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Executive Summary

Background

· This report describes another phase in the analysis of the flood frequency distributions for the Upper Mississippi, Missouri and Illinois Rivers.  An evaluation of a number of different flood frequency distribution estimation techniques was made in a previous phase of the study (HEC, 2000).  Based on this evaluation, the technical and interagency advisory groups (TAG and IAG) recommended adopting the basic flood frequency estimation methodology described in the federal guidelines, Bulletin 17B (IACWD, 1982) for estimating flood frequency curves (see HEC, 2000).

· These guidelines recommend using the log-Pearson III (LPIII) distribution to represent the flood frequency distribution.  This distribution is estimated by combining at-site (gage) and regional information on flood statistics.  At-site information obtained is the mean, standard deviation and skew of the logarithm of the annual flow series.  In the Bulletin 17B guidelines, regional skew information is weighted with the at-site skew value to obtain an adopted skew.  The TAG and IAG recommended using regional shape estimation to obtain the adopted skew rather than using the weighted skew value.  The LPIII distribution is estimated from the at-site mean and standard deviation, and the regional skew using the method of moments

Purpose

· The purpose of this study is to investigate various approaches for obtaining regionally consistent flood distribution estimates and methods for obtaining estimates at locations between gages in the study area.  The investigation will then be provided to the TAG and IAG for review and final recommendations on a regionalization strategy.

Methods

· The TAG and IAG recommended that the flood frequency distributions at locations between gages be estimated by combining the regional skew estimate with mean and standard deviation values obtained by linear interpolation with drainage area or river mile.

· The Corps districts involved in the study had a different perspective on how regionally consistent flood frequency distributions should be obtained.  They preferred obtaining a regular variation of estimated flood quantiles (e.g., the 1% chance flow) by using regression between drainage area or river mile and the at-site estimates of the flood quantiles.

· The approach taken to obtain regional consistency is to identify boundaries defining regionally consistent flood regimes and apply statistical techniques to obtain a regular variation in flood distribution characteristics within these boundaries.  The TAG/IAG and Corps approaches would be applied within these boundaries.

Data Base

· The cultivation of the study area was essentially complete by the beginning of the 20th century.  Furthermore, a great deal of levee construction and channelization had occurred by this time.  The overall impact on major floods due to these human activities is difficult to discern.  However, a study of the change in flood characteristics from the reach of the Missouri River, which has its near-natural storage characteristics (Yankton to Omaha), to the reach below Omaha shows that this impact must be significant.  For this reason, the period of record chosen for the study begins when the period of settlement was almost complete, or about 1898.  Gage records exist since that year that allowed the district to develop unregulated flow values for any regulation, diversion or channel modifications that occurred since this date. (see Table 1).

· A major effort was mounted by the Corps Districts to estimate unregulated flow values for the flood frequency analysis.  The unregulated flow values were obtained from either gage observations or from model applications.

· Unsteady flow modeling performed by St. Paul  indicated that the degree of regulation and channel modifications did not significantly influence observed floods from St. Paul to Clinton.  Rock Island district performed flood routing studies to determine the influence of tributary regulation between Clinton and Grafton.  Regulation did not significantly influence the observed floods during the period of record on the Illinois River at Marseilles or at Kingston Mines.

· Omaha and Kansas City districts performed a number of difficult and involved modeling studies to account for the regulation and diversions on tributaries to the Missouri River.  The unregulated Missouri River unregulated flows were obtained by routing model applications with the tributary flows.

· St. Louis District used the estimated unregulated inflows from the upstream reaches together with model estimated local flows from Grafton to St. Louis (Mississippi River) and Hermann to St. Louis (Missouri River) in an unsteady flow model to route unregulated flows to Thebes (Mississippi River).

Table1: Upper Mississippi Period of Record

	Location
	DA (sq mi)
	*Analysis period
	Systematic record
	Historic dates

	Yankton, Missouri River
	279500
	1898-1997
	-------
	-------

	Sioux City, Missouri River
	314580
	1898-1997
	-------
	-------

	Decatur, Missouri River
	316200
	1898-1997
	-------
	-------

	Omaha, Missouri River
	322800
	1898-1997
	-------
	-------

	Nebraska City, Missouri River
	410000
	1898-1997
	-------
	-------

	Rulo, Missouri River
	414900
	1898-1997
	-------
	-------

	St Joseph, Missouri River
	420300
	1898-1997
	-------
	-------

	Kansas City, Missouri River
	485200
	1898-1997
	-------
	-------

	Waverly, Missouri River
	487200
	1898-1997
	-------
	-------

	Booneville, Missouri River
	505690
	1898-1997
	-------
	-------

	Hermann, Missouri River
	528120
	1898-1997
	-------
	-------

	St Paul, Mississippi River
	36800
	1898-1998
	1867-1998
	-------

	Winona, Mississippi River
	59200
	1898-1998
	1878-1998
	-------

	Dubuque, Mississippi River
	82000
	1898-1998
	1874-1998
	1828

	Clinton, Mississippi River
	85600
	1898-1998
	1874-1998
	1851

	Keokuk, Mississippi River
	119000
	1898-1998
	1878-1998
	

	Hannibal, Mississippi River
	137000
	1898-1997
	1879-1998
	

	Louisiana, Mississippi River
	141000
	1898-1997
	-------
	

	Grafton, Mississippi River
	171300
	1898-1997
	-------
	

	St Louis, Mississippi River
	697000
	1898-1997
	1861-1998
	1785,1844

	Chester, Mississippi River
	708600
	1898-1997
	-------
	

	Thebes, Mississippi River
	713200
	1898-1997
	-------
	

	Marseilles, Illinois River
	8259
	1920-1998
	-------
	

	Kingston Mines, Illinois River
	15819
	1941-1998
	-------
	

	Meredosia, Illinois River
	26028
	1898-1997
	-------
	


Peak annual flows used for St. Paul and Winona,  maximum annual daily flows for all other gages

· A sensitivity analysis was performed to ascertain the impact of historic information on the flood frequency estimates.  The analysis showed that the addition of historic information only made a few percent difference in the 1% flood at most gages where historic information was available.  The exception to this was at St. Louis where the difference was about 6% if historic information circa 1750 is used.  Given the lack of relevance of the available historic information to present land use and channel conditions, and, the small sensitivity of flood frequency distribution estimates to this information, data prior to 1898 was not used in the estimation of flood quantiles.

Determining flood region boundaries

· The TAG recommended determining regions for obtaining regional skew (the regional shape parameter) by performing statistical analyses: examining the relationship between the coefficient of variation and drainage area,  computing discordancy and heterogeneity of gage statistics.

· The characteristics of the existing river channel, and the relationship between climate and flood regime were investigated to provide additional information useful in defining flood regions.  The definition of boundaries for obtaining regional shape recommended by the TAG is statistical; whereas using climate considers the natural processes which influence the variation of flood distribution characteristics.

· The statistical analysis used to examine the regional variation in annual flood statistics did not provide a completely conclusive argument for defining regions for the whole study area.  Particular difficulty was determining the region for the St. Paul and Winona gages on the Mississippi and the Illinois River gages.  These gages have drainage areas in the 10000-30000 square mile range, which seems to be in somewhat of a transition zone of statistics between information available for gages draining about a 1000 square miles and the very large drainage area gages on the Missouri and Mississippi mainstem.  A plot of log-standard deviation or coefficient of variation versus drainage area indicates that these gages may have different flood characteristics than the mainstem gages (see figure 1).  Discordancy and heterogeneity statistics indicate that St. Paul and Winona probably belong in a separate flood region; whereas, the Illinois River gages probably can be grouped with the Mississippi gages. Consequently, the statistical analysis argued for the following regions:

· Mississippi River: Dubuque to Thebes, and the Illinois river

· The Missouri River: Yankton to Hermann

· St. Paul and Winona on the Mississippi river may belong in a separate region or might be considered part of the Mississippi River
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Figure 1: Standard deviation of logarithms versus drainage area

· The investigation of channel characteristics revealed a likely flood boundary at Omaha on the Missouri River that was not identified in the statistical analysis.  As in most of the study area, channelization for navigation and levee construction has altered the flood-plain storage characteristics of the river.  However, no major levee systems exist above Omaha and the navigation channel only extends to a few miles upstream of Sioux City.  Presumably, the observed attenuation in most flood peaks and the decrease in annual mean maximum daily flow from Yankton to Omaha is due to the near-natural storage condition in this river reach.  Consequently, the reach from Yankton to Omaha should probably be considered as a separate region on the Missouri.

· Comparison of climate norms and historical floods resulted in a tentative location of boundaries between snowmelt dominated and rainfall dominated floods.  A clear boundary was identified at the confluence of the Kansas and Missouri Rivers.  A boundary on the Mississippi River was less clear, but a transition certainly occurs between Winona and Keokuk..

· An analysis of mixed distributions was undertaken to better identify transition regions between the snowmelt and rainfall dominated flood region.  Possibly, the mixed distribution analysis would indicate the importance of both rainfall and snowmelt flood contributions to the annual flood distributions (see figure 2)

· Omaha district has identified mixed distributions as being important to the estimation of the annual flood distributions upstream of Kansas City.

· Mixed distribution analysis was not useful in identifying boundaries on the Mississippi River.

· The 1993 flood is an extremely difficult event to account for in a standard analysis.  This event resulted from an unprecedented late winter, spring and summer distribution of rainfall, resulting in a summer peak.  The ranking of the event  was consistent in that it was top ranked in the regions where climate norms indicate rainfall should dominate.
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Figure 2: Comparison of annual and mixed distributions at Omaha

· The analysis of channel characteristics, climate and mixed distributions provided additional information for separating the Missouri River into the following flood regions:

· Yankton to Omaha

· Omaha to St. Joseph

· Kansas City to Hermann

· The annual or seasonal LPIII distributions used in developing the TAG/IAG regional shape or Corps regression regional flood quantile estimates were based on the statistics shown in Tables 2-5.

Table 2: Comparison of annual and seasonal statistics of log-flows for Omaha District Gages (mainstem Missouri River), maximum annual daily flows

	location
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)

	Yankton
	279500
	5.187
	0.137
	0.055
	4.985
	0.256
	-0.003
	5.147
	0.123
	-0.416

	Sioux City
	314580
	5.202
	0.132
	-0.024
	5.004
	0.249
	-0.085
	5.161
	0.119
	-0.475

	Decatur
	316200
	5.2
	0.131
	-0.058
	4.999
	0.246
	-0.067
	5.16
	0.119
	-0.472

	Omaha
	322800
	5.214
	0.133
	-0.066
	5.014
	0.243
	-0.046
	5.174
	0.121
	-0.345

	Nebraska City
	410000
	5.302
	0.118
	-0.047
	5.065
	0.221
	0.008
	5.28
	0.111
	-0.183

	Rulo
	414900
	5.308
	0.124
	-0.062
	5.06
	0.223
	0.096
	5.287
	0.117
	-0.1

	St Joseph
	420300
	5.328
	0.125
	0.047
	5.078
	0.225
	0.126
	5.307
	0.121
	0.013

	average
	
	
	
	-.022
	
	
	0.004
	
	
	-0.283


(1) Drainage area (square miles)

(2) Mean of annual max 1-day log-flows (annual)

(3) Standard deviation of annual max 1-day log-flows (annual)

(4) Skew of annual max 1-day log-flows (annual)

(5) Mean of annual max 1-day log-flows (January-April)

(6) Standard deviation of annual max 1-day log-flows (January-April)

(7) Skew of annual max 1-day log-flows (January-April)

(8) Mean of annual max 1-day log-flows (May-December)

(9) Standard deviation of annual max 1-day log-flows (May-December)

(10) Skew of annual max 1-day log-flows (May-December)

Table 3: Statistics of log flows, Kansas City District Gages (mainstem Missouri river gages)

	Location
	Area
	Mean
	Std deviation
	skew

	Kansas City
	485200
	5.399
	0.145
	0.278

	Waverly
	487200
	5.403
	0.144
	0.337

	Booneville
	501200
	5.444
	0.156
	0.162

	Hermann
	524200
	5.522
	0.166
	0.047


Table 4: Statistics of log-flows, Mississippi River

	1location
	area (sq mi)
	mean 
	std dev 
	skew 

	St Paul
	36800
	4.581
	0.261
	-0.269

	Winona
	59200
	4.942
	0.193
	-0.079

	Dubuque
	82000
	5.100
	0.153
	-0.065

	Clinton
	85600
	5.114
	0.146
	-0.149

	Keokuk
	119000
	5.249
	0.142
	-0.083

	Hannibal
	137000
	5.322
	0.158
	-0.183

	Louisiana 
	141000
	5.333
	0.150
	-0.017

	Grafton
	171300
	5.418
	0.131
	-0.072

	St Louis
	697000
	5.725
	0.135
	0.030

	Chester
	708600
	5.740
	0.136
	-0.071

	Thebes
	713200
	5.741
	0.135
	-0.062

	average
	
	
	
	-0.12


1Statistics based on peak annual flows for St. Paul and Winona, annual maximum daily flows otherwise

2St. Paul gage not included in average skew 

Table 5: Illinois River log statistics of annual maximum daily flow values

	location
	area (sq mi)
	mean
	std dev
	skew

	Illinois River , Marseilles
	8259
	4.643
	0.176
	-0.29

	Illinois River, Kingston Mines
	15819
	4.672
	0.146
	-0.2

	Illinois River, Meredosia
	26028
	4.763
	0.164
	-0.07


· The recommended final distributions estimates are shown in Table 6.  In viewing the results, note that mixed distribution analysis was used to estimate the flood quantiles from Yankton to St. Joseph.  The regression with drainage area estimates of quantiles was somewhat insensitive to the type of regression chosen (linear log-linear or second-degree polynomial).

Table 6: Recommended 1% quantile estimates

	Location
	area
	1% at-site
	11% shape
	%diff
	21% regression
	%diff

	Yankton 
	279500
	380200
	372500
	-2.03
	380200
	

	Sioux City 
	314580
	369500
	375000
	1.49
	369500
	

	Decatur 
	316200
	362300
	364900
	0.72
	362300
	

	Omaha 
	322800
	372500
	371900
	-0.16
	372500
	

	Nebraska 
	410000
	389400
	400600
	2.88
	386100
	-0.26

	Rulo 
	414900
	409400
	408200
	-0.29
	417000
	0.79

	St. Joseph 
	420300
	445000
	433600
	-2.56
	440700
	-0.52

	Kansas City
	485200
	584900
	572200
	-2.17
	563000
	-3.25

	Waverly
	487200
	589000
	576500
	-2.12
	604400
	1.89

	Booneville
	501200
	675500
	677700
	0.33
	697800
	3.27

	Hermann
	524200
	809700
	859200
	6.11
	793900
	-1.99

	St Paul
	36800
	134900
	147400
	9.27
	140800
	4.34

	Winona
	59200
	237700
	237700
	0
	213100
	-10.33

	Dubuque
	82000
	281900
	279400
	-0.89
	283200
	0.46

	Clinton
	85600
	274300
	277500
	1.17
	294100
	7.22

	Keokuk
	119000
	371700
	370200
	-0.4
	392000
	5.48

	Hannibal
	137000
	465300
	475900
	2.28
	443300
	-4.73

	Louisiana 
	141000
	478200
	468200
	-2.09
	454600
	-4.94

	Grafton
	171300
	518700
	515600
	-0.6
	538700
	3.87

	St Louis
	697000
	1104800
	1072300
	-2.94
	1104800
	

	Chester
	708600
	1117200
	1109800
	-0.66
	1117200
	

	Thebes
	713200
	1120800
	1111000
	-0.87
	1120800
	

	Marseilles
	8260
	103000
	109600
	6.41
	103000
	

	Kingston Mines
	15820
	98000
	100400
	2.45
	98000
	

	Meredosia
	26030
	137000
	135800
	-0.88
	137000
	


1Regional shape estimation, flood frequency distribution estimated using at-site mean and standard deviation, regional skew substituted for at-site skew

2At-site estimates used where %difference not shown

· Additional consideration needs to be given to estimating flood quantiles between Hermann and St. Louis and Grafton and St. Louis given the complications due to the confluence of the Missouri and Mississippi Rivers.

· The following decisions were made to obtain the final estimates; 

· General

1) The period of record that best represents the current land use begins in 1898, giving a period of record of 100 years for the gages in the study, except on the Illinois River;

2) Regions for obtaining regular variation of flood quantiles were defined based on examination of channel characteristics, climatology and regional variation of flood statistics;

3) Drainage area will be used to interpolate distribution statistics or quantiles between gages;

4) A mixed population analysis was used to estimate the flood distributions from Yankton to St. Joseph;

· Regional Shape

5) Missouri River is divided into three regions, Yankton to Omaha, Nebraska City to St. Joseph, and Kansas City to Hermann;

6) The Mississippi River is considered to be one region from St. Paul to Thebes;

7) The Illinois River gages are considered to be part of the Mississippi River Region.

· Regression of quantile with drainage area

8) The Missouri River is divided into the same regions as in regional shape estimation;

9) At-site estimates are used for gages between Yankton and Omaha;

10) Separate linear regressions were used to obtain regular variation of quantiles between Nebraska City and St. Joseph, Kansas City and Hermann;

11) A single regression with drainage area relationship was used to obtain a regular variation of quantiles between St. Paul and Grafton;

12) Linear interpolation with drainage area will be used to estimate flows between gages on the Missouri River between St. Louis and Thebes.

Concerns

· The following is among the concerns that need to be considered in evaluating the flood distribution estimates:

13) An annual analysis instead of a mixed population analysis might be used for the Yankton to St. Joseph gages on the Missouri River;

14) The decrease in peak annual floods between Yankton and Omaha might be an artifact of sampling error and not due to the available channel storage;

15) St. Paul and Winona do not belong in the Mississippi River region, instead of a regional skew of –0.1, the skew should be somewhat smaller, possibly –0.2;

16) The Illinois River gages do not belong in the Mississippi River region, particularly Marseilles and Kingston Mines, regional skew should be –0.2 rather than –0.1
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Figure 4.9: Missouri River, Omaha, NE, (DA 322800 sq mi, period 1898-1997)
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Figure 4.10: Elkhorn River, West Point, NE (DA 510 sq mi, period 1961-1998)
41
(Winter-Spring season, January 1 to April 30th)
41
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Figure 4.14a: Missouri River, St. Joseph, MO (Drainage Area 420300 sq mi, Period 1898-1997)
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Figure 4.14b: Missouri River, St. Joseph, MO (Drainage Area 420300 sq mi,
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Figure 4.15: Missouri River, Kansas City, KS, (DA 485200 sq mi, period 1898-1997)
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Figure 4.16: Missouri River, Hermann, MO, (DA 528120 sq mi, period 1898-1997)
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Figure 4.24: Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,
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Mississippi River, Hannibal, Missouri
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St. Louis, Mississippi River (regional skew = -0.1), annual maximum daily flows
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Figure 5.8: Comparison of at-site and regional shape flood frequency distribution estimates,
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1 Introduction

An investigation of flood frequency distribution estimation methods (see HEC, 1999) resulted in a recommendation by the technical and interagency advisory groups (TAG and IAG) to use the basic  methodology described in Bulletin 17B (IACWD, 1982) for obtaining at-site estimates of flood distributions for the Upper Mississippi Basin Flood Frequency Study.  The Bulletin recommends estimating flood quantiles (e.g., the 1% chance annual peak flow) using the  log-Pearson III distribution with method of moment estimation.  The TAG and IAG also recommended the use of regional shape estimation to obtain regionally consistent flood quantile estimates.  Regional shape estimation involves estimating average skew values for statistically homogenous regions and substituting this average value for the at-site value when estimating the flood-frequency distribution (i.e., the log-Pearson III).

An alternative approach suggested by the Corps Districts participating in the study is to estimate a regression relationship between at-site flood quantile estimates and either drainage area or river mile.  As in the case of regional shape estimation, regions would have to be identified to obtain useful regression relationships.

Identifying the region can be difficult because important regional differences may be obscured by the sampling error prevalent in flood statistics.  Ideally,  a region or flood region is defined by the confluence of major rivers (e.g., Kansas and Missouri, Illinois and Mississippi, Mississippi and Missouri), change in climatology or some other feature that is manifested in the observed flow series.

The purpose of this report is to compare various approaches for locating flood regime boundaries and regionalizing flood frequency distribution estimates within these boundaries.  The approaches investigated will be based on suggestions from the Technical Advisory Group and the Corps Districts participating in the study.

Identification of flood regimes and boundaries for regionalizing flood statistics will be based on: 1) the characteristics of the mainstem river channel; 2) the statistical characteristics of the flood record; and 3) the climatology of the region.  The mainstem channel characteristics have an important influence on the variation of flood peak along the Missouri River.  A potential regional boundary occurs where the most upstream major levee system was constructed at Omaha.  The reach of river above this location (from Gavins Point Dam to Omaha) has channel cross-section characteristics approximating the natural condition which provides considerable storage for floods.  The natural attenuation of flood peaks observed in this reach is not observed in the downstream channel which has been modified with dikes, levees and dredging for navigation and flood protection.

A statistically based approach proposed was proposed by the Technical Advisory Group (TAG) to obtain regional boundaries (see Hydrologic Engineering Center, 2000).  Once regions with statistically similar flood characteristics are defined, a regional skew coefficient (a regional shape parameter) is obtained as an average of the at-site gage estimates within the region.  The flood frequency distribution is computed from the at-site mean and standard deviation combined with the regional skew coefficient  used as the adopted skew coefficient.  Flood distributions in between gages are obtained by a linear interpolation of the mean flow and the standard deviation with either drainage area or river mile. 

Hydrologic and climate characteristics of the study region can also be used to obtain boundaries for obtaining regional skew or consistent estimates of flood quantiles.  A problem with identifying these boundaries is discerning the difference between an actual change in regime and the variability in sample flood distribution properties due to statistical sampling error or even measurement error.  Initially, the approach taken to determining these boundaries was to examine the influence of flood coincidence on the annual peak floods.  Attempts at this, (e.g., Illinois and Mississippi Rivers ) were inconclusive.  A portion of the time, coincidence does occur and has some noticeable influence on the peak flows.  However, translating this to an effective means of estimating flood distributions using a coincident frequency analysis is not likely to be fruitful (e.g., comments of Dr. Kenneth Potter, TAG committee member, HEC, 2000).  Establishing the distribution of floods by this method requires a reliable estimate of the conditional distribution of tributary flows given a major flood on the mainstem.  The sample of data available for this purpose is insufficient.

As an alternative, the influence of climate on flood distributions can be used to define boundaries for regionalizing flood frequency distributions. Discussions provided by Olsen and Stakhiv (1999)) and Clemetson (1998) describes the important relationship between climate and flooding on the Upper Mississippi and Missouri Rivers.

Consequently, the approach taken is to attempt to identify boundaries based on channel characteristics, statistical variation of flood characteristics, and climate across the study area.  Flood distribution estimates will be obtained for these regions using both Corps and TAG recommended techniques

Section 2 provides: 1) a brief history of the human settlement of the study area and the corresponding land and channelization projects brought about by this settlement; 2) the gage period of record relevant to present day conditions given this history; 3) the methods used to adjust the gage data for the effects of regulation and channel modification; and finally, 4) the sensitivity of flood frequency distribution estimates to the length of the period of record and historic information employed.

The regional variation of flood statistics and climate is described in section 3.  Some potential boundaries for regionalizing flood statistics are identified from this analysis.  The analysis of climate pointed to the seasonal variation of flood potential and the need to consider a mixed population analysis for estimating flood distributions, particularly on the Missouri River above Kansas City.  Section 4 describes the application of statistical tests and mixed population analysis to identify boundaries for regionalizing flood statistics and obtaining estimates of flood frequency distributions.  Finally, section 5 compares estimates of flood frequency distributions obtained by methods preferred by the TAG and the Corps districts for the identified regional boundaries.

2 Background

2.1 Introduction

The compilation of the flood record used for estimating the flood frequency distributions involved an extensive effort to develop a homogenous record unaffected by the influence of reservoir regulation and channel modifications.  Developing these records required some difficult decisions with regard to the selection of the period of record to employ and the modeling techniques needed to account for the impacts of the regulation.

Selection of the period of record considered the potential influence of human settlement, agricultural development and channel modification for navigation, on the flood record.  Section 2.2 provides a brief history of the impacts of human settlement on the study area.  This history provides the base information used to select the period of record selected for the flood frequency analysis.  The methods used and decisions made to obtain the unregulated flows for the selected period of record are briefly described in section 2.3.  The period of record selected begins in 1898. Historic information or systematic records prior to 1898 were not used in estimating flood frequency distributions because the changes in land use and channel characteristics prior to this date made this data either not relevant to present day conditions; or, the information available made the flood estimates unreliable.  Section 2.4 describes the sensitivity of flood frequency estimates to historic flood information to provide a perspective on the importance of this information.  

2.2 Impact of settlement on flood characteristics in the Upper Mississippi Basin

2.2.1 Introduction

Human settlement has caused a significant change in the flood characteristics of the Upper Mississippi Basin.  The changes have occurred due to the replacement of the natural forest and prairie by agricultural fields, the removal of the natural river meanders, braids and wetland storage by creating channels for navigation, and the introduction of dams and levees for flood control purposes.  One perspective on the impact of this change on the Missouri River is expressed by Belt (1980) (see also Schneider (1999) pg. 244):

This [navigation] project ….. has greatly reduced the channel and given the river less space to spread out in times of high flow.  …… A water volume of 618,000 cubic feet per second raised the river at Hermann [Missouri] to a gauge height of 33.3 feet in July 1951 at the peak of flooding there ….. a volume of only about 500,000 cubic feet per second produced a higher gauge reading of 33.7 feet in an April 1973 flood.

This observation only represents one aspect of the change in flood characteristics.  Other factors, such as the influence of cultivation are more difficult to quantify.

The changes brought about by human settlement have been astounding not only because of the impact on the hydrology of the study areas (and more importantly on the ecosystem as a whole); but also because of the pace of the change.  Settlement of the Upper Mississippi Basin began in earnest in the mid 19th century.  The conversion of prairie’s and forest, the channelization of hundreds of miles of river, and the construction of some of the largest dams in the world have occurred in a little more than 100-years.  Part of this rapid change has been due to an evolution in technology; where fields that were plowed using horse and mule are now cultivated by tractors; and where the revetments used to stabilize channels were constructed of hand made mats of willow and hand placed stone are now constructed using dredges and tows.  Those trappers, traders and explorers who were astounded by the first view of the valley from the rivers’ bluffs in the late 18th century would certainly be astounded by the change in the same view today.

The purpose of this section is to provide a description and chronology of the changes that have occurred in the study basin.  Establishing this chronology is important for selecting the period of streamflow record that can be used to estimate the unregulated flow frequency curves.

Section 2.2.2 provides a description of the changes in land use that have occurred since the study area has been settled.  The primary means of support for the new settlers was agriculture.  Better transportation systems were needed to move products as more land was cultivated and agriculture became more productive.  River transport for  these products was established by undertaking a massive channelization project to produce a navigable river.  In concert with this effort, reservoirs were constructed to help provide more regular flows for transport (at least on the Missouri River) and, together with levees, to reduce flood risk for the population settling on the flood plain.  Section 2.2.3 provides a description of the navigation and flood control system constructed in the study area.

2.2.2 Land use change

The land use of the study area has change dramatically from prairie and timber cover to agriculture as settlement from the eastern United States has occurred (see Table 2.1).  This change is well documented by the MBIC (1969) and Schneiders (1999).  Prior to the migration from the east, the area was populated by Native Americans who lived by hunting an subsistence farming.  These activities probably did little to change watershed hydrology, although it is possible that fire was employed to preserve grasslands (see Nelson, et al., 1999).

The settlement of the study area, and the eventual eradication of the Native American culture, began in the early 1800’s by government sponsored exploration, the development of a trapper/trading economy and the cultivation of river bottomlands.  The initial and probably most well known early exploration was by Lewis and Clark (1804-1806).  During this exploration period, the economy of the study area was dominated by the fur trade.  The products of the fur trade were transported along the river by steamboats.  River bottomland was also cultivated during this period, although it did not have great economic impact.  The cultivation of these areas was not likely to influence the watershed hydrology, and the flood characteristics of the mainstem river.

Significant land use change began during the period of settlement during the latter part of the 19th century.  The settlement was spurred by a number of factors: lack of opportunity elsewhere, government programs and the end of the Civil War.  The western portion of the study area, particularly the Missouri River Basin, was passed over by earlier western settlement partly due to the discovery of gold further west in Colorado and California, and partly due to the harshness of the conditions in the western prairies.  Once these western opportunities disappeared, the only land left for settlement was the western prairies.  Settlement here was encouraged by the government providing land at nominal prices through legislation such as the Homestead Act (1862).  This provided land for a population of men who had been previously engaged in the Civil War.

Agricultural development of the Missouri River Basin was stymied by both lack of water and the need to use plough animals in cultivation.  Various government reclamation acts were instituted to aid in bringing more land under cultivation in the 20th century.  Even more government sponsored water resource projects were built to provide employment as well as economic benefits during the great depression of the 1930’s.  These projects engendered a viable agricultural economy during the first half of the 20th century in the Missouri River Basin.

Technological innovation (e.g., replacement of the plough horse by the tractor) resulted in greater production with less land under cultivation (see MBIC, 1999).  Rural population decreased during this time as urban centers grew.

The land use change during this time had a significant impact on flood hydrology.  Cultivation changed the watershed storage and roughness characteristics that influence the volume and timing of land surface runoff contributions to great floods.

Table 2.1:  Chronology of settlement and agricultural development

	Activity
	Date
	Description

	Hunting/gathering
	Prior 1870
	Hunting and subsistence farming by Native Americans

	Exploration
	1800-1870
	Exploration funded by Government (e.g., Lewis and Clark), economy based on trapping and trading, river transport of goods by steamboat, some agricultural development in river valleys

	Settlement
	1850-1900
	Migration of eastern U.S. population to develop land for agriculture in river uplands (prairies and forests), end of Civil War freed a significant population to look for more opportunity, encouraged by government programs (Homestead Act), and more desirable locations had already been settled 

	Agricultural economy
	1900-1940
	Irrigation projects spurred by government reclamation acts spurred more cultivation, government public work activities to create work during 1930’s depression resulted in large water resource projects beneficial to agriculture 

	Agricultural industry
	1940-present
	Technology allows more production with less cultivated acres and labor, rural population decreases and urban areas grow


2.2.3 Channel modification on the Missouri River

A description of the history of the development on the navigation on the Missouri River is useful because it provides a glimpse at the chronology and impact of channelization and regulation on this river and parallels that of the Mississippi River.  The history of the development of flood control and navigation measures for the Missouri River is described in detail by Schneiders (1999).  This section provides a brief summary of the information provided in this reference.

The construction of a navigation channel and mainstem storage has been due to both the efforts of those living in the basin and the efforts of the federal government to improve or enhance the regional economy during the great depression of the 1930’s.  The Corps of Engineers was not entirely convinced that the cost of modifying the river channel was economically justifiable despite the local desire for these improvements.  Furthermore, Congress was not sympathetic to using federal funds to help with public works project in the 1800’s.  However, this attitude changed as the public saw a need for the government to provide disaster relief and steward the economy through difficult times.

The efforts of the local population to improve navigation in the mid 1800’s (see chronology displayed in Table 2.2) was spurred by the expensive rail costs for transporting agricultural goods.  The locals perceived river navigation as a means for reducing costs by providing an alternative to the railroad monopoly of transportation.  Snags, sand bars, unreliable flow levels, etc. made the river in its natural state barely usable for transportation.  The cost of modifying the river could not be born by the locals alone; and, consequently the locals appealed to congress for aid.

The proposals for modifying the river  during the history of development focused mostly on constructing a six foot deep navigation channel from Sioux city to the mouth.  Constructing the six foot channel was only considered a first step because the Mississippi navigation channel was being constructed to a 9 foot depth.  The locals knew a nine foot channel for the Missouri would eventually be necessary to create a significant amount of river traffic.

The navigation channel construction proceeded sporadically prior to the great depression of the 1930’s.  Both congressional and Corps institutional opposition, as well as World War I detracted from any committed effort to finish the channel.  However, the opposition to the channel, as well as many other public works project, dissipated when the federal government’s goal was to put people back to work during the great depression.  The public works programs involved the construction of many large water resource projects, including Fort Peck Dam (see Table 2.3).

The project building initiated by the public works program for the river was given more momentum by the great flood of 1943.  Congress in 1944 legislated the construction of five more mainstem dams in response to these floods.  The dams provided not only flood control; but also, the consistent river flow volumes necessary for a 9 foot navigation channel.  Subsequently, Congress authorized the construction of this channel in 1945.

The construction of the navigation canals involved placing revetments (channel bank stabilization) and dikes to stabilize and deepen the river channel.  Prior to the construction of the mainstem dams and the advent of more modern dredge technology, the dikes were constructed by extending groups of wooden piles from the shoreline perpendicular to the flow.  The dikes were staggered in rows and sometimes willow mats were strung between the piles.  The dikes induced sedimentation immediately downstream by reducing the river velocities, effectively creating a new river bank geometry.  The new shoreline results in a constricted channel, with high velocities that scoured out the main channel to sufficient depth for navigation.

The revetments were put in place to stabilize the river geometry for navigation purposes.  The river in its natural state meanders significantly while dropping its sediment load and forms ox-bow lakes.  The revetments were used to prevent this meandering from the desired navigation channel.  Construction of the revetments was tedious.  Willow mats were hand sewn and placed on the bank.  Then, rock was manually place on top of the mat to stabilize the bank.

The methods used to construct the navigation channel changed partly because of the reduction in sediment load due to the presence of the mainstem dams and partly to reduce construction costs.  The sediment load reduction made it infeasible to create a new bank line with pile dikes.  Instead, the new channel was created by partially excavating a channel and the placing crushed rock along its edge.  As with past techniques, this created a deeper navigation channel from the enhanced velocities caused by the excavation and rock fill.  The revetment requires minimal maintenance because the rock tends to fill in any pocket caused by toe scour.  Alternatively, pile dikes were place as before, except now rock is placed in between the staggered dikes to stabilize the channel.  These techniques are far less expensive to employ than those used in the past and lead to a more stable channel than those used prior to the construction of the mainstem dams.

Construction of pilot canals was an approach not used previous to dam construction to improve the navigability of the river.  These canals were constructed by creating a partial channel to cut off a river bend, effectively straightening the channel.  The constricted channel creates larger flow velocities which scour out a wider channel for navigation.

The construction of the dams and the navigation channel had a significant influence on the flood characteristics of the river.  The reduction in sediment load due to reservoir construction and reduction in flood plain storage has had some unexpected consequences.  Certainly, the risk of floods from the watershed above Gavins Point Dam has been reduced.  The flood situation due to tributary inflow below the dam has increased from the loss of flood plain storage, increase in river slope and constricted navigation channel.  Below the reservoirs, the lack of sediment has produced a degradation of the river bottom, increasing the slope of both the mainstem and tributary rivers draining to the river (tributary rivers down cut their channel to meet the Missouri).  This concentrates the flood waters in a shorter time.  The loss of flood plain storage has reduced the river systems natural ability to reduce peak flows.  These factors which tend to increase the flood peaks together with the human encroachment on the flood plain has made for a more severe flood condition.  Schneiders (1999, pg. 244) provides an example of the effect of these changes:

Confinement of the Missouri between pile dikes and revetments lowered the stream’s ability to transport high flows; consequently it took less water for the Missouri to overtop its banks.  In the 1920s, before channelization work at Waverly, Missouri, the river carried 150,000 cfs without flooding.  But after completion of the navigation project through central Missouri, the river flooded at Waverly in 1931, 1935, 1941 1942, 1943, 1944, 1945, 1947, 1948, 1949, 1950, 1951, and 1952 at 150,000 cfs. ….

Consequently, there has been significant changes to the river which have had a large impact on flood characteristics.

Table 2.2: Chronology of Missouri channel modifications implemented by Corps of Engineers

	Year
	Description

	1838
	Snag removal

	1882
	Congress endorses use of revetments

	1886
	Congress appropriates funds for 6 foot navigation channel, funds used for bank stabilization

	1891-1896
	Initial construction of navigation channel near mouth 

	1896-1902
	Work diminishes to snag removal

	1909
	Congress appropriates funding to re-start construction of 6 foot navigation channel

	1912
	Congress authorizes work for 6 foot navigation between Kansas City and Mouth 

	1917
	Construction on navigation channel interrupted as national resources directed towards struggle in World War I 

	1927
	Congress authorizes the upper river project, a 6 foot deep navigation channel from Sioux City to Kansas City

	1929-40
	Sioux City to Kansas City channel completed, significant progress below Kansas City

	1943
	Flood of 1943 provides impetus for dam construction that can be used for flood control and regulate flows for navigation

	1944
	Congress authorizes five mainstem reservoirs

	1945
	Congress authorizes construction of a 9 foot navigation channel from Sioux City to mouth

	1952
	Flood of 1952 does significant damage to existing navigation channel dikes and revetments

	1970
	Construction of navigation channel essentially complete


Table 2.3: Missouri mainstem reservoirs 

	Reservoir
	Location
	Initial operation

	Fort Peck
	Montana
	1937

	Garrison
	North Dakota
	1953

	Oahe
	South Dakota
	1958

	Big Bend
	South Dakota
	1963

	Fort Randall
	South Dakota
	1952

	Gavins Point
	South Dakota
	1955


Methods used to estimate unregulated flow values and period of record selected

The methods employed to estimate unregulated flows depended on the existing regulation influencing flows in a particular reach, and to some extent the hydraulic models available for simulating floods. The analysis on the Mississippi was much simpler than that on the Missouri River because there are no significant flood control reservoirs regulating flows on the Mississippi above the confluence with the Missouri.

Different methods were used to obtain the unregulated flows for gages located: 1) on the Mississippi River between St. Paul and Hannibal; 2) the Mississippi River between Grafton and Thebes; 3) Illinois River from Marseilles to Meredosia ; and, 4) on the Missouri River between Yankton and Hermann.  The unregulated record between St. Paul and Clinton was estimated to be equal to those reported in the gage record.  Unsteady flow simulations performed by St. Paul district demonstrated no significant influence of the existing minor regulation structures.  Rock Island district used an existing routing model to adjust the period of record between Clinton and Hannibal for the influence of reservoirs on the Iowa and Des Moines Rivers.

The computation of  unregulated flows on the Missouri River involved estimating the influence of both the reservoirs and water supply diversions on tributaries and the major flood control reservoirs on the mainstem.  Estimates of the tributary regulation and diversions were obtained by Kansas City and Omaha District and used as input to Omaha District’s Missouri River flood routing model.  Different scenarios were investigated to account for the storage and channel changes occurring in the study area over the period of record.

These computed unregulated flows were provided as inputs to St. Louis District’s unsteady flow model at Hermann and Hannibal.  Tributary flows between these locations and Thebes were estimated using continuous simulation watershed modeling.  These tributary flows together with inflows from the Hermann (Missouri River), Hannibal (Mississippi River) and Meredosia on the Illinois were routed to obtain Mississippi River unregulated flows between Grafton and Thebes.

The 1898-1997/1998 period of record selected to obtain the Missouri and the Mississippi River corresponds to relatively stable land use conditions.  The changes prior to this time, as well as the difficulty involved in obtaining reliable flow estimates made the use of earlier records unreliable.  The most convincing evidence for selecting this period is the variation in flood statistics between Yankton and St. Joseph on the Missouri River.  The channel between Yankton and Omaha is in a near-natural state.  Peak flows tend to attenuate in this reach of river due to the extensive flood plain storage (see section 5).  Below Omaha, this storage is not available due to the channelization of the river and the construction of major levees, the most upstream of which are at Omaha .  Consequently, much of the record existing prior to complete channelization, from the mid 1800’s, is not relevant to present day conditions.  Kansas City and Omaha District have been able to construct models that replicate channel conditions since 1898 to better estimate unregulated flows; but information does not exist to estimate the flows prior to this time.  The same problem exists on the Mississippi River.

The period of 1898-1997/1998 represent the longest period where flows can be reliably estimated for flood frequency analysis.  Table 2.4 and figure 2.1 provide the period of record available and locations for the gages used in the flood frequency analysis.  Note that maximum annual daily flows were used for all the gages; except at St. Paul and Winona where the difference between maximum daily and peak flows was found to be significant to the frequency analysis.

Table 2.4: Upper Mississippi Period of Record

	Location
	DA (sq mi)
	*Analysis period
	Systematic record
	Historic dates

	Yankton, Missouri River
	279500
	1898-1997
	-------
	-------

	Sioux City, Missouri River
	314580
	1898-1997
	-------
	-------

	Decatur, Missouri River
	316200
	1898-1997
	-------
	-------

	Omaha, Missouri River
	322800
	1898-1997
	-------
	-------

	Nebraska City, Missouri River
	410000
	1898-1997
	-------
	-------

	Rulo, Missouri River
	414900
	1898-1997
	-------
	-------

	St Joseph, Missouri River
	420300
	1898-1997
	-------
	-------

	Kansas City, Missouri River
	485200
	1898-1997
	-------
	-------

	Waverly, Missouri River
	487200
	1898-1997
	-------
	-------

	Booneville, Missouri River
	505690
	1898-1997
	-------
	-------

	Hermann, Missouri River
	528120
	1898-1997
	-------
	-------

	St Paul, Mississippi River
	36800
	1898-1998
	1867-1998
	-------

	Winona, Mississippi River
	59200
	1898-1998
	1878-1998
	-------

	Dubuque, Mississippi River
	82000
	1898-1998
	1874-1998
	1828

	Clinton, Mississippi River
	85600
	1898-1998
	1874-1998
	1851

	Keokuk, Mississippi River
	119000
	1898-1998
	1878-1998
	

	Hannibal, Mississippi River
	137000
	1898-1997
	1879-1998
	

	Louisiana, Mississippi River
	141000
	1898-1997
	-------
	

	Grafton, Mississippi River
	171300
	1898-1997
	-------
	

	St Louis, Mississippi River
	697000
	1898-1997
	1861-1998
	1785,1844

	Chester, Mississippi River
	708600
	1898-1997
	-------
	

	Thebes, Mississippi River
	713200
	1898-1997
	-------
	

	Marseilles, Illinois River
	8259
	1920-1998
	-------
	

	Kingston Mines, Illinois River
	15819
	1941-1998
	-------
	

	Meredosia, Illinois River
	26028
	1898-1997
	-------
	


Peak annual flows used for St. Paul and Winona,  maximum annual daily flows for all other gages
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Figure 2.1: Schematic of Upper Mississippi River Basin showing gage locations

2.3 Sensitivity analysis using historic information

Historic information is available for the study area.  Application of this information is questionable because the information is not uniformly available throughout the study area, land use and channel characteristics have changed over the period of record and accurate flow measurements do not exist for the observed stages.

The lack of uniformity of this information would cause statistical bias in the at-site estimate of flood frequency distribution estimates.  Basically, a significant disparity in record lengths available at various gages would occur in applying this data and causes bias in the regional variation of gage statistics.  This bias can be removed by performing correlation studies between long and short period of record gages.  However, this type of study is not worthwhile given the other limitations of the data.

The level of flooding which would occur assuming the historic event occurred under present conditions would be difficult to assess given the history of  land use and channel changes as described in section 2.2.  Furthermore, historic information is mostly available from observed stages, without accurate measurements of discharge.  At best, only the historic period for the observed peaks (e.g., the largest systematic peak is known to be the largest in the period of record) can be used to aid in estimating the flood frequency distribution.  Applying the historic information without inclusion of historic flood estimates, because it cannot be estimated from the stages, tends to introduce a bias toward lowering flood quantile estimates.  This is particularly true because historically large floods have been known to occur in the historic period.

A useful exercise for evaluating the flood distributions estimated from the systematic record is to examine the consistency of these estimates with distributions estimated from various assumptions regarding historic information.  Presumably, the distributions estimated from the different periods of record (i.e., systematic versus historic) will be consistent. 

Table 2.5 provides a summary of the historic information that could be obtained for the study area by the Corps Districts.  The best source of information seems to be at St. Louis (see Table 2.5).  The historic period discharges at St. Louis needed to be adjusted for flow measurement errors (see Dieckman and Dyhouse, 1998).   The data obtained for the Missouri River is of questionable value, mostly consisting of peak stage information that cannot be related to present day channel or land use conditions.  Ice affects also make the data difficult to interpret in the most upstream portions of the river.

The most reliable estimates of historic discharges (see Table 2.6) were used to estimate flood quantiles using the standard Bulletin 17B procedure and compared to those obtained for the selected systematic period.  The differences between estimates at the 1% and 0.2% chance events are generally less than 5%, except at St. Louis where historic information from the 1700’s is employed (see Table 2.7).  The comparison shows the consistency of flood quantiles obtained between the systematic period chosen and the historic information.  Consequently, the application of the historic information does not seem advisable given that: 1) it does not result in very different flood quantile estimates; 2) flood discharge estimates are not as reliable as those obtained during the systematic period; and 3) the relevance of the estimates to the present day land use and the river channel are difficult to evaluate.

Table 2.5: Historic information 

	Location
	Systematic Flow Period
	Historic Stages 
	Historic Flows

	1,2Sioux City
	1898-1997
	1878-1997
	1881

	1,2Omaha
	1898-1997
	1872-1897
	1881

	1,2Nebraska City
	1898-1997
	1878-1897
	1881

	2Rulo
	1898-1997
	1844, 1873-1897
	

	2Saint Joseph
	1898-1997
	1844, 1873-1897
	

	2Kansas City
	1898-1997
	1844, 1873-1897
	

	2Waverly
	1898-1997
	1844, 1873-1897
	

	2Boonville
	1898-1997
	1844, 1873-1897
	

	2Hermann
	1898-1997
	1844, 1873-1897
	

	Saint Paul
	1867-1997
	1866-1891
	31866-1891

	Keokuk
	1898-1998
	
	31851

	Marseilles
	1898-1998
	1881
	

	Louisiana
	1898-1997
	1858, 1873-1874,1878-present
	41873-1874,1878-present

	Grafton
	1898-1997
	1844, 1858, 1891-present
	51891-present

	Saint Louis
	1898-1997
	1785, 1844, 1851, 1854, 1858, 1861-present
	61861-present

	Chester
	1898-1997
	1844, 1891-present
	71891-present

	Thebes
	1898-1997
	1844, 1903, 1933-present
	81933-present


11844 flood was estimated to be 10 feet higher than flood of April 1881 (ice affected stage), the 1881 flood was reported to be 4.5 feet higher than the 1952 flood stage (the maximum event in systematic period of record)

2The Missouri River through the Kansas district was shortened for navigation/stabilization 40 miles from a 538 mile braided channel during the 19th century.

3Questionable reliability

4Estimated from rating curve

5Change in estimates from Corps float measurement to USGS current meter, 1931

6 Change in estimates from Corps float measurement to USGS current meter, 1926

7Change in estimates from Corps float measurement to USGS current meter, 1933

8 Change in estimates from Corps float measurement to USGS current meter, 1921




Table 2.6: Estimated flows used in sensitivity analysis

	Location
	Date
	Estimated discharge

	Clinton
	1828
	306000

	Keokuk
	1851
	360000

	St Louis
	1785
	1100000

	
	1844
	1000000


Table 2.7:  Comparison of Bulletin 17b estimated quantiles obtained from systematic period beginning in 1898 and historic period

	location
	area
	1%quantile
	1% historic
	%diff
	0.2% quantile
	0.2% historic
	%diff
	years

	St Paul
	36800
	134900
	137936
	2.25
	172900
	177872
	2.88
	132

	Winona
	59200
	237700
	231079
	-2.79
	297400
	283627
	-4.63
	121

	Dubuque
	82000
	281900
	275873
	-2.14
	338900
	322943
	-4.71
	125

	Clinton
	85600
	274300
	279252
	1.81
	322600
	326147
	1.1
	171

	Keokuk
	119000
	371700
	374198
	0.67
	439400
	441178
	0.4
	148

	Hannibal
	137000
	465300
	471144
	1.26
	551300
	559264
	1.44
	120

	St Louis
	697000
	1104800
	1042080
	-5.68
	1318200
	1222471
	-7.26
	263


Climatology

2.4 Introduction

The relationship between climate and floods is likely to provide useful information on developing the boundaries for regionalizing flood statistics.  Climate alone will not be able to explain entirely the variation of sample at-site flood statistics along the mainstem.  However, climate studies will be useful for obtaining some initial estimates of flood regions.  Further study of the at-site statistics and the physical characteristics of the mainstem channel will be used to refine the boundaries of these regions.

Excellent summaries of the relationship between climate and flooding in the Upper Mississippi Basin are provided by Olsen and Stakhiv (1999) and Clemetson (1998).  In section 3.2, a brief summary is provided of major floods .  These floods are related to climate norms in section 3.3 to gain a perspective on boundaries that might be used for regionalizing flood statistics.

2.5 Major Floods

The following types of meteorologic events drive major floods in the Upper Mississippi Basin (see Table 3.1 and also Olsen and Stakhiv (1999, figure 2.5):

1993 – Major multiple season event, caused primarily by late spring and summer convective rainfall of similar pattern to typical summer events, but of greater persistence, depth and duration.  This was the event of record on Missouri from Kansas City to St. Louis,  and from Keokuk to St. Louis on the Mississippi, and a significant event on the Missouri upstream of Kansas City to Nebraska City.

1952 – A winter snowmelt event influenced very little from precipitation. The event of record from Yankton to St. Joseph on the Missouri, and a significant event on the Upper Mississippi between St. Paul and Clinton;

1965 - A rainfall-snowmelt event occurring in late winter and early spring.  The type of event expected for this region.  This is the event of record on the Upper Mississippi from St. Paul to Clinton.

Either snowmelt, rain on snow or rainfall can cause major flooding at various locations within the study area.  Snowmelt alone seems to be able to cause a major flood in the Upper Missouri, certainly above St. Joseph given the ranking of the 1952 event.  Rain on snow probably is a major influence on both the Upper Missouri and the Mississippi above Clinton.  Rainfall seems to be most important south of these locations.

Table 3.1: Events of record, and rank of 1993 and 1952 events at various gages

	Location
	DA (sq mi)
	Top Ranked Event
	Rank 1993 event
	Rank 1952 event

	Yankton
	279500
	1952
	84
	1

	Sioux City
	314580
	1952
	50
	1

	Decatur
	316200
	1952
	45
	1

	Omaha
	322800
	1952
	24
	1

	Nebraska City
	410000
	1952
	3
	1

	Rulo
	414900
	1952
	2
	1

	St Joseph
	420300
	1952
	2
	1

	Kansas City
	485200
	1993
	1
	4

	Waverly
	487200
	1993
	1
	5

	Booneville
	505690
	1993
	1
	12

	Hermann
	528120
	1993
	1
	30

	St Paul
	36800
	1965
	6
	4

	Prescott
	44800
	1965
	5
	4

	Winona
	59200
	1965
	7
	4

	McGregor
	67500
	1965
	5
	4

	Dubuque
	82000
	1965
	2
	9

	Clinton
	85600
	1965
	5
	9

	Keokuk
	119000
	1993
	1
	3

	Hannibal
	137000
	1993
	1
	28

	Louisiana
	141000
	1993
	1
	15

	St Louis
	697000
	1993
	1
	15


Relationship between climate norms and major floods

The inspection of major historic floods implies the following important climatologic aspects of Upper Mississippi flooding:

Upper Missouri (Yankton to Nebraska City)

Flood regime where snowmelt is an essential component of the flood.  Snowmelt alone or rain and snowmelt combinations can cause major flood of record.

Transition Missouri River (Nebraska City to Kansas City)
Rainfall event or snowmelt related (snowmelt alone or rain on snow) events may cause a major flood event of record.

Lower Missouri (Kansas City to St. Louis)

Flood regime due to rainfall events.

Upper Mississippi, Northern Reach (St. Paul to Clinton)
Flood regime dominated by rain on snow events.

Upper Mississippi transition region (Clinton to Keokuk)

Rainfall, rain on snow may cause a major flood event

Upper Mississippi Southern Reach (Keokuk to St. Louis)
Rainfall events cause major floods of record

Inspection of the variation in monthly precipitation and snowpack norms in the study regions (see Tables 3.2 and 3.3) provides insight into the occurrence of these flooding regions.  Precipitation increases from northwest to southeast in the study region.  Precipitation is greater in Minnesota than the Dakotas, Iowa than Nebraska, Missouri than Kansas and Missouri than states to the north.  An interesting anomaly occurs when comparing the Kansas City and St. Louis gages.  The precipitation for these gages is about equal, indicating that monthly precipitation in eastern Kansas is about equal to that observed in southern Missouri.  Perhaps this combined with temperature explains the change from snowmelt to rainfall dominated flood regimes at the junction of the Kansas and Missouri Rivers. 

Comparison of monthly precipitation and snowpack totals, particularly in March through May indicates the relative importance of snowmelt only versus rainfall on snowmelt floods in the Dakotas, Nebraska and Minnesota.  Both the monthly snowpack and precipitation totals are greatest at St. Paul, except for the precipitation total in April which is greater at the North Platte station.  Basically, the drier climate to the west allows snowmelt alone to be a more dominant, if not the dominant factor, in the occurrence of major floods on the Upper Missouri River.

Moving south from Minnesota to Iowa, the snowpack in late winter and early spring decreases while precipitation amounts increase.  This is a bit misleading in that the rainfall occurring in the spring may shift from a more area wide synoptic to smaller scale convective types.  This coupled with high evaporation rates and dry soil conditions make summer floods less likely.  The occurrence of the 1993 flood is the clear exception to this in that it was a long duration, area-wide persistent occurrence of convective type events.  Still, the change in flood regime in Iowa pretty much corresponds to the relative distribution of snowpack and precipitation totals.

The precipitation and snowpack norms are very consistent with the dominance of the rainfall flood regime in Kansas and Missouri (see Dodge City, Kansas City and St. Louis gages).  Interestingly, the areal extent of the supposedly anomalous 1993 flood (see rankings in Table 3.1) corresponds perfectly well with the rainfall region described by the precipitation and snowpack norms.

In summary, the flood regime in the study area corresponds closely to the climatologic norms.  Perhaps this is not surprising, but the lack of influence of the upper portions of the study area runoff on the lower regions is interesting.  One might of suspected that very large floods in the upper basin might have had more influence on flooding in St. Louis.  This does not seem to happen, perhaps because the precipitation amounts, particularly in the Dakotas is not that great in relationship to the drainage area involved.

Although useful in providing a general explanation for the flood regimes, the climatologic norms do not provide definitive guidance for locating the boundaries of the region.  A more detailed analysis of the flood history is needed to better define the transition region as is discussed in section 4.

Table 3.2: Mean monthly rainfall (period of record ends 1960)

	Location
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep

	Bismarck, ND
	1.0
	0.6
	0.4
	0.4
	0.4
	0.8
	1.4
	2.0
	2.4
	2.2
	1.6
	1.6

	Fargo, ND
	1.4
	0.8
	0.6
	0.6
	0.6
	0.8
	1.8
	2.0
	3.0
	2.4
	2.6
	1.6

	Minneapolis, MN
	1.8
	1.6
	1.8
	0.8
	0.8
	1.4
	1.8
	3.0
	4.2
	1.8
	1.8
	2.9

	North Platte, NE
	1.2
	0.6
	0.4
	0.4
	0.4
	1.0
	2.2
	2.8
	3.0
	2.4
	2.2
	1.8

	Lincoln, NE
	1.8
	1.4
	0.8
	0.8
	0.9
	1.4
	2.4
	3.2
	4.2
	3.2
	3.2
	3.0

	Des Moines, IA
	2.4
	1.8
	1.2
	1.2
	1.0
	2.0
	2.4
	3.6
	5.0
	2.8
	3.8
	2.8

	Dubuque, IA
	2.4
	1.8
	1.6
	1.4
	1.0
	2.0
	2.4
	3.6
	5.0
	2.8
	3.8
	2.8

	Dodge City, KS
	1.6
	1.0
	0.4
	0.4
	0.6
	1.2
	2.4
	2.8
	3.0
	2.8
	2.8
	1.8

	Kansas City, MO
	2.8
	2.0
	1.6
	1.4
	1.0
	2.4
	3.6
	4.4
	5.0
	2.8
	3.8
	3.8

	St. Louis, MO
	3.2
	2.6
	2.0
	1.8
	0.6
	3.4
	3.8
	4.0
	4.4
	2.6
	3.6
	3.6


Table 3.3: Mean Monthly Snowpack (inches) (period of record ends 1960)

	Location
	Oct
	Nov
	Dec
	Jan
	Feb
	Mar
	Apr
	May 

	Bismarck, ND
	1.5
	5.5
	4.5
	7.5
	6.0
	8.5
	3.5 
	1.0

	Fargo, ND
	1.0
	6.0
	7.0
	7.0
	6.5
	6.5
	4.0
	0.5

	Minneapolis, MN
	0.5
	7.0
	7.5
	6.0
	8.0
	10.5
	7.0
	0.5

	North Platte, NE
	1.0
	3.0
	4.0
	4.0
	5.0
	6.5
	2.0
	0.5

	Lincoln, NE
	0.5
	2.0
	5.5
	5.5
	5.5
	5.5
	1.0
	<0.5

	Des Moines, IA
	0.5
	2.0
	7.5
	8.5
	7.0
	6.0
	1.0
	<0.5

	Dubuque, IA
	0.5
	2.5
	7.5
	9.5
	7.5
	7.5
	1.5
	<0.5

	Dodge City, KS
	0.5
	2.0
	3.0
	3.5
	5.0
	4.0
	1.0
	<0.5

	Kansas City, MO
	<0.5
	1.5
	4.0
	4.5
	3.5
	3.5
	0.5
	<0.5

	St. Louis, MO
	<0.5
	1.5
	3.0
	4.0
	3.0
	3.5
	<0.5
	<0.5


3 Identification of flood regions from statistical and mixed population analysis

3.1 Introduction

The type of meteorologic events influencing the flood distributions transition from snowmelt or rain on snow to rainfall.  Presumably, this meteorologic transition should be apparent when examining both the regional variation of flood statistics and the mixed population characteristics of the flood distributions.  The transition region should be located where both rainfall and snowmelt related floods have an important influence on the annual distribution.  In section 4.2, the regional variation of flood statistics is presented for comparison with the information presented in the previous section on climatology and with the analysis of mixed distribution presented in this section.  In sections 4.3 and 4.4, an investigation is made of mixed populations at both mainstem and tributary gages to ascertain if the transition region can be recognized and used for setting regionalization boundaries. The regionalization boundaries corresponding to the mixed distribution analysis need to be consistent with the regional variation in at-site flood statistics.  Final recommendations on the regionalization boundaries are provided in section 4.5.

3.2 Regional variation of flood statistics

The regional variation of flood statistics was explored by plotting flood statistics against drainage area, and by computing discordancy and heterogeneity statistics for groups of gages.  The difference between regional flood statistics at various gages can readily be discerned from the plot of the standard deviation of the log annual maximums (SDl) versus drainage area shown in figure 4.0.  The SDl is examined because it is used in estimating the log-Pearson III distribution and it behaves much like the coefficient of variation (CV) for the observed flows (CV is the standard deviation divided by the mean).  The variation of SDl depicts a transition zone between drainage areas of 10,000 and 100,000 square miles.  This statistics varies greatly between the St. Paul gage on the Mississippi River and Meredosia and Kingston Mines gages on the Illinois River within this drainage area range.  Otherwise, the SDl is relatively constant for gages with drainage areas exceeding 80,000 square miles, which describes most of the gages of interest in this study.

A different perspective on the variation in flood statistics is provided by the change in mean, standard deviation and CV for observed flows with drainage area shown in figure 4.0a.  As can be seen from this comparison, the variation of standard deviation  and mean with drainage area is not the same for  Missouri and Mississippi Rivers (see values at about 100,000 square miles).  This variation is an artifact of the meteorologic differences between the basins.

Figure 4.0b provides some evidence for differences between basins with latitude by comparing SDl for gages in northern to more southern states in the region.  Differences with latitude might be explained by the change in climate (rain on snow versus rain driven floods).  However this variation does not exist for the larger basins of interest in the study area.

As a final comparison, discordancy and heterogeneity statistics (see Hosking and Wallis, 1997) were computed for different aggregation of gages to identify potential regions for obtaining regional skew.  The discordancy statistic provides a means for identifying flow records at a gage with statistical characteristics which deviate more than would be expected from the average statistical characteristics of gages within a region.  The heterogeneity statistics measure the difference between the average sample statistics of an aggregation of gages (a region) and the sample statistics implied by an index flood distribution.  More specifically:

H(1) measures the relative difference between the aggregate sample L-CV and the flood distribution L-CV;

H(2) measures the difference between the average distance from the centroid of the sample and distribution L-CV versus L-skewness relationship;

H(3) measures the difference between the average distance from the centroid of the sample and distribution L-skewness versus L-kurtosis  relationship;

The H(I) criteria are used to determine if an aggregation of gages can be considered a region.  Values less than 1.0 implies a fairly homogenous region, between 1 and 2 marginally acceptable, and exceeding 3 as heterogeneous and not likely to be acceptable. The TAG recommended focusing on H(3) alone for regional shape estimation type applications.  This recommendation assumed that at least 100-year of record would be available at all the gages in the study.  Basically, this is true except for the Illinois River gages (see Table 2.1).

Table 4.1 summarizes the application of the discordancy and heterogeneity statistics to various aggregation of gages within the study area.   The discordancy statistic (D1 an D2) indicates that the St. Paul and Winona gages should not be part of a Mississippi River Region.  The H(3) statistic indicates that an aggregation of all Mississippi gages is acceptable, although consideration of the H(1) statistic would only indicate Dubuque to Thebes as acceptable.  If gages were to be aggregated based on similar L-CV, the St. Paul and Winona would not be placed in the same region as the remaining Mississippi River Gages.

The Missouri River gages seem to correspond to a single region according to the statistics shown in the table.  The Illinois river mainstem gages were grouped with Mississippi River gages and with gages tributary to the Illinois River that have drainage areas greater than 1000 square miles (see Table 5.15).  As can be seen, the H(I) statistics indicate a grouping with the Mississippi gages is more reasonable than with the tributary gages.

In summary, the variation of flood statistics argue for a Mississippi and Missouri river region.  Special consideration, possibly in the application of a sensitivity analysis, is needed when considering the Illinois River, St. Paul an possibly the Winona gages.  Examination of the variation of log-standard deviation with drainage area, as well as the discordancy and heterogeneity statistics indicate that these gages belong in a region somewhere between gages with drainage areas less than 1000 square miles, and the other large drainage area gages in the study (drainage areas greater than 80,000 square miles).  Unfortunately, these transition gages are somewhat unique in terms of drainage area, and may be difficult to place within a regional context.

Table 4.1: Gage region statistical tests using Hosking and Wallis (1997) L-moment criterion, log-flows

	Region
	D1
	D2
	H(1)
	H(2)
	H(3)

	All stations
	5
	3
	17.26
	-2.15
	-2.12

	Mississippi, St. Paul-Thebes
	4
	1
	16.03
	-2.12
	-1.21

	Mississippi, Winona-Thebes
	4
	1
	7.05
	-2.60
	-2.01

	Mississippi, Dubuque-Thebes
	4
	
	2.26
	-2.22
	-1.60

	Mississippi, Dubuque-Thebes, Illinois River
	6
	
	6.16
	-2.58
	-2.25

	Illinois River & tributary, area gt 1000 sq mi
	3
	1
	11.34
	2.43
	3.07

	Illinois River & tributary, area gt 2000 sq mi
	3
	
	8.45
	0.16
	1.37

	Missouri River
	3
	
	10.82
	-0.50
	0.18


D1 number of stations with discordancy measure greater than 1.0

D2 number of stations with discordancy measure greater than 2.0

H(1) Heterogeneity measure using dispersion of L-CV (coefficient of variation)

H(2) Heterogeneity measure using dispersion from center of L-CV vs L-skewness  region

H(2) Heterogeneity measure using dispersion from center of L-skewness vs L-kurtosis region
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Figure 4.0: Standard deviation of log-annual peaks/maximum daily flows versus drainage area

(annual maximum daily flows for areas greater than 70000 square miles)
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Figure 4.0a: Variation of mean, standard deviation and coefficient of variation of peaks/annual maximum

daily flows with drainage area (annual maximum daily flows for areas greater than 70000 square miles)
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Figure 4.0b:  Variation of standard deviation of log annual peaks with drainage area and latitude

3.3 Mixed distribution analysis for the Missouri River

The mixed characteristics of the flood distributions on the Missouri River have been investigated by Kay (1999 and 2000).  He found that the importance of seasonal influences on the annual flood distributions corresponds very closely with the climate regions described in section 3.  The annual flood distributions upstream of Kansas City are influenced by plains snowmelt flood in the period from January through April, and snowmelt floods generated in the mountainous north western portion of the watershed augmented by general rainfall events over the entire basin from May through September.  Rainfall floods clearly replace snowmelt as the dominant factor below the confluence of the mainstem with the Kansas River.  The Kansas River is dominated by rainfall floods and this has a major impact on the mainstem flood distribution.

Estimating the annual flood distribution from an analysis of the mixed seasonal flood series results in significantly greater flood quantile estimates (e.g., the 1% chance flood) than obtained from the annual for the mainstem gages upstream of Kansas City (see Tables 5.1-5.3) .  Consequently, the evidence for a mixed analysis is evaluated in this section given the significant difference between the estimated quantiles.

The climatic and hydrologic factors influencing the seasonality of the flood distribution can be appreciated by examining the daily annual flow traces shown in Appendix A for the top ranked floods in the period of record.  As can be seen from the plots, two distinct flood peaks can be seen in most of the traces, peaks due to plains snowmelt in the period January through April, and May through September due to rain on snow in the mountainous areas in the western portion of the watershed.  The notable aspect of these traces is that the snowmelt plain floods in the January through April time period do not contribute to the latter period peaks.   This is indicative of separable and independent flood peaks.

Kay (1999) describes the climatologic and hydrologic conditions that cause the differences in the population:

a)….. The plains and mountain snowmelt periods are distinctly different, with the plains snowmelt (potentially) covering hundreds of thousands of square miles on frozen or partially frozen soils, while the mountain snowmelt occurs over a relatively small area.  The plains snowpack rarely exceeds 5 inches of snow-water equivalent, while the mountain snowpack can contain 40 or more inches of snow-water equivalent.  The mountain snowmelt tends to produce a hydrograph with pronounced diurnal effects (at least in the upper basin areas), while that is rarely seen in the plains snowmelt.  Additionally, the peak rainfall period (at least in Omaha District [note: Corps of Engineers District]) is in the May and June timeframe, which falls on top of the mountain snowmelt period.

b)….. The plains snowpack can vary significantly year-to-year, in both depth and coverage.  I believe this alone can account for much of the large variance in this population [note: reference to the January through April season population].  Climate and runoff characteristics can also account for some of the variance.  The western plains area tends to warm up more rapidly in the spring than the eastern Dakotas, increasing the snowmelt rate.  Runoff in the western plains also tends to be more rapid due to more rugged topography.  Thus, depending on where the snowpack is centered, the peak discharge can vary considerably, even though the total volume may not.
The differences between the annual distribution determined from either the annual or seasonal periods of record can be readily seen from the plots shown for the mainstem gages (see figure 4.1, Yankton, figure 4.4, Omaha, figure 4.14, St. Joseph, figure 4.15, Kansas City and figure 4.16, Hermann).  As can be seen from the plots, the standard deviation (the slope of the plotted distribution) of the January through April (winter-spring) distribution is much greater than that of the annual or May through September (summer) distributions for the gages upstream of Kansas City.   The confluence of the Kansas River with the mainstem results in a change in flood regime where mixed distributions are unimportant.  At this point, the summer period rainfall driven floods essentially define the annual distribution and the winter-spring floods are unimportant.

An investigation of other gages on tributaries to the Missouri River unaffected by regulation was performed to see if mixed populations contribute to the annual flood distribution for smaller basins.  Observation of seasonal influences for these smaller basins would provide more evidence for the mixed distribution application to the mainstem gages. 

The gages investigated, corresponding drainage areas, record lengths and period are shown in Table 4.2.  The drainage areas of tributary gages investigated range from 78 to 20653 square miles. Top ranked events can occur in the summer for the smaller drainage area gages as shown in Table 4.3.  This observation is in some respect influenced by the period of record.  Sometimes the period of record for these gages does not include 1952  (the event of record on the mainstem above Kansas City) or the 1952 event is a summer event not related to the major flood occurring on the mainstem.  More typically the latest observed peak annual flood at any of the gages is rainfall related occurring in late spring (late June) or summer and is more than likely not influenced by snowmelt  As the drainage areas investigated become larger, late summer events become less important.

Interestingly, the 1952 event is not the event of record at any of the tributary gages investigated.  For example, consider the two largest tributary basins examined where this event was ranked 12th on the James River at Scotland and 39th on the Elkhorn River at Waterloo.  As Kay (1999) points out, the 1952 event was centered between Bismarck and Pierre, influencing tributary streams that are now regulated.  Consequently, the tributary streams do not provide any good examples of the influence of the mainstem event of record on the mixed distribution analysis.

An additional perspective on the relative importance of mixed distributions can be judged by comparing mainstem and tributary plots of annual and winter-spring distributions. The summer distributions were not plotted in the case of the tributary gages because there were insufficient non-zero events for the Bulletin 17B procedure to estimate the summer distributions.  Comparison plots made between mainstem and tributary distributions are:

· Missouri River, Yankton vs James River at Manfred, Grace City and Scotland, Little Vermillion River at Salem, Vermillion River at Wakonda, Big Sioux River at Brookings and Dell Rapids (figures 4.1-4.8);

· Missouri River, Omaha vs Elkhorn River at West Point and Waterloo, Little Blue River at Fairbury, Big Nemaha at Falls City (figures 4.9-4.13);

The plots for the tributary streams show that, in general, the annual distribution is adequately described by the annual series.  The seasonal series do not demonstrate the large standard deviation relative to the annual series distribution, and approximately zero skew of the seasonal series typical of the mainstem gages.  The possible explanation for the difference between the mainstem and tributary distributions are: 1) the smaller record lengths; 2) the relatively small ranking of the 1952 event in the period of record (when present) and 3) the importance of drainage area to observed variability.  The period of record might play a role in that the drought of the 1930’s is not present in some of the tributary gage data.  Still, the period of record at both Scotland on the James River figure(4.8, drainage area 20653 sq mi) and at Waterloo on the Elkhorn River (figure 4.13) (drainage area 6900 square miles) is relatively long and includes the drought period.  Inspection of these plots does not reveal the need for a mixed distribution analysis for the Scotland Gage; although there is possibly some minor evidence at the Waterloo Gage.  The apparently important difference between the annual and seasonal flood series does not exist for these gages as exists for the mainstem gages.

Drainage area may provide an explanation for the differences between the relative importance of seasonal distributions observed at the tributary and mainstem gages.  The Scotland and Waterloo gages have the greatest drainage area of the tributary gages investigated but are small drainage areas in comparison to the area draining to the mainstem gages.  The spatial distribution of snowpack and basin characteristics might be such as to cause a relatively large variance in annual floods for the large mainstem systems but not for the tributary rivers.

Consequently, a reasonable boundary between flood regimes on the Missouri River is probably at Kansas City, the location of the confluence between the Missouri and Kansas Rivers.   This boundary is evident from the analysis of the mixed distribution characteristics of the annual maximum daily flow values.  The mixed populations are most evident at the most upstream gage, Yankton and has less influence proceeding downstream to St. Joseph.  A change in flood regime characteristics occurs at the confluence of the Kansas and Missouri Rivers where late spring and summer rainfall dominate and early spring snowmelt is not an important factor.

Table 4.2: Gage unaffected by regulation in the Missouri River Basins

	Location
	DA (sq mi)
	Record length
	Period

	Painted Woods Creek, Wilton, ND
	427
	40
	1958-1998

	Big Muddy Creek, Almont, ND
	456
	36
	1946-1998

	Rock Creek, Fulton, SD
	240
	23
	1967-1998

	Enemy Creek, Mitchell, SD
	163
	22
	1976-1998

	Wolf Creek, Clayton, SD
	396
	23
	1976-1998

	Little Vermillion, Salem, SD
	78
	32
	1967-1998

	James River, Manfred, ND
	253
	39
	1950-1994

	James River, Grace City, ND
	1060
	30
	1969-1998

	James River, Scotland, SD
	20653
	70
	1929-1998

	Vermillion River, Wakonda, SD
	2170
	53
	1946-1998

	Big Sioux River, Brookings, SD
	3898
	45
	1954-1998

	Big Sioux River, Dell Rapids,SD
	4483
	50
	1949-1998

	Big Nemaha River, Falls City, NE
	1340
	56
	1941-1998

	Chariton River, Novinger, MO
	1370
	75
	1917-1997

	Chariton River, Prairie Hill, MO
	1870
	68
	1928-1997

	Elkhorn River, West Point, NE
	510
	38
	1961-1998

	Elkhorn River, Waterloo, NE
	6900
	80
	1899-1998

	Grand River, Gallatin, MO
	2250
	61
	1922-1997

	Grand River, Sumner, MO
	6880
	74
	1922-1997

	Little Blue River, Fairbury, NE
	2350
	78
	1908-1998

	Little Sioux River, Correctionville, IA
	2500
	73
	1919-1998

	Nishnabotna River, Hamburg, IA,
	2806
	72
	1908-1998

	Platte River, Agency, MO
	1760
	71
	1917-1998

	Thompson River, Trenton, MO,
	1670
	71
	1924-1996

	West Nishnabotna River, Randolph, IA
	1326
	49
	1949-1998

	Missouri River, Yankton ,SD
	279500
	100
	1898-1997

	Missouri River,Sioux City, IA 
	314580
	100
	1898-1997

	Missouri River,Decatur, NE 
	316200
	100
	1898-1997

	Missouri River, Omaha, NE
	322800
	100
	1898-1997

	Missouri River, Nebraska City, NE
	410000
	100
	1898-1997

	Missouri River, Rulo, NE
	414900
	100
	1898-1997

	Missouri River, St. Joseph, MO 
	420300
	100
	1898-1997

	Missouri River, Kansas City, KS
	485200
	100
	1898-1997

	Missouri River, Waverly, MO  
	487200
	100
	1898-1997

	Missouri River, Boonville, MO 
	505690
	100
	1898-1997

	Missouri River, Hermann, MO 
	528120
	100
	1898-1997


Table 4.3: Rank of 1952 event and top ranked events for Missouri River gages

	Location
	DA (sq mi)
	1952 rank
	1952 date
	Top rank

	Painted Woods Creek, Wilton, ND
	427
	
	--------------
	4/19/1979

	Big Muddy Creek, Almont, ND
	456
	
	--------------
	4/17/1950

	Rock Creek, Fulton, SD
	240
	
	--------------
	3/29/1997

	Enemy Creek, Mitchell, SD
	163
	
	--------------
	6/22/1984

	Wolf Creek, Clayton, SD
	396
	
	--------------
	6/21/1984

	Little Vermillion, Salem, SD
	78
	
	--------------
	7/04/1993

	James River, Manfred, ND
	253
	
	--------------
	7/23/1993

	James River, Grace City, ND
	1060
	
	--------------
	4/03/1993

	James River, Scotland, SD
	20653
	12
	4/23
	6/23/1984

	Vermillion River, Wakonda, SD
	2170
	11
	4/4
	6/23/1984

	Big Sioux River, Brookings, SD
	3898
	
	--------------
	4/09/1969

	Big Sioux River, Dell Rapids,SD
	4483
	
	--------------
	7/09/1969

	Big Nehama River, Falls City, NE
	1340
	
	--------------
	10/11/1973

	Chariton River, Novinger, MO
	1370
	56
	3/13
	6/**/1917

	Chariton River, Prairie Hill, MO
	1870
	58
	3/19
	10/05/1973

	Elkhorn River, West Point, NE
	510
	
	--------------
	6/15/1967

	Elkhorn River, Waterloo, NE
	6900
	39
	3/13
	6/12/1944

	Grand River, Gallatin, MO
	2250
	49
	3/11
	6/04/1944

	Grand River, Sumner, MO
	6880
	36
	3/12
	6/08/1947

	Little Blue River, Fairbury, NE
	2350
	14
	6/28
	**/**/1992

	Little Sioux River, Correctionville, IA
	2500
	21
	4/4
	4/07/1965

	Nishnabotna River, Hamburg, IA,
	2806
	47
	6/23
	6/17/1998

	Platte River, Agency, MO
	1760
	
	--------------
	7/06/1993

	Thompson River, Trenton, MO,
	1670
	47
	6/21
	6/06/1947

	West Nishnabotna River, Randolph, IA
	1326
	10
	6/22
	5/26/1987


Period of record does not include 1952 event or 1952 was not a winter-spring event as indicated by (--------------)
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Figure 4.1a: Missouri River, Yankton, SD, (DA 279500 sq mi, period 1898-1997)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)
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Figure 4.1b: Missouri River, Yankton, SD, (DA 279500 sq mi, period 1898-1997, minus 1952)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)
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Figure 4.1c: Missouri River, Yankton, SD, (DA 279500 sq mi, period 1898-1997,)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)

Distributions other than annual obtained by censoring values less than the median
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Figure 4.2: Little Vermillion River, Salem, SD, (DA 78 sq mi, Period 1967-1998)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.3: James River, Manfred, SD (DA 253 sq mi, period 1950-1994)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.4: James River, Grace City, ND, (DA 1060 sq mi, period 1969-1998)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.5: Vermillion River, Wakonda, SD (DA 2170 sq mi, Period 1946-1998)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.6: Big Sioux River, Brookings, SD (DA 3898 sq mi, Period 1954-1998)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.7: Big Sioux River, Dell Rapids, (DA 4483 sq mi, Period 1949-1998)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)
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Figure 4.8: James River, Scotland, SD (DA 20653 sq mi, period 1929-1998)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)
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Figure 4.9: Missouri River, Omaha, NE, (DA 322800 sq mi, period 1898-1997)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)
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Figure 4.10: Elkhorn River, West Point, NE (DA 510 sq mi, period 1961-1998)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.11: Little Blue River, Fairbury, NE (DA 2350 sq mi, Period 1908-1998)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.12: Big Nemaha, Falls City, NE (DA 1340, Period 1941-1998)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.13: Elkhorn River, Waterloo, NE, (DA 6900 sq mi, period 1899-1998)

(Winter-Spring season, January 1 to April 30th)
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Figure 4.14a: Missouri River, St. Joseph, MO (Drainage Area 420300 sq mi, Period 1898-1997)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)
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Figure 4.14b: Missouri River, St. Joseph, MO (Drainage Area 420300 sq mi,

Period 1898-1997, minus 1952)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)
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Figure 4.15: Missouri River, Kansas City, KS, (DA 485200 sq mi, period 1898-1997)

(Winter-Spring: January 1st – April 30th, Summer May 1 – December 31st)
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Figure 4.16: Missouri River, Hermann, MO, (DA 528120 sq mi, period 1898-1997)

(spring: January 1st – April 30th, summer May 1 – December 31st)

 Mixed Distribution Analysis Upper Mississippi River Basins above confluence with Missouri River 

A comparison of annual and seasonal flood distributions was made for both tributary and mainstem gages unaffected by regulation.  A comparison of winter-spring and seasonal and annual distributions shown in figures (4.17-4.24) demonstrates the important influence of the 1993 flood (note that in some of these plots the summer season distribution is not shown because the Bulletin 17B procedure could not be used to estimate the distribution due to the number of missing events).  In particular, the seasonal and annual distributions provide relatively close estimates of the 1% chance and greater floods for tributary and mainstream gages upstream of Keokuk, where the event of record occurred in 1993.  At and downstream of Keokuk, the annual distribution corresponds more closely to the plotting position of the 1993 event than the winter-spring distribution.

The 1993 event presents a particularly difficult interpretation and estimation problem.  Although the peak occurred in the summer, other peaks occurred throughout the spring and the summer which rivaled the summer peak.  Certainly, this event was a rainfall flood and not typical of snowmelt-rainfall floods occurring upstream of Clinton.  This observation is consistent with the regional boundaries proposed based on climatology as described in section 3.

Unfortunately, the mixed distribution analysis does not provide any guidance on the location of the regionalization boundaries.  None of the gages investigated show a location where a mixed distribution of snow and rainfall floods would be more appropriate than an investigation of the annual distribution.  Primarily the period from late winter to early spring dominates the flooding record.  The exception is the 1993 flood which is difficult to explain with either a seasonal or mixed distribution.
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Figure 4.17: Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,

Minnesota River near Jordan, Minnesota
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Figure 4.18: Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,

Minnesota River near Mankato, Minnesota
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Figure 4.19 Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,

Minnesota River near Ortonville, Minnesota

[image: image33.wmf]5

0

4

0

3

0

2

0

1

0

5

2

1

.

5

.

2

1

0

5

1

0

6

1

0

7

F

L

O

W

 

I

N

 

C

F

S

 

H

E

R

M

A

N

N

 

M

A

X

 

A

N

A

L

Y

T

I

C

A

L

 

C

O

M

P

U

T

E

D

 

A

N

N

U

A

L

 

 

H

E

R

M

A

N

N

 

M

A

X

 

E

V

E

N

T

S

 

A

N

N

U

A

L

 

 

H

E

R

M

A

N

N

 

M

A

X

 

A

N

A

L

Y

T

I

C

A

L

 

C

O

M

P

U

T

E

D

 

S

M

O

O

T

H

-

R

E

A

C

H

2

 

 

H

E

R

M

A

N

N

 

M

A

X

 

A

N

A

L

Y

T

I

C

A

L

 

C

O

M

P

U

T

E

D

 

S

M

O

O

T

H

-

R

E

A

C

H

1

 

M

I

S

S

O

U

R

I

P

E

R

C

E

N

T

 

C

H

A

N

C

E

 

E

X

C

E

E

D

A

N

C

E


Figure 4.20: Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,

Mississippi River near St. Paul, Minnesota
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Figure 4.21: Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,

Mississippi River, Dubuque, Iowa
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Figure 4.22: Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,

Mississippi River, Clinton, Iowa
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Figure 4.23: Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,

Mississippi River, Keokuk, Iowa
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Figure 4.24: Comparison of Annual and Winter-Spring (November 1 to June 15) frequency curves,

Mississippi River, Hannibal, Missouri

Regional boundary recommendations

The regional boundaries for estimating flood frequency distributions can be reasonably designated given the importance of channel modifications, the influence of climate, the variation of flood statistics across the study area and the importance of mixed distributions.  The Missouri River should be divided into at least two-regions given the mixed distribution nature of the flood population above Kansas City.  The transition for the Missouri River from its near natural state at Yankton to the engineered navigation channel beginning at Sioux City may argue for separate regions.

The region to use for the Mississippi are less clear.  The St. Paul, Winona and Illinois River gages may not belong in the same region as the remaining gages on the Mississippi River.  The sample statistics of the annual flood series for these gages does not correspond well with the statistic of the remaining gages.  The lack of correspondence of the St. Paul and Winona  gages may be due to the combined influence of drainage area and climate.  Perhaps the importance of rain on snow related flooding separates these gages from the other Mississippi River gages.  Certainly, these gages do not seem to belong in the same region as the Illinois River gages.

The statistical analysis argues for placing all the gages on the Mississippi River in the same region.  This is somewhat surprising given an expected impact of the confluence with the Missouri River.  Still, the coefficient of variation, discordancy and heterogeneity statistics do not argue for separating gages at the confluence, nor does any argument with regard to climate.

A sensitivity analysis performed in the next section will reveal the importance of selecting regional boundaries to obtaining final estimates of the flood frequency distributions. 

4 Regionalized flood quantiles (flows for given exceedance probabilities)

4.1 Introduction

This section provides flood quantile estimates obtained from various approaches to regionalizing flood distribution statistics.  Section 5.2 quantifies the difference between the flood quantiles estimated from the annual series and the mixed population for the gages above Kansas City on the Missouri River.  In the remaining analyses the assumption is made that the mixed distribution provides a superior description of the flood distributions in this reach of the river.  As is apparent from the comparisons, the mixed distributions lead to significantly greater flood quantile estimates; and consequently is a major decision in the analysis.

The TAG and the Corps Districts have a different perspective on the best method for regionalizing flood frequency distributions.  The TAG recommended employing the log-Pearson III/method of moments distribution/estimation pairing as recommend in Bulletin 17B (IACWD, 1982), except a regional skew should be used in place of the at-site skew estimate.  The districts felt that it would be simpler to regionalize estimates by developing regression relationships between flood quantiles and either drainage area or river mile.  Section 5.3 and section 5.4 explore both methods as applied to different scenarios for defining regional boundaries in the study area.  Section 5.5 provides a discussion on the merits of using drainage area versus river mile for interpolation of flood statistics or quantiles.  Comparison of estimates and recommendations are presented in section 6.

4.2 Comparison of Annual and Mixed Distribution Quantiles

The annual and mixed distribution estimates were compared for the following scenarios:

1) annual and mixed distributions determined for the full period of record (Table 5.1);

2) annual and mixed distribution determined for the full period of record, 1952 event deleted (Table 5.2)

3) annual distribution full period of record, mixed data censored below the median (Table 5.3)

Scenario (2) was investigated to examine the influence of the 1952 event, which is significantly larger than any other event and might be considered and outlier.  Scenario (3) was investigated because the low-outlier censoring procedure in Bulletin 17B was developed for annual series and not for the seasonal series used in the mixed distribution analysis.  Plots of the spring series (see section 4.3) reveal the contribution of the small events to the relatively large variance of this season’s distribution.  Consequently, censoring below the median was investigated to provide an alternative to the low-outlier censoring developed for annual series in Bulletin 17B.  As is summarized in Table 5.4, the difference between the 1% and 0.2% annual and mixed series is significant for the scenarios tested, with the smallest difference coming for scenario (3), median censoring.

Consequently, the decision to use the mixed distribution approach will have a significant impact on the frequency analysis irrespective of the scenario chosen.  In the following sections, scenario (1) is used in obtaining quantile estimates.  Scenarios (2) and (3) were only explored to examine the sensitivity of the estimates to possible undue influence of the 1952 event or the deficiencies of the Bulletin 17B procedure in applications to mixed distributions. 

Table 5.1: Comparison of at-site estimates of annual and mixed distributions, Yankton to St. Joseph, Missouri River, maximum annual daily flows

	location
	1Drainage area
	1% LPIII
	1% Mixed
	2difference
	0.2%LPIII
	0.2%Mixed
	2difference

	Yankton 
	279500
	328400
	380200
	0.16
	397000
	526000
	0.34

	Sioux City 
	314580
	323600
	369500
	0.14
	382800
	495500
	0.29

	Decatur 
	316200
	313000
	362300
	0.16
	364500
	486500
	0.33

	Omaha 
	322800
	325800
	372500
	0.14
	380200
	501000
	0.32

	Nebraska 
	410000
	376900
	389400
	0.03
	437700
	505200
	0.15

	Rulo 
	414900
	385700
	409400
	0.06
	445300
	534000
	0.20

	St. Joseph 
	420300
	416000
	445000
	0.07
	487700
	576500
	0.18

	average
	
	
	
	0.11
	
	
	0.26


1square miles, 2fraction difference between annual LPIII and mixed distribution

Table 5.2: Comparison of at-site (systematic record) estimates of annual and mixed distributions, Omaha District Reach Yankton to St. Joseph, Missouri River, maximum annual daily flows, 1952 event deleted 

	location
	1Drainage area
	1% LPIII
	1% Mixed
	2difference
	0.2%LPIII
	0.2%Mixed
	2difference

	Yankton 
	279500
	277300
	354600
	0.28
	309300
	463400
	0.50

	Sioux City 
	314580
	275500
	353800
	0.28
	302700
	468200
	0.55

	Decatur 
	316200
	273500
	346700
	0.27
	300200
	453600
	0.51

	Omaha 
	322800
	291400
	352500
	0.21
	324400
	458200
	0.41

	Nebraska 
	410000
	342700
	374800
	0.09
	381300
	496000
	0.30

	Rulo 
	414900
	367600
	396800
	0.08
	417100
	498000
	0.19

	St. Joseph 
	420300
	395600
	422500
	0.07
	455400
	515800
	0.13

	average
	
	
	
	0.19
	
	
	0.37


1square miles, 2fraction difference between annual LPIII and mixed distribution

Table 5.3: Comparison of at-site estimates of annual and mixed distributions, Yankton to St. Joseph, Missouri River, maximum annual daily flows mixed data censored below median 

	location
	1Drainage area
	1% LPIII
	1% Mixed
	2difference
	0.2%LPIII
	0.2%Mixed
	2difference

	Yankton 
	279500
	328400
	354600
	0.08
	397000
	463400
	0.17

	Sioux City 
	314580
	323600
	353800
	0.09
	382800
	468200
	0.22

	Decatur 
	316200
	313000
	346700
	0.11
	364500
	453600
	0.24

	Omaha 
	322800
	325800
	352500
	0.08
	380200
	458200
	0.21

	Nebraska 
	410000
	376900
	374800
	-0.01
	437700
	496000
	0.13

	Rulo 
	414900
	385700
	396800
	0.03
	445300
	498000
	0.12

	St. Joseph 
	420300
	416000
	422500
	0.02
	487700
	515800
	0.06

	average
	
	
	
	0.06
	
	
	0.17


1square miles, 2fraction difference between annual LPIII and mixed distribution

Table 5.4 Comparisons between estimates of annual LPIII and mixed population distributions for different estimation and periods of record, Yankton to St. Joseph, Missouri River, maximum annual daily flows

	Comparison (at-site statistics only, no regional information)
	11% flood difference 
	10.2% flood difference 

	annual versus mixed 
	0.11
	0.26

	annual versus  mixed, 1952 event deleted 
	0.19
	0.37

	annual versus mixed censored below median
	0.06
	0.17

	annual versus mixed, historic period beginning 1844
	0.11
	0.25


1Fractional difference between LPIII estimated from maximum annual series and mixed distribution estimated from annual seasonal maximums.

4.3 Regional shape estimation

The TAG/IAG recommended adopting regional shape estimation.  Regional shape estimation arrives at flood distribution statistics by using the at-site estimation of the mean and standard deviation, and a regional estimate of the skew coefficient.  Estimates of the mean and standard deviation between gages sites were recommended by the TAG/IAG to be obtained by linear interpolation with drainage area or river mile.  Estimates of flood quantiles for the Missouri, Mississippi and Illinois River are provided in the following sub-sections.

4.3.1 Missouri River

Regional skew estimates were obtained from the raw statistics shown in Table 5.5 and 5.6 for the following scenarios:

1) Yankton to Hermann, average reach skew for annual distributions used as regional skew value (see Table 5.5);

2) Same as scenario 1, except separate regional skew estimates obtained for the reaches from Yankton to St. Joseph, Kansas City to Hermann; 

3) Yankton to St. Joseph, regional skews estimated for each season, mixed distribution computed from seasonal curves obtained using regional skews (see Table 5.5)

4) Same as scenario (3) except separate regional skew estimates obtained for the reaches from Yankton to Omaha, and Nebraska City to St. Joseph

The mixed distribution for  the reach of river between Yankton and St. Joseph was obtained in the spirit of regional shape estimation.  Regional skew values were estimated for each season series as would be done for an annual distribution.  The seasonal distributions are then estimated by substituting the regional seasonal skew for the at-site seasonal skew.

Scenarios (2) and (4) were investigated because of the difference in the storage characteristics between the Yankton to Omaha and Omaha to St. Joseph reaches.  As described in section 2, the major levee systems on the Missouri begin just upstream of Omaha.  The river retains much of its natural storage characteristics upstream of this point.  Apparently, the decrease in the estimated annual mean of the maximum daily flows (see Table 5.5) is due to the attenuation of flood peaks by the storage in the Yankton to Omaha reach.  Separating the Missouri reach in the manner is intended to capture this storage influence on the flood distributions.

Comparisons were made between the at-site distributions and regional estimates in Tables 5.7 and 5.8 (scenarios 1 and 2), and between at-site mixed and mixed regional shape distributions in Tables 5.9 and 5.10 (scenarios 3 and 4) for the 1% and 0.2% maximum annual daily flow values.  Comparative plots are provided for selected gages in figures 5.1-5.4 between the annual and mixed regional shape distributions, and the annual at-site distribution.  The comparison of the annual series in Tables 5.7 and  5.8  show the expected result where there is a small average difference between at-site and regional shape estimates.  Table 5.7 displays a trend in the difference between at-site and regional shape values because only a single region skew was used in the regional shape estimation.  The bias occurs because the at-site skew trends from smaller values at Yankton to larger values at Hermann.  This bias does not occur when separate regional skew values are used for a region boundary at Kansas City (the confluence of the Kansas and Missouri Rivers). 

The comparisons of quantiles in Table 5.8 (and also statistics in Table 5.5) demonstrate the decrease in at-site estimates of flood quantiles from Yankton to Omaha.  This decrease is most likely a result of the channel storage characteristics in this reach attenuating peak flows.  Consequently, the reach between Yankton and St. Joseph (scenario 3) was divided into two regions, Yankton to Omaha where near-natural conditions characterize the river; and from Nebraska City to St. Joseph where major levee systems have been constructed (scenario 4).  Tables 9 and 10 compare the at-site and regional shape 1% and 0.2% quantiles for mixed distributions.  Note that the regional quantile estimates form Kansas City to Hermann would be the same as in Table 5.9 because mixed distributions are not used for this river reach.  As can be seen, the quantile estimated under scenario 4 (Table 5.10) does a better job of depicting the decrease in peak flows in the Yankton to Omaha reach than scenario 3 (Table 5.9).  However, the differences between these two scenarios is not great, as can be seen by comparing the difference at each gage and the average difference shown in Tables 5.9 and 5.10.

Although the different scenarios for selecting regions has some impact on the estimated flood quantiles, a far more important issue is the selection between annual and mixed-population analysis.  As can be seen from table 5.1-5.4, and figures 5.1 and 5.2, the mixed population analysis results in significantly greater estimates of flood quantiles than an annual analysis.

Table 5.5: Comparison of annual and seasonal statistics of log-flows for Omaha District Gages (mainstem Missouri River), maximum annual daily flows

	location
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)

	Yankton
	279500
	5.187
	0.137
	0.055
	4.985
	0.256
	-0.003
	5.147
	0.123
	-0.416

	Sioux City
	314580
	5.202
	0.132
	-0.024
	5.004
	0.249
	-0.085
	5.161
	0.119
	-0.475

	Decatur
	316200
	5.2
	0.131
	-0.058
	4.999
	0.246
	-0.067
	5.16
	0.119
	-0.472

	Omaha
	322800
	5.214
	0.133
	-0.066
	5.014
	0.243
	-0.046
	5.174
	0.121
	-0.345

	Nebraska City
	410000
	5.302
	0.118
	-0.047
	5.065
	0.221
	0.008
	5.28
	0.111
	-0.183

	Rulo
	414900
	5.308
	0.124
	-0.062
	5.06
	0.223
	0.096
	5.287
	0.117
	-0.1

	St Joseph
	420300
	5.328
	0.125
	0.047
	5.078
	0.225
	0.126
	5.307
	0.121
	0.013

	average
	
	
	
	-.022
	
	
	0.004
	
	
	-0.283


(1) Drainage area (square miles)

(2) Mean of annual max 1-day log-flows (annual)

(3) Standard deviation of annual max 1-day log-flows (annual)

(4) Skew of annual max 1-day log-flows (annual)

(5) Mean of annual max 1-day log-flows (January-April)

(6) Standard deviation of annual max 1-day log-flows (January-April)

(7) Skew of annual max 1-day log-flows (January-April)

(8) Mean of annual max 1-day log-flows (May-December)

(9) Standard deviation of annual max 1-day log-flows (May-December)

(10) Skew of annual max 1-day log-flows (May-December)

Table 5.6: Statistics of log flows, Kansas City District Gages (mainstem Missouri river gages)

	Location
	Area
	Mean
	Std deviation
	skew

	Kansas City
	485200
	5.399
	0.145
	0.278

	Waverly
	487200
	5.403
	0.144
	0.337

	Booneville
	501200
	5.444
	0.156
	0.162

	Hermann
	524200
	5.522
	0.166
	0.047


Table 5.7: Comparison of quantiles obtained from annual at-site and adopted equal to regional skew annual series for Missouri River (scenario 1), maximum annual daily flows

	location
	1% lpiii
	*1% shape
	%difference
	0.2% lpiii
	*0.2% shape
	%difference

	Yankton
	328400
	325200
	-0.97
	397000
	390700
	-1.59

	Sioux City
	323600
	327800
	1.3
	382800
	391200
	2.19

	Decatur
	313000
	324300
	3.61
	364500
	386500
	6.04

	Omaha
	325800
	338100
	3.78
	380200
	403800
	6.21

	Nebraska City
	376900
	381100
	1.11
	437700
	446000
	1.9

	Rulo
	385700
	399000
	3.45
	445300
	470700
	5.7

	St Joseph
	416000
	421500
	1.32
	487700
	498300
	2.17

	Kansas City
	584900
	551800
	-5.66
	738300
	669500
	-9.32

	Waverly
	589000
	555900
	-5.62
	743100
	674300
	-9.26

	Booneville
	675500
	651600
	-3.54
	853100
	802900
	-5.88

	Hermann
	809700
	824000
	1.77
	1000000
	1029100
	2.91

	average
	
	
	0.05
	
	
	0.1


*Adopted skew set to reach average regional skew = 0.060, Yankton to Hermann 

Table 5.8: Comparison of quantiles obtained from annual at-site and adopted equal to regional skew annual series, Missouri River (scenario 2), maximum annual daily flows

	location
	1% lpiii
	*1% shape
	difference
	0.2% lpiii
	*0.2% shape
	difference

	Yankton
	328400
	319300
	-2.77
	397000
	378900
	-4.56

	Sioux City
	323600
	322000
	-0.49
	382800
	379800
	-0.78

	Decatur
	313000
	318600
	1.79
	364500
	375400
	2.99

	Omaha
	325800
	332100
	1.93
	380200
	392000
	3.1

	Nebraska City
	376900
	375000
	-0.5
	437700
	434400
	-0.75

	Rulo
	385700
	392400
	1.74
	445300
	457900
	2.83

	St Joseph
	416000
	414400
	-0.38
	487700
	484500
	-0.66

	Kansas City
	584900
	572200
	-2.17
	738300
	711500
	-3.63

	Waverly
	589000
	576500
	-2.12
	743100
	716500
	-3.58

	Booneville
	675500
	677700
	0.33
	853100
	857400
	0.5

	Hermann
	809700
	859200
	6.11
	1000000
	1103700
	10.37

	average
	
	
	0.32
	
	
	0.53


*Adopted skew set to reach average regional skew, Yankton to St. Joseph –0.020, Kansas City to Hermann 0.21 (see Table 5.5)

Table 5.9: Comparison of quantile estimates for mixed at-site and mixed with regional skew estimates, single reach for regional reach(scenario 3), maximum annual daily flows

	location
	1% lpiii
	*1% mixed
	difference
	0.2% lpiii
	*0.2% mixed
	difference

	Yankton
	380200
	381400
	0.32
	525900
	528500
	0.49

	Sioux City
	369500
	383800
	3.87
	495500
	527100
	6.38

	Decatur
	362300
	373300
	3.04
	486500
	510800
	4.99

	Omaha
	372500
	380300
	2.09
	501000
	518300
	3.45

	Nebraska City
	389400
	384500
	-1.26
	505200
	503700
	-0.3

	Rulo
	409400
	391000
	-4.49
	534000
	504900
	-5.45

	St Joseph
	445000
	414900
	-6.76
	576500
	533000
	-7.55

	average
	
	
	-0.46
	
	
	0.29


*Regional skew spring, 0.004, summer,-0.283 

Table 5.10: Comparison of quantile estimates for mixed at-site and mixed regional skew estimates, regional skew for separate reaches (scenario 4) , maximum annual daily flows

	location
	1% lpiii
	*1% mixed
	%difference
	0.2% lpiii
	*0.2% mixed
	%difference

	Yankton
	380200
	372500
	-2.03
	525900
	508500
	-3.31

	Sioux City
	369500
	375000
	1.49
	495500
	507700
	2.46

	Decatur
	362300
	364900
	0.72
	486500
	492200
	1.17

	Omaha
	372500
	371900
	-0.16
	501000
	499700
	-0.26

	Nebraska City
	389400
	400600
	2.88
	505200
	526400
	4.2

	Rulo
	409400
	408200
	-0.29
	534000
	528000
	-1.12

	St Joseph
	445000
	433600
	-2.56
	576500
	558400
	-3.14

	average
	
	
	0.0
	
	
	0.0


*Regional skew spring, -0.050, summer, -0.427, Yankton to Omaha; 

 Regional skew spring, 0.077, summer, -0.090, Nebraska City to St. Joseph 
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Figure 5.1: Compare annual at-site, mixed distribution/regional shape and regional shape estimates

of flood distribution, Omaha, Missouri River, annual maximum daily flows
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Figure 5.2: Compare at-site, mixed distribution/regional shape and regional shape estimates

of flood distribution, St. Joseph, Missouri River, annual maximum daily flows
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Figure 5.3:  Comparison of at-site and regional shape (smooth-reach1 and smooth-reach2) estimates

of flood frequency distributions, Kansas City, Missouri River, annual maximum daily flows
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Figure 5.4:  Comparison of at-site and regional shape (smooth-reach1 and smooth-reach2) estimates

of flood frequency distributions, Hermann, Missouri River, annual maximum daily flows

4.3.2 Mississippi River

Regional shape estimation was performed by averaging the skew value shown in Table 5.11 to obtain the 1% and 0.2% quantile estimates shown in Tables 5.12 and 5.13.  The St. Paul district gage was deleted in obtaining the average skew because of the statistical analysis performed in section 4.2 showing that this gage did not belong in the same region as the remaining Mississippi River gages.  The same argument might be made for the Winona Gage.  In any case, the regional skew will be about –0.1 whether or not these gages are included.

As can be seen from the tables and the plots shown in figures 5.5-5.7, the difference between the at-site and regional shape estimated quantiles is not large except at St. Paul.  The regional skew used for St. Paul may not be appropriate and perhaps should be –0.2 or smaller.  Appendix B provides a more detailed analysis of the frequency curve at St. Paul and provides a recommended estimate for the regional skew at this station. 

Table 5.11: Statistics of log-flows, Mississippi River, record starting in 1898

	1location
	area (sq mi)
	period of record
	mean 
	std dev 
	skew 

	St Paul
	36800
	101
	4.581
	0.261
	-0.269

	Winona
	59200
	101
	4.942
	0.193
	-0.079

	Dubuque
	82000
	101
	5.100
	0.153
	-0.065

	Clinton
	85600
	101
	5.114
	0.146
	-0.149

	Keokuk
	119000
	101
	5.249
	0.142
	-0.083

	Hannibal
	137000
	101
	5.322
	0.158
	-0.183

	Louisiana 
	141000
	100
	5.333
	0.150
	-0.017

	Grafton
	171300
	100
	5.418
	0.131
	-0.072

	St Louis
	697000
	100
	5.725
	0.135
	0.030

	Chester
	708600
	100
	5.740
	0.136
	-0.071

	Thebes
	713200
	100
	5.741
	0.135
	-0.062

	average
	
	
	
	
	-0.12


1Statistics based on peak annual flows for St. Paul and Winona, annual maximum daily flows otherwise

2St. Paul gage not included in average skew

Table 5.12: Comparison of quantiles estimated from at-site and regional shape statistics, Mississippi River, St. Paul to Grafton

	location
	1%quantile
	*1% shape
	%diff
	0.2% quantile
	*0.2% shape
	%diff

	St Paul
	134900
	147400
	9.27
	172900
	199600
	15.44

	Winona
	237700
	237700
	0
	297400
	297300
	-0.03

	Dubuque
	281900
	279400
	-0.89
	338900
	334000
	-1.45

	Clinton
	274300
	277500
	1.17
	322600
	328900
	1.95

	Keokuk
	371700
	370200
	-0.4
	439400
	436500
	-0.66

	Hannibal
	465300
	475900
	2.28
	551300
	571800
	3.72

	Louisiana 
	478200
	468200
	-2.09
	576700
	557000
	-3.42

	Grafton
	518700
	515600
	-0.6
	606000
	600000
	-0.99

	
	
	
	1.09
	
	
	1.82


*Quantiles estimated from at-site mean and standard deviation, and adopted skew = average reach skew = -0.10, St. Paul gage not included in average skew

Table 5.13 Comparison of quantiles estimated from at-site and TAG recommended regional shape statistics, Mississippi River, St. Louis to the Thebes

	location
	1%quantile
	*1% shape
	%diff
	0.2% quantile
	*0.2% shape
	%diff

	St Louis
	1104800
	1072300
	-2.94
	1318200
	1254900
	-4.8

	Chester
	1117200
	1109800
	-0.66
	1313400
	1299100
	-1.09

	Thebes
	1120800
	1111000
	-0.87
	1318700
	1299800
	-1.43

	
	
	
	-1.49
	
	
	-2.44


*Quantiles estimated from at-site mean and standard deviation, and adopted skew = average reach skew = -0.10, St. Paul gage not included in average skew
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Figure 5.5: Comparison of at-site and regional shape flood frequency distribution estimates,

St. Paul, Mississippi River (regional skew = -0.1), peak annual flows
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Figure 5.6: Comparison of at-site and regional shape flood frequency distribution estimates,

Keokuk, Mississippi River (regional skew = -0.1), annual maximum daily flows

[image: image40.wmf]J

A

N

M

A

R

M

A

Y

J

U

L

S

E

P

N

O

V

J

A

N

1

9

5

2

M

A

R

1

9

5

3

-

1

0

0

0

1

0

0

2

0

0

3

0

0

4

0

0

5

0

0

F

L

O

W

 

I

N

 

1

0

0

0

 

C

F

S

 

O

M

A

 

C

O

M

P

U

T

E

D

 

F

L

O

W

 

U

N

R

E

G

 

F

L

O

W

1

2

A

P

R

0

0

 

 

0

7

:

0

5

:

3

8


Figure 5.7: Comparison of at-site and regional shape flood frequency distribution estimates,

St. Louis, Mississippi River (regional skew = -0.1), annual maximum daily flows

4.3.3 Illinois River

The analysis of regional climate and statistics of the annual flood series for the mainstem Illinois River gages argued for including these gages with the Mississippi River gages in the same region.  Table 5.14 and  provides comparisons of both these gage statistics with tributary gage statistics; and, Table 5.15 compares different average skews for different regions.  Notice that the mainstem gages have, on the average, a greater skew than the tributary gages.  This may seem somewhat puzzling, but the reach of Illinois River defined from the Kankakee to Lamoine River is relatively flat, providing a significant amount of storage for floods.  The regional skew for these tributaries is apparently less than that of the Mississippi mainstem gages.

Inclusion of the Illinois River gages in the Mississippi River region results in a regional skew value of about –0.1.  A comparison of the at-site and regional shape estimates in Tables 5.16 and 5.17 shows a maximum difference of about 6% at the 1% level and almost 10% at the 0.2% level occurring at the Marseilles gage.  Figure 5.8 displays a comparative plot of the at-site and regional shape estimates of the distributions.  An assumed regional skew of –0.2 is shown as a point of comparison and to provide estimates that would be more unbiased when considering the Illinois River gages alone rather than as part of the Mississippi Region.  

Table 5.14: Log-statistics of annual peaks Illinois and major tributary gages, gages are listed in downstream direction

	location
	area (sq mi)
	years
	mean
	std dev
	skew

	KANKAKEE RIVER, MOMENCE
	2294
	82
	3.811
	0.153
	-0.54

	KANKAKEE RIVER, WILMINGTON
	5150
	85
	4.381
	0.222
	-0.28

	*ILLINOIS RIVER, MARSEILLES
	8259
	79
	4.643
	0.176
	-0.29

	FOX RIVER, WILMOT 
	868
	57
	3.425
	0.189
	0.05

	FOX RIVER, ALGONQUIN 
	1403
	80
	3.503
	0.175
	-0.27

	FOX RIVER, DAYTON 
	2642
	81
	4.094
	0.23
	0.04

	VERMILION RIVER, PONTIAC 
	579
	53
	3.731
	0.233
	-0.51

	VERMILION RIVER, LEONORE 
	1251
	66
	4.048
	0.277
	-0.51

	*ILLINOIS RIVER, KINGSTON MINES
	15819
	58
	4.672
	0.146
	-0.2

	MACKINAW RIVER, CONGERVILLE 
	767
	52
	3.943
	0.314
	-0.03

	MACKINAW RIVER, NEAR GREEN VALLEY 
	1073
	73
	3.935
	0.303
	0.43

	SPOON RIVER, LONDON MILLS 
	1072
	54
	4.006
	0.224
	0.55

	SANGAMON RIVER, MAHOMET 
	362
	31
	3.607
	0.285
	-0.07

	SANGAMON RIVER, MONTICELLO 
	550
	87
	3.73
	0.266
	-0.2

	SANGAMON RIVER, OAKLEY 
	774
	27
	3.755
	0.25
	0.4

	S FK SANGAMON RIVER, KINCAID 
	562
	71
	3.63
	0.311
	-0.01

	S FK SANGAMON RIVER, ROCHESTER 
	867
	47
	3.737
	0.311
	-0.49

	SANGAMON RIVER, RIVERTON 
	2618
	83
	4.184
	0.263
	-0.56

	S FK SANGAMON RIVER, KINCAID 
	562
	71
	3.63
	0.311
	-0.01

	SANGAMON RIVER, RIVERTON 
	2618
	83
	4.184
	0.263
	-0.56

	SANGAMON RIVER, OAKFORD
	5093
	81
	4.336
	0.292
	-0.56

	LA MOINE RIVER, COLMAR 
	655
	52
	3.918
	0.339
	-0.4

	LA MOINE RIVER, RIPLEY 
	1293
	76
	3.971
	0.257
	-0.12

	*ILLINOIS RIVER, MEREDOSIA 
	26028
	100
	4.763
	0.164
	-0.07


*Illinois River mainstem gages, annual maximum daily values

Table 5.15 Average skew values for Illinois River Gages

	Scenario
	Average skew

	Illinois River gages (Marseilles, Kingston Mines, Meredosia)
	-0.187

	Illinois River, major tributary gages, drainage area > 300 sq mi (see Table 5.14)
	-0.165

	Illinois River, major tributary gages, drainage area > 1000 sq mi (see Table 5.14)
	-0.180

	Illinois River, Mississippi River gages (Winona to Grafton) (see Tables 5.11,5.14) 
	-0.101*


*St. Paul not included in Mississippi River Gages

Table 5.16: Comparison of 1% chance quantiles, regional shape estimation, Illinois River

	location
	11%quantile
	21% shape
	3%diff
	41% shape
	5%diff
	6%diff shape

	Marseilles
	103000
	109600
	6.41
	106400
	3.3
	-3.01

	Kingston Mines
	98000
	100400
	2.45
	97900
	-0.1
	-2.55

	Meredosia
	137000
	135800
	-0.88
	132000
	-3.65
	-2.88


1Estimate from at-site statistics

2Regional shape = regional skew = -0.1

3Difference between at-site, regional shape = -0.1

4Regional shape = regional skew = -0.2

5Difference between at-site, regional shape = -0.2

6Difference between regional shape estimates
Table 5.17: Comparison of 0.2% chance quantiles, regional shape estimation, Illinois River

	location
	10.2%quantile
	20.2% shape
	3%diff
	40.2% shape
	5%diff
	6%diff shape

	Marseilles
	122500
	134500
	9.8
	128100
	4.57
	-5.00

	Kingston Mines
	114200
	119000
	4.2
	114200
	0.00
	-4.20

	Meredosia
	166700
	164300
	-1.44
	157000
	-5.82
	-4.65


1Estimate from at-site statistics

2Regional shape = regional skew = -0.1

3Difference between at-site, regional shape = -0.1

4Regional shape = regional skew = -0.2

5Difference between at-site, regional shape = -0.2

6Difference between regional shape estimates
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Figure 5.8: Comparison of at-site and regional shape flood frequency distribution estimates,

Marseilles, Illinois River (regional skew = -0.1), annual maximum daily flows

4.4 Quantiles from regression with drainage area, river mile

4.4.1 Missouri River

Scenarios for estimating the regression of quantile with drainage area or river mile were obtained for the same regions described for regional shape estimation in section 5.3.1.  In this case the regressions were used to find an objective means for fitting a line to the data.  Statistical significance should not be ascribed to any of the results because of the lack of data points.

The analysis indicated that regression was not necessarily the best approach for obtaining a regular variation of quantiles with area or river mile for the Missouri River between Yankton and Omaha.  The decrease in quantiles with drainage area/river mile in this reach made the selection of a regression encompassing all gages on the river, or at least from Yankton to St. Joseph overly complicated.  A simpler approach was preferred where the at-site quantile estimates were used for the Yankton to Omaha reach and regression relationship for the remaining reaches are used to obtain a regular variation of flood quantiles.  Estimates of flood quantiles at locations between gages in the Yankton to Omaha reach can be obtained by linear interpolation with drainage area/river mile.

The regression of quantile with drainage area/river mile results are organized as follows:

Table 5.18 – regression relationships between drainage area and quantile for reaches Nebraska City to St. Joseph, Kansas City to Hermann

Table 5.19 – Comparison of at-site and regression estimates of quantiles, drainage area regression, Yankton to Hermann

Table 5.20 – regression relationships between river mile and quantile for reaches Nebraska City to St. Joseph, Kansas City to Hermann

Table 5.21 – Comparison of at-site and regression estimates (linear and polynomial) of 1% quantiles, river mile regression, Yankton to Hermann

Table 5.22 – Comparison of at-site and regression estimates (linear and polynomial) of 2% quantiles, river mile regression, Yankton to Hermann

The estimation of quantiles by regression was somewhat insensitive to the regression chosen.  Linear regressions was used to relate drainage area to quantiles; whereas; both linear and polynomial regression results are displayed for river mile.  Inspection of the tables shows that the regression results do not deviate greatly from the at-site estimates while providing a useful means for obtaining a regular variation of quantiles.  An exception to this is at Kansas City where the polynomial regression using river mile deviates from the at-site value by 6% for the 1% quantile and almost 12% for the 0.2% quantile.

Table 5.18: Coefficients for regression used to obtain a regular variation of 1% and 0.2% maximum annual daily flows for the Missouri River

	
	1% flood
	0.2% flood

	Reach
	Intercept
	Slope
	Intercept
	Slope

	Nebraska City to Saint Joseph
	-1.83436*106
	5.41831
	-2.25919*106
	4.90076

	Kansas City to Hermann
	-1.57723*106
	5.85435
	-2.57981*106
	6.83438


Note R2 values exceeded 0.98 for all regressions, however no statistical significance should be attached to the regression, rather regression used as objective means for fitting a straight line to the data, quantiles from Nebraska City to St. Joseph based on mixed distribution analysis

Table 5.19: Obtain regular variation of 1% and 0.2% quantiles using regression with drainage area, Missouri River, annual maximum daily flow values

	location
	1area
	21% at-site
	1% regression
	%diff 
	20.2% at-site
	0.2% regression
	%diff

	Yankton
	279500
	380200
	380200
	0
	396700
	396700
	0

	Sioux City
	314580
	369500
	369500
	0
	382800
	382800
	0

	Decatur
	316200
	362300
	362300
	0
	364500
	364500
	0

	Omaha
	322800
	372500
	372500
	0
	380200
	380200
	0

	Nebraska City
	410000
	389400
	387100
	0.59
	437700
	437700
	0

	Rulo
	414900
	409400
	413700
	-1.05
	445200
	456100
	2.45

	St Joseph
	420300
	445000
	443000
	0.45
	487700
	482600
	-1.05

	Kansas City
	485200
	584900
	581300
	0.62
	738300
	736200
	-0.28

	Waverly
	487200
	589000
	593000
	-0.68
	743100
	749900
	0.92

	Booneville
	501200
	675500
	675000
	0.07
	853000
	845600
	-0.87

	Hermann
	524200
	809700
	809700
	0
	1000000
	1002800
	0.28


1Scenario uses linear regression between Nebraska City and St. Joseph, Kansas City and Hermann, quantiles for any cross section between other stations would be based on linear interpolation between at-site estimates (see Table 5.18)

2Mixed distribution estimates used for Yankton to St. Joseph

Table 5.20: Regression equations between river mile and 1% and 0.2% maximum annual daily quantiles, Missouri River, annual maximum daily flows

	
	1% quantile flood
	0.2% regression flood

	Reach
	b0
	b1
	b2
	b0
	b1
	b2

	Nebraska City to Saint Joseph
	654735
	-477.47
	------------
	668862
	-421.58
	-----------

	Kansas City to Hermann
	888870
	-969.854
	------------
	1096610
	-1137.98
	-----------

	all gages
	968250
	-1650.43
	1.12857
	1238870
	-2224.93
	1.4223


Regression: q=b0 + b1(x) + b2x2, q is quantile, x is river mile, Nebraska City to St. Joseph quantiles based on mixed distribution analysis

Table 5.21: Regression estimates of 1% quantile flood using river mile, annual daily maximum flow, Missouri River

	location
	river mile
	at-site
	*linear
	%diff
	polynomial
	%diff

	Yankton
	805.8
	380200
	380200
	0
	371100
	-2.39

	Sioux City
	732.2
	369500
	369500
	0
	364800
	-1.27

	Decatur
	691.0
	362300
	362300
	0
	366600
	1.19

	Omaha
	615.9
	372500
	372500
	0
	379800
	1.96

	Nebraska City
	562.6
	389400
	386100
	-0.26
	396900
	2.53

	Rulo
	498.0
	409400
	417000
	0.79
	426200
	3.02

	St Joseph
	448.2
	445000
	440700
	-0.52
	455200
	2.75

	Kansas City
	336.1
	584900
	563000
	-3.25
	541000
	-6.93

	Waverly
	293.4
	589000
	604400
	1.89
	581200
	-1.99

	Booneville
	197.1
	675500
	697800
	3.27
	686800
	1.75

	Hermann
	97.9
	809700
	793900
	-1.99
	817500
	0.96


*Scenario uses linear regression between Nebraska City and St. Joseph, Kansas City and Hermann, quantiles for any cross section between other stations would be based on linear interpolation between at-site estimates (see Table 5.20),  Yankton to St. Joseph quantiles estimated based on mixed distribution analysis

Table 5.22: Regression estimates of 0.2% quantile flood using river mile, annual daily maximum flows, Missouri River

	location
	river mile
	at-site
	*linear
	%diff
	polynomial
	%diff

	Yankton
	805.8
	396700
	396700
	0
	369500
	-6.86

	Sioux City
	732.2
	382800
	382800
	0
	372300
	-2.74

	Decatur
	691.0
	364500
	364500
	0
	380600
	4.42

	Omaha
	615.9
	380200
	380200
	0
	408100
	7.34

	Nebraska City
	562.6
	437700
	431700
	-1.37
	437300
	-0.09

	Rulo
	498.0
	445200
	458900
	0.61
	483600
	8.63

	St Joseph
	448.2
	487700
	479900
	-0.56
	527400
	8.14

	Kansas City
	336.1
	738300
	714100
	-3
	651700
	-11.73

	Waverly
	293.4
	743100
	762700
	1.71
	708500
	-4.66

	Booneville
	197.1
	853000
	872300
	3.16
	855600
	0.3

	Hermann
	97.9
	1000000
	985200
	-1.76
	1034700
	3.47


*Scenario uses linear regression between Nebraska City and St. Joseph, Kansas City and Hermann, quantiles for any cross section between Yankton and Sioux City would be based on linear interpolation between at-site estimates (see Table 5.20), Yankton to St. Joseph quantiles estimated based on mixed distribution analysis

Mississippi River

Regressions with drainage area/river mile for the Mississippi River was formulated for the reach between St. Paul and Grafton.  The variation of quantiles from St. Louis to Thebes is reasonably regular because of the large levee systems in place for that reach of river.  Linear interpolation with drainage area between these gage swill probably suffice.  Regression relationships were not explored for the Illinois River because only three gages are available.  Linear interpolation with drainage area or river mile might be used to obtain quantile estimates between gages for this reach of river.

Tables 5.23-5.25 summarize the regression relationships and differences between at-site and regression prediction of quantiles.  Figures 5.9 and 5.10 display typical fits of linear and log-linear regression lines to the data.  As can be seen from Table 5.23 there was little to choose between the linear and log-linear regression models for drainage area.  Table 5.24 shows that the maximum difference between the log-linear model and at-site estimates occurs at Winona about (10% for the 1% quantile, and 11% for the 0.2% quantile).  Winona is also the location for the greatest difference between at-site estimates and linear regression predictions using river mile.  These maximum difference could certainly be reduced by using a higher order approximation as is shown in figure 5.11.  However, as the order of the polynomial is increased, the prediction value of the independent variable decreases as does the explanatory power of the regression.  Under these circumstances, linear interpolation between gages using either drainage area or river mile might be preferred to a polynomial curve fit.

4.4.2 Hermann to St. Louis, Grafton to St. Louis

The confluence of the Missouri and Mississippi River probably requires some special considerations.  Analysis of this reach may require the consideration of backwater and coincident flooding.

Table 5.23: Summary of regression between quantiles and drainage area (square miles) , Mississippi River from St. Paul to Grafton 

	
	1% quantile
	0.2% quantile

	*Transform
	Intercept
	Slope
	**R2
	Intercept
	Slope
	**R2

	linear
	41026
	2.9628
	0.97
	65897
	3.33943
	0.97

	Log10
	1.16367
	0.872741
	0.97
	1.51928
	0.817586
	0.97


**R2 computed for difference between observed and predicted values (not log-transform)

Table 5.24: Comparison of at-site and drainage area regression estimates of the 1% and 0.2% quantiles, Mississippi River from St. Paul to Grafton

	location
	area
	1% at-site
	*1% regression
	%diff 
	0.2% at-site
	*0.2% regression
	%diff

	St Paul
	36800
	134900
	140800
	4.34
	172900
	178800
	3.39

	Winona
	59200
	237700
	213100
	-10.33
	297400
	263700
	-11.34

	Dubuque
	82000
	281900
	283200
	0.46
	338900
	344100
	1.54

	Clinton
	85600
	274300
	294100
	7.22
	322600
	356500
	10.5

	Keokuk
	119000
	371700
	392000
	5.48
	439400
	466600
	6.2

	Hannibal
	137000
	465300
	443300
	-4.73
	551300
	523600
	-5.03

	Louisiana 
	141000
	478200
	454600
	-4.94
	576700
	536100
	-7.05

	Grafton
	171300
	518700
	538700
	3.87
	606000
	628500
	3.71


*see log10 Regression with drainage area (see Table 5.23)

Table 5.25: Comparison of at-site and river mile regression estimates of the 1% and 0.2% quantiles, Mississippi River from St. Paul to Grafton 

	location
	river mile
	1% at-site
	11% regression
	%diff 
	0.2% at-site
	20.2% regression
	%diff

	St Paul
	839.3
	134900
	133900
	-0.74
	172900
	172200
	-0.4

	Winona
	725.6
	237700
	200700
	-15.57
	297400
	248400
	-16.48

	Dubuque
	579.3
	281932
	286700
	1.69
	338928
	346400
	2.2

	Clinton
	517.9
	274254
	322800
	17.7
	322584
	387500
	20.12

	Keokuk
	364.0
	371663
	413300
	11.2
	439411
	490600
	11.65

	Hannibal
	309.9
	465292
	445100
	-4.34
	551303
	526900
	-4.43

	Louisiana 
	282.9
	478176
	461000
	-3.59
	576695
	545000
	-5.5

	Grafton
	218.3
	518669
	499000
	-3.79
	606029
	588300
	-2.93


1q = 627331 – 587.945(x), q is the quantile, x is the river mile

2q = 734545 – 670.049(x)
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Figure 5.9:  Linear regression between 1%  annual maximum peak/daily flow and drainage area

St. Paul to Grafton, Mississippi River
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Figure 5.10:  Linear regression between 1%  annual maximum peak/daily flow and drainage area

St. Paul to Grafton, Mississippi River
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Figure 5.11:  Polynomial (quadratic) regression between 1% maximum annual peak/daily flow and river mile

St. Paul to Grafton, Mississippi River

Drainage Area versus River Mile for Interpolation

Regional shape estimation or regression analysis has been proposed for estimating flood quantiles at all locations of interest within the study area (i.e., at all river cross-sections).  Regional shape estimation can accomplish this by combining interpolated at-site estimates of the mean and standard deviation between gages with either drainage area or river mile and  the appropriate regional skew to obtain the flood frequency distribution.  Regression relationships using river mile or drainage area provide a method for computing the quantiles between gages from the at-site estimated of the flood frequency distributions.

River mile has some advantage over drainage area as an interpolation variable because it is known for every cross-section surveyed for the study area.  However, river mile does not provide nearly as good an explanation of flood variability as drainage area.  This can be seen by comparing the variation of drainage area and mean annual maximum daily flow with river mile shown in figure 5.12.  The mean flow at available cross sections for the Mississippi River between Dubuque and Grafton was computed from a period of record (1941-1996) simulation performed with the UNET unsteady flow model.  The drainage increase was computed by first accumulating drainage area increases at cross sections where tributary inflows occur.  Drainage area values between tributaries was linearly interpolated with river mile.  As can be seen from the figure, drainage area is superior to river mile in capturing the non-linear variation of the mean flow statistic between gages.  This would also be true of standard deviation or a flood quantile.
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Figure 5.12: UNET simulated mean flow (period 1941-1996) and drainage area versus river mile

Rock Island District reach of Mississippi River (approximately Dubuque, IA to Grafton, IL)

4.5 Recommendations

Recommended 1% quantile estimates are displayed in Table 5.26.  These results are based on the following estimation decisions:

General

1) The period of record that best represents the current land use begins in 1898, giving a period of record of 100 years for the gages in the study, except on the Illinois River;

2) Regions for obtaining regular variation of flood quantiles were defined based on examination of channel characteristics, climatology and regional variation of flood statistics

3) Drainage area will be used to interpolated distribution statistics or quantiles between gages;

4) A mixed population analysis was used to estimate the flood distributions from Yankton to St. Joseph;

Regional Shape
5) Missouri River is divided into three regions, Yankton to Omaha, Nebraska City to St. Joseph, and Kansas City to Hermann;

6) The Mississippi River is considered to be one region from St. Paul to Thebes;

7) The Illinois River Gages are considered to be part of the Mississippi River Region.

Regression of quantile with drainage area

8) The Missouri River is divided into the same regions as in regional shape estimation;

9) At-site mixed distribution estimates are used for gages between Yankton and Omaha;

10) Separate linear regressions were used to obtain regression between Nebraska City and St. Joseph, Kansas City and Hermann;

11) A single regression with drainage area relationship was used to obtain a regular variation of quantiles between St. Paul and Grafton;

12) Linear interpolation with drainage area will be used to estimate flows between gages on the Missouri River and between St. Louis and Thebes.

Concerns
13) An annual analysis instead of a mixed population analysis might be used for the Yankton to St. Joseph gages on the Missouri River;

14) The decrease in peak annual floods between Yankton and Omaha might be an artifact of sampling error and not due to the available channel storage;

15) St. Paul and Winona might not belong in the Mississippi River region, instead of a regional skew of –0.1, the skew should somewhat smaller, possibly –0.2;

16) The Illinois River gages might not belong in the Mississippi River region, particularly Marseilles and Kingston Mines, regional skew should be –0.2 rather than –0.1.

Table 5.26: Recommended 1% quantile estimates

	Location
	area
	1% at-site
	11% shape
	%diff
	21% regression
	%diff

	Yankton 
	279500
	380200
	372500
	-2.03
	380200
	

	Sioux City 
	314580
	369500
	375000
	1.49
	369500
	

	Decatur 
	316200
	362300
	364900
	0.72
	362300
	

	Omaha 
	322800
	372500
	371900
	-0.16
	372500
	

	Nebraska 
	410000
	389400
	400600
	2.88
	386100
	-0.26

	Rulo 
	414900
	409400
	408200
	-0.29
	417000
	0.79

	St. Joseph 
	420300
	445000
	433600
	-2.56
	440700
	-0.52

	Kansas City
	485200
	584900
	572200
	-2.17
	563000
	-3.25

	Waverly
	487200
	589000
	576500
	-2.12
	604400
	1.89

	Booneville
	501200
	675500
	677700
	0.33
	697800
	3.27

	Hermann
	524200
	809700
	859200
	6.11
	793900
	-1.99

	St Paul
	36800
	134900
	147400
	9.27
	140800
	4.34

	Winona
	59200
	237700
	237700
	0
	213100
	-10.33

	Dubuque
	82000
	281900
	279400
	-0.89
	283200
	0.46

	Clinton
	85600
	274300
	277500
	1.17
	294100
	7.22

	Keokuk
	119000
	371700
	370200
	-0.4
	392000
	5.48

	Hannibal
	137000
	465300
	475900
	2.28
	443300
	-4.73

	Louisiana 
	141000
	478200
	468200
	-2.09
	454600
	-4.94

	Grafton
	171300
	518700
	515600
	-0.6
	538700
	3.87

	St Louis
	697000
	1104800
	1072300
	-2.94
	1104800
	

	Chester
	708600
	1117200
	1109800
	-0.66
	1117200
	

	Thebes
	713200
	1120800
	1111000
	-0.87
	1120800
	

	Marseilles
	8260
	103000
	109600
	6.41
	103000
	

	Kingston Mines
	15820
	98000
	100400
	2.45
	98000
	

	Meredosia
	26030
	137000
	135800
	-0.88
	137000
	


1Regional shape estimation, flood frequency distribution estimated using at-site mean and standard deviation, regional skew substituted for at-site skew

2At-site estimates used where %difference not shown

Appendix A: Annual series showing mixed distribution flooding, Omaha, Missouri River
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Figure A.1:  Spring events, Omaha 
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Figure A.2:  Summer events, Omaha

Appendix B. Regional skew estimates for the St. Paul Gage

The St. Paul gage presents a difficult problem when compared to the other gages on the Mississippi River.  Both an analysis of climate and the regional variation of statistics argue for placing this gage, and possibly the Winona gage, in a different region than the other gages.  The sample statistics of other relatively large drainage area gages (greater than 1000 square miles) tributary to the Mississippi above St. Paul were examined to provide additional information on selecting a regional skew for St. Paul.  Regional skew values of the annual peak flow series for the large area gages shown in Table B.1 do not indicate on the average that the St. Paul gage should be different than –0.1 given the average of –0.05. 

Table B.1: Log statistics of annual peak flows, rivers tributary to Mississippi River above St. Paul

	Location
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)

	CANNON RIVER, WELCH 
	1340
	64
	3.792
	0.292
	-0.001
	0
	0
	0
	0

	COTTONWOOD RIVER, NEW ULM  
	1300
	68
	3.576
	0.366
	0.231
	0
	0
	2
	0

	DES MOINES RIVER, JACKSON
	1250
	68
	3.280
	0.367
	-0.012
	0
	0
	1
	0

	LE SUEUR RIVER, RAPIDAN 
	1110
	56
	3.629
	0.326
	-0.087
	0
	0
	1
	0

	MINNESOTA RIVER, JORDAN 
	16200
	64
	4.271
	0.335
	0.100
	0
	0
	0
	0

	MINNESOTA RIVER, MANKATO 
	14900
	96
	4.196
	0.353
	-0.388
	0
	0
	1
	0

	MINNESOTA RIVER, ORTONVILLLE
	1160
	61
	2.921
	0.371
	-0.17
	0
	0
	1
	0

	MISSISSIPPI RIVER, ST PAUL
	36800
	131
	4.581
	0.261
	-0.269
	0
	0
	0
	0

	average
	
	
	3.780
	0.335
	-0.07
	
	
	
	

	standard error
	
	
	0.513
	0.0354
	0.19
	
	
	
	


(1) Drainage area square miles

(2) Systematic period of record

(3) Mean of log10 flows

(4) Standard deviation of log10 flows

(5) Skew coefficient of log10 flows

(6) Number of historic events

(7) Number of high outliers

(8) Number of low outliers

(9) Number of missing or zero flood years
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temp

		period of record unet simulation 1967-1987						1941-1996				gage data 1967-1987		1941-1996

		river mile		mean		std dev		skew		1% flood												location		river mile		area		tributary area				distribute area		cumulative area						xsec		xmile		river mile		mile				area												intarea				xsec		mean		std dev		skew		1% flood		intarea

		614.9		5.098		0.1726		-0.18		299632												lock 10		615		79600		79600				79600		79600						614.9		0		615		0		6.9		79600		81279.3759011329		0		6.9		79600		81279.3759011329		79600				614.9		5.098		0.1726		-0.18		299632		79600

		606.3		5.1037		0.1703		-0.21		297720												turkey river		608.1				1545				1679.3759011329		81279.3759011329						606.3		8.6		608.1		6.9		21.8		81279.3759011329		81836.5499485067		6.9		21.8		81279.3759011329		81836.5499485067		81342.9460944574				606.3		5.1037		0.1703		-0.21		297720		81342.9460944574

		599.9		5.1047		0.1689		-0.22		295528												grant river		593.2				267				557.1740473738		81836.5499485067						599.9		15		593.2		21.8		26.8		81836.5499485067		82075.9237899073		6.9		21.8		81279.3759011329		81836.5499485067		81582.2691752086				599.9		5.1047		0.1689		-0.22		295528		81582.2691752086

		592.3		5.1073		0.167		-0.24		292715												platte river		588.2				142				239.3738414006		82075.9237899073						592.3		22.6		588.2		26.8		51.6		82075.9237899073		82683.8980432544		21.8		26.8		81836.5499485067		82075.9237899073		81874.8497631308				592.3		5.1073		0.167		-0.24		292715		81874.8497631308

		583		5.1116		0.1651		-0.27		290144												galena river		563.4				125				607.9742533471		82683.8980432544						583		31.9		563.4		51.6		66.4		82683.8980432544		84525.1246138002		26.8		51.6		82075.9237899073		82683.8980432544		82200.9507532972				583		5.1116		0.1651		-0.27		290144		82200.9507532972

		582.6		5.1116		0.1651		-0.27		290144												Maquoketa		548.6				1553				1841.2265705458		84525.1246138002						582.6		32.3		548.6		66.4		69.9		84525.1246138002		84840.2863027806		26.8		51.6		82075.9237899073		82683.8980432544		82210.7567896415				582.6		5.1116		0.1651		-0.27		290144		82210.7567896415

		579.3		5.1127		0.1647		-0.28		289536		dubuque		5.136		0.15		-0.08		298933		Apple River		545.1				247				315.1616889804		84840.2863027806						579.3		35.6		545.1		69.9		78.2		84840.2863027806		85231.9268795057		26.8		51.6		82075.9237899073		82683.8980432544		82291.6565894821				579.3		5.1127		0.1647		-0.28		289536		82291.6565894821

		566.2		5.1162		0.1641		-0.32		287796												Plum River		536.8				230				391.640576725		85231.9268795057						566.2		48.7		536.8		78.2		97.1		85231.9268795057		85600		26.8		51.6		82075.9237899073		82683.8980432544		82612.8042797582				566.2		5.1162		0.1641		-0.32		287796		82612.8042797582

		556.7		5.1216		0.1643		-0.35		289503												Clinton		517.9		85600		85600		83709		85231.9268795057		85600						556.7		58.2		517.9		97.1		108.2		85600		88095.3099415205		51.6		66.4		82683.8980432544		84525.1246138002		83504.9855679573				556.7		5.1216		0.1643		-0.35		289503		83504.9855679573

		555.9		5.1216		0.1643		-0.35		289503												Wapspinicon river		506.8				2330				2495.3099415205		88095.3099415205						555.9		59		506.8		108.2		135.9		88095.3099415205		99059.8401559454		51.6		66.4		82683.8980432544		84525.1246138002		83604.5113285273				555.9		5.1216		0.1643		-0.35		289503		83604.5113285273

		549.4		5.1224		0.1634		-0.35		288464												Rock and Green Rivers		479.1				10552				10964.530214425		99059.8401559454						549.4		65.5		479.1		135.9		158.3		99059.8401559454		99756.4385964912		51.6		66.4		82683.8980432544		84525.1246138002		84413.1581331589				549.4		5.1224		0.1634		-0.35		288464		84413.1581331589

		535		5.134		0.1605		-0.36		291577												uniform		456.7				363				696.5984405458		99756.4385964912						535		79.9		456.7		158.3		180.6		99756.4385964912		112588.547758285		78.2		97.1		85231.9268795057		85600		85265.0339855819				535		5.134		0.1605		-0.36		291577		85265.0339855819

		522.5		5.1399		0.157		-0.3		295018												Iowa river		434.4				12500				12832.1091617934		112588.547758285						522.5		92.4		434.4		180.6		183.8		112588.547758285		113081.204678363		78.2		97.1		85231.9268795057		85600		85508.4685890834				522.5		5.1399		0.157		-0.3		295018		85508.4685890834

		522		5.1399		0.157		-0.3		295018												Edwards River		431.2				445				492.656920078		113081.204678363						522		92.9		431.2		183.8		187.2		113081.204678363		113314.840155945		78.2		97.1		85231.9268795057		85600		85518.2059732235				522		5.1399		0.157		-0.3		295018		85518.2059732235

		522		5.1399		0.157		-0.3		295018												Pope Creek		427.8				183				233.6354775828		113314.840155945						522		92.9		427.8		187.2		205.1		113314.840155945		114013.421052632		78.2		97.1		85231.9268795057		85600		85518.2059732235				522		5.1399		0.157		-0.3		295018		85518.2059732235

		522		5.1399		0.157		-0.3		295018												Henderson Creek		409.9				432				698.5808966862		114013.421052632						522		92.9		409.9		205.1		219		114013.421052632		118523.43079922		78.2		97.1		85231.9268795057		85600		85518.2059732235				522		5.1399		0.157		-0.3		295018		85518.2059732235

		518.1		5.1389		0.1569		-0.31		293648		clinton		5.134		0.152		-0.35		280310		Skunk river		396				4303				4510.0097465887		118523.43079922						518.1		96.8		396		219		251		118523.43079922		119000		78.2		97.1		85231.9268795057		85600		85594.157569516				518.1		5.1389		0.1569		-0.31		293648		85594.157569516

		511.8		5.1372		0.157		-0.33		291193												Keokuk		364		119000		119000		116708		118523.43079922		119000						511.8		103.1		364		251		253.7		119000		133087.009242144		97.1		108.2		85600		88095.3099415205		86948.8161846056				511.8		5.1372		0.157		-0.33		291193		86948.8161846056

		502.1		5.1483		0.1552		-0.38		292084												Des Moines river		361.3				14038				14087.0092421442		133087.009242144						502.1		112.8		361.3		253.7		261.4		133087.009242144		133626.776340111		108.2		135.9		88095.3099415205		99059.8401559454		89916.1344536632				502.1		5.1483		0.1552		-0.38		292084		89916.1344536632

		497		5.1484		0.1548		-0.38		291244												Fox		353.6				400				539.7670979667		133626.776340111						497		117.9		353.6		261.4		274		133626.776340111		134204.486136784		108.2		135.9		88095.3099415205		99059.8401559454		91934.8746736476				497		5.1484		0.1548		-0.38		291244		91934.8746736476

		493.3		5.1486		0.1544		-0.39		290595												Bear		341				349				577.7097966728		134204.486136784						493.3		121.6		341		274		277.7		134204.486136784		134664.646950092		108.2		135.9		88095.3099415205		99059.8401559454		93399.4509116755				493.3		5.1486		0.1544		-0.39		290595		93399.4509116755

		492.9		5.1486		0.1544		-0.39		290595												Wyaconda		337.3				393				460.1608133087		134664.646950092						492.9		122		337.3		277.7		292		134664.646950092		136389.214417745		108.2		135.9		88095.3099415205		99059.8401559454		93557.7834779488				492.9		5.1486		0.1544		-0.39		290595		93557.7834779488

		487.9		5.1486		0.1541		-0.39		289786												Fabius		323				1465				1724.5674676525		136389.214417745						487.9		127		323		292		293.9		136389.214417745		136796.702402957		108.2		135.9		88095.3099415205		99059.8401559454		95536.9405563648				487.9		5.1486		0.1541		-0.39		289786		95536.9405563648

		482.9		5.149		0.1536		-0.4		289192												North River		321.1				373				407.4879852126		136796.702402957						482.9		132		321.1		293.9		305.1		136796.702402957		137000		108.2		135.9		88095.3099415205		99059.8401559454		97516.0976347809				482.9		5.149		0.1536		-0.4		289192		97516.0976347809

		482.6		5.149		0.1536		-0.4		289192												Hannibal		309.9		137000		137000		136018		136320.133202178		137000						482.6		132.3		309.9		305.1		314		137000		137500		108.2		135.9		88095.3099415205		99059.8401559454		97634.8470594858				482.6		5.149		0.1536		-0.4		289192		97634.8470594858

		463.5		5.189		0.1477		-0.47		303153												Lock 22		301		137500		137500				137500		137500						463.5		151.4		301		314		330.7		137500		139980		135.9		158.3		99059.8401559454		99756.4385964912		99541.8613982874				463.5		5.189		0.1477		-0.47		303153		99541.8613982874

		457.2		5.1889		0.1469		-0.44		304097												Salt River		284.3				2480		139980		139980		139980						457.2		157.7		284.3		330.7		332.1		139980		141000		135.9		158.3		99059.8401559454		99756.4385964912		99737.7797096909				457.2		5.1889		0.1469		-0.44		304097		99737.7797096909

		457		5.1889		0.1469		-0.44		304097												Louisiana		282.9		141000						141000		141000						457		157.9		282.9		332.1		396.7		141000		171300		135.9		158.3		99059.8401559454		99756.4385964912		99743.9993386243				457		5.1889		0.1469		-0.44		304097		99743.9993386243

		455.2		5.1889		0.1469		-0.44		304105												Grafton		218.3		171300						171300		171300						455.2		159.7		218.3		396.7		396.7		171300		171300		158.3		180.6		99756.4385964912		112588.547758285		100562.041862254				455.2		5.1889		0.1469		-0.44		304105		100562.041862254

		448.4		5.1886		0.1464		-0.42		304469																														448.4		166.5												158.3		180.6		99756.4385964912		112588.547758285		104474.972010245				448.4		5.1886		0.1464		-0.42		304469		104474.972010245

		441.3		5.1885		0.146		-0.41		304672																														441.3		173.6												158.3		180.6		99756.4385964912		112588.547758285		108560.531429471				441.3		5.1885		0.146		-0.41		304672		108560.531429471

		437.1		5.1883		0.1454		-0.39		305514																														437.1		177.8												158.3		180.6		99756.4385964912		112588.547758285		110977.341226759				437.1		5.1883		0.1454		-0.39		305514		110977.341226759

		437		5.1883		0.1454		-0.39		305514																														437		177.9												158.3		180.6		99756.4385964912		112588.547758285		111034.884317171				437		5.1883		0.1454		-0.39		305514		111034.884317171

		434.4		5.1883		0.1454		-0.39		304812																														434.4		180.5												158.3		180.6		99756.4385964912		112588.547758285		112531.004667873				434.4		5.1883		0.1454		-0.39		304812		112531.004667873

		434.4		5.2488		0.1568		-0.42		366905																														434.4		180.5												158.3		180.6		99756.4385964912		112588.547758285		112531.004667873				434.4		5.2488		0.1568		-0.42		366905		112531.004667873

		428		5.2513		0.1552		-0.38		370233																														428		186.9												183.8		187.2		113081.204678363		113314.840155945		113294.225260865				428		5.2513		0.1552		-0.38		370233		113294.225260865

		415.9		5.2516		0.1534		-0.34		371158																														415.9		199												187.2		205.1		113314.840155945		114013.421052632		113775.357171638				415.9		5.2516		0.1534		-0.34		371158		113775.357171638

		410.5		5.2518		0.1529		-0.32		372073																														410.5		204.4												187.2		205.1		113314.840155945		114013.421052632		113986.102246616				410.5		5.2518		0.1529		-0.32		372073		113986.102246616

		410.2		5.2518		0.1529		-0.32		372073																														410.2		204.7												187.2		205.1		113314.840155945		114013.421052632		113997.810306337				410.2		5.2518		0.1529		-0.32		372073		113997.810306337

		403.1		5.2512		0.1529		-0.32		372019																														403.1		211.8												205.1		219		114013.421052632		118523.43079922		116187.310642714				403.1		5.2512		0.1529		-0.32		372019		116187.310642714

		390.7		5.2759		0.1573		-0.25		410161																														390.7		224.2												219		251		118523.43079922		119000		118600.873294347				390.7		5.2759		0.1573		-0.25		410161		118600.873294347

		383.9		5.2766		0.157		-0.24		410980																														383.9		231												219		251		118523.43079922		119000		118702.144249513				383.9		5.2766		0.157		-0.24		410980		118702.144249513

		364.2		5.2795		0.1563		-0.22		414725																														364.2		250.7												219		251		118523.43079922		119000		118995.532163743				364.2		5.2795		0.1563		-0.22		414725		118995.532163743

		363.9		5.2795		0.1563		-0.22		414725		keokuk		5.28		0.149		-0.15		407054																				363.9		251												251		253.7		119000		133087.009242144		119000				363.9		5.2795		0.1563		-0.22		414725		119000

		363.9		5.2795		0.1563		-0.22		414725																														363.9		251												251		253.7		119000		133087.009242144		119000				363.9		5.2795		0.1563		-0.22		414725		119000

		363.9		5.2795		0.1563		-0.22		414725																														363.9		251												251		253.7		119000		133087.009242144		119000				363.9		5.2795		0.1563		-0.22		414725		119000

		359.9		5.3353		0.1685		-0.16		509370																														359.9		255												253.7		261.4		133087.009242144		133626.776340111		133178.138752191				359.9		5.3353		0.1685		-0.16		509370		133178.138752191

		352.9		5.3362		0.1672		-0.13		511248																														352.9		262												261.4		274		133626.776340111		134204.486136784		133654.286330429				352.9		5.3362		0.1672		-0.13		511248		133654.286330429

		343.2		5.336		0.1665		-0.12		511070																														343.2		271.7												261.4		274		133626.776340111		134204.486136784		134099.031173899				343.2		5.336		0.1665		-0.12		511070		134099.031173899

		343.1		5.336		0.1665		-0.12		511070																														343.1		271.8												261.4		274		133626.776340111		134204.486136784		134103.616172285				343.1		5.336		0.1665		-0.12		511070		134103.616172285

		336		5.3393		0.1663		-0.1		518155																														336		278.9												277.7		292		134664.646950092		136389.214417745		134809.365898427				336		5.3393		0.1663		-0.1		518155		134809.365898427

		327.9		5.3379		0.1664		-0.07		520997																														327.9		287												277.7		292		134664.646950092		136389.214417745		135786.218799685				327.9		5.3379		0.1664		-0.07		520997		135786.218799685

		324.9		5.338		0.1664		-0.06		521930																														324.9		290												277.7		292		134664.646950092		136389.214417745		136148.016170521				324.9		5.338		0.1664		-0.06		521930		136148.016170521

		324.7		5.338		0.1664		-0.06		521930																														324.7		290.2												277.7		292		134664.646950092		136389.214417745		136172.135995243				324.7		5.338		0.1664		-0.06		521930		136172.135995243

		309.9		5.352		0.1689		-0.06		546086		hannibal		5.37		0.151		-0.08		515443																				309.9		305												293.9		305.1		136796.702402957		137000		136998.184842884				309.9		5.352		0.1689		-0.06		546086		136998.184842884

		301.2		5.3524		0.1686		-0.06		546220																														301.2		313.7												305.1		314		137000		137500		137483.146067416				301.2		5.3524		0.1686		-0.06		546220		137483.146067416

		301.09		5.3524		0.1686		-0.06		546219																														301.09		313.81												305.1		314		137000		137500		137489.325842697				301.09		5.3524		0.1686		-0.06		546219		137489.325842697

		283.23		5.3613		0.165		-0.09		542921																														283.23		331.67												330.7		332.1		139980		141000		140686.714285714				283.23		5.3613		0.165		-0.09		542921		140686.714285714

		273.5		5.3624		0.1658		-0.05		552654																														273.5		341.4												332.1		396.7		141000		171300		145362.074303406				273.5		5.3624		0.1658		-0.05		552654		145362.074303406

		273.45		5.3625		0.1658		-0.05		552731																														273.45		341.45												332.1		396.7		141000		171300		145385.526315789				273.45		5.3625		0.1658		-0.05		552731		145385.526315789

		273.45		5.3625		0.1658		-0.05		552731																														273.45		341.45												332.1		396.7		141000		171300		145385.526315789				273.45		5.3625		0.1658		-0.05		552731		145385.526315789

		273.45		5.3625		0.1658		-0.05		552731																														273.45		341.45												332.1		396.7		141000		171300		145385.526315789				273.45		5.3625		0.1658		-0.05		552731		145385.526315789

		265.6		5.3593		0.1658		-0.04		550425																														265.6		349.3												332.1		396.7		141000		171300		149067.492260062				265.6		5.3593		0.1658		-0.04		550425		149067.492260062

		260.2		5.3581		0.1658		-0.03		549678																														260.2		354.7												332.1		396.7		141000		171300		151600.309597523				260.2		5.3581		0.1658		-0.03		549678		151600.309597523

		249.5		5.3527		0.1594		-0.21		500206																														249.5		365.4												332.1		396.7		141000		171300		156619.040247678				249.5		5.3527		0.1594		-0.21		500206		156619.040247678

		241.5		5.353		0.1609		-0.07		523914																														241.5		373.4												332.1		396.7		141000		171300		160371.362229102				241.5		5.353		0.1609		-0.07		523914		160371.362229102

		241.2		5.353		0.1609		-0.06		524512																														241.2		373.7												332.1		396.7		141000		171300		160512.074303406				241.2		5.353		0.1609		-0.06		524512		160512.074303406

		228.5		5.3484		0.1591		-0.07		513806																														228.5		386.4												332.1		396.7		141000		171300		166468.885448916				228.5		5.3484		0.1591		-0.07		513806		166468.885448916

		218.3		5.3466		0.1584		-0.06		510143		grafton																												218.3		396.6												332.1		396.7		141000		171300		171253.095975232				218.3		5.3466		0.1584		-0.06		510143		171253.095975232
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		SUMMARY OUTPUT

		Regression Statistics

		Multiple R		0.998608362

		R Square		0.9972186606

		Adjusted R Square		0.9971948885

		Standard Error		389325.737563842

		Observations		119

		ANOVA

				df		SS		MS		F		Significance F

		Regression		1		6.35840969893554E+15		6.35840969893554E+15		41949.0642780652		2.27180814768876E-151

		Residual		117		17734220001766.6		151574529929.629

		Total		118		6.37614391893731E+15

				Coefficients		Standard Error		t Stat		P-value		Lower 95%		Upper 95%		Lower 95.0%		Upper 95.0%

		Intercept		396579.578266603		69173.1624282273		5.7331422237		0.0000000783		259585.765094113		533573.391439093		259585.765094113		533573.391439093

		X Variable 1		4.9538692867		0.0241870779		204.814707182		2.27180814768876E-151		4.9059680498		5.0017705235		4.9059680498		5.0017705235

		RESIDUAL OUTPUT

		Observation		Predicted Y		Residuals

		1		566497.294799792		-471297.294799792

		2		874627.964431407		-482427.964431407

		3		1404691.97810637		-615491.978106371

		4		1645945.41236778		-578745.41236778

		5		1863420.27405312		-536220.274053116

		6		2018476.38272626		-411276.382726259

		7		2112104.51224455		-338904.512244547

		8		2221585.02348022		-212385.023480217

		9		2361779.52429332		-214579.524293316

		10		2640682.36513351		-103482.365133507

		11		2687744.12335698		-63144.1233569849

		12		2773941.44894525		14658.5510547501

		13		2849735.64903148		81664.3509685169

		14		3076127.47543285		171272.524567154

		15		3367414.98948974		108985.010510257

		16		3571514.40410104		45885.595898963

		17		3619269.70402465		45130.2959753494

		18		3794141.28984452		29858.7101554782

		19		4221164.8223565		-81164.8223565016

		20		4398513.34281971		-130513.342819715

		21		4580815.73256961		-129815.732569609

		22		4708625.560166		-109625.560166002

		23		4806712.1720423		-71712.1720423037

		24		4904798.78391861		41201.2160813948

		25		5117815.16324593		168184.836754072

		26		5374425.59229605		119574.40770395

		27		5670666.97563963		61333.0243603718

		28		5921332.76154573		-2332.7615457326

		29		6171998.54745184		-74998.547451837

		30		6533631.00537962		-207631.005379616

		31		6775875.21349836		-238875.213498361

		32		6953223.73396157		-312223.733961574

		33		7151378.50542885		-377378.50542885

		34		7344579.40760944		-314579.407609444

		35		7422850.54233902		-221850.542339019

		36		7623482.24844964		-310482.248449636

		37		7777547.58326544		-261547.583265443

		38		8141656.97583656		-375656.975836563

		39		8481492.40890294		-487492.408902943

		40		8592954.46785329		-376954.467853285

		41		8862940.34397745		-379940.343977448

		42		9125990.80310026		-386990.803100258

		43		9222591.25419056		-366591.254190557

		44		9450469.24137792		-352469.241377924

		45		9515860.31596212		-281860.315962125

		46		9579765.22976032		-167765.229760319

		47		9662990.23377658		-133990.233776577

		48		9734821.33843346		-821.3384334631

		49		9908206.76346733		51793.2365326695

		50		10071684.4499278		103315.550072167

		51		10298571.6632579		172428.336742133

		52		10407556.7875649		236443.212435134

		53		10455460.7035671		313539.29643292

		54		10542648.8030127		334351.196987316

		55		10613984.5207409		441015.479259096

		56		10650940.3856196		487659.614380449

		57		10713359.1386317		610240.861368258

		58		10899129.2368823		576470.763117686

		59		11014554.391262		674045.608737998

		60		11206764.5195853		699835.480414741

		61		11383122.2661911		739477.733808864

		62		11500528.9682855		713471.031714503

		63		11695711.4181808		686288.581819236

		64		11845813.6575672		748186.342432775

		65		12134128.8500521		669871.149947889

		66		12416004.0124643		692995.987535689

		67		12680540.6323731		679459.367626872

		68		12883649.2731271		717350.726872914

		69		13114004.1949578		825995.805042207

		70		13346340.6645032		880659.335496824

		71		13560347.8176878		823652.182312168

		72		13827361.37224		796638.627760012

		73		14287080.4420441		643919.557955932

		74		14906314.1028793		311685.897120692

		75		15139145.9593534		271854.040646642

		76		15354639.273324		249360.72667598

		77		15481953.7139917		296846.286008254

		78		15654843.7520969		254556.247903056

		79		16043227.1041728		-16427.1041728035

		80		16133387.5251904		24012.4748095833

		81		16243363.4233548		111236.576645248

		82		16457865.9634681		232634.036531918

		83		16569823.4093471		357476.590652909

		84		16849221.637116		356578.362884048

		85		17005763.9065751		347536.093424901

		86		17171223.1407503		324676.859249726

		87		18018334.7887729		-178434.788772881

		88		18263055.931535		-243555.931534965

		89		18521647.9082998		-256447.908299763

		90		18656888.5398262		-237788.539826177

		91		19429692.1485486		-691292.148548555

		92		19607040.6690118		-642940.669011768

		93		19853743.3594885		-668243.359488528

		94		20109363.0146813		-704063.014681313

		95		20365973.4437314		-524773.443731435

		96		20561651.2805554		-361051.280555371

		97		20949539.2457026		-455639.245702565

		98		21114998.4798777		-305498.47987774

		99		21208131.2224674		-209831.222467359

		100		21406781.3808633		-184681.380863305

		101		21780303.1250791		-227703.125079121

		102		21929909.9775369		-199609.977536913

		103		22058215.192062		-113015.192061976

		104		22343558.0629749		-129758.062974852

		105		22661101.0842512		-121101.084251162

		106		23011835.0297482		-207935.029748242

		107		23287270.1620878		-178470.162087757

		108		23699927.4736684		-235627.473668359

		109		23850029.7130548		-251529.713054821

		110		23931273.1693564		-194873.169356406

		111		24075926.1525275		-205526.152527515

		112		24251788.5122047		3011.4877952747

		113		24509389.7151122		14410.2848878168

		114		24749652.3755163		-7152.3755162545

		115		25264854.7813312		14845.2186688259

		116		25557628.4561741		-93628.4561740756

		117		25824642.0107262		-60442.0107262284

		118		26076298.5704897		47801.4295103289

		119		26740117.054905		-335117.054905046
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		1885		18900				63600				107000		120000		150000		166000						478300																								18900		346300		1773200

		1886		22100				81900				137000		157000		212000		236000						499500																								22100		368400		2009200

		1887		28300				85200				132000		149000		156000		138000						307600																								28300		396700		2147200

		1888		56300				140000				229000		248000		314000		390000						568700																								56300		453000		2537200

												55000		64300		84200		87400						416200																								9500		462500		2624600

		1890		17400		22500		58000				123000		142000		178000		164000						307600																								17400		479900		2788600

		1891		15300		29000		63600				119000		130000		141000		142800						388300																								15300		495200		2931400

		1892		45700		71500		101000				179000		238000		306000		316000						833900																								45700		540900		3247400

		1893		58800		82700		108000				153000		174000		203000		229000						630000																								58800		599700		3476400

		1894		41200		75700		118000				150000		157000		158000		141000						379600																								41200		640900		3617400

		1895		9640		24200		49000				54000		70000		59200		47000						229000																								9640		650540		3664400

		1896		35300		66300		104000				127000		148000		161000		159600						481600																								35300		685840		3824000

		1897		86200		120800		164000				177000		198000		230000		316000						613100																								86200		772040		4140000

		1898		35800		82700		83000				79000		88800		108000		128000						487000																								35800		807840		4268000

		1899		36800		51600		95600				138000		149000		159000		183000						432400																								36800		844640		4451000

		1900		25800		33500		72200				135000		142000		138000		148000						366500																								25800		870440		4599000

		1901		19800		39600		96900				94000		106000		150000		136000						343400																								19800		890240		4735000

		1902		19800		36700		47200				104000		123000		181000		211000						475300																								19800		910040		4946000

		1903		43000		68700		136000				161000		176000		270000		340000						875000																								43000		953040		5286000

		1904		51800		50600		75300				95000		113000		171000		208000						699900																								51800		1004840		5494000

		1905		59800		82400		125000				161000		172000		212000		238000						582500																								59800		1064640		5732000

		1906		50600		74000		118000				151000		169000		192000		187000						449400																								50600		1115240		5919000

		1907		50600		75200		115000				145000		171000		178000		178000						493100						50600																		50600		1165840		6097000

		1908		73000		93900		119000				131000		134000		178000		229000						765000						73000																		73000		1238840		6326000

		1909		48900		53100		75300				111000		123000		181000		211000						774500						48900																		48900		1287740		6537000

		1910		35800		45500		63600				69000		73100		124000		104000						416400						35800																		35800		1323540		6641000

		1911		40000		42000		32600				123000		120000		156000		133000						283000						11800																		40000		1363540		6774000

		1912		39000		65100		95600				96000		104000		220000		256000						608800						39000																		39000		1402540		7030000

		1913		15800		29000		67400				100000		123000		169000		171000						487000						15800																		15800		1418340		7201000

		1914		40500		67800		107000				121000		111000		122000		112000						293800						40500																		40500		1458840		7313000

		1915		31100		40000		73200				95000		92000		142000		203000						644300						31100																		31100		1489940		7516000

		1916		73500		96800		160000				188000		195000		213000		250000						642300						73500																		73500		1563440		7766000

		1917		68600		85500		116000				133000		142000		163000		228000						661000						68600																		68600		1632040		7994000

		1918		22500		31300		80800				112000		123000		192000		222000						324100						20900																		22500		1654540		8216000

		1919		54500		68700		110000				147000		166000		205000		267000						489000						54500																		54500		1709040		8483000

		1920		53100		88800		157000				204000		222000		230000		256000						526300						53100																		53100		1762140		8739000

		1921		19500		29300		44700				77000		85300		108000		117000						397000						19500																		19500		1781640		8856000

		1922		46000		88800		145000				199000		212000		240000		242000						750000						46000																		46000		1827640		9098000

		1923		13200		22500		60000				94000		106000		148000		136000						341200						13200																		13200		1840840		9234000

		1924		12900		17800		54400				87000		106000		160000		178000						494900						12900																		12900		1853740		9412000

		1925		16800		19800		38000				81000		93900		112000		117000						325800						16500																		16800		1870540		9529000

		1926		14500		23400		57100				82000		97500		147000		205000						438000		501000				14200																		14500		1885040		9734000

		1927		35000		51600		62600				130000		133000		175000		226000						825000		925000				34300																		35000		1920040		9960000

		1928		33000		54000		80800				104000		116000		150000		215000		249000		216000		524400		595000				33000																		33000		1953040		10175000

		1929		45800		49600		78300				140000		146000		247000		296000		339000		365000		739000		791000				45000		49600																45800		1998840		10471000

		1930		22000		33700		41100				73000		83600		163000		173000		182500		186000		310000		342000				22000		33700																22000		2020840		10644000

		1931										47000		59700		105000		125000		138500		145000		200000		221000				9670		22100																9670		2030510		10769000

		1932		17600		30300		62600				94000		97500		106000		108000		124500		182000		356000		451000				17600		30300																17600		2048110		10877000

		1933		14400		19800		38600				81000		92100		160000		178000		207500		265000		434000		500000		525000		14400		19800																14400		2062510		11055000

		1934		40000		15000		55500				82000		81400		85000		83600		114000		97200		136000		137000		140000		7460		14800																7460		2069970		11138600

		1935		12600		36200		76200				130000		123000		138000		185000		207500		231000		649000		635000		623000		12600		35600																12600		2082570		11323600

		1936		37500		52500		94900				137000		133000		148000		152000		181000		218000		336000		326000		318000		37500		51800																37500		2120070		11475600

		1937		23300		31000		49200		54700		84000		95800		190000		213000		223000		255000		374000		422000		420000		23300		31000		54700														23300		2143370		11688600

		1938		38800		60700		93400		101400		184000		167400		193800		218000		228000		268000		434000		540000		552000		38800		59700		101000														38800		2182170		11906600

		1939		35600		65000		93900		96900		145000		144900		156000		216000		252500		240000		529000		618000		637000		35600		64200		96900														35600		2217770		12122600

		1940		23700		33800		51700		52100		72000		74100		81700		91400		99000		137000		188000		193000		199000		23400		33400		52100		75600		74000		99300		76500						23700		2241470		12214000

		1941		39400		67600		86700		96400		129000		128200		154400		168000		177000		220000		451000		455000		469000		39400		67500		103000		129170		135000		137200		135540						39400		2280870		12382000

		1942		30300		42400		103000		123000		166000		169600		200900		212000		229500		253000		666000		603000		615000		30000		42400		114000		174160		167000		175500		175120						30300		2311170		12594000

		1943		58200		80200		135000		137000		161000		158700		174000		210000		256000		437000		840000		873000		893000		58200		80200		125000		163540		157000		157500		152700						58200		2369370		12804000

		1944		56900		84700		105000		122500		162000		168500		254000		305000		307000		394600		844000		842000		812000		56900		84700		123000		160000		189000		193750		194500						56900		2426270		13109000

		1945		53400		87500		115000		127700		161000		164400		203300		251000		277500		308000		610000		716000		702000		52900		87500		128000		168850		162500		168000		123840						53400		2479670		13360000

		1946		41000		65500		92700		101200		146000		144800		223300		241000		264000		314000		502000		502000		506000		41000		64300		101000		152960		153200		163500		158140						41000		2520670		13601000

		1947		46500		63100		79400		85500		118000		125000		245700		339000		372000		380000		783000		886000		837000		46500		63100		85500		132950		136200		147600		152700						46500		2567170		13940000

		1948		46900		63100		77100		84000		104000		108300		233600		287000		284800		366000		633000		668000		676000		46500		63100		84000		119000		122000		157500		160860						46900		2614070		14227000

		1949		43200		53800		65200		73100		83000		85300		150700		157000		179500		219000		425000		426000		447000		42800		53800		73100		114500		87200		100600		101950						43200		2657270		14384000

		1950		53900		101000		122000		123300		136000		129900		175900		240000		235400		261000		466000		476000		491000		53700		100000		123000		134840		134000		144800		146100						53900		2711170		14624000

		1951		92800		128000		178000		185700		223000		221500		265100		307000		305000		333000		782000		795000		805000		92700		128000		186000		227000		222000		225800		228200						92800		2803970		14931000

		1952		125000		155000		190000		197500		223000		225400		253800		287000		294000		240000		684000		685000		685000		124000		155000		198000		233000		225000		231650		231850						125000		2928970		15218000

		1953		47000		67700		82800		86200		103000		104100		137200		193000		211000		232000		369000		378000		382000		46600		67200		86200		103250		140000		113080		112900						47000		2975970		15411000

		1954		43500		82800		156000		165500		183000		175900		181400		193000		195500		198000		292000		289000		292000		43400		82300		166000		181360		173500		172500		173650						43500		3019470		15604000

		1955		25700		45200		64400		73700		95000		96900		156600		174800		176000		212000		312000		332000		329000		25300		44700		73700		98460		99200		115500		87250						25700		3045170		15778800

		1956		34900		62700		91700		105000		125000		127000		131500		130600		148800		166000		230000		221000		220000		34700		62500		105000		123500		121100		121600		120150						34900		3080070		15909400

		1957		78400		94000		95800		95800		99000		103000		106000		117400		150000		180000		342000		426000		463000		78400		93600		95800		101000		97000		99300		100900						78400		3158470		16026800

		1958		18200		28400		43500		55800		59000		64500		99000		130600		154800		209000		525000		535000		560000		17900		28100		55800		68500		60000		103100		63300						18200		3176670		16157400

		1959		22200		35300		41900		72300		105000		112000		188000		197200		195500		221000		366000		361000		364000		22000		35000		72300		105500		122000		138400		143460						22200		3198870		16354600

		1960		43300		54000		70000		83100		144000		151000		307000		335900		323000		377000		670000		680000		685000		43200		53700		83100		156480		152500		180000		185500						43300		3242170		16690500

		1961		22600		46300		67600		114000		134000		143000		212000		236800		239900		247000		588000		691000		739000		22300		45900		114000		136730		141000		153200		159500						22600		3264770		16927300

		1962		56400		76300		92200		104000		128000		138000		234000		278500		272400		337000		591000		625000		628000		56200		75800		104000		132950		134000		156000		160860						56400		3321170		17205800

		1963		31600		41400		51400		72000		86000		90900		130000		147500		170000		179000		309000		308000		314000		31300		41000		72000		136730		87500		106900		99850						31600		3352770		17353300

		1964		33400		57600		65700		75600		83000		84000		96300		142600		162000		214000		309000		304000		313000		33200		57000		75600		93380		82200		100600		90400						33400		3386170		17495900

		1965		171000		228000		268000		276000		307000		307000		334000		344000		328000		380000		552000		544000		542000		171000		226000		276000		294900		305000		323000		321000						171000		3557170		17839900

		1966		49400		74800		105000		112000		136000		143000		166000		179600		195500		273000		372000		420000		447000		49000		74000		112000		145920		143100		146200		144780						49400		3606570		18019500

		1967		52200		87800		166000		170000		214000		201000		221000		245700		254700		266000		530000		530000		533000		52100		86800		165000		211200		209000		203150		202400						52200		3658770		18265200

		1968		27300		40200		75000		97900		127000		128000		143000		153900		159200		188000		352000		383000		388000		58200		77100		96000		132950		133000		132400		126500						27300		3686070		18419100

		1969		156000		199000		218000		215000		231000		231000		256000		319300		390000		365000		650000		685000		695000		154000		197000		215000		235000		238200		237500		233700						156000		3842070		18738400

		1970		35800		54900		64400		72100		91000		93000		141000		225700		297000		353000		550000		544000		552000		34100		52800		72100		103250		106000		111850		106300						35800		3877870		18964100

		1971		49800		83000		133000		138000		167000		168000		185000		221400		219000		276000		421000		421000		437000		49500		82500		138000		170620		165000		166500		163580						49800		3927670		19185500

		1972		51600		95500		98700		116000		147000		153000		192000		219800		213000		270000		408000		416000		430000		51400		94800		116000		154720		153000		159000		156780						51600		3979270		19405300

		1973		51800		78300		136000		151000		215000		207000		362000		435900		461000		546000		875000		915000		920000		51600		78000		151000		209300		215000		239650		241100						51800		4031070		19841200

		1974		39500		65200		81600		104000		143000		158000		278000		359400		352000		412000		600000		595000		590000		39400		64700		104000		161770		164000		199950		197600						39500		4070570		20200600

		1975		78300		112000		166000		183000		233000		214000		256000		293300		301000		350000		483000		560000		575000		78100		112000		183000		221000		225000		231650		230000						78300		4148870		20493900

		1976		33400		72800		120000		125000		166000		154000		221000		315600		mis		316000		488000		453000		470000		33200		72200		125000		156480		156000		153200		154060						33400		4182270		20809500

		1977		18800		26100		44800		42000		90000		57900		107100		188800		217000		179000		339000		339000		337000		15700		28100		49000		98460		120000		100000		78700						18800		4201070		20998300

		1978		40100		65400		89000		104000		130000		128000		179000		223800		247000		292000		585000		650000		660000		39800		64900		104000		129170		132000		138400		136860						40100		4241170		21222100

		1979		75400		100400		131000		133000		156000		153000		271000		330500		352000		461000		755000		855000		860000		75400		100000		133000		170620		161000		192200		194500						75400		4316570		21552600

		1980		30200		43100		69000		87400		119000		113000		141000		177700		177000		230000		358000		364000		368000		30200		43100		87400		121250		113700		120400		112900						30200		4346770		21730300

		1981		25900		43400		69800		80700		98000		96800		163000		214900		214000		317000		550000		565000		585000		25900		43400		80700		107750		125600		115540		108500						25900		4372670		21945200

		1982		57600		86700		138000		139000		175000		163000		223000		268600		300000		370000		592000		610000		615000		57400		86300		139000		167080		164100		175500		169240						57600		4430270		22213800

		1983		64100		84200		138000		145000		193000		179000		225000		326200		377000		430000		846000		960000		975000		64100		84000		145000		183190		186500		190650		188500						64100		4494370		22540000

		1984		70800		90900		106000		117000		140000		134000		200000		263900		266000		323000		637000		680000		707000		70800		90700		117000		144160		142300		151800		148740						70800		4565170		22803900

		1985		55600		73400		101000		110000		141000		139000		210000		304900		350000		427000		780000		840000		850000		55400		73000		110000		161770		150240		169500		150060						55600		4620770		23108800

		1986		83300		116000		167000		168000		215000		201000		272900		355500		392000		448000		648000		700000		748000		83000		116000		168000		211200		213283		235550		221000						83300		4704070		23464300

		1987		30300		29400		40900		158000		66000		66000		95700		134200		150000		187000		830000		860000		870000		23700		29400		51400		80680		69529		104400		68800						30300		4734370		23598500

		1988		16400		28200		46800		57200		78000		65800		107000		137900		212000		mis		mis		426000		447000		16400		28200		57200		85760		81711		109400		82000						16400		4750770		23736400

		1989		29200		49000		79400		103000		115000		104000		126000		134000		148000		163000		327000		330000		330000		29200		49000		103000		116750		127030		120400		104100						29200		4779970		23870400

		1990		35500		42900		74700		98800		121000		123000		275000		384400		318000		360000		670000		740000		755000		35500		42900		98800		127280		115626		150400		147420						35500		4815470		24254800

		1991		52000		74300		92900		104000		137000		137000		198000		269000		250000		312000		439000		448000		458000		52000		74300		104000		138620		152922		144800		134220						52000		4867470		24523800

		1992		48500		69400		92000		106000		134000		147000		183000		218700		231000		249000		421000		434000		426000								140510		190160		153200		146100						48500		4915970		24742500

		1993		104000		130000		168000		189000		247000		238000		440700		537200		510000		616000		1285000		1170000		1165000								261300		269215		357300		340800						104000		5019970		25279700

		1994		59100		72900		107000		115000		138000		147000		156900		184300		189000		263000		700000		780000		758000								140510		141279		147600		134220						59100		5079070		25464000

		1995		53900		65000		84100		99600		114000		120000		214500		300200		342000		444000		925000		1000000		1010000								123500		146337		153200		146100						53900		5132970		25764200

		1996		50800		82600		144000		143000		181000		186000		239200		359900		mis		356000		685000		705000		712000								179530		178822		180000		173650						50800		5183770		26124100

		1997		134000		161000		194000		201000		230000		237000		257000		280900		mis		mis		mis		mis		mis								231000		232857		243950		231850						134000		5317770		26405000

		1998										166000		178000		250758		312100																		175930		175220		203150		197600

		Full period of record

		MEAN		46163.10078		65788.78505		96960.16949		116814.7541		134304		140614.4		187730.2314		222642.5		246850.746268657		290070.588235294		519298.518518519		566140.845070423		575875		43873.2941176471		68152.3809523809		111861.818181818		151127.796610169		152132.728813559		163123.220338983		156430.169491525

		STD DEV		27695.17077		35529.45716		42309.75548		44640.42203		48453.70654		47980.08274		63116.79127		83710.11973		83685.0777276518		100654.400677607		184172.058581013		215556.574991655		213111.975932171		28084.1943935355		38203.0139713831		44215.7776888861		47573.7143471635		49511.2572151894		52698.7698096513		55984.5395373773

				1.8150881916		1.6764463982		1.0559959533		1.005478249		0.7089149891		0.6689652451		0.7910789505		0.6453743555		0.7431531676		0.7393031716		0.7077431049		0.3945224043		0.3544859411		2.095586126		1.8746835184		1.3033212875		0.7651151829		0.6679041727		1.4032385781		0.9565047891

				AREA		STD DEV		MEAN		CV		Area Fraction		STD DEV		MEAN		CV

		ST.PAUL		36800		27695.17077		46163.10078		0.5999417349		0.0515984296		28084.1943935355		43873.2941176471		0.6401204869

		PRESCOTT		44800		35529.45716		65788.78505		0.5400534017		0.0628154795		38203.0139713831		68152.3809523809		0.5605528881

		WINONA		59200		42309.75548		96960.16949		0.4363622269		0.0830061694

		McGREGOR		67500		44640.42203		116814.7541		0.3821471215		0.0946438587		44215.7776888861		111861.818181818		0.3952714019

		DUBUQUE		82000		48453.70654		134304		0.3607763472		0.1149747616

		CLINTON		85600		47980.08274		140614.4		0.3412174197		0.1200224341

		KEOKUK		119000		63116.79127		187730.2314		0.3362100542		0.1668536175

		HANNIBAL		137000		83710.11973		222642.5		0.3759844582		0.1920919798

		Louisiana old		141000		83685.0777276518		246850.746268657		0.3390108355		0.1977005048

		Alton old		171300		100654.400677607		290070.588235294		0.3469996779		0.2401850813

		StLouis old		697000		184172.058581013		519298.518518519		0.354655467		0.9772854739

		Chester old		708600		215556.574991655		566140.845070423		0.380747259		0.9935501963

		Thebes old		713200		213111.975932171		575875		0.3700663789		1

		Period of record 1937-1997

		Mean		52421.3114754098		75408.1967213115		104416.393442623		116814.754098361		144852.459016393		144173.770491803		199593.442622951		244744.262295082		255094.827586207		302027.118644068		555372.881355932		579533.333333333		587500

		Std Dev		31381.0777101642		38818.6737498074		46862.8430647276		44640.4220263264		51243.4828589853		49758.1313342833		68428.9165700497		85236.6793592801		83123.181520621		99064.217818037		203887.215129539		210881.159131953		209593.998167401

		CV		0.5986320606		0.5147805602		0.448807333		0.3821471215		0.3537632927		0.3451261014		0.3428415066		0.3482683457		0.3258520853		0.3279977582		0.3671177005		0.3638809832		0.3567557416

				AREA		Std Dev		Mean		CV		Area Fraction

		ST.PAUL		36800		31381.0777101642		52421.3114754098		0.5986320606		0.0515984296

		PRESCOTT		44800		38818.6737498074		75408.1967213115		0.5147805602		0.0628154795

		WINONA		59200		46862.8430647276		104416.393442623		0.448807333		0.0830061694

		McGREGOR		67500		44640.4220263264		116814.754098361		0.3821471215		0.0946438587

		DUBUQUE		82000		51243.4828589853		144852.459016393		0.3537632927		0.1149747616

		CLINTON		85600		49758.1313342833		144173.770491803		0.3451261014		0.1200224341

		KEOKUK		119000		68428.9165700497		199593.442622951		0.3428415066		0.1668536175

		HANNIBAL		137000		85236.6793592801		244744.262295082		0.3482683457		0.1920919798

		Louisiana old		141000		83123.181520621		255094.827586207		0.3258520853		0.1977005048

		Alton old		171300		99064.217818037		302027.118644068		0.3279977582		0.2401850813

		StLouis old		697000		203887.215129539		555372.881355932		0.3671177005		0.9772854739

		Chester old		708600		210881.159131953		579533.333333333		0.3638809832		0.9935501963

		Thebes old		713200		209593.998167401		587500		0.3567557416		1

		Period of Record 1965-1997

		MEAN		58533.3333333333		82600		115427.272727273		129112.121212121		157424.242424242		154318.181818182		213333.333333333		269972.727272727		280413.333333333		336193.548387097		601709.677419355		622562.5		631718.75		55411.1111111111		80414.8148148148		122244.444444444

		STDDEV		36290.6898069831		44901.454597819		51436.9715812911		47731.1792593148		55037.5044305189		54938.8720223751		75205.683240475		91644.835072439		91920.290557047		105467.663086793		210461.270158096		215195.32575269		214811.430340284		35815.4063683959		44948.917191576		49943.0008442958

		CV		0.6200003953		0.5436011453		0.4456223418		0.3696878249		0.3496126364		0.3560103636		0.3525266402		0.3394596039		0.3278028525		0.3137111452		0.3497721211		0.3456605975		0.3400428281		0.646357845		0.5589631375		0.4085502705

		skew coeff		1.7898326764		1.6451667581		0.9780589166		0.9578028429		0.685559552		0.5160703624		0.8696193787		0.6541609247		0.6026287145		0.5707043445		1.1571733272		0.6683877586		0.6175348173		2.076739949		1.8863208188		1.1848008897

				Area		std dev		mean		CV		Area Fraction

		ST.PAUL		36800		36290.6898069831		58533.3333333333		0.6200003953		0.0515984296

		PRESCOTT		44800		44901.454597819		82600		0.5436011453		0.0628154795

		WINONA		59200		51436.9715812911		115427.272727273		0.4456223418		0.0830061694

		McGREGOR		67500		47731.1792593148		129112.121212121		0.3696878249		0.0946438587

		DUBUQUE		82000		55037.5044305189		157424.242424242		0.3496126364		0.1149747616

		CLINTON		85600		54938.8720223751		154318.181818182		0.3560103636		0.1200224341

		KEOKUK		119000		75205.683240475		213333.333333333		0.3525266402		0.1668536175

		HANNIBAL		137000		91644.835072439		269972.727272727		0.3394596039		0.1920919798

		Louisiana old		141000		91920.290557047		280413.333333333		0.3278028525		0.1977005048

		Alton old		171300		105467.663086793		336193.548387097		0.3137111452		0.2401850813

		StLouis old		697000		210461.270158096		601709.677419355		0.3497721211		0.9772854739

		Chester old		708600		215195.32575269		622562.5		0.3456605975		0.9935501963

		Thebes old		713200		214811.430340284		631718.75		0.3400428281		1

		Entire project for full period of record														Minnesota Values based on Daily data

				Area		std dev		mean		CV		skew coefficient		mean/area		std dev		mean		CV

		ST.PAUL		36800		27695.17077		46163.10078		0.5999417349		1.8150881916		1.2544320864		21925.0437795206		42131.2941176471		0.5203980613

		PRESCOTT		44800		35529.45716		65788.78505		0.5400534017		1.6764463982		1.4684996663		24305.6997523336		62553.9682539683		0.3885556813

		WINONA		59200		42309.75548		96960.16949		0.4363622269		1.0559959533		1.6378407008

		McGREGOR		67500		44640.42203		116814.7541		0.3821471215		1.005478249		1.7305889496		15361.528315521		89278.1818181818		0.172063633

		DUBUQUE		82000		48453.70654		134304		0.3607763472		0.7089149891		1.6378536585

		CLINTON		85600		47980.08274		140614.4		0.3412174197		0.6689652451		1.6426915888

		KEOKUK		119000		63116.79127		187730.2314		0.3362100542		0.7910789505		1.5775649697

		HANNIBAL		137000		83710.11973		222642.5		0.3759844582		0.6453743555		1.6251277372

		Louisiana old		141000		83685.0777276518		246850.746268657		0.3390108355		0.7431531676		1.7507145125

		Alton old		171300		100654.400677607		290070.588235294		0.3469996779		0.7393031716		1.6933484427

		StLouis old		697000		184172.058581013		519298.518518519		0.354655467		0.7077431049		0.7450480897

		Chester old		708600		215556.574991655		566140.845070423		0.380747259		0.3945224043		0.7989568799

		Thebes old		713200		213111.975932171		575875		0.3700663789		0.3544859411		0.8074523275

				279500		56956.8262774179		162929		0.3495806534		2.2529922539		0.5829302326

				314580		53724.8168301609		166796		0.3220989522		1.8576972109		0.5302180685

				316200		52377.3719744461		165814		0.3158802753		1.6849742956		0.5243959519

				322800		54063.6110932709		171264		0.3156741119		1.4245315973		0.5305576208

				410000		57238.8495956226		208034		0.2751418018		0.9682735171		0.5074

				414900		60665.0208234956		211464		0.2868810806		0.8039098221		0.5096746204

				420300		65583.9455209963		221623		0.2959257185		0.9778023262		0.5272971687

				485200		97315.6115612256		263473		0.3693570558		1.5975646113		0.5430193735

				487200		98984.5051439156		266092		0.3719935404		1.8120434388		0.5461658456

				505690		112865.587870052		294022		0.3838678326		1.5500545323		0.5814273567

				528120		139073.50360529		360433		0.3858511946		1.1241307851		0.6824831478

		Full period of record from lock&dam data

				Area		std dev		mean		CV		skew coefficient		mean/area

		ST.PAUL		36800		27695.17077		46163.10078		0.5999417349		1.8150881916		1.2544320864

		PRESCOTT		44800		35529.45716		65788.78505		0.5400534017		1.6764463982		1.4684996663

		WINONA		59200		42309.75548		96960.16949		0.4363622269		1.0559959533		1.6378407008

		McGREGOR		67500		44640.42203		116814.7541		0.3821471215		1.005478249		1.7305889496

		DUBUQUE		82000		48453.70654		134304		0.3607763472		0.7089149891		1.6378536585

		sabula				47573.7143471635		151127.796610169		0.314791292

		ld14				49511.2572151894		152132.728813559		0.3254477692

		Clinton		85600		47980.08274		140614.4		0.3412174197

		fairport				52698.7698096513		163123.220338983		0.3230611172

		muscatine				55984.5395373773		156430.169491525		0.3578883774
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Sheet1

		location		Drainage area		mean		std dev								States		ND, SD and MN								NE, IA								MO

		Yankton		279500		5.187		0.138				279500		0.026604974				Area		Mean		Std Dev		CV		Area		Mean		Std Dev		CV		Area		Mean		Std Dev		CV

		Sioux City		314580		5.202		0.132				314580		0.0253748558				1050		2.698		0.766		0.2839140104		3901		3.935		0.425		0.1080050826		1370		4.043		0.224		0.0554044027

		Decatur		316200		5.2		0.131				316200		0.0251923077				20653		3.376		0.489		0.1448459716		1340		4.337		0.329		0.0758588886		2250		4.393		0.236		0.0537218302

		Omaha		322800		5.214		0.133				322800		0.025508247				2170		3.163		0.502		0.1587100854		7785		4.435		0.209		0.0471251409		6880		4.735		0.213		0.0449841605

		Nebraska City		410000		5.302		0.118				410000		0.0222557525				3898		3.391		0.523		0.15423179		12499		4.549		0.253		0.055616619		1760		4.193		0.244		0.0581922251

		Rulo		414900		5.308		0.124				414900		0.0233609646				4483		3.522		0.467		0.1325951164		4303		4.298		0.263		0.0611912517		1670		4.358		0.3		0.0688389169

		St Joseph		420300		5.328		0.125				420300		0.023460961				1340		3.792		0.292		0.0770042194		4190		4.039		0.302		0.0747709829

		Kansas City		485200		5.395		0.147				485200		0.0272474513				1300		3.576		0.366		0.1023489933		5452		4.189		0.298		0.0711386966

		Waverly		487200		5.4		0.146				487200		0.027037037				1250		3.28		0.367		0.1118902439		1661		3.974		0.323		0.081278309

		Booneville		505690		5.44		0.155				505690		0.0284926471				1110		3.629		0.326		0.0898319096		6510		4.361		0.287		0.0658105939

		Hermann		528120		5.527		0.162				528120		0.0293106568				14900		4.196		0.353		0.0841277407		1553		4.158		0.245		0.0589225589

		St Paul		36800		4.597		0.244				36800		0.0530780944				1160		2.921		0.371		0.1270112975		1545		4.172		0.179		0.0429050815

		Prescott		44800		4.76		0.229				44800		0.0481092437												4312		4.311		0.221		0.0512642078

		Winona		59200		4.947		0.188				59200		0.03800283												2336		4		0.251		0.06275

		LaCrosse		62800		4.954		0.176				62800		0.035526847

		McGregor		67500		5.042		0.165				67500		0.0327251091

		Dubuque		82000		5.1		0.16				82000		0.031372549

		Clinton		85600		5.123		0.151				85600		0.029474917

		Keokuk		119000		5.252		0.141				119000		0.0268469155

		Hannibal		137000		5.32		0.162				137000		0.0304511278

		james river, grace city ND		1050		2.698		0.766				1050		0.2839140104

		james river, scotland SD		20653		3.376		0.489				20653		0.1448459716

		vermillion river, wakonda SD		2170		3.163		0.502				2170		0.1587100854

		big sioux river, brookings SD		3898		3.391		0.523				3898		0.15423179

		big sioux river, dell rapids SD		4483		3.522		0.467				4483		0.1325951164

		big blue river, beatrice, NE		3901		3.935		0.425				3901		0.1080050826

		big nehama river, falls city NE		1340		4.337		0.329				1340		0.0758588886

		charition river, novinger MO		1370		4.043		0.224				1370		0.0554044027

		elkhorn river, waterloo NE		6900		4.106		0.332				6900		0.080857282

		grand river,  gallatin MO		2250		4.393		0.236				2250		0.0537218302

		grand river,  sumner MO		6880		4.735		0.213				6880		0.0449841605

		platte river, agency MO		1760		4.193		0.244				1760		0.0581922251

		thompson  river, trenton MO		1670		4.358		0.3				1670		0.0688389169

		cannon river, welch MN		1340		3.792		0.292				1340		0.0770042194

		cottonwood river, ulm MN		1300		3.576		0.366				1300		0.1023489933

		des moines, jackson MN		1250		3.28		0.367				1250		0.1118902439

		le seur, rapidan MN		1110		3.629		0.326				1110		0.0898319096

		minnesota river, mankato, MN		14900		4.196		0.353				14900		0.0841277407

		minnesota river, ortonville, MN		1160		2.921		0.371				1160		0.1270112975

		cedar river, conesville IA		7785		4.435		0.209				7785		0.0471251409

		Iowa River, Wapello IA		12499		4.549		0.253				12499		0.055616619

		Skunk River, Augusta IA		4303		4.298		0.263				4303		0.0611912517

		Des Moines River, Fort Dodge, IA		4190		4.039		0.302				4190		0.0747709829

		Racoon River, IA		5452		4.189		0.298				5452		0.0711386966

		Cedar River, Janesville		1661		3.974		0.323						0.081278309

		Cedar River, Cedar Rapids, IA		6510		4.361		0.287						0.0658105939

		Maquoketa River, Maquoketa IA		1553		4.158		0.245						0.0589225589

		Turkey River, Garber, IA		1545		4.172		0.179						0.0429050815

		Skunk River, Augusta, IA		4312		4.311		0.221						0.0512642078

		Wapsipinicon River, De Witt, IA		2336		4		0.251						0.06275

		Keosauqua, Des Moines River, IA		14038		4.593		0.232						0.0505116482

		Marseilles, Illinois River		8259		4.643		0.176

		Kingston Mines, Illinois River		15819		4.672		0.146

		Meredosia, Illinois River		26028		4.763		0.164
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