldwork was conducted in the Scottish basin during one ERS descending pass (11:16 on 11/3/98, Frame 2457, Track 223). The temperature at the Cairngorm summit weather station (1245 metres) was -5.0(C at the time of the overpass. Of 38 field sites surveyed within a few hours of the overpass only 3 were estimated to be below the freezing line. For the ascending pass (Frame 1143, Track 244) 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 wet snow for the ascending pass. While this dataset clearly illustrates the problem of trying to improve coverage of a marginal snow environment by combining images taken 1.5 days apart it also provides a useful dataset for investigating how radar backscatter is affected by changes in snow wetness.


Threshold Selection


Figure 1 plots the area of the basin detected as wet snow when thresholds ranging from -3 up to -0.5 dB were applied to the ratio images derived from the descending and ascending passes from 11th and 12th March. The detected area increases smoothly as the threshold increases. There is no clear point at which the detected area changes markedly, as it does in the Alps. Such a change might have indicated a suitable threshold for wet snow detection. However, the detected area is considerably greater in the ascending image than in the descending image, in accordance with fieldwork observations that the area of wet snow was considerably greater for the ascending pass. As the threshold is varied the detected area in the ascending pass ranges from 60 to 100 km2 greater than the detected area in the descending pass. The wet snow covered area detected in the descending pass ranges from 2.2% to 29.2% and in the ascending pass from 7.4% to 36.7% of the total area of the basin covered by each pass.


Elevation Dependence


In this section we analyse the elevation dependence of the area detected as wet snow. For purposes of analysis the basin was split into 100 metre elevation bands. Although the two passes cover slightly different parts of the basin the area distribution by elevation is similar for both. The descending and ascending images respectively cover 968 and 1053 km2 of the basin in both cases part of the western end of the basin is not covered. The total area within each elevation band steadily decreases as elevation increases. 48 % of the basin lies above 500 metres but less than 2 % lies above 1000 metres.
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Figure 1 Detected area in the descending and ascending images for different thresholds.


For the -3 dB threshold, Figure 2 shows the area detected per elevation band as a percentage of (a) the total area covered by each band, and (b) the total area detected. For the descending pass the detected area never covers more than 7% of an elevation band and is centred around 500 to 800 metres with little wet snow detected above or below this range. This could be interpreted as a band of wet snow lying mainly between 500 and 800 metres, in partial agreement with fieldwork. The snowline was observed at around 500 metres at the time of the descending pass. Based on meteorological data from the Cairngorm weather station the freezing level was estimated to also lie around 500 metres. The higher upper boundary on the main area of wet snow and the small overall percentage of detected area per elevation band within this area could be interpreted as a remnant of wet snow due to higher temperatures on the previous day.
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Figure 2 Area detected (-3 dB threshold) per elevation band as a percentage of (a) the total area covered by each band, and (b) the total area detected. 


For the ascending pass the detected area is greater at all elevations than in the descending pass, especially at higher ones, and is more evenly distributed across the mid to high elevation bands. This could be interpreted as melting at all snow covered levels. This accords with the freezing level being around the highest summits at the time of the ascending pass. Further analysis revealed little overlap between the areas of wet snow detected at -3dB in the ascending and descending passes; less than 10% of the wet snow area detected in the descending image is detected as wet snow in the ascending pass. While this is partially due to missing coverage it still demonstrates the change in snow conditions between the two passes. A comparison of the results from both passes with land cover information revealed that backscatter changes detected at elevations below 400 metres are mainly due to wind effects over open water or agricultural activity rather than wet snow. Such areas need to be masked out prior to estimation of wet snow covered area.


THE EFFECT OF missing coverage


SAR image simulation was used to determine the area of missing coverage due to geometric effects in the ascending and descending ERS images of the Spey basin. The simulations were generated from DEMs with a planimetric resolution of 50 m, using the PCI SARSIM and ANG routines. The simulation produced layover, radar shadow, foreshortening and grazing masks. Table 1 lists the total area of missing coverage due to geometric effects, and the breakdown into areas affected by layover, radar shadow, foreshortening and grazing.


Within each image the predominant source of missing coverage is layover (84.7% and 73.2%) though foreshortening also affects a significant area (14.5% and 26.7%). Compared to layover and foreshortening the areas affected by radar shadow and grazing angles are insignificant, as we would expect given the steep look angle of the ERS SAR. There is considerably more missing coverage in the ascending image (7.1%) than in the descending image (4.0%). This is due to the basin being at far and near range respectively in the descending and ascending images. At near range, where the incidence angle is steeper, layover and foreshortening increase while radar shadow and grazing decrease. The areas of missing coverage in the descending and ascending passes overlap by only 1.95 km2. Hence, missing coverage can be reduced significantly when stable snow conditions permit image combination.


Table 1 Area (km2) of the Spey basin covered by the descending and ascending ERS passes and the area of missing coverage due to geometric effects including the breakdown into areas affected by layover, radar shadow, foreshortening and grazing.


Pass�
Area�
Missing�
Layover �
Shadow �
� EMBED Equation.2  ���Foreshortening�
Grazing�
�
Descending�
968�
39.0�
33.1�
0.297�
5.7�
0.0206�
�
Ascending�
1053�
74.8�
54.7�
0.052�
20.0�
0.0056�
�
Elevation Dependence of Missing Coverage


Figure 3 plots for each pass, the area of missing coverage per elevation band as a percentage of (a) the total area covered by each elevation band, and (b) the total area of missing coverage. Figure 3(a) shows that missing coverage affects mid and, in particular, high elevations considerably more than low elevations. Again, it can be seen how missing coverage affects the descending image (5 to 6% at mid and high elevations) somewhat less than the ascending pass (10% at mid elevation to 20% at high elevations). However, Figure 3(b) shows that in terms of total area, missing coverage most affects mid elevations. This is a consequence of the decrease in the total area within elevation bands as elevation increases. In summary, missing coverage most affects high elevations in terms of proportional area and mid elevations in terms of total area.


CONCLUSION


A method developed for detecting wet snow in repeat pass SAR images of alpine areas has been tested on ERS images of a high latitude basin. Rapid changes in snow conditions between descending and ascending passes taken 36 hours apart illustrated the problem of combining such images to fill in missing coverage due to geometric effects. Tests of different thresholds to identify a suitable wet snow detection threshold were inconclusive. The method was able to detect a band of wet snow at mid elevations in the descending image and a decrease in backscatter at higher elevations in the ascending image corresponding to an onset of thaw conditions.


The area of missing coverage due to geometric effects has also been analysed. For ERS the predominant effect is layover though foreshortening is also significant. The amount of missing coverage is also greater at near than at far range. While the total amount of missing coverage is small (4 to 7 %) the distribution by elevation is not uniform. Mid and particularly high elevations (where snow is most likely to occur) are much more affected by missing coverage than low elevations. This is potentially a serious problem given that the time lag between descending and ascending passes often precludes their combination to fill in missing coverage. Similar temporal constraints will apply to other spaceborne SARs, though the wider swaths and larger look angles provided by Radarsat and Envisat will provide partial solutions.


� EMBED Excel.Chart.5 \s ���


� EMBED Excel.Chart.5 \s ���


Here we have only considered one high latitude basin during a year of poor snow cover. Similar analysis is planned for the Tjaktjajaure basin in Sweden which is also being studied in the HydAlp project. As the elevation range is greater in Sweden (1500 metres) than in Scotland (1000 metres) it is likely that there will be more missing coverage. Though not as great as in the Alps, where the elevation range can be 3000 metres or more. However, in Sweden the snow covered area is greater than in Scotland and less transient. Hence, the method should prove more viable for providing wet snow covered area measurements for input to runoff models.
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Figure 3 Area of missing coverage per elevation band as a percentage of (a) the total area covered by each elevation band, and (b) the total area of missing coverage.
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