
[image: image1.wmf]“A synthetic aperture radar-based model to assess historical changes in lowland floodplain hydroperiod,” Philip A. Townsend and Jane R. Foster. 2002. 
There is a significant body of research describing the relationship between man-made dams and the disruption of downstream ecosystems. Many aquatic plants and animals have evolved for certain natural flooding cycles. River regulation by large dams changes the intensity and duration (collectively, the “hydroperiod regime”) of flooding downstream. 
The Roanoke River, stretching from the Appalachian Mountains in Virginia to the Albemarle Sound in NC, is regulated by six hydroelectric dams, including Roanoke Rapids Dam, which is owned and operated by Dominion Resources, a private utility. Roanoke Rapids is the last dam on the Roanoke River before it reaches the sound—and it is the source of some controversy. Because Roanoke Rapids Dam has a hydroelectric turbine capacity 2/3 the size of the upstream Kerr Dam (US Army Corps of Engineers), large enough flood releases from Kerr Dam can result in spilling water at Roanoke Rapids and thus a loss in potential revenue for Dominion. Traditionally Dominion has re-regulated large flows from Kerr and released them incrementally.  This practice reduces the intensity but increases the frequency and duration of downstream flooding. 
The Nature Conservancy oversees 60,000 acres of pristine bottomland hardwood forest downstream from Roanoke Rapids.  In order to better understand the relationship between their conservation land and the operation of Roanoke Rapids Dam by Dominion, TNC made funding available for the following study by Townsend et al, “A Synthetic aperture radar-based model to assess historical changes in lowland floodplain hydroperiod.”

Changes in river flow due to dams or climate change can be analyzed using long-term hydrologic and climatic records, but the spatial effects of hydro-logic changes are not easily quantified for large floodplain systems because few alternatives are available to model inundation in large lowland systems.

Two-dimensional finite element models (FEMs) represent the state of the art for simulating lowland floodplain and river flows [Gee et al.,1990; Bates et al.,1996; Nicholas and Walling, 1998] and have been used increasingly to predict flood hydrographs [Stewart et al., 1999] or to simulate sediment dynamics on floodplains [Nicholas and Walling, 1997; Simm et al., 1997]. Finite element analysis (FEA) consists of a computer model of a material or design that is stressed and analyzed for specific results. 


FEA uses a system of nodes which make up mesh. This mesh is programmed to contain the material and structural properties which define how the structure will react to certain loading conditions. Nodes are assigned at a certain density throughout the material depending on the anticipated stress levels of a particular area. Regions which will receive large amounts of stress usually have a higher node density than those which experience little or no stress. 

However, the data requirements for FEMs are usually extensive, as they generally make use of high-resolution digital elevation models and surveyed transect data that are unavailable in most locations. Further, FEMs are not currently computationally feasible for long-term studies of large areas [Stewart et al., 1999].  Instead, Townsend suggests an imaging radar-based method for modeling flood inundation extent on large lowland floodplain systems that is simpler and computationally less intensive than existing methods. 
Townsend seeks to quantify changes in downstream hydroperiod regime (again, frequency and duration of flooding) between pre-dam (1912-1949) and post-dam (1965-1995) periods using imaging data to map flood inundation extent, from which rating curves are developed to determine area flooded A as a function of river discharge Q from the upstream dam, Roanoke Rapids.  Synthetic aperture radar (SAR) imagery is used to map flood inundation in this study.  SAR microwaves can be transmitted through the atmosphere regardless of time of day or weather conditions, and they penetrate vegetation canopies to provide information about the surface below.  The flood images and terrain data (derived from a Digital Elevation Model (DEM)) are then used to develop spatial models of inundation extent and duration under any dam discharge scenario. 
Methods
Eleven SAR images covering the Roanoke River floodplain were used to develop the power law correlation between river discharge at Roanoke Rapids and the area flooded downstream. These images spanned a 16-month period between September 1996 and February 1998 and cover the range of post-dam discharge levels that are experienced on the Roanoke. The images were classified for flooded, non-flooded areas, and open water (Townsend 2001a) and then re-sampled to 25m pixels to match the resolution of an existing digital elevation model. The area mapped as flooded was then determined using a geographic information system (GIS). 
Townsend assumes that downstream area flooded A is a power law function of river discharge Q, i.e. A = aQb. The objective is to predict the area flooded at intermediate discharge levels not represented in SAR data and then predict the spatial distribution. 

Because of differences in hydrology between the mouth of the Roanoke and the remainder of the floodplain, separate models to predict flooding were developed for the upper floodplain and lower floodplain. A 10-day average discharge at Roanoke Rapids Dam (mean flow for the day of the image and the nine previous days) was used to develop the power law correlation. Best fit power functions relating area flooded to discharge were A = 7.91Q3.77 (R2 = .955) for the upper floodplain and A = 4.18Q3.03 (R2 = .789) for the lower floodplain. Power law functions are desirable because they match hydrologic relationships (during flooding, the increase in volume storage downstream > increase in area flooded) and they produce an area flooded of 0 at Q = 0. 

LR-FIM
The power law correlations predict area inundated A, given a discharge Q from Roanoke Rapids Dam, but they do not predict specific areas that are flooded except for the 11 satellite images. A spatial model, Lower Roanoke-flood inundation model (LR-FIM), was developed to predict incremental changes in area flooded with changes in discharge.
The spatial modeling starts with the base areas mapped as flooded on the 11 SAR images. This produces a map with just 11 discrete values of A for 11 values of Q.  To produce a map of all potential areas flooded at all inundation levels, Townsend used a DEM to interpolate between the areas mapped as flooded on the 11 images, producing a continuous map of area flooded from 0km2 (at Q = 0) to the maximum area of the floodplain that would be flooded. Routine functions within a GIS were used to indentify all flow paths from relatively higher elevations to lower elevations among areas mapped as flooded on the 11 images. 

Then for each location (x,y) along each flow path f between two discrete areas Aa (area flooded at lower discharge) and Ab (area flooded at a higher discharge) mapped from different SAR images, an intermediate value of A that would be required to flood the location is determined based on the relative elevation of that pixel within its flow path:

A(x,y;f) = Aa + [ 1 – (E(x,y) – Emin(f))/(Emax(f) – Emin(f)) ] * [Aa – Ab]

Where A(x,y;f) is the total area of the floodplain that must be inundated for location (x,y) on flow path f to be flooded, E(x,y) is the elevation of that location, Emin(f) is the minimum elevation along the flow path including (x,y), and Emax(f) is the maximum elevation along the flow path.  
In some areas the DEM resolution is not sufficient to determine Emax(f) and Emin(f) for all flow paths because elevation is flat. In these cases the relative elevation term is estimated by the fraction of the total distance along the flow path f between less flooded Aa and more flooded Ab that position (x,y) falls. 
This approach defines a linear and hydrologically simple flooding function but is reasonable in the absence of better hydraulic information. 

LR-FIM first predicts AQ, area flooded at discharge Q, from the power law equations, using real or simulated discharge records. The model then queries the interpolated map and predicts as flooded all locations (x,y) with modeled values A(x,y;f) that are either equal to or less the value of AQ determined from the empirical equation. 

LR-FIM can be used to predict inundation extent at discharge levels exceeding the maximum inundation area on the SAR images, but at flows higher than represented in the SAR data set it must rely exclusively on the terrain model to determine inundation extent. An arbitrary upper limit for flood extent outside of the areas mapped by SAR was set as the 500-year floodplain mapped by FEMA. 
Results

Townsend evaluated the spatial modeling using data from 11 wells on the lower Roanoke River floodplain installed by USGS.  Inundation was simulated on the floodplain for the period August 1996 to June 2000, and the simulations were compared to the water stages recorded at the wells, where water stage > 0 equals flooded and < 0 equals not flooded. This yielded a total of 13,477 observations to evaluate results. 87.8% of the days in the simulation the LR-FIM correctly identified at the well locations as flooded. The model performed better at predicting non-flooded days (91%) than flooded days (84%). 

The sum of total number of days flooded or non-flooded (hydroperiod) from the 1996–2000 model run was 97.5% of the actual total; thus the model accurately determined the number of days flooded but was somewhat less accurate in determining the specific days at which locations are flooded. 
The chief objective of the paper was to simulate the hydroperiod regimes for the pre-dam and post-dam periods and to assess the likely changes in flooding between the two periods.

Analyses of differences between the pre-dam and post-dam simulations used employed three sets of summary data layers for both the spring and annual time periods. For every pixel in the simulation, the median, 10th, and 90th percentile flood durations were computed, where the 10th percentile represents the number of days that a pixel is flooded in a year (or spring) in which 90% of all other years were flooded longer (i.e., a dry year), and the 90th percentile represents the number of days the pixel is flooded when flood duration at that pixel exceeds 90% of all other years. The median duration is the 50th percentile year. Each statistic was calculated using observed pre-dam and post-dam discharge data. 

Large areas of the floodplain are much wetter during wet (90th percentile) years and springs of the post-dam period than under pre-dam. Wet years have longer hydroperiod regimes now than before the dams were constructed. More specifically, zones of intermediate wetness (flooded 1–30 days in the spring or 1–90 days annually; e.g., the broad transition areas between back swamps and levees) appear to have shifted toward wetter conditions, whereas the wettest areas of the floodplain are relatively unchanged between time periods. Meanwhile, the driest areas of the floodplain are somewhat drier on an annual basis, largely because of the truncation of large flows. In general, 10th percentile (dry) years exhibit shorter hydroperiod regimes during the post-dam simulations than during the pre-dam period. During dry springs, there has been a slight decline in the area of the floodplain experiencing long hydroperiods. In addition, during dry springs and years, areas experiencing short- or medium-duration floods have declined in area due to the truncation of large floods. Finally, the median year simulations suggest two trends. First, under median conditions, drier areas of the floodplain are flooded less frequently, whereas wetter areas experience longer hydro-periods. 
Areas experiencing short duration floods (1-10 days in the spring, 1-30 days annually) have greatly diminished during the post-dam period, because high flows have been truncated. 
There is a distinct spatial variation in the trends: upper portions of the study area with greater relief are now drier than before the dams, while lower portions with less relief are wetter. This is a consequence of the truncation of high floods and the extension of moderate floods further into the spring.  Inundation gradients on the floodplain have been squeezed to the extremes as a consequence of damming: topographically wet areas are wet longer and dry areas are drier, and the intermediate zones have been ‘‘squeezed’’ toward the two extremes. In addition, dry hydrologic years tend to be drier (shorter hydroperiods), and wet hydrologic years tend to be wetter (longer hydroperiods), with the caveat being that some areas never flood under post-dam conditions (even during wet years) owing to flood truncation. The ecological implications of these changes are significant because forest composition and functioning on many floodplain systems are generally controlled by extreme rather than average conditions, especially during the spring growing season. For example, competitive sorting for most floodplain species occurs according to the maximum spring flood duration that the species can tolerate whereas a few species require moist but non-flooded conditions for several consecutive growing seasons to become established and thrive. 
Limitations of the model

Spatial variability in hydrologic inputs to the lower basin can also present problems for the model. As currently implemented, the model assumes that flows on the lower Roanoke are directly related to discharge at Roanoke Rapids. Although this simplifies model implementation, it also means that inundation due to local inputs (heavy rainfall and local runoff) are not captured by the model. Therefore the model is not appropriate for use under unusual circumstances where substantial flooding is induced by local rather than regional events.
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