A four dimensional GIS model to predict wind damage in British forests. 
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1. Introduction





	ForestGALES is a computer model designed to evaluate the risks of wind and snow damage in commercial forestry plantations, and to replace the current Windthrow Hazard Classification.  ForestGALES is based on a better understanding of the mechanical forces that cause damage to trees by wind and the probability of such damage occurring.  This model has been designed as a tool to help foresters produce risk minimising strategies and thereby reduce wind damage.  It will support decisions at scales from strategic level to that of an individual stand and aid production forecasting, forest design plans, individual felling decisions, and testing of novel techniques.  It is anticipated that such decisions will be taken in the future using information shared and manipulated within GIS.  Large state and private forest organisations are currently developing applications of ARCVIEW and ARC/INO to their management information needs. 








2.  The integration of ForestGALES with GIS.





	The ForestGALES model works by solving three main questions:





	What is the threshold wind speed required to break or overturn a tree? 


	What wind speeds does the site experience? 


	What is the probability of the threshold wind speed being exceeded? 





	An annual probability of damage in a particular sub compartment is calculated by combining the critical wind speed for damage and the probability of this wind speed being exceeded.  The critical wind speed for overturning or breakage is estimated as a function of tree height, diameter, current spacing, soil type and choice of species.  The windiness of the area is obtained from the DAMS scores, which are a function of elevation, topographic exposure, aspect, funnel effect and wind zonation of the country.  The future probability of damage is calculated by adapting the original conditions of the stand in time and calculating the cumulative probability of wind speed exceeding the critical wind speed over the selected period.  Stand condition is defined by Growth and Yield Models which links the actual database to the Forestry Commission Yield Class Tables (Edwards and Christie, 1981).  





�


Fig 1 The integration of GIS and ForestGALES 





	The integration of the model with GIS is necessary because forest managers take decisions that affect large areas of land and also have to consider several alternatives.  These options are not always easy to evaluate and require the integration of complex spatial and temporal data.  To achieve this, it is necessary to use modelling techniques, but such tools are not normally available in commercial GIS packages.  They have to be developed separately and integrated later to a GIS.  In the case of ForestGALES, this has been originally developed as a non spatial model that carries out the calculations for single trees.  However, it is now being developed to calculate for stands of trees within a GIS.





	The integration of the model with GIS takes a loose coupling approach (see Fig1).  ForestGALES reads the spatial database that contains the essential information it needs to run program and produce a set of maps with the critical windspeed and probabilities for overturning and breakage.  The spatial database has been produced from the Forestry Commission Sub-Compartment Database (SCDB), as this represents the kind of data that will be normally available for foresters in the future.  This database groups the information in a vector data structure with the spatial features linked to an attribute database.  This data structure poses some problems to the integration of ForestGALES.  First of all, the representation of the spatial objects as polygons requires aggregation of data but this may constitute an excessive simplification of the spatial variability within the stands.  The extent of the simplification will depend on the size and location of these stands.  For example, groups of slow growing trees may occur at a finer resolution than is typically mapped.  This can create a range of values in the attributes which would alter substantially the predictions of the model.  The description of the polygon attribute is also limited by the Yield Class method.  At the moment, tree height and diameter for the stand are represented by the mean tree in the stand and no information is provided about the variance within the distribution.  In the new Yield Tables (Mathews et al., 1996) there will be information about the variation in the attributes within the stands, and a better definition of the surviving trees per hectare will be used to estimate tree spacing which is one of the most important parameters in the model. 








3.  The initial testing of ForestGALES.  


	The initial trials of ForestGALES in GIS mode have been undertaken in two monitoring areas: Cwm Berwyn (Wales) and Glenshellish (West Scotland).  The database used in the validation come from three sources, the Sub-Compartment Database (SCDB), soil maps and field data from sample plots located with a Global Positioning System (GPS).  In order to run ForestGALES in GIS mode, the fields contained in the database have been converted into raster maps.  Then, the actual database is imported into IDRISI in ACCESS format and converted into raster maps using the ASSIGN command in IDRISI Database Workshop.  This command identifies polygon ID’s on a cell basis and assigns a new value according to the fields in the database.  The conversion of the database to a raster format creates redundant efforts in the calculations.  However, a fully vector system would require routines of polygon dissolving, attribute data access routines and the aggregation of the resulting probabilities to the original sub-compartments.  This is a level of sophistication will be achieved in the future but for the moment this is not the main aim of the testing.  











	To compare the results of the model the field data from the sample plots have been run in batch mode.  These are point data regarded as more precise than the SCDB.  The results have been compared with the occurrence of windthrow extracted from the GIS maps.   








4. Problems encountered in the GIS database. 


	No information is available about contemporary spacing.  The original plant/tree spacing has been regarded as 2.2 metres.  This value changes in time due to the normal rate of mortality and thinning.  The Yield tables have been used to estimate the number of live trees per Ha and the new value for spacing has been calculated by dividing 100 by the square root of the number of live trees per Ha.  This assumes that the trees remain uniformly spaced.  However, Thinning operations can substantially alter the spacing between trees within a thinned Sub-compartment.  A common thinning pattern has been the removal of complete rows of trees in every 10 to 12 rows, and the removal of a further 25% of trees in the intervening rows.  This can increase inter-tree spacing to around 8 metres in places.  Consequently, the thinning areas have been overlaid to the raster maps for spacing to update the data with a value of 8 metres.   





	Tree height has to be calculated year by year in order to run the validation.  As the results of the model have to be compared with the damage obtained in 1994, tree height has to be estimated for this year using values measured or estimated for a previous year.  This has been done using a simple linear regression based on Yield table height increments.  When field data located with GPS were available these have been used to correct the SCDB values obtained within each polygon.  Diameter has also been calculated from the Yield tables or obtained from the sample points in the same manner as tree height. 





	Some Sub-compartments contain a mixture of species or even unproductive areas.  As the model has not been designed to cope with mixed stands, the dominant species have been selected to run the model.  However, a field has been introduced in the database with the proportion of the area occupied by the dominant species for future reference and possible amendment to outputs. 





	Unfortunately, soil polygon boundaries do not coincide with stand boundaries and there is no way to aggregate the soil information within the sub-compartment boundaries.  An integration of soil data in the SCDB would create impossible composites of soil classes prone to affect the results of the model.  Therefore, it has been decided to divide the sub-compartment polygons according to differences in soil classes.  This division is only done on a cell basis.  In a vector system, this would require an overlay operation and dissolving the polygons smaller than a reasonable threshold.  





	DAMS data are already in raster format at 50 metres cell resolution and in a continuous scale. The conversion to a 5 metres resolution has been done in Surfer using Inverse Distance Spatial Interpolator to a Power of two.  Initially, DAMS values were averaged for each polygon and the results added to the database held in ACCESS.  However, the range of DAMS values within a sub-compartment exceeds 7 units in some cases.  Consequently, raster data have been reclassified into 3 classes.  As this creates a third layer of polygons impossible to integrate or dissolve in any of the others, further calculations are performed for polygons obtained by the intersection of ID, Soil and DAMS. 





5. Results





	Figures 2 and 3 shows a visual comparison between the calculated probabilities for overturning and the actual windthrow gaps in Cwm Berwyn.  Thinning operations affect the probability of damage during the years immediately after taking place.  For this validation, the spacing calculated in the Yield Tables has been modified with the thinning operations which sets the spacing up to 8 metres.  The results in Cwm Berwyn are an increase in the probability of damage in the stands being thinned with a chance of damage of one every 10 or 5 years which matches actual damage recorded in the stand (Sub-compartment number SC2721 and SC2631).  The probability of damage is smaller for breakage than for overturning, but it still matches the areas with recorded damage.  The results of the model in Glenshellish shows similar characteristics to the already observed in Cwm Berwyn despite the quality of the data is less precise.  There is an area with extensive damage that corresponds with areas of recent thinning. 
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Figure 2.  Probability of overturning of trees at Cwm Berwyn test site, for forest condition in 1994.  Probability reflects the annual exceedance of the critical threshold wind speed for overturning as generated by the ForestGALES model. 
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Figure 3. Actual windthrow in Cwm Berwyn test site, interpreted from aerial photographs taken in midsummer 1994.








6. Discussion


	The results suggest that some improvements are needed to both the model and the quality of the input data.  Inaccuracies in the calculations of the probabilities can be produced by uncertainties or errors in the spatial database.  The data refer to a polygon database representing a Sub-compartment, while the ForestGALES model has been designed for individual trees.  In addition, some data seem to contain uncertainties due to misclassification or digitisation errors.  





	Some possible improvements include:





(i) Hydrological modelling as a possible way to correct soil properties.  Accurate soil data are essential for running the model.  However, much of the soil-mapping in the past has involved making broad assumptions or using a sampling technology that gives large, crude polygons.  These have not been used to define stand boundaries, and the classification scheme was devised primarily to distinguish nutritional characteristics of soils and not their influence on tree stability.  There is a large area in the east of the Cwm Berwyn test site that is  classified as an unstable gley soil and a group of stable  soil types (podsols) to the north of this area.  The transition between these will have been drawn using the broad coincidence between soil type and slope gradient.  This does not necessarily reflect soil wetness and therefore areas especially at risk for windthrow.  We used a hydrological model, that measures the accumulation of potential runoff, to develop an alternative soil index.  We found that the pattern of actual windthrow in unthinned area matched the hydrological index (map not presented) more closely than the soil map.  The damage appeared to be in a transition zone between wet and dry conditions at the foot of slope.  This transition zone may represent an area of good growth but poor stability leading to the occurrence of substantial number of windthrow gaps.  Hydrological modelling might not be a substitute for soil data but at least can help to describe the main soil properties affecting wind damage: soil wetness and soil strength. Further investigation and development is required.





ii. Species.  The probability maps show high probabilities in the Sub-compartment SC2673 due to a misclassification of tree diameter in a lodgepole pine stand.  In addition, the large number of windthrow gaps in linear stands (SC2642 and SC2672) in the west of the site correspond to a particular species.  These are Japanese larch stands that were planted as fire breaks irrespective of soil conditions.  The wet soil appears unsuitable for larch and has resulted in high rates of wind damage.  In the model derivation we had no cases of larch trees pulled on wet soils so the calculation of the resistance to overturning in the model is based on data  for other species.  It appears likely that we are overestimating the resistance to overturning of larch, and thence overestimating the stability of this species on wet soils. Further tree-pulling is required to refine this species effect.











7. Conclusions.





	The probability of damage should be calculated at the stand level because this represents the actual level of aggregation of the spatial database.  However, some data like soil and DAMS do not conform within the actual boundaries of the SCBD and necessitate the segregation of sub polygons with homogenous soil, DAMS and ID conditions.  The final probabilities will then be a composite of the probabilities calculated for each sub-polygon. 





	A further development of the Yield models should give us a better idea of the variability of tree size within each Sub-compartment and allow us to determine upper and lower limits and the percentage of each limit within each polygon.  This may help the assessment of the Sub-compartments at risk of damage. It will remain difficult to integrate within the model situations with mixture of species or non-productive areas since the model has not been designed to work with mixtures.  However, we are still far from defining the spatial variations of tree characteristics within the stand.  





	The way the spatial database is normally organised is a serious limitation for the model.  The SCDB organises the information by polygons and these polygons do not have uniform characteristics.  In new versions of ForestGALES the database will be organised in a vector data structure.  This will avoid making the redundant calculations normally carried out in a raster method and it will also help to better define uniform polygons dissolving those smaller than a particular size (weird polygons) into neighbouring ones.  In addition, the ForestGALES operations can benefit from the query operations normally performed in vector systems and allow the user perform calculations for selected polygons exclusively.  





	Misrepresentation of data is a critical area that should not be ignored.  Accurate soil data are essential for running the model.  However, the majority of the data have been produced in the past making broad assumptions or with a sampling technology that makes the data not good enough for the model.  Hydrol
