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Abstract

GIS hydrologic modeling techniques are used to further understanding of surface-flow 
characteristics in glacially disturbed landscapes. A high resolution LIDAR-derived DEM 
supplied elevation data for a 78 square kilometer (30 square mile) study area in the 
Devils Lake Basin, ND. Conditioning procedures in hydrologic modeling normally 
creates a depressionless DEM. To maintain wetland depressions, a mask that identifies 
the location and extent of real depressions was first generated and, from it, a seed grid 
derived. The sink mask was fully attributed with data on maximum depth, average depth, 
volume, and surface area for each sink as well as code, count, and surface area 
information from National Wetland Inventory (NWI) datasets. A modeling process was 
developed in ModelBuilder that applied the mask in the conditioning phase of hydrologic 
modeling and produced as outputs vector drainages and wetland catchments. Various 
mask scenarios were tested and the derived catchments evaluated. Problems of road 
embankments were addressed. 

Background

GIS hydrologic modeling techniques are used to further understanding of surface-flow 
characteristics in glacially disturbed landscapes. In this project it is used to construct a 
hydrologically-correct Digital Elevation Model (DEM) for a 78 square kilometer (30 
square mile) study area in the Devils Lake Basin of North Dakota, some 90 miles west of 
Grand Forks, North Dakota. The Devils Lake Basin covers a total of about 9,870 square 
kilometers (3,814 square miles) containing all or portions of nine North Dakota counties, 
a small section of the Turtle Mountain Chippewa Reservation, and a large part of the 
Spirit Lake Sioux Reservation.  Devils Lake Basin is a non-contributing basin located 
within the vast Prairie Pothole Region (PPR). The 715,000 square kilometer PPR extends 
from north-central Iowa to central Alberta, and contains parts of Minnesota, South 
Dakota, North Dakota, Montana, Manitoba, and Saskatchewan. The landscape of the PPR 
was formed some 12,000 years ago during the Pleistocene Epoch. When the last glaciers 
retreated, they left behind a myriad of small saucer-like depressions, which fill with 
snowmelt and rain in spring. The PPR contains an estimated 25 million depressional 
wetlands (i.e., prairie potholes or sloughs). Prairie potholes vary in size, morphology and 
a permanency. Cowardin et al.(1979)’s classification system used in the coding of the 
National Wetland Inventory (NWI) datasets places them into four types of water regime 
or permanency: semi-permanently flooded, seasonally flooded,  temporarily flooded, and 
intermittently exposed. 

Over 83 percent of the wetlands in PPR are smaller than 0.8 ha (9 TM pixels) and are 
generally not resolved by Level II USGS DEMSs. Even larger wetlands may not be 
resolved or appear only as flat areas in the USGS DEMs (Gritzner, 2006). Remaining 
depressions are often filled during standard conditioning procedures that create a 
depressionless DEM (Franken and Verden, 2000). Given this information, the accuracy 
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of any hydrologic modeling in the region using normal methods is doubtful. Wetlands in 
the study area are typical of those in other parts of the PPR.  National Wetland Inventory 
(NWI) wetlands range in size from as small a .02 hectares (.06 acres) to a little over 128 
hectares (317 acres), averaging around .12 hectares (2.7 acres). 

High resolution bare-ground LIDAR DEMs may potentially identify subtle depressional 
features and is used in this study as raw elevation data. Selective filling of the DEM 
would make the DEM more realistic and therefore, derivative products would have 
greater validity. As an online resource the St. Paul District of the U.S. Army Corps of 
Engineers (USACE) supplied a 5-meter LIDAR-derived DEM with stated 30 centimeter 
vertical accuracy covering 2,524 square kilometers of the Devils Lake Basin. This 
included coverage for the 78 square kilometer study site in Ramsey County, ND.  

Hydrologic Modeling in a Glacially Disturbed Landscape 

Creating a hydrologically correct DEM generally follows the flow model depicted in 
Figure 1. 
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Figure 1: Flow chart for creating a hydrologically correct DEM 

Conditioning procedures in hydrologic modeling normally creates a depressionless DEM. 
Depressions or sinks in a DEM hinter flow routing and need to be handled prior to 
developing other general utility datasets (i.e., flow direction or flow accumulation grids). 
Majority of sinks are spurious, a result DEM creation errors and should be eliminated 
(Jensen and Domingue, 1988). Some sinks need to be maintained, such as those 
representing real depressions. Real sinks include lakes (i.e., the Great Salt Lake), karst, 
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and depressional wetlands in glacial, playa, and coastal terrain (Winter and LaBaugh, 
2003).

In consideration of real landscape features, a GIS procedure has been developed to 
selectively fill sinks. To maintain wetland depressions, a mask that identifies the location 
and extent of real depressions was first generated and, from it, a seed grid derived. The 
procedure is highly interactive and most often been applied to continental scale models 
(Danielson, 2000). For this work, a model is created in Modelbuilder to expedite the 
running of the group of largely ArcInfo GRID commands and applied at the landscape 
level within the study site.

A prerequisite to running the model is the development of a threshold grid or sink mask. 
The purpose of the mask is to prevent filling of real depressions by applying a mask to 
selected sinks. Previous work focused on identifying wetland features in the LIDAR-
derived DEM, which allowed for the construction of a realistic sink mask (Gritzner, 
2006). National Wetland Inventory (NWI) data for the basin provided a basic count and 
classification of wetlands and a 30-meter Landsat 7 ETM+ partial image from May 20, 
2003 supplied updated shape and size information. The wetland mask contained 6061 
separate sink groupings, down from 30,336 sink groupings that resulted from the initial 
filling of the DEM. The wetland mask was attributed in such a way that it could be 
queried for a variety of types of information including depression depth, volume, size, 
class of National Wetland Inventory (NWI) wetlands, and water regime (Gritzner, 2006). 

NWI recorded some 1613 basins in the study area. Some 67 percent of these were classed 
as temporary flooded wetlands, while another 28 percent were classed as seasonally 
flooded. The remaining 4.7 percent were described as Semi-Permanent or Intermittently 
Exposed. NWI wetlands in the study area totaled 1,793.24 hectares with an average size 
of 105.58 hectares. Wetlands made up an estimated 23 percent of the study area. 

Building the Model and Querying the Mask 

A model was constructed in ModelBuilder to apply the wetland mask in both the 
conditioning phase of hydrologic modeling and to produce as outputs such vector 
drainages and wetland catchments. Building the model required a reinterpretation of the 
basic ArcInfo GRID commands used in earlier tests of the procedure. The model 
provided an easy and convenient method of running different iterations of the wetland 
mask. The wetland mask was initially queried for maximum depth: depths of 20 
centimeter, 25 centimeter, 30 centimeter, 40 centimeter, 50 centimeter, 60 centimeter, 
and 70 centimeter. Secondly, the mask was queried for all coincident NWI wetlands, and 
third by coincident NWI wetlands broken down by water regime codes i.e., A = 
temporarily flooded, C = seasonally flooded, and F = Semi-Permanent. Water regime 
may have some affect on the morphology of wetland features, permitting some features to 
be better resolved by LIDAR. The fourth query returned sink groupings with NWI counts 
of 1 or 2.
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Results of Running the Model 

The model was run with each extracted data set. Results are reported in Table 1: Results 
of Selected Model Runs. The number of wetland catchments created using the depth 
criteria varied with the query. As the depth parameter became more restricted the 
numbers of wetland catchments created decreased. However, the catchment boundaries 
showed little change. What did happen is that adjacent catchments created with a query 
for maximum depression depth >= 20 centimeters became a single catchment when the 
query is changed to maximum depression depth > = 60 centimeters.  

The queries for NWI codes yielded similar results.  Most catchments were created when 
all the NWI codes were used to extract elements of the mask. Fewer catchments were 
created when the query was based on water regime. Catchment boundaries were similar 
to those created using a depth criterion. The query of NWI counts of 1 or 2 yielded 
unpredicted results. Though a large number wetlands catchments (838) were created, 
many were small and appeared more like noise in data. Table 1 shows the results of some 
of the model runs. 

Table 1: Results of selected model runs 

Queries to the Mask Numbers of Wetland 
Catchments 

Max Depth > = 40 centimeters 

Max Depth > = 50 centimeters 

Max Depth > = 60 centimeters 

562

466

386
Max Depth > = 70 centimeters 

Water Regime = Temporary 

Water Regime = Seasonal 

337

559

298
Water Regime = Semi Perm. 

All NWI Wetlands 

NWI Wetland Counts = 1 and 2 

   41

903

838

The best result seems to be when a maximum sink depth of 25 centimeters is used in 
querying the mask. Some 790 wetland catchments are created. Table 2 characterizes the 
wetland catchments created from querying the mask for maximum depth greater and 
equal to 25 centimeters. The best results were derived by setting a threshold on the size of 
the catchment of .6 hectares on the low end and 212.5 hectares on the high end. 
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Table 2: Wetland catchments created from 25 centimeter depth query 

Range in Size 

Mean Hectares 

Total Hectares 

Fraction of hectare to 1039 hectares 

7.9 hectares 

6151 hectares 
Wetland Catchments > = .6 hectares 

Mean Hectares 

Total Hectares 

441 wetland catchments 

13.8 hectares 

6107 hectares 
Wetland Catchments < = 212.5 hectares 

Mean Hectares

Total Hectares 

438 wetland catchments 

9.21 hectares 

4038 hectares 
NWI Count for 353 Wetland Catchments 

85 Wetland Catchments 

Mean Count 

Total Count 

1 to 45 NWI wetlands  

0 NWI wetlands 

2.5 wetlands per wetland catchment 

884 NWI wetlands 

Wetland Catchments

Catchments created as a result of querying the mask for sink groupings with maximum 
depths > =25 centimeter are shown in Figure 2. 
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1 0 10.5 Miles

 Catchments > = to .6 Hectares Catchments < = to 212.5 Hectares

Wetland Catchments
Derived from Wetland Mask with

Maximum Depth > = 25 Centimeters

Figure 2. Refined wetland catchments from mask query of maximum depth > = 25       
centimeters. 

Number of NWI wetlands contained within these generated wetland catchments ranged 
from 0 to 45. Figure 3 is a map of wetland catchments with color fills representing the 
counts of NWI wetlands whose centroids fell within the generated catchments. 
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Counts of Centroids of NWI Wetlands in Wetland Catchments

Figure 3. Wetland catchments with counts of NWI wetlands 

Comparing wetland catchments created without a mask and with a mask showed a 
marked difference in size of the catchment. Figure 3 shows the two watersheds created 
for a semi-permanent R4sBFx wetland. Selective filling created a smaller, possibly more 
realistic wetland catchment that lay fully within the retaining road embankments. With a 
standard fill, the resulting watershed was significantly larger and exceeded the confines 
of the road embankment in its southeast corner.
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R4SBFx  Wetsheds and Watershed No Mask

Wetshed 34

Watershed No Mask

Figure 3. R4SBFx catchment with a standard and selective fill 

Road embankments strongly affect the bounding limits of catchments throughout the 
study area. Figure 4 depicts the geometric nature of boundaries of wetland catchments 
caused by the resolution of road embankments by the LIDAR-derived DEM.  

Wetsheds with Mask and Watershed No Mask

Watershed No Mask

Wetshed 38

Wetshed 44

Wetshed 40

Wetshed 37

Figure 4. Wetland catchments bounded by road embankments 
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Drainage Derivatives 

Two outputs from running the model are flow direction and flow accumulation grids. 
Wetland catchments were computed from flow direction and pour point data. Drainage 
lines were derived from the flow accumulation grid. Various threshold values were tried, 
with best results being at flow accumulation value of 300. Figure 5 is a comparison of 
drainages created with a standard fill (no mask) and a selective fill (with mask). Without 
a mask, drainage tends to flow through the filled wetlands, while with a mask the 
drainage flows more naturally toward the depressional feature. 

Drainage Line Derivatives

Drainage No Mask Drainage With Mask

Figure 5. Comparison of drainage lines resulting from a standard fill. 

Conclusions and Future Work 

The model developed to selectively fill wetlands met expectations. While requiring some 
reworking of ArcInfo GRID commands used previously, it now is operational and needs 
only minimal adjustments between runs. Extractions from the attributed base mask are 
the only new inputs. Best results came from the queries for maximum depth. Some 790 
wetlands were initially produced from a query for sink groupings with a maximum depth 
of 25 centimeters. Many of these wetland catchments were unrealistically small. When a 
threshold value of .6 hectares (approximately 1.5 acres) was applied, the number of 
catchments dropped to 441. By removing the very largest wetlands, the number was 
reduced to 338. These catchments covered nearly 52 percent of the study area. Average 
size of a wetland catchment was 9.2 hectares (about 23 acres). Over 51 percent of the 
catchments contained the centroid of just one NWI wetland. Another 15 percent 
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contained two NWI wetlands, and three percent three. Nineteen percent had no coincident 
NWI wetlands. 

Road embankments significantly affect the boundaries of the catchments. With selective 
filling, the wetland catchments are almost always confined by road embankments. 
Questions are raised about how realistic is this result. Roads are buildup in the Devil’s 
Lake Basin as a result of recent flooding. LIDAR sensitivity resolves these features. 
Culverts may be installed in some locations, but as a rule they are only the largest 
wetlands with flow through characteristics. Where streams cross roads, bridges and 
culverts are present. Future work will address the problem of the water flow under roads 
and how significant it is in the formation of wetland catchments.  
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