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Executive Summary


This inquiry supports the Upper Mississippi River System Flow Frequency Study and considers how land cover changes may affect the frequency and magnitudes of floods.  It is one component of an overall effort to better understand the contribution of significant influences on apparent changes in flow frequency, including climate change and variability.

Objective 1

Review the history of land cover changes in the Upper Mississippi River basin.

Finding

As a result of westward expansion, major changes in land cover occurred in the latter part of the 19th century in the Upper Mississippi River basin.  The expansion of agriculture and the lumber industry caused deforestation to a large area of Minnesota and Wisconsin.  Some of the forested region was converted to farmland, while some of the more northern pine forests became reforested with deciduous trees.  Most of the Upper Mississippi River basin was settled by 1900. 

Objective 2

Evaluate the effects of deforestation on runoff for major tributaries of the Upper Mississippi in Minnesota and Wisconsin.

Finding

Simulations using the Variable Infiltration Capacity model show large-scale deforestation reduces evaporation and subsequently increases runoff.  Land cover in much of the lower basin of the Upper Mississippi River at Anoka and the St. Croix River at St. Croix Falls changed from forest to agriculture.  The annual mean runoff is higher for the simulated modern land cover compared with the presettlement land cover (based on surveys during 1816-1866).  In the Upper Mississippi River basin above Aitkin, much of the land cover changed from pine forests to deciduous forests.  The modern land cover showed a slight decrease in the annual mean.  Percentage changes in the median of the annual average flow are shown in the table below.

Basin
Comparison of Annual Average Flow for Modern Land Cover with Presettlement Land Cover 

Upper Mississippi River at Anoka
Modern is 7 to 10% higher 

Upper Mississippi River at Aitkin
Modern is 2 to 5% lower

St. Croix River at St. Croix Falls
Modern is 15 to 19% higher

Objective 3

Evaluate the effects of land cover changes and channel and flood plain modifications on flood frequency analysis.

Finding

The simulations show that reduced forest in the watersheds and flood plains and other channel modifications tend to increase the magnitude of floods.  Percentage changes in the median of the annual maximum daily flow are shown in the table below.
Basin
Comparison of Annual Maximum Daily Flow for Modern Conditions with Presettlement Conditions 

Upper Mississippi River at Anoka
Modern is 4 to 9% higher 

Upper Mississippi River at Aitkin
Modern is 2 to 8% higher

St. Croix River at St. Croix Falls
Modern is 14 to 23% higher

Finding

An objective of the study was to examine how land cover changes and channel modifications will shift the flood frequency distribution.  The simulation of modern land cover and channel conditions does not reproduce the observed flood frequency distribution well. Large differences were noted in the variance and skew of the distributions with poor fits in certain flood probability ranges.  Consequently, the requisite confidence is lacking for developing firm conclusions concerning flood frequency analysis.

Conclusion

The Guidelines for Determining Flood Flow Frequency (Bulletin 17B) recommends that flood frequency analysis use records that represent relatively constant watershed conditions.  However, major deforestation occurred in the second half of the 19th century in the Upper Mississippi basin.  A comparison of simulations of land cover and channel in the mid-19th century and modern conditions show a tendency for increased runoff and flood magnitudes for modern conditions.  The findings of this study show that watershed conditions in the Upper Mississippi basin were not constant in the 19th century and gage records and other historical flood data should not be included in a flood frequency analysis.

Land Use Changes, Channel Modifications, and Floods in the Upper Mississippi Basin 

1. Introduction

1.1. Study Objectives

In flood frequency analysis, the sample of annual floods should be representative of a sample of random homogeneous events.  Changes in the watershed may affect the frequency and magnitude of flood events.  According to Bulletin 17B (Guidelines for Determining Flood Flow Frequency), “only records which represent relatively constant watershed conditions should be used for frequency analysis.”  A change in land cover in the basin is one example of watershed changes, but it is often ignored in flood frequency analysis.  As part of the Upper Mississippi River System Flow Frequency Study, an analysis of land use changes in the Upper Mississippi basin was conducted.  The study examined whether changing land cover in the upper part of the basin affected flood magnitudes and frequencies.  The effects of channel modifications was examined separately.  The objective of the overall study is to examine the effects of land use changes and channel modifications on flood frequency and magnitudes.  The study focused on the northern Upper Mississippi basin in Minnesota and Wisconsin, since major land cover changes occurred in this region.  A map of the study area is shown in Figure 1.1.
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Figure 1.1: Map of the Upper Mississippi basin above Prairie du Chien, Wisconsin, showing major tributaries.

1.2. Analytical/Modeling Strategy

Data on presettlement land cover were obtained from a previous study of the land use history of North America (LUHNA) (Cole, et al, 1998).  The data was digitized for geographic information systems from U.S. General Land Office (GLO) surveys that were conducted between 1816 and 1866.  Modern land cover was based on a U.S. Forest Survey inventory from 1977-83. Historical channel information was obtained from Corps of Engineers studies conducted on the Upper Mississippi in 1869 and 1874 and on the St. Croix River in 1878-79.

The University of Washington’s Variable Infiltration Capacity (VIC) model was used to model the effects of land cover change on runoff.  The VIC model is a macroscale hydrologic model that can be used to represent the transfer of water between the atmosphere, soil, vegetation, and runoff.  Precipitation and temperature data for 1950-1995 were used as inputs to the simulation.  The VIC model was first calibrated using modern land cover.  The identical precipitation and temperature data was then run in the VIC model using the presettlement land cover. 

The routing in the VIC model is not physically based, so changes in the floodplain and channel cannot be represented well.  Runoff from the VIC model output was therefore used as inflow for a physically-based channel routing model.  The Corps of Engineers HEC-HMS software was used with Muskingum-Cunge routing to route flows.  The model was calibrated for modern conditions using inflows from the VIC simulations for modern land cover.  The following simulations were run:

· Modern (1977-83) land cover  with modern channel conditions for calibration of the model. 

· Presettlement (1816-1866) land cover with modern channel conditions to examine the effect of land cover changes. 

· Presettlement land cover with 19th century channel conditions (based on historical surveys) to examine the effect of channel changes and the total effect of changes. 

Figure 1.2 shows the flow chart of the modeling process.  The results from the three simulations were compared to determine the relative effects of basin land cover changes and channel (including floodplain) changes on flow magnitudes.  Finally, the analysis examined how the flood frequency distribution for floods may be affected by land cover and channel changes.

1.3. Organization of Report

The report is organized as follows.  Section 2 discusses the history of land cover changes in the Upper Mississippi basin, including the deforestation that occurred in the second half of the 19th century.  The rest of the report concentrates on the effects of this deforestation on the major tributaries of the Upper Mississippi.  The hydrological effects of deforestation were investigated using the University of Washington’s Variable Infiltration Capacity (VIC) Model.  Section 3 provides a description of the model, followed by an examination of the validation of the VIC output and a comparison of the model’s results for presettlement land cover and modern land cover.  Section 4 describes the channel of the Upper Mississippi above Anoka and the St. Croix River, including the major changes in the channel.  A description of the hydraulic model used to route flow is then given.  Section 5 gives the results of the simulations using the VIC output as inflows into the channel models.  The conclusion discusses the implications of the results for flood frequency analysis.
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Figure 1.2: Flow chart showing major tasks of the study.

History of Land Use Changes in the Upper Mississippi River Basin

1.4. Presettlement Land Cover

U.S. General Land Office (GLO) surveys of Minnesota and Wisconsin were conducted between 1816-1866.  Surveyors marked boundaries using “bearing” or “witness” trees that were identified by species and recorded in logbooks.  This data has been used to classify the types of forests at that time and has been digitized using geographic information systems (Cole, et al, 1998).  Color Figure D-2.1 (in Appendix D) shows the land cover of Minnesota and Wisconsin based on the reconstructed data.  Prior to settlement by Europeans, the upper part of the St. Croix basin was generally pine forests, boreal forests and conifer swamps, while deciduous trees made up the rest of the basin.  For comparison, Color Figure D-2.2 (in Appendix D) shows the modern forest cover for the same region.

1.5. Westward Expansion

The Upper Mississippi River basin experienced a large increase in human population in the second half of the 19th century.  Color Figure D-2.3 (in Appendix D) shows the westward expansion of agriculture.  The figures are based on data from the Agricultural Census conducted every 10 years beginning in 1850 and shows the percentage of each county’s land area that was “improved” farmland  (tilled and in meadows) (Maizel et al, 1998).  In 1850, very little of Minnesota and Wisconsin was settled.  By 1900, the majority of the two states were settled.  The percentage of each county’s land area in farmland reached its peak around 1920-1930.  Much farmland was abandoned during the Great Depression, and the 1940 census shows a decreased percentage of farmland for the Upper Mississippi basin.  The percentage of farmland increased again by 1950, and then declined in the period before 1982.  

1.6. Lumber Industry and Deforestation 


As settlement moved west in the second half of the nineteenth century, a large demand for lumber followed.  The settlers on the Great Plains came from the forested eastern part of the United States where wood was plentiful.  The settlers continued to desire wood houses, barns, and fences, but the Great Plains were nearly treeless.  The lumber industry in Minnesota and Wisconsin grew quickly to satisfy the demand for wood (Scarpino, 1985). 

The forest resources were rapidly depleted due to uncontrolled cutting and wildfire.  According to Childs (1982), “sixty six billion feet of pine were cut” in Wisconsin alone and “nearly half of the forest area of the upper Mississippi had been burned over at least once” by 1898.  The depletion of forest resources and economic forces led to the rapid decline of the lumber industry following a major depression in 1893.  The market for lumber shifted from the Great Plains to the cities, where urban consumers desired a higher grade of clean, finished lumber (Scarpino, 1985).  The deforestation that occurred in the second half of the nineteenth century was rapid and extensive.  “The vast forests of the North had in a space of twenty years been felled and swept down the stream in a movement without parallel for rapacity, for sheer force, in the world’s history” (Childs, 1982).

1.7. Modern Land Cover

Figure D-2.2 shows the modern forest cover for Minnesota and Wisconsin based on data from the U.S. Forest Survey’s Fourth Forest Inventory taken 1977-83.  Two major changes are evident.  First, much of the presettlement forest was converted to farmland.  The total amount of forest in Minnesota, Wisconsin, and Michigan declined by over 40%.  The second major change is the conversion of forest types as a result of logging.  Pine forest declined by 78%, boreal forest and conifer swamps declined by 62%, and northern mesic forests declined by 61%, while aspen-birch forest increased by 83% (Cole et al, 1998).  In the St. Croix River basin, farmland replaced forest area in the lower part of the basin.  In the upper part of the basin, evergreen pine forests were replaced with deciduous aspen-birch.  In the Upper Mississippi basin above Anoka, farmland replaced pine and oak forest in the lower part of the basin.  In the upper part of the basin, deciuous aspen and birch replaced pine forests.

1.8. Summary of Land Cover Changes

As a result of westward expansion, major changes in land cover occurred in the latter part of the 19th century in the Upper Mississippi River basin.  The expansion of agriculture and the lumber industry caused deforestation to a large area of Minnesota and Wisconsin.  Some of the forested region was converted to farmland, while some of the more northern pine forests became reforested with deciduous trees.  Using the percentage of each county’s land in “improved” farmland, most of the Upper Mississippi River basin was settled by 1900.  Some areas of the Upper Missouri basin continued to be settled during the first two decades of the 20th century.  

2. Variable Infiltration Capacity (VIC) Model

2.1. Model Description

The Variable Capacity Infiltration model (VIC) is a macroscale hydrologic model that can be used to represent the transfer of water between the atmosphere, soil, vegetation, and runoff.  The grid network allows the streamflow to be predicted for large continental rivers.  Although many models are available to model rainfall and runoff in small watersheds, the VIC model is one of the few models available that can model water transfer over a large basin.  The VIC model has been applied to the Columbia River and the Arkansas-Red River basins, in addition to the Upper Mississippi.

The Upper Mississippi River VIC model has a resolution of 1/8 degree (approximately 15 x 10-km. resolution).  Land cover can be modeled down to 1 sq. km.  A schematic of the VIC model is shown in Figure 3.1.  The variables in the model include evaporation from the soil layers (E), evapotranspiration (Et), canopy interception evaporation (Ec), latent heat flux (L), sensible heat flux (S), longwave radiation (RL), shortwave radiation (RS), ground heat flux (G), infiltration (i), percolation (Q), runoff (R) and baseflow (B).  The user can specify the number of soil layers, but the model is usually run at two or three layers.  Each grid cell is divided into N different vegetation types in addition to bare soil (N+1).  Shortwave radiation and longwave radiation are parameterized in terms of daily maximum and minimum temperatures. Precipitation is another meteorological input to the model (Nijssen et al, 1997).

Infiltration (i) depends on the available moisture in the top two soil layers.  Water can leave the top two layers by either evapotranspiration (Et) or by gravity drainage (Q).  The bottom layer loses water by evapotranspiration or baseflow (B).  Baseflow (B) follows a nonlinear relationship with soil moisture in the bottom layer (W2) (Cherkauer and Lettenmaier, 1999). 

Three types of evapotranspiration are included in the model: evaporation from the canopy, evaporation from bare soil, and transpiration.  Each land cover type is specified by a leaf area index, canopy resistance, and relative fraction of roots in each soil layer.  The evapotranspiration from each land cover type is further characterized by canopy resistance, aerodynamic resistance to transfer of water, and architectural resistance (Liang et al, 1994). Land use changes can be simulated by changing the vegetation classification scheme within each grid box.  The vegetation classifications are shown in Table 3.1.
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Figure 3.1: Variable Infiltration Capacity (VIC) Macroscale Hydrologic Model.
Table 3.1: Vegetation classification scheme for VIC-2L.

1
water

2
broadleaf evergreen forest

3
broadleaf deciduous forest and woodland

4
mixed coniferous and broad-leaf deciduous forest and woodland

5
coniferous forest and woodland

6
high latitude deciduous forest and woodland 



7
wooded c4 grassland 



8
c4 grassland 



9
shrubs and bare ground 

10      tundra 

1

10
tundra

11
desert, bare ground

12
cultivation

13
ice

14
c3 wooded grassland

15
c3 grassland

Runoff is considered to be produced over the area of each grid cell rather than at a single point.  Routing within the grid cell is simulated by triangular unit hydrographs.  The hydrograph is routed to one of the cells adjoining eight neighbor cells.  The outlet from a cell is added to the downstream cell with a time delay based on an assumed velocity and the shortest travel distance between the center of the grid cells.  The channel network is formed by linking the individual grid cells (Nijssen et al, 1997).  The routing in the VIC model is not physically based.  Land cover changes in the floodplain, for example, cannot be easily simulated.  The VIC model output was therefore used as inflow for a physically-based channel routing model that could simulate the effect of vegetation cover in the flood plain.

2.2. VIC Model Validation

The Watershed Management Committee of the Irrigation and Drainage Division of the American Society of Civil Engineers authorized a committee to define criteria that could be used to evaluate models (ASCE Task Committee, 1993).  The task committee recommended the use of three statistical comparisons between the model-computed flow and the observed flow.  The three statistical criteria are the (i) deviation of runoff volumes (DV); (ii) Nash-Sutcliffe coefficient (R2); and (iii) coefficient of gain from the monthly mean (DG).  Using these three statistical criteria, the VIC model results using modern land cover without any channel routing were compared to the observed flow at two USGS gauges.

2.2.1. Deviation of Runoff Volumes

The deviation of runoff volumes DV is defined as 
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where V = the observed yearly runoff volume; and V’ = the model computed yearly runoff volume.  DV can be expressed as a percentage.  The lower the absolute value of DV, the better the model results. DV would equal zero for a perfect model.  

The deviation of runoff volumes were calculated for each water year (October 1 to September 30) for the Mississippi River at Anoka and the St. Croix River at St. Croix Falls.  Figure 3.2 shows a plot of the deviation of runoff volume DV for the Mississippi River at Anoka (left scale).  The average annual observed and VIC simulated flow (right scale) are also shown.  The four driest years on record show large negative deviations: 1977 (-131.9%), 1961 (-48.1%), 1988 (-59.0%), and 1959 (-54.2%).  The VIC simulated flows were much larger than the observed flows in these years.  Figure 3.3 shows a similar plot for the St. Croix River at St. Croix Falls.  The absolute value of DV exceeds 40% for one year, 1971, a year with relatively moderate flow. 
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Figure 3.2: The deviation of runoff volume DV for the Mississippi River at Anoka (left scale) and the average annual observed and VIC simulated flow (right scale). 
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Figure 3.3: Same as Figure 3.2 except for the St. Croix River at St. Croix Falls. 

2.2.2. Nash-Sutcliffe Coefficient

The Nash-Sutcliffe coefficient is defined as 
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where Qi = the observed daily discharge; 
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 = the simulated daily discharge; 
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 = the average observed discharge; and n = the number of daily discharge values.  A value of R2 = 0 can be interpreted to mean the model is predicting no better than the average of the observed data.  

Cherkauer and Lettenmaier (1999) used the Nash-Sutcliffe coefficient to compare the performance of two VIC model simulations for the Illinois and Minnesota Rivers.  One simulation used a frozen soil algorithm to represent the effects of frozen ground on surface hydrology and the surface energy balance, while the other did not.  The algorithm used in the land cover simulations did not include the frozen soil algorithm.  The Nash-Sutcliffe coefficients are shown in Table 3.2 for the calibration period and the post calibration period.  The Nash-Sutcliffe coefficients for the Mississippi River at Anoka and the St. Croix River at St. Croix Falls for the period October 1, 1950 to September 30, 1995 are shown in Table 3.3.  The models were calibrated for the period January 1, 1980 to December 31, 1989.  Both of these rivers are affected by frozen soil more than the Illinois River.  The results for the calibration period for St. Croix River are better than the Minnesota River calibration period, while the Mississippi River at Anoka are similar.  In the period for water years 1951-1979, the Nash-Sutcliffe R2 values are lower for both rivers, and the Mississippi River at Anoka values are worse than any values given in Cherkauer and Lettenmaier (1999).  In the second period for water years 1991-1995, the Nash-Sutcliffe R2 values for the St. Croix River are much lower, while the values for the Mississippi River at Anoka are also lower than the 1951-1979 values.

Table 3.2: Nash-Sutcliffe R2 values for VIC models of the Illinois and Minnesota Rivers (Cherkauer and Lettenmaier, 1999)


Illinois River
Minnesota River

Calibration period (1981-1985)



VIC with frozen soils
0.708
0.635

VIC without frozen soils
0.724
0.624





Post calibration period (1986-1993)



VIC with frozen soils
0.712
0.739

VIC without frozen soils
0.760
0.722

Table 3.3: Nash-Sutcliffe R2 values for VIC models for the calibration period (calendar years 1980-1989) and other periods.


St. Croix River at St. Croix Falls, Wisconsin
Mississippi River at Anoka, Minnesota

Calibration period

(1980-1989 Calendar Years)
0.741
0.622

1951-1979 Water Years
0.658
0.543

1991-1995 Water Years
0.336
0.490

2.2.3. Coefficient of Gain from the Daily Mean

The coefficient of gain from the daily mean is defined as 
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where Qi = the observed daily discharge in a given period; 
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 = the simulated daily discharge in the period; 
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 = the average observed discharge for each day in the period; and n = the number of daily discharge values.  DG is different from R2 in that model results are compared to daily mean discharge values, rather than the mean discharge value for the entire period.  The differences between the two expressions is the 
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 and  
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in the denominators.  The set of values 
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 is called a “peasant’s model” or a “seasonal model,” since it gives a model of how flow may vary throughout a year or season.  

2.2.4. Results and Interpretation of Statistical Criteria


The Nash-Sutcliffe coefficient R2 and the coefficient of gain from the daily mean DG were calculated for both the Mississippi River at Anoka and the St. Croix River at St. Croix Falls.  For each water year, R2 was calculated by using the mean for that water year as 
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 in Equation (2). R2 was also calculated for the snowmelt season from March 1 to May 31.  The mean for that period for each water year was used for 
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.  DG was found by calculating the mean flow for each calendar day for the period October 1, 1950 to September 30, 1995. This daily average was used for
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in Equation (3).  The results are in tables 3.4, 3.5, 3.6, and 3.7.

Table 3.4: Coefficient of gain from daily means (DG) for the Mississippi River at Anoka for each water year and each snowmelt season (March 1 to May 31).



1951
1952
1953
1954
1955
1956
1957
1958
1959

DG Year

-1.754
0.490
0.667
-6.732
0.244
-0.065
0.393
0.782
0.601

DG Spring

-1.997
0.378
0.095
-8.882
0.815
-0.048
0.366
0.946
0.938


1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

DG Year
-0.063
0.746
0.167
0.501
0.203
0.725
0.385
0.492
0.456
0.613

DG Spring
-0.487
0.925
0.390
0.782
0.069
0.792
0.504
0.656
0.634
0.725


1970
1971
1972
1973
1974
1975
1976
1977
1978
1979

DG Year
0.082
-1.962
0.365
0.446
-0.173
0.621
0.539
0.345
-1.118
0.018

DG Spring
-0.080
-1.278
-0.617
0.550
-0.554
0.716
0.611
0.450
-1.326
0.043


1980
1981
1982
1983
1984
1985
1986
1987
1988
1989

DG Year
0.256
0.646
-0.289
0.418
0.244
0.264
0.838
0.660
0.525
-1.535

DG Spring
0.642
0.834
-0.102
0.552
-1.285
0.481
0.871
0.919
0.838
-5.961


1990
1991
1992
1993
1994
1995





DG Year
0.428
-0.549
-0.122
0.506
-0.141
0.249





DG Spring
0.554
-0.025
0.382
-0.988
0.054
0.473





Table 3.5: Nash-Sutcliffe coefficient (R2) for the Mississippi River at Anoka for each water year and each snowmelt season.



1951
1952
1953
1954
1955
1956
1957
1958
1959

R2 Year

0.039
0.575
0.731
-1.698
-0.286
0.394
0.541
-0.800
-0.661

R2 Spring

0.005
0.564
0.552
-2.791
0.663
0.659
0.313
-0.018
0.116


1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

R2 Year
0.197
-1.033
0.487
0.427
0.223
0.821
0.451
0.786
0.338
0.769

R2 Spring
0.447
0.593
0.556
0.464
0.476
0.853
0.546
0.862
-0.543
0.829


1970
1971
1972
1973
1974
1975
1976
1977
1978
1979

R2 Year
0.619
0.270
0.210
0.356
0.325
0.768
0.394
-11.65
-0.254
0.568

R2 Spring
0.765
0.572
-0.391
0.446
0.527
0.807
0.680
-18.19
0.374
0.503


1980
1981
1982
1983
1984
1985
1986
1987
1988
1989

R2 Year
-0.420
0.018
0.466
0.258
0.429
0.234
0.816
0.366
-2.762
-0.443

R2 Spring
0.375
-0.412
0.493
0.307
-0.270
0.556
0.870
0.336
0.046
-0.128


1990
1991
1992
1993
1994
1995





R2 Year
0.391
0.404
-0.454
0.643
0.524
0.530





R2 Spring
-0.305
0.631
0.230
0.300
0.612
0.679





Table 3.6: Coefficient of gain from daily means (DG) for the St. Croix River at St. Croix Falls for each water year and each snowmelt season.



1951
1952
1953
1954
1955
1956
1957
1958
1959

DG Year

0.604
0.710
0.691
0.389
0.140
-0.218
0.204
0.770
0.662

DG Spring

0.850
0.608
0.612
0.147
-0.445
-0.167
0.211
0.890
0.942


1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

DG Year
-0.450
0.758
0.434
0.651
0.700
0.828
-1.540
0.771
0.500
0.688

DG Spring
0.005
0.774
0.618
0.773
0.765
0.887
-2.481
0.810
0.942
0.723


1970
1971
1972
1973
1974
1975
1976
1977
1978
1979

DG Year
0.313
-0.851
0.768
0.764
0.476
0.787
0.851
0.546
-0.137
0.648

DG Spring
0.090
0.281
0.431
0.917
-0.671
0.822
0.885
0.907
-0.368
0.682


1980
1981
1982
1983
1984
1985
1986
1987
1988
1989

DG Year
0.312
0.674
0.419
0.496
0.546
0.646
0.749
0.861
0.554
0.112

DG Spring
0.701
0.707
0.320
0.593
0.478
0.621
0.747
0.938
0.855
0.275


1990
1991
1992
1993
1994
1995





DG Year
0.526
0.090
-1.067
0.516
0.335
0.332





DG Spring
0.898
0.400
-1.968
0.032
0.472
0.285





Table 3.7: Nash-Sutcliffe coefficient (R2) for the St. Croix River at St. Croix Falls for each water year and each snowmelt season.



1951
1952
1953
1954
1955
1956
1957
1958
1959

R2 Year

0.763
0.761
0.764
0.550
0.391
0.408
0.395
0.690
-0.212

R2 Spring

0.919
0.761
0.575
0.262
0.217
0.324
0.093
0.244
0.448


1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

R2 Year
0.293
0.788
0.651
0.186
0.751
0.900
-1.102
0.843
0.577
0.790

R2 Spring
0.492
0.763
0.668
-0.125
0.781
0.912
-3.825
0.866
0.890
0.810


1970
1971
1972
1973
1974
1975
1976
1977
1978
1979

R2 Year
0.652
0.120
0.778
0.759
0.643
0.866
0.890
-0.397
0.171
0.838

R2 Spring
0.576
0.589
0.691
0.856
0.202
0.867
0.900
-1.770
0.369
0.751


1980
1981
1982
1983
1984
1985
1986
1987
1988
1989

R2 Year
-0.996
0.806
0.774
0.560
0.586
0.744
0.774
0.444
-0.128
0.507

R2 Spring
-0.033
0.793
0.622
0.466
0.597
0.715
0.702
-1.340
0.580
0.594


1990
1991
1992
1993
1994
1995





R2 Year
0.314
0.482
-0.719
0.706
0.701
0.496





R2 Spring
0.760
0.457
-2.825
0.162
0.743
0.153





A perfect model would give a value of 1.0 for both R2 and DG. A value of zero for DG indicates that that the model provides no better results than the mean daily flow; a value of zero for R2 indicates that that the model is no better than the mean of the period.  A negative value for DG indicates that the “seasonal model” provides a more accurate model than the computed VIC model.  For the Mississippi River at Anoka, 12 of 45 yearly DG values and 14 of the spring DG values were less than zero.  The St. Croix River results were a better fit; 6 of the DG values for the year and spring were less than zero.  A negative value for R2 indicates that the period’s mean gives better results than the simulation. For the Mississippi River at Anoka, 11 of 45 yearly R2 values and 9 of the spring R2 values were less than zero. The St. Croix River was again better with only 6 of the R2 values for the year and spring less than zero.

A visual example will illustrate how DG and R2 show how well the model results fit the observed data. Figure 3.4 shows the comparison of the observed and simulated flow for the St. Croix River at St. Croix Falls for 1966.  The R2 value for the full year 1966 was -1.102 and R2 for the snowmelt season of March 1 to May 31 1966 was -3.825.  These values indicate that the sum of the squared errors was greater for the simulated model than for a “model” using the average 1966 flow.  Similarly, the average 1966 spring flow was a better model of spring runoff than the simulated model. The DG value for the year 1966 was -1.540 and DG for the snowmelt season of March 1 to May 31 was -2.481.  These values indicate that a “seasonal model” using the average observed daily flow from 1951 to 1995 produced a lower sum of squared errors than the simulated model.  The large error in the simulation of the 1966 spring flood can be seen in Figure 3.4. Figure 3.5 shows a comparison of observed and simulated flow for 1973.  In this example, the simulated model provides a better fit than the average 1973 flow, the average 1973 spring flow, or the average daily observed flow.  The R2 value for the 1973 was 0.764, R2 for March 1 to May 31 was 0.917, DG value for 1973 was 0.759, and DG for the snowmelt season was 0.856.  The figure shows that the simulation reproduces both the magnitude and the timing of flood peaks fairly well for 1973.
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Figure 3.4: A comparison of the 1966 observed and simulated flow for the St. Croix River.  The average 1966 flow was used to calculate year R2, the average 1966 spring flow was used to calculate spring R2, and the average daily observed flow was used to calculate DG. 
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Figure 3.5: Same as Figure 3.4, except for 1973. 

2.3. VIC Model Results

Discharge was calibrated using modern land cover. The period from 1980-1989 was used for calibration.  Color Figure D-3.1 (in Appendix D) shows the presettlement land cover, the modern land cover, and the changes. The four basins included in this study are the Mississippi River above Anoka, St. Croix River, Chippewa River and Wisconsin River.  

Figure 3.6 shows the average daily flow for water years 1951-1995 for the Mississippi River at Anoka calculated from observed flows and VIC simulated daily flows using modern and presettlement land cover.  Figure 3.7 shows the same statistics for the St. Croix River.  In both figures, the simulated modern average daily flow during the dry late summer and early autumn is higher than observed flows.  The average simulated flow for the St. Croix River appears to be a closer fit to the observed flow than the Mississippi River at Anoka does.  The average daily presettlement flow for the St. Croix River also appears to be clearly lower than the average daily modern flow.  The results for the Mississippi River are more ambiguous.

Color Figure D-3.2 (in Appendix D) shows evaporation for each grid box for the four basins using modern and presettlement vegetation.  More evaporation occurs with the presettlement cover.  The large-scale deforestation reduces evaporation and subsequently increases runoff.  Trees intercept precipitation.  Interception is the temporary storage of precipitation by vegetation.  The intercepted precipitation is then either evaporated to the atmosphere or transmitted to the ground.   Forests intercept more precipitation than cleared grasslands or agricultural fields, and a larger percentage of the precipitation is evaporated to the atmosphere. Infiltration is the entry of water into the soil from precipitation.  The amount of infiltration is generally higher in forested land cover compared to grass, agricultural, or urban land cover. Plants also absorb water, which is then transmitted through the plant and eventually escapes through the leaf pores into the atmosphere.  This process is defined as stomatal transpiration.  Transpiration also varies with type of vegetation.  However, one empirical study in England compared grass-covered and forested catchments and found that reduced runoff from the forested catchment was principally the result of increased interception losses.  Transpiration from forests was about 10% lower than that from grassland (Calder, 1993), but this effect is smaller than the reduction in interception.  


Land cover also affects snow cover distribution.  Vegetation influences snow cover by (i) snowfall interception; (ii) surface energy exchange; (iii) surface roughness and wind speed and their effect on deposition (Gray and Prowse, 1993).  The proportion of snowfall that accumulates in the forest depends on canopy density.  Coniferous forests intercept a higher proportion of snowfall than deciduous forests since the latter lose their leaves during winter.  The intercepted snow may evaporate.  In addition, surface wind speeds will be lower under evergreens than under bare deciduous trees and in exposed grass/crop lands.  A decrease in wind attenuation may cause an increase in turbulent fluxes during snowmelt.

Color Figure D-3.3 (in Appendix D) shows the snow water equivalence under presettlement and modern land cover conditions using the VIC simulation.  Snow cover increases with modern conditions in areas where deforestation occurred.  Deforestation reduces the amount of snow interception, increasing the snowpack.  Snowmelt peak flow may increase with the loss of trees due to the increase in snow pack water.
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Figure 3.6: Average observed and VIC simulated daily flow for water years 1951-1995 using modern and presettlement land cover for the Mississippi River at Anoka.
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Figure 3.7: Same as Figure 3.5 except for the St. Croix River at St. Croix Falls.

2.4. Summary of VIC Model

Results for the deviation of runoff volumes (DV), Nash-Sutcliffe coefficient (R2), and coefficient of gain from the daily mean (DG) show that the Variable Infiltration Model (VIC) was inconsistent in reproducing observed flows.  Several years have a large discrepancy with observed values.  The model for the Upper Mississippi Basin did worse in relatively drier years.  The difference in model performance in different years affects the ability to accurately model the annual 1-day maximum flood distribution and will be discussed in section 5.  

One possible reason for the poorer fit for the Upper Mississippi is the regulation of flows by reservoirs in the headwaters.  The VIC model was not calibrated using naturalized flows that remove the influence of regulation.  In addition, some land cover changes occurred during the period 1950-1995, the period of the modern simulation.  These changes are not accounted for in the model, which assumed constant land cover throughout the period.

Deforestation reduces evaporation and tends to increase the snowpack during the winter, and both factors tend to increase runoff.  Since the routing in the VIC model is not physically based, the VIC model output was used as inflow to a physically-based channel routing model that could simulate the effect of land cover in the flood plain.  The results of the simulations and the effect on flood frequencies and magnitudes will be discussed in section 5.

Modeling of Channel Modifications

2.5. Upper Mississippi River: Channel Description

The area of the study is the Upper Mississippi River from the headwaters to Anoka, the last gage on the river above St. Paul.  A map of the region is shown in Figure 4.1.  Table 4.1 shows the major sub-basins for the Upper Mississippi River above Anoka.  Table 4.2 shows the gages used in the study.
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Figure 4.1: A map of the Mississippi River headwaters showing the location of Corps of Engineers reservoirs.

Table 4.1: Major tributaries and inflow points for the Upper Mississippi River above Anoka.

Inflow Points
Latitude
Longitude
Drainage Area

Winnibigoshish Lake
47.428
90.050
1442

Leech Lake
47.246
94.220
1163

Crow Wing River near Pillager
46.305
94.377
3300

Sauk River near St. Cloud
45.560
94.233
1030

Crow River at Rockford
45.087
93.734
2640

Rum River at St. Francis
45.328
93.372
1360

Table 4.2: Gages used in the study.

Gages
Latitude
Longitude
Drainage Area (sq. mi.)

Grand Rapids
47.232
93.530
3370

Libby
46.790
93.329
5060

Aitkin
46.541
93.707
6140

Royalton
45.861
94.358
11600

Anoka
45.127
93.297
19100

2.5.1.  Channel Modifications

Between 1881 and 1926, the Corps of Engineers dredged, removed boulders, snags, and overhanging trees, and constructed cutoffs and wing dams between Brainerd and Grand Rapids.  This work was done to help steamboats serving the lumber camps in the upper part of the basin (Merritt, 1979).  Between 1876 and 1879, the Corps worked on removing boulders and preventing shore erosion on the channel between St. Paul and St. Cloud, but the Corps of Engineers put a low priority on this section of the river and spent less than $15,000 (Merritt, 1979).  A wing dam was built on this section of the river before 1874 to improve navigation.  No money was ever appropriated for the Corps of Engineers to improve the river between St. Cloud and Brainerd.

The major work of the Corps on the Upper Mississippi River above Anoka was the construction of a reservoir system in the headwaters.  Construction of a dam at Winnibigoshish Lake began in 1881.  Dams at Pokegama Falls and Leech Lake were started in 1883.  All three dams were completed and operating by 1884.  A fourth dam was built on the Pine River in 1885 and began operation in 1886.  A fifth dam was constructed on the Sandy River in 1895.  Gull Lake dam was the sixth reservoir and went into operation in 1912 (Merritt, 1979).  Figure 4.1 shows the locations of these reservoirs.  In addition to the Corps dams in the headwaters, there are six relatively small dams on the main stem of the Mississippi River between Aitkin and Anoka.  Table 4.3 lists the dams and their storage size.

Table 4.3: Non-Corps dams on the Upper Mississippi River above Anoka, Minnesota.

Dam Name
Owner
Nearby City
Max Storage 

(acre-feet)

Brainerd
Potlatch Corporation
Brainerd
13,000

Little Falls
Minnesota Power and Light
Little Falls
4,780

Blanchard
Minnesota Power and Light
Royalton
16,358

Sartell (Champion)
St. Regis Corp.
Sartell
15,500

St. Cloud
City of St. Cloud
St. Cloud
2,254

Coon Rapids
Hennepin County Park Reserve
Coon Rapids
2,000

2.5.2. The Pre-Settlement Channel

The Corps of Engineers conducted surveys of the Upper Mississippi prior to constructing reservoirs and making improvements for navigation.  Although cutting of the pine forests of the watershed had already begun, the Corps surveys were conducted before most major channel modifications were started.  More detailed descriptions from the surveys are given in Appendix A. 

1869 Survey

A survey of the headwaters of the Mississippi was conducted in 1869 by Frank Cook, who reported the results to General Governeur Warren, then the Engineer for the Corps of Engineers' St. Paul District.  The objective of the survey was “to ascertain the feasibility of constructing a dam at that place (Pokegama Rapids) to form a reservoir of the valley and lakes above.”  This survey has the following description of the channel and floodplains, which is helpful in developing a hydraulic model of the floodplain.

Headwaters above Pokegama Falls

Channel roughness: “The bottoms are usually covered with reeds and rushes; in some places it is high enough to produce grass; in others the bottom was of a mud-like character, and covered with wild rice.”

Floodplain geometry: “The Mississippi River from Lake Winnibigoshish and Leach River from Leach Lake down to Pokegama Rapids, pass through a valley of alluvial bottom land, from one-half to three miles wide;” “the banks of the high land are usually from 8 to 20 feet above the level of the bottom land.”

Floodplain land cover: “Outside of the bottom land and connected to it ... are tamarack and cedar swamps;” “banks of the high land are ... covered with pine, sometimes mixed with hardwood.”

(Chief of Engineers, 1870, p. 285)

1874 Survey

Major Francis U. Farquhar, the Engineer for the Corps of Engineers' St. Paul District, conducted surveys of the headwaters of the Mississippi River and the Mississippi River from Pokegama Falls to the Falls of St. Anthonys in 1874.  The report of this survey was included in the Annual Report of the Chief of Engineers to the Secretary of War for the Year 1875 (Appendix CC1 and CC2).  One objective of the survey was to again survey for reservoir sites.  A second objective was to examine and survey the Mississippi River “from Pokegama Falls to the Falls of Saint Anthony, made with a view to determine the cost of improving the same, ‘so as to give from three to five feet navigation above the Falls of Saint Anthony, at the lowest stages of water’ ” (Chief of Engineers, 1875, p. 441-442).  The survey included detailed measurements of channel length and slopes from the Mud River (near Aitkin) to the Falls of Saint Anthony. Some of the survey’s descriptions of the channel and floodplains are given in Appendix A.

2.6. St. Croix River: Channel Description

The area of the study was the Saint Croix River above St. Croix Falls.  Table 4.4 shows the gages used in the study and the major subbasins.  The St. Croix River was designated a National Scenic Riverway in 1968, one of the original eight rivers under the Wild and Scenic Rivers Act..  The riverway park runs from the St. Croix Flowage in the headwaters to Taylor Falls, Minnesota.  Taylor Falls is on the Minnesota bank opposite St. Croix Falls, Wisconsin.  The scenic riverway also includes the Namekagon, a major tributary.*  According to Dunn (1965), the part of the St. Croix above Taylor’s Falls and the Namekagon “remain today much as they were a century ago.” 



Table 4.4: Gages and tributaries used for St. Croix River model.

Gage Location
Latitude
Longitude
Drainage Area (sq. MI)

St. Croix River Near Danbury, WI
46.07
92.25
1580

St. Croix River Near Grantsburg, WI
45.92
92.64
2820

St. Croix River At St. Croix Falls, WI
45.41
92.65
6240

Kettle River Below Sandstone, MN
46.11
92.86
863

Snake River Near Pine City, MN
45.84
92.93
958

Although there was less development on the St. Croix River than on the Upper Mississippi, there were still major changes in the watershed following the settlement by Europeans.  In addition, some small impoundments were built while the region was being lumbered.  The Corps of Engineers conducted a survey of the St. Croix River in 1878-79.  The purpose of the study was to survey for locations of possible reservoirs.  The surveys did not include detailed descriptions of the St. Croix channel, but included descriptions of the flood plains and land cover at the proposed reservoir sites.

2.7. Hydraulic Channel Models

2.7.1. Description of Channel Routing Models

The Upper Mississippi channel routing model was divided into two parts, with the first part representing the Mississippi from the headwater lakes to Brainerd and the second part of the model representing the channel from Brainerd to Anoka. A schematic of the channel model is shown in Figure 4.2.  Outflows from the upstream models were used as inflow at Brainerd for the lower channel models.  Data for the modern channel was obtained from Corps of Engineers hydraulic models.  This data included channel length and elevations, channel cross sections, and Manning’s roughness coefficients for the channel.  The study used two methods to reconstruct the historical channel.  First, the 19th century surveys were used to obtain data on the Upper Mississippi River channel and floodplains from Brainerd to Anoka.  The 1874 surveys did not contain detailed surveys of the channel above Brainerd.  Current channel measurements were used for the channel between the headwater lakes and Brainerd where measurements from the 19th century are not available.  Channel lengths that were used for the historical model were obtained from the historical surveys.  Modern Manning’s roughness coefficients were based on modern Corps hydraulic models and from calibrating the modern models for the period 1981-1985.  Presettlement roughness coefficients were based on channel and flood plain descriptions from the 1869 and 1874 surveys.  

The St. Croix basin model is shown in Figure 4.3.  The channel and floodplain data for the St. Croix model was obtained from digital elevation models and topographic maps.  The same channel and floodplain data were used for both the modern and presettlement simulations.  Different Manning’s roughness coefficients were used for the modern and presettlement flood plains to represent changes in land cover due to deforestation.  The roughness coefficients for the modern conditions were based on calibrating the model for the period 1981-1985.  Roughness coefficients are discussed in more detail below.
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Figure 4.2: Schematic of the Upper Mississippi routing model.
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Figure 4.3: Schematic of the St. Croix River routing model.

Muskingum-Cunge routing was used for routing flows for all models.  The Muskingum-Cunge method is “a nonlinear coefficient method that accounts for hydrograph diffusion based on physical channel properties and the inflowing hydrograph” (USACE, 1994).  The main advantage of using the Muskingum-Cunge method is the parameters are physically based and the method compares well with the full unsteady flow equations (USACE, 1994).  The mathematics used in the Muskingum-Cunge method are shown in Appendix B.  The following data are required for the model:

· Representative channel cross section

· Reach length

· Manning roughness coefficients for main channel and flood plains

· Friction slope or channel bed slope

An 8-point cross section configuration as shown in Figure 4.4 was used for the channel.   The 8-point configuration allows the use of different roughness coefficients for the floodplains and channel.  
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Figure 4.4: Eight-point cross section configuration for modeling the channel and floodplains.

2.7.2. Limitations of the Model

All hydraulic models are subject to aggregation errors.  Each segment in the model represents an idealized channel.  All areas along the reach are represented by one idealized channel profile.  Variations in channel geometry or roughness coefficients within the segment may not be represented well in the model.  The hydraulic model must have enough detail to adequately represent the variability along the channel without being too burdensome for data requirements or computer run time.

One limitation of the Muskingum-Cunge method is that it cannot account for backwater effects.  Backwater effects occur at channel constrictions, such as bridges and dams.  Although there are several dams along this section of the Mississippi River, they are relatively small, run-of-the-river dams.  In the model used here, the backwater effects in the vicinity of the dam are neglected.  The channel reach above the dam extends to the dam’s pool, while the reach downstream of the dam starts below the dam.  The outflow from the reach above the pool was assumed to be equal to the inflow of the reach downstream of the dam.  A second limitation of Muskingum-Cunge routing is that the solutions are not accurate with rapidly rising hydrographs (less than 2 hours) in flat channel sections (less than 1 foot per mile).  However, this is not a problem for the Upper Mississippi, since the flood hydrograph is slow rising (over several days) even in the uppermost reaches of the Mississippi River.  Figure 4.5 shows the hydrograph for the flood of record at Aitkin.  The flood hydrograph rises over a several week period and the flow remains near the peak for several days.

[image: image27.wmf]Mississippi River at Aitkin

0

5000

10000

15000

20000

25000

4/24/50

4/26/50

4/28/50

4/30/50

5/2/50

5/4/50

5/6/50

5/8/50

5/10/50

5/12/50

5/14/50

5/16/50

5/18/50

5/20/50

5/22/50

5/24/50

5/26/50

5/28/50

5/30/50

6/1/50

6/3/50

6/5/50

6/7/50

6/9/50

Date

Flow (cfs)


Figure 4.5: Flood hydrograph for the flood of record for the Mississippi River at Aitkin, Minnesota.

2.7.3. Modeling Channel Modifications

Channel modifications can be represented using the hydraulic model.  Dredging and wing dams change channel geometry.  Removing boulders, snags and overhanging trees reduce the channel roughness.  Adding cutoffs reduce the length of the channel.  Changes in land cover affect the conveyance of the floodplain.

The small dams on the main stem are one obvious channel modification.  For the simulation of the modern channel, the dams are modeled by removing the pools and dams from the channel and assuming that the pool inflow equals the pool outflow.  In the model of the historical channel, the channel length is increased slightly to include the pool length where pools are present.  The slope of the channel also increases when the dams are removed from the model.  Many of the dams were built over previously existing rapids, which add fairly steep channel reaches to the model.

Another channel modification is the shortening of the channel from Grand Rapids to Aitkin.  Although the 1869 and 1874 surveys did not calculate this distance, a later Corps report listed distances from a survey by the office of the Surveyor General for the State of Minnesota (Chief of Engineers, 1890, p. 2078).  The distance of the channel from Grand Rapids to Aitkin was about 5.25 miles longer than the present distance.  The 1874 survey did report the distance between Mud River and Brainerd to be about 55.25 miles, almost identical to the present distance (55.3 miles).  Length and slope data are given in Tables C-1 and C-2 in Appendix C.

Another modification was the removal of channel obstructions such as snags and boulders.  This modification is represented in the model as a change in the roughness coefficient for the channel.  A major change that affected the conveyance of floods was changes in the land cover in the flood plains.  The presettlement land cover was primarily pine forests.  Many of these forests were removed and replaced with agricultural land.  The changes in flood plain vegetation are accounted for by changing the roughness coefficients for the flood plain.  How the roughness coefficients were estimated is discussed in the next section.

2.7.4. Roughness Coefficients

Cowen (1956) developed a formula to calculate the roughness coefficient n:


n = (nB + n1 + n2 + n3 + n4) m
where nB is a basic n value for a straight, uniform, smooth channel in a specified material, n1 is a value to correct for surface irregularities, n2 is a value for variations in channel cross sections, n3 is a value for obstructions, n4 is a value for vegetation and flow conditions, and m is a correction factor for meandering of channel.  Chow (1959) and Coon (1998) discuss the use of this formula to estimate channel n values.


Arcement and Schneider (1989) adapted this formula for the estimation of flood plain roughness coefficients:


n = nB + n1 + n2 + n3 + n4
For a flood plain, the value for channel cross section variation n2 is assumed to equal 0.0.  The correction factor for sinuosity of the floodplain m equals 1.0 because there may be little flow in a meandering channel when there is flow over the flood plain.  The equations were used to estimate how increases in channel obstructions and changes in flood plain land cover would affect roughness coefficients.

Arcement and Schneider (1989) also present photographs of flood plains where Manning’s roughness coefficients have been experimentally verified.  In flood plains where the vegetation is primarily trees, as in most of the flood plains of the pre-settlement Upper Mississippi River, Manning’s n varies from 0.10 to 0.20.  Obstructions and ground cover were negligible in the flood plains where Manning’s n was found to be 0.10.  In flood plains where Manning’s n is 0.20, obstructions were considered to be minor, ground cover was medium, and a large amount of undergrowth was present.  Another photograph shows a bog with trees, similar to the wetlands in the headwaters.  This flood plain had a roughness coefficient of 0.14.

Results

Simulations for both the Upper Mississippi and St. Croix Rivers were run for the period January 1, 1950 to December 31, 1995.  The following simulations were run: (1) inflows using modern land cover with modern channel conditions; (2) inflows using presettlement land cover with modern channel conditions; (3) inflows using presettlement land cover with the historical 1874 channel conditions.  The results for water years 1951-1995 (October 1, 1950-September 30, 1995) were analyzed and compared.  

A nonparametric sign test was used to compare the differences in the annual mean flow and the annual daily maximum flow for each water year using results from the above simulations.  For any paired observations (xi, yi), i = 1, ..., n, the sign test can be used to determine if the observations are from different groups.  If there is no difference between the pairs, then 50% of the xi will be larger than the corresponding yi and 50% will be smaller.  The sign test requires no assumption about the normality or symmetry of the differences between the pairs (Di = xi - yi) (Helsel and Hirsch, 1992).

The median difference between the pairs of data was used to estimate the magnitude of the difference between the two groups.  A nonparametric confidence interval of the median difference was also calculated using the binomial distribution (Helsel and Hirsch, 1992).  The median is an appropriate measure since no assumption about the normality or symmetry of the differences is required. 

2.8. Upper Mississippi River

Results for two gage sites were analyzed: Aitkin, Minnesota in the upper part of the basin and Anoka, Minnesota, the most downstream point in the simulation. 

2.8.1. Annual Average Flow

The annual mean flow for water years 1951-1995 are shown in Figures 5.1 and 5.2 for the Upper Mississippi at Anoka and Aitkin respectively. The mean, standard deviation, skew, median, maximum, and minimum annual average flow is given in Table 5.1 for Anoka.  Results for the nonparametric sign test are given in Table 5.2.  In addition, Table 5.2 gives the 95% confidence interval for the differences between median flows for different simulations as both a value and a percentage.  Tables 5.3 and 5.4 give similar results for Aitkin.


Table 5.1 indicates that although the average observed annual mean and the simulated annual mean for modern conditions are similar, the observed annual mean has much more variance than the simulated mean.  The observed mean has a higher maximum, a lower minimum, and a larger standard deviation than the simulated annual mean.  The simulated annual mean for the Upper Mississippi at Anoka is less for presettlement land cover than for modern land cover.  The signs test for a difference in paired values is highly significant (with a p-value of less than 0.001).  The difference between the median annual average flows for modern land cover and presettlement land cover is around 7-10% more for modern land cover.  As expected, the channel conditions do not have a major effect on annual average flows.
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Figure 5.1: Annual average flow for the Mississippi River at Anoka, Minnesota.

Table 5.1: Mississippi River at Anoka annual mean: annual daily mean flow statistics using observed gage data and simulations of different land cover and channel conditions.  



Conditions Simulated

Data Set
Observed
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ 1874 Channel

Statistic





Mean (cfs)
8,830
8,788
7,988
7,982

Standard Deviation (cfs)
3,371
2,388
2,187
2,188

Skew
0.348
0.721
0.690
0.684







Median (cfs)
8,659
8,762
7,917
7,897

Maximum (cfs)
17,746
14,602
13,352
13,312

Minimum (cfs)
2,687
4,702
4,350
4,307

Table 5.2: Mississippi River at Anoka annual mean: analysis of the differences between the annual daily maximum flow from simulations using different land cover and channel conditions.  

First Data Set


Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ 1874 Channel
Presettlement Land Cover/ 1874 Channel

Second Data Set
Observed 
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Modern Land Cover/ Modern Channel

Sign Test

Significance Level
0.766
<0.001
0.233
<0.001

95% Confidence Interval on the Difference between  Medians in cfs

(First data set minus second data set)

Lower 
-829
-883
-15
-880

Upper 
707
-646
2
-666

Percentage Differences


Difference/

Observed Median
Difference/

Modern Median 
Difference/

Modern Median 
Difference/

Modern Median 

Lower 95% 
-10%
-10%
0%
-10%

Upper 95%
8%
-7%
0%
-8%

Table 5.3 shows that the simulated annual mean values for the Upper Mississippi River at Aitkin also have less variance than the observed values.  The skew is also quite different.  The difference between median annual average flows for modern land cover and presettlement land cover is again highly significant (p-value less than 0.001).  In the case of Aitkin, the average annual flow for presettlement conditions is higher than for modern conditions by around 2-5%.  In the watershed above Aitkin, much of the original pine forests were cut down, but deciduous trees have replaced them as the area has reforested.  In the watershed between Aitkin and Anoka, much of the original forested area has been replaced by farmland.
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Figure 5.2: Annual average flow for the Mississippi River at Aitkin, Minnesota.

Table 5.3: Mississippi River at Aitkin annual mean: annual daily mean flow statistics using observed gage data and simulations of different land cover and channel conditions.



Conditions Simulated

Data Set
Observed
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ 1874 Channel

Statistic





Mean (cfs)
2,891
2,625
2,756
2,752

Standard Deviation (cfs)
1,002
709
792
795

Skew
0.125
0.897
0.847
0.846







Median (cfs)
2,720
2,535
2,554
2,552

Maximum (cfs)
4,985
4,610
4,693
4,711

Minimum (cfs)
796
1,410
1,479
1,442

Table 5.4: Mississippi River at Aitkin annual mean: analysis of the differences between the annual daily maximum flow from simulations using different land cover and channel conditions.  

First Data Set


Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ 1874 Channel
Presettlement Land Cover/ 1874 Channel

Second Data Set
Observed 
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Modern Land Cover/ Modern Channel

Sign Test

Significance Level
0.074
<0.001
0.037
<0.001

95% Confidence Interval on the Difference between  Medians in cfs

(First data set minus second data set)

Lower 
-494
61
-9
52

Upper 
17
123
0
117

Percentage Differences


Difference/

Observed Median
Difference/

Modern Median 
Difference/

Modern Median 
Difference/

Modern Median 

Lower 95% 
-18%
2%
0%
2%

Upper 95%
1%
5%
0%
5%

2.8.2. Floods


The annual daily maximum flows for 1951-1995 are graphed in Figures 5.3 and 5.4 for the Upper Mississippi at Anoka and Aitkin respectively. Statistics for the daily maximum flows are given in Table 5.5 for Anoka and Table 5.7 for Aitkin.  Tables 5.6 and 5.8 show results for the nonparametric sign test and 95% confidence intervals for differences in medians for Anoka and Aitkin respectively.  Table 5.5 shows that the mean and median floods from the simulated data for modern conditions are higher than the observed values for the Upper Mississippi at Anoka.  The simulated modern floods have a lower maximum and a higher minimum than observed floods.  

The difference between the median floods for simulated modern land cover and simulated presettlement land cover with similar channel conditions is significant at the 1% level.  The median flood with modern land cover is about 0 to 5% higher than the flood with presettlement land cover.  The difference between the presettlement and modern channel is also significant (p<0.001) given the same land cover conditions.  The median flood for the simulated modern channel and floodplain is about 4-6% higher than for the simulated historical channel.  The combined effect of changes in land cover and channel conditions results in an increase in the simulated median flood of approximately 4 to 9% with modern land cover and channel.

A sensitivity analysis was conducted to see the effects of Manning’s roughness coefficient on the results.  The forested flood plains in Arcement and Schneider (1989) have computed roughness coefficients ranging from 0.1 to 0.2.  Manning’s n was increased to 0.2 from 0.1 for the historical floodplain areas that underwent deforestation.  Although the increased roughness decreased flood magnitudes for the presettlement land cover and historical channel, the decrease was less than 1%.  The simulation results therefore do not seem to be sensitive to increases in Manning’s n beyond 0.1.
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Figure 5.3: Annual daily maximum flow for the Mississippi River at Anoka, Minnesota.

Table 5.5: Mississippi River at Anoka annual flood: annual daily maximum flow statistics using observed gage data and simulations of different land cover and channel conditions.



Conditions Simulated

Data Set
Observed
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ 1874 Channel

Statistic





Mean (cfs)
33,876
39,631
38,397
36,370

Standard Deviation (cfs)
16,810
16,558
14,747
13,912

Skew
1.283
0.921
0.613
0.658







Median (cfs)
30,800
38,328
38,802
35,592

Maximum (cfs)
90,300
83,352
77,115
73,552

Minimum (cfs)
7,400
15,882
15,040
14,214

Table 5.6: Mississippi River at Anoka annual flood: analysis of the differences between the annual daily maximum flow from simulations using different land cover and channel conditions.  

First Data Set


Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ 1874 Channel
Presettlement Land Cover/ 1874 Channel

Second Data Set
Observed 
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Modern Land Cover/ Modern Channel

Sign Test

Significance Level
0.074
0.007
<0.001
<0.001

95% Confidence Interval on the Difference between  Medians in cfs

(First data set minus second data set)

Lower 
-312
-1760
-2428
-3554

Upper 
10856
-163
-1344
-1668

Percentage Differences


Difference/

Observed Median
Difference/

Modern Median 
Difference/

Modern Median 
Difference/

Modern Median 

Lower 95% 
-1%
-5%
-6%
-9%

Upper 95%
35%
-0%
-4%
-4%

Table 5.7 shows that the average simulated annual daily maximum flow for the Upper Mississippi at Aitkin is higher than the observed value.  In addition, the simulated maximum flood and minimum flood are higher than observed, and the standard deviation of the simulated modern floods is higher.  The skew of the simulated values is also quite higher.  The median flood for the simulation with presettlement land cover is 2-5% higher than the simulations using modern land cover with identical channel conditions.  On the other hand, the median flood using the modern channel is 7-11% higher than for floods using the historical channel, given identical inflows.  The combined effects of land cover changes and channel modifications result in an increase of 2 to 8% in the median annual daily maximum flow.  
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Figure 5.4: Annual daily maximum flow for the Mississippi River at Aitkin, Minnesota.

Table 5.7: Mississippi River at Aitkin annual flood: annual daily maximum flow statistics using observed gage data and simulations of different land cover and channel conditions.



Conditions Simulated

Data Set
Observed
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ 1874 Channel

Statistic





Mean (cfs)
8,720
9,975
10,545
9,627

Standard Deviation (cfs)
2,672
4,517
4,978
4,947

Skew
0.244
1.973
1.646
1.949







Median (cfs)
8,810
8,642
8,952
7,970

Maximum (cfs)
14,500
29,596
29,957
29,679

Minimum (cfs)
3,080
3,806
3,964
3,658

Table 5.8: Mississippi River at Aitkin annual flood: analysis of the differences between the annual daily maximum flow from simulations using different land cover and channel conditions.  

First Data Set


Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ 1874 Channel
Presettlement Land Cover/ 1874 Channel

Second Data Set
Observed 
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Modern Land Cover/ Modern Channel

Sign Test

Significance Level
0.233
<0.001
<0.001
0.007

95% Confidence Interval on the Difference between  Medians in cfs

(First data set minus second data set)

Lower 
-178
158
-942
-707

Upper 
1692
437
-592
-131

Percentage Differences


Difference/

Observed Median
Difference/

Modern Median 
Difference/

Modern Median 
Difference/

Modern Median 

Lower 95% 
-2%
2%
-11%
-8%

Upper 95%
19%
5%
-7%
-2%

2.9. St. Croix River

2.9.1. Annual Average Flow

Figure 5.5 shows the annual mean flow for the St. Croix River at St. Croix Falls. As noted in the section on VIC model validation, the simulated modern conditions give a closer fit to observed data than the simulations for the Upper Mississippi.  The better fit is reflected in Table 5.9, where statistics for the simulated modern data tend to be closer to the statistics for the observed flows, although the mean, standard deviation, maximum and minimum are slightly higher than the observed. 

Table 5.10 shows the results of the sign test and the differences in the median of the simulation results.  The results for the sign test show an idiosyncrasy of the sign test.  Even though the simulated modern data appears to be a better fit than the Upper Mississippi model based on a comparison of the statistics, the test shows a significant difference between simulated modern and observed flows, due to the simulated modern flows being consistently larger than observed flows.  The difference in the medians is about 1 to 12%.  There is also a significant difference between the annual flows due to channel conditions, but the percentage difference is approximately 0.  The annual mean for the St. Croix River is more for the simulated modern land cover than for presettlement land cover with a highly significant sign test.  The median annual average flow for modern land cover is around 15 to 19% larger than for presettlement land cover.
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Figure 5.5: Annual average flow for the St. Croix River at St. Croix Falls.

Table 5.9: Saint Croix River at St. Croix Falls annual mean: statistics using observed gage data and the annual daily maximum flow for different land cover and channel conditions.  



Conditions Simulated

Data Set
Observed
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/19th Century Channel

Statistic





Mean (cfs)
4,901
5,251
4,431
4,423

Standard Deviation (cfs)
1,373
1,492
1,350
1,351

Skew
0.357
0.319
0.546
0.550







Median (cfs)
4,957
4,850
3,960
3,958

Maximum (cfs)
8,569
8,705
7,913
7,910

Minimum (cfs)
2,695
2,895
2,446
2,443

Table 5.10: Saint Croix River at St. Croix Falls annual mean: analysis of the differences between the annual daily maximum flow from two simulations using different land cover and channel conditions.  

First Data Set


Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ Presettlement Channel
Presettlement Land Cover/19th Century Channel

Second Data Set
Observed 
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Modern Land Cover/ Modern Channel

Sign Test

Significance Level
0.003
<0.001
<0.001
<0.001

95% Confidence Interval on the Difference between  Medians in cfs

(First data set minus second data set)

Lower 
47
-938
-9
-964

Upper 
573
-712
-3
-729

Percentage Differences


Difference/

Observed Median
Difference/

Modern Median 
Difference/

Modern Median 
Difference/

Modern Median 

Lower 95% 
1%
-19%
0%
-20%

Upper 95%
12%
-15%
0%
-15%

2.9.2. Floods

The annual daily maximum flows for the St. Croix River for 1951-1995 are graphed in Figure 5.6.  Table 5.11 shows that the mean, median, maximum, and minimum floods from the simulated data for modern conditions are higher than values for observed floods.  The skew for the simulated modern floods is much more positive than that of the observed floods.  The difference between the median floods for simulated modern land cover and simulated presettlement land cover with similar channel conditions is significant  (p<0.001).  The median flood with modern land cover is about 10 to 15% higher than simulated presettlement land cover.  The difference between the presettlement and modern channel is also significant (p<0.001) given the same land cover conditions.  The median flood for the simulated modern channel and floodplain is about 1 to 4% higher than for the simulated historical channel.  The combined effect of changes in land cover and channel conditions results in an increase in the simulated median flood of approximately 14 to 23% with modern land cover and channel.
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Figure 5.6: Annual daily maximum flow for the St. Croix River at St. Croix Falls.

Table 5.11: Saint Croix River at St. Croix Falls annual flood: statistics using observed gage data and the annual daily maximum flow for different land cover and channel conditions.  



Conditions Simulated

Data Set
Observed
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/19th Century Channel

Statistic





Mean (cfs)
26,241
31,212
25,304
24,556

Standard Deviation (cfs)
9,296
14,788
10,699
10,880

Skew
0.080
1.050
1.108
1.145







Median (cfs)
25,500
27,192
22,825
22,005

Maximum (cfs)
45,100
71,526
53,149
52,560

Minimum (cfs)
7,660
13,000
11,284
10,752

Table 5.12: Saint Croix River at St. Croix Falls annual flood: analysis of the differences between the annual daily maximum flow from two simulations using different land cover and channel conditions.  

First Data Set


Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Presettlement Land Cover/ Presettlement Channel
Presettlement Land Cover/19th Century Channel

Second Data Set
Observed 
Modern Land Cover/ Modern Channel
Presettlement Land Cover/ Modern Channel
Modern Land Cover/ Modern Channel

Sign Test

Significance Level
0.136
<0.001
<0.001
<0.001

95% Confidence Interval on the Difference between  Medians in cfs

(First data set minus second data set)

Lower 
-776
-5443
-1029
-6221

Upper 
7352
-2852
-357
-3751

Percentage Differences


Difference/

Observed Median
Difference/

Modern Median 
Difference/

Modern Median 
Difference/

Modern Median 

Lower 95% 
-3%
-20%
-4%
-23%

Upper 95%
29%
-10%
-1%
-14%

Land Cover Changes and Flood Frequency Analysis

One objective of the study was to examine how land cover changes may affect the flood frequency distribution for floods in the Upper Mississippi basin.  The figures in this section show probability plots of the observed and simulated annual maximum floods with log functions fit to the data and a cumulative probability function on the horizontal axis.  For each gage site, the first graph shows a comparison of the observed and simulated floods for the modern conditions.  The second graph shows the data for three simulations: (i) modern land cover and modern channel; (ii) presettlement land cover and modern channel; (iii) presettlement land cover and historical channel.  Figure 5.7 shows how the coefficient of variation and skew affect the plot of the probability distribution.  For a lognormal distribution, the skew is related to the coefficient of variation (CV) by the following equation:
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where ( is the skew coefficient and CV is the coefficient of variation defined as the standard deviation divided by the mean.  Table 5.13 shows the relationship of the coefficient of variation CV and skew for the distributions plotted in Figure 5.7.  A coefficient of zero corresponds to a skew of zero and is a normal distribution.  A larger coefficient of variation implies a larger skew and a steeper slope for the probability distribution shown in Figure 5.7.  

Table 5.13: Relationship of the coefficient of variation CV and skew for the distributions plotted in Figure 5.7.

Coefficient of Variation (CV)
Skew

0.0
0.0

0.25
0.77

0.5
1.63

1.0
4.00

1.5
7.88
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Figure 5.7: Graph showing the effects of the coefficient of variation and skew on shape of the probability distribution.

2.9.3. Upper Mississippi River at Anoka

As noted in Table 5.5, for the Upper Mississippi River at Anoka, the simulated modern mean and median of the annual maximum flood was larger than the mean and median for the observed floods.  In addition, the coefficient of variation (the standard deviation divided by the mean) is smaller, and the skew is less positive.  The differences in these parameters of the flood frequency distribution can be seen in Figure 5.8.  The higher frequency floods are a poorer fit than the less frequent, higher magnitude floods.  Figure 5.9 is a graph of the flood frequency distributions for the three simulated sets of conditions.  The modern land cover and channel tend to increase the flood.  There seems to be a larger reduction in the size of the large floods.  Since there is a poor fit between observed floods and the simulation of modern conditions, it is hard to have much confidence in the simulated flood frequency distributions.
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Figure 5.8: Flood probability distributions for Mississippi River at Anoka using observed and simulated modern conditions
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Figure 5.9: Flood probability distributions for the Mississippi River at Anoka using three simulated conditions

2.9.4. Upper Mississippi River at Aitkin

The mean and median of the annual maximum flood for the Mississippi River at Aitkin is larger for the simulated modern conditions than for the observed values (Table 5.7).  The variance of the simulated floods is higher and the skew of the simulated floods is more positive.  The resulting differences in the flood frequency distribution can be seen in Figure 5.10.  Floods in the range of the low to median frequency range (cumulative probability of 0.05 to 0.60) show better matches between simulated and observed values.  For both the low magnitude and high magnitude floods, the simulated floods are larger than observed.  At Aitkin, the median floods were smaller with modern land cover than the prehistoric land cover, while the modern channel resulted in larger floods than the historic channel.  Figure 5.11 shows that the presettlement land cover and historical channel floods tend to be smaller in the middle frequency range of floods. Again, due to the poor fit between the simulation of modern conditions and observed floods, it is hard to have much confidence in the simulated distributions.
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Figure 5.10: Flood probability distributions for Mississippi River at Aitkin using observed and simulated modern conditions 
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Figure 5.11: Flood probability distributions for the Mississippi River at Aitkin using three simulated conditions

2.9.5. St. Croix River at St. Croix Falls

As in the previous two cases, the mean and median of the annual maximum flood for the St. Croix River at St. Croix Falls is larger for simulated modern conditions than for the observed values.  As can be seen in Figure 5.12, the simulated low-magnitude floods and high-magnitude floods are larger than observed, while there is a better fit in the median range of the frequency distribution (cumulative probability of 0.20 to 0.70).  This difference leads to a much larger positive skew for the flood frequency distribution of simulated floods than for observed floods.  Figure 5.13 shows the three simulated distributions.  The values for the simulation using presettlement land cover are consistently smaller than the simulations for modern land cover.  The magnitudes of the difference between the presettlement floods and the modern land cover floods seem to increase as the magnitude of the floods increase.
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Figure 5.12: Flood probability distributions for St. Croix River at St. Croix Falls using observed and simulated modern conditions
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Figure 5.13: Flood probability distributions for the St. Croix River at St. Croix Falls using three simulated conditions

2.10. Summary

The simulation of modern land cover and channel conditions does not do a good job of reproducing the observed flood frequency distribution.  Large differences are noted in the variance and skew of the distributions.  Certain ranges in the flood probability distribution fit better than other ranges, depending on the site.  Consequently, there is little confidence in the results of how changes in land cover or channel modifications will shift the flood frequency distribution.  The simulations show that reduced forest in the watersheds tend to increase the magnitude of floods.  Less forest cover in the floodplains reduces the roughness of the flood plains which also has a tendency to increase the magnitudes of floods.  Other changes in the channel, such as a shortening of the river by cutoffs between Grand Rapids and Aitkin, also tend to increase flood magnitudes.
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Appendix A: Description of the Historical Channel: 1874 Survey

Pokegama Falls to Mud River (near Aitkin)

Floodplain land cover: “The bottom lands between the valley’s sides are covered with a dense growth of elm, ash, basswood, birch, and spruce, while the high lands generally bear white and Norway pines”

Channel roughness: Several obstructions to navigation reported; “boulder slope” (Grand Rapids), “gravel and boulder bars” (Pine Rapids and Crooked Rapids) and “boulder reefs” (Sandy Lake Rapids and Moose Rapids); boulders and snags in the bed of the river

Aitkin to Brainerd

Rice River (11 miles above Aitkin) to Pine Knoll (16 Miles below Mud River)

Channel roughness: “Bottom of mud or sand”

Channel geometry: “The river has a good channel of 10 feet deep.  The immediate banks are about 12 feet high.”  “The river is about 200 feet wide.”

Floodplain land cover: “There is a thick growth of soft-wood trees, while the adjacent country, back from the river, is filled with small lakes, tamarack swamps, and quaking bogs.”

Pine Knoll to Pine River

Floodplain land cover: “The sandy bluffs here appear from 20 to 60 feet in height, covered with a growth of small pines and bushes, the more valuable pine having been entirely cut off.” (Therefore, the presettlement land cover is assumed to be pine trees.)

Brainerd to Fort Ripley

Floodplain land cover: “The river flows through high banks of high banks of sand covered with Norway, white, and jack pines; the country becomes more open as we leave Brainerd, some prairie approaching the river.”
Fort Ripley to Saint Cloud 

Channel roughness: “From Fort Ripley to Saint Cloud, the river is a series of rapids;” at Conradi’s Shoals (nine miles below Fort Ripley), a bar is formed out of course gravel; at Little Elk Rapids, “the bed of the stream is rock in place”

Floodplain land cover: Below Fort Ripley, the report notes that the pine forests of the floodplains have already been heavily timbered.  (Again, the presettlement land cover is assumed to be pine trees.)

Saint Cloud to Anoka

“Islands are of frequent occurrence;” sandbars are seen in all stages of growth

Channel roughness: “River bed, except in vicinity of islands, is composed of very course drift, varying in size from pebbles ... to boulders of several feet;” “among islands the bed is generally sandy;” “at rapids the bed is thickly covered with large boulders.”

Several sets of rapids are reported: Mosquito Rapids: “Bed of the river is covered with boulders;” “boulder reefs at Battle Rapids and Spring Rapids; “boulder bar” at Dayton Rapids; boulders at Anoka Rapids.

Floodplain geometry: “the river bed rests in an eroded valley, seldom exceeding one mile in breadth, and frequently reduced to a little more than the width of the river;”  “a cross section of the valley generally shows a terraced bench from twenty to thirty feet above the river, intermediate in elevation between the river banks and the tablelands.”

Coon Rapids

Channel roughness: “Bed of the river is thickly covered with boulders”
Channel geometry: “River widens from 675 feet above the rapids to 900 feet below.”

Report notes that a wing dam was already built in 1874 in a channel through the Thousand Islands

The 1874 survey of the Mississippi consisted of 21 drawings of the main channel in addition to several more detailed drawings of channel obstructions such as rapids.  A section of sheet 8 is shown in Figure A-1.  This section shows the confluence with the Sauk River, Sauk Rapids and the St. Cloud vicinity.
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Figure A-1: A section of map no. 8 for the 1874 survey of the Upper Mississippi by Maj. F. U. Farquhar.  This section shows the confluence with the Sauk River, Sauk Rapids and the St. Cloud vicinity.

Appendix B: Mathematics of the Muskingum-Cunge Method

Muskingum-Cunge routing is a modification of the Muskingum method where the parameters of the model are physically based.  The Muskingum equation is 
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where 
S = channel storage

K = reach travel time

X = weighting factor

I = inflow into reach

O = outflow from reach

The parameters K and X can be calculated from physical characteristics of the channel.
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where 
B = the top width of the water surface, 

S0 = bed slope,

c = the wave celerity in the x direction, 

(x = distance step

The wave celerity c is defined as follows:
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where 
Q = discharge

A = flow area  (USACE, 1994).

Appendix C: Hydraulic Model Data

Table C-1: Length and slope data for the modern channel.

Upstream
Downstream
Distance
Slope

Location
Location
(feet)
(ft/ft)

Grand Rapids
Libbey
    396,472 
0.00011

Libbey
Aitkin
    262,416 
0.00011

Aitkin
Brainerd
    275,088 
0.00008

Brainerd
Fort Ripley
    114,048 
0.00006

Fort Ripley
Little Falls
      69,168 
0.00051

Little Falls
Royalton
      45,408 
0.00077

Royalton
Champion
    126,192 
0.00036

Champion
St. Cloud
      13,200 
0.00023

St. Cloud
St. Cloud (Dam)
      19,008 
0.00058

St. Cloud (Dam)
Silver Creek
    104,016 
0.00034

Silver Creek
Elk River Confluence
    116,688
0.00068

Elk River Confluence
Coon Rapids
      96,624 
0.00028

Coon Rapids
Anoka
        7,392 
0.00088






Crow Wing River
Fort Ripley
      20,671 
0.00095

Crow River
Coon Rapids
    179,190 
0.00222

Rum River
Coon Rapids
      65,130 
0.00153

Table C-2: Length and slope data for the 1874 Channel.

Upstream
Downstream
Distance
Slope

Location
Location
(feet)
(ft/ft)

Grand Rapids
Libbey
   395,472 
0.00011

Libbey
Aitkin
   262,416 
0.00011

Aitkin
Brainerd
   275,088 
0.00008

Brainerd
Fort Ripley
   114,576 
0.00017

Fort Ripley
Little Falls
     88,704 
0.00056

Little Falls
Royalton
     45,936 
0.00096

Royalton
Champion
   126,720 
0.00039

Champion
St. Cloud
     13,728 
0.00052

St. Cloud
St. Cloud (Lower)
     19,008 
0.00058

St. Cloud (Lower)
Silver Creek
   104,016 
0.00034

Silver Creek
Elk River Confluence
   116,688 
0.00068

Elk River Confluence
Coon Rapids
    96,624 
0.00028

Coon Rapids
Anoka
       7,920 
0.00184






Crow Wing River
Fort Ripley
     20,671 
0.00095

Crow River
Coon Rapids
   179,190 
0.00222

Rum River
Coon Rapids
     65,130 
0.00153

Table C-3: Roughness coefficients for the modern channel.

Upstream
Downstream
Left
Channel
Right 

Location
Location
Floodplain

Floodplain

Grand Rapids
Libbey
 0.050 
 0.032 
 0.050 

Libbey
Aitkin
 0.050 
 0.030 
 0.050 

Aitkin
Brainerd
 0.050 
 0.031 
 0.050 

Brainerd
Fort Ripley
 0.050 
 0.034 
 0.050 

Fort Ripley
Little Falls
 0.050 
 0.033 
 0.050 

Little Falls
Royalton
 0.050 
 0.035 
 0.050 

Royalton
Champion
 0.050 
 0.031 
 0.050 

Champion
St. Cloud
 0.050 
 0.031 
 0.050 

St. Cloud
St. Cloud (Dam)
 0.050 
 0.030 
 0.050 

St. Cloud (Dam)
Silver Creek
 0.050 
 0.030 
 0.050 

Silver Creek
Elk River Confluence
 0.050 
 0.033 
 0.050 

Elk River Confluence
Coon Rapids
 0.050 
 0.029 
 0.050 

Coon Rapids
Anoka
 0.050 
 0.033 
 0.050 







Crow Wing River
Fort Ripley
 0.050 
 0.030 
 0.050 

Crow River
Coon Rapids
 0.050 
 0.030 
 0.050 

Rum River
Coon Rapids
 0.050 
 0.030 
 0.050 

Table C-4: Roughness coefficients for the 1874 Channel.

Upstream
Downstream
Left
Channel
Right 

Location
Location
Floodplain

Floodplain

Grand Rapids
Libbey
 0.10 
 0.061 
 0.10 

Libbey
Aitkin
 0.10 
 0.059 
 0.10 

Aitkin
Brainerd
 0.10 
 0.056 
 0.10 

Brainerd
Fort Ripley
 0.10 
 0.059 
 0.10 

Fort Ripley
Little Falls
 0.10 
 0.058 
 0.10 

Little Falls
Royalton
 0.10 
 0.060 
 0.10 

Royalton
Champion
 0.10 
 0.056 
 0.10 

Champion
St. Cloud
 0.10 
 0.056 
 0.10 

St. Cloud
St. Cloud (Lower)
 0.10 
 0.055 
 0.10 

St. Cloud (Lower)
Silver Creek
 0.10 
 0.055 
 0.10 

Silver Creek
Elk River Confluence
 0.10 
 0.057 
 0.10 

Elk River Confluence
Coon Rapids
 0.10 
 0.054 
 0.10 

Coon Rapids
Anoka
 0.10 
 0.057 
 0.10 







Crow Wing River
Fort Ripley
 0.10 
 0.055 
 0.10 

Crow River
Coon Rapids
 0.10 
 0.055 
 0.10 

Rum River
Coon Rapids
 0.10 
 0.055 
 0.10 

Appendix D: Color Figures


[image: image49.wmf]
Color Figure D-2.1: Presettlement land cover of Minnesota and Wisconsin (Cole et al, 1998).


[image: image50.wmf]
Color Figure D-2.2: Modern land cover of Minnesota and Wisconsin (Cole et al, 1998).
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[image: image52.png]Percent of Land in Farms by County: 1880
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[image: image53.png]Percent of Land in Farms by County: 1900
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[image: image54.png]Percent of Land in Farms by County: 1920
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Color Figure D-2.3a: The percent of land in farms based on the census of 1850, 1880, 1900 and 1920 (Maizel et al, 1998).
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[image: image58.png]Percent of Land in Farms by County: 1982
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Color Figure D-2.3b: The percent of land in farms in 1930, 1940, 1950 and 1982 (Maizel et al, 1998).


[image: image59.wmf]
Color Figure D-3.1: Presettlement and modern land cover and changes (Cherkauer, et al., 2000).

[image: image60.wmf]
Color Figure D-3.2: Evaporation changes in the Upper Mississippi River basin (Cherkauer, et al., 2000).

[image: image61.wmf]
Color Figure D-3.3: Changes in snow water equivalence in the Upper Mississippi River basin (Cherkauer, et al., 2000).
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*The following is the guideline for designation as a “scenic river:”


Those rivers or sections of rivers that are free of impoundments, with shorelines or watersheds still largely primitive and shorelines largely undeveloped, but accessible in places by roads.  (Interagency Council, 2000)


“Wild rivers” are designated with similar criteria but are generally inaccessible, while “recreational rivers” have development along the shorelines and may have undergone impoundment or diversion.  
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