%&&

| (&) *+&)& , "

%

/

LI

#




‘Morphological and Process Dynanics of the Lower Mississippi
River

by Oliver P. Harmar, BSc

Thesis submitted to tHegniversity of Nottingham
for the degree of Doctor of Philosophy, May 2004



CONTENTS

CHAPTER 1. INTRODUCTION ...ttt 1.
1.1 Rationale and principal research qUESHONS............uvvvuiiieiiiiiiiiiiieee e, 1.
1.2 History of large-scalestudies in geomrphology...........coccvviiiiiiiiieeiniiiiiie 3.
13 The renewedignificance of large-scaldudies............cccvvviiiiiiiiiiiiiiiiiieeeee 4..
1.4 Technological deVeIOPpATIS.............oiii i e 5.
15 The conplexity of alluvial channel Sgtems............cccecveiiiiiiiiiiie e, G...
1.6 Geamorpholaical approaches...........coooeeeiieieiii Q...
1.7 Consideringdrge-scale behaviour.............oooiiiii e 11..
1.8 Multiple scales of dganmics: The Lower Mississippi RiVEr...............oooeel 13
1.9 RESEAICH OULIINE.......ceiiiiiieeeeeee e e 15.....

CHAPTER 2. RESEARCH DESIGN, FIELD AREA, AND DATA S ETS.....17
2.1 (O T o] (ST gES) 10 015 =TT 17....
2.2 RESAICN AESIN......oiiiiiiiiiiie e 17.....
2.2 Geographic, phstographc and hylrological setting..........coccveeeviiiiiieeviinnnnnn. 21

2.2.1 The Missisgipi drainagBasin...........cc.oevvveevveeeeieeiiiieeiirieee. 21..
2.3.2 The Lower MiSSISSIPPi RIVEL.......c.oiiiiiiiiiiiiiieeeeeeieee e 22..
2.4 Geamorphola@ical campleXity ... 26...
2.5 Physical controllingvariables..............uuuuuiiiiiiiiiiiceses s 29...
25.1 Geological INFIUBNCES.........ccoiiiiiiie e 29....
2.5.2 NeotectoniC INFIUBNCES .........eiii s 30...
253 Climatic INFIUBNCES ... .ueeee 32....
254 SCAIBVEL.... 32.....
255 Internal adjushents at tmescaés greadr than 2000Q/ears............ccccee..... 33
2.6 HUmMan-induced CONLIOLS...... ... 35....
2.6.1 Early modifications (Pre-1927)........uuuurruurmmmmiiiiiiiseisieeseeee e e e e eeeeee e 35..
2.6.2 Sustained channel engineerin@2 D late 19608S)...........ccvvvveeeeeeennnnns 38
2.6.3 Environmental approaches (late 1960ptesent).........ccccoovvvvvvvveeenennn. 47
2.6.4 Geanorpholaical Implications.............ccovveviiiiiiie e, B0..
2.7 Geamorpholagical UNderstanding.............oooviiuiiiiiiiiieeee e 50...
2.7.1 Investigationof spatial and teporal variation in chamel form................. 52
2.7.2 Investigationof spatial and teporal patterns of setient transpott......... 57
2.7.3 Investigationof the spatial and teporal variation of the efficiencyf
channel formflow reSiStare)..........coooviiiiiiiiiiiiece e h8..
274 Understanding of regional-scale gamrphological response to
LT alo 1o =TCT g a e [ 1 (T AVZ=T 1 (o] o P 59...
2.8 Available data SEtS..........ooiiiiiiiii e 60.....
2.8.1 Data set coverage and resolution................ooovvviiiiiiiieiieeeeeeeeeees 61..
2.8.2 Reliability of datasetS........cocuuiiiiiiiiiieeccn e e 63...
2.8.3 Historic maps of river planbrm.............cccovvvviieiiieeeeeees 63..
28.4 Late Holocere maps of abandoned chads ..............coooevviiiiiiiiiiiiiiiinnnns 66
2.8.5 Hydrographicsurvey data SetS..........ccuieiiiiieiiiiiiiiie e e e 68..
2.8.6 Flow stage and discharge data sets.............ccccccciiiiecveeeeee, 72..
2.8.7 Sub-reach sdadata sets..........ccceeeeeeei e, 72...



CHAPTER 3. METHODOLOGICAL FRAM EWORK AND ANAL YTICAL

TECHNIQ UES ... e e aa s 78......
3.1 Methodol@ical frameWOrK...........ccooiiiiiiiiiiie e 78....
3.2 Regional-sca and reach-scalaethods and technigsie...............ccoevvvvvnnnnn.n. 78

3.2.1 One-dinensional parameriSation.............ccccceeeeeiiiieiiee e ee e e 79..
3.2.2 Serial @NAIRIS. ....cviiiieiiii e 87.....
3.2.3 Morphological feature extraction and alysis ..............cccvvviiiiiieiiiins 98
3.3 Sub-reach scalmethods and techniquEes..........ccooeeiiiiii e, 101
3.31 Initial data ProCESSING......uuuriiiieeiiiiiiiiiiiei e 101.
3.3.2 Morphological analySiS ..........ooiiiiiiiii e 103.
3.3.3 FIOW @NaAINBIS. .....ccviiiii e e e e e e e e aeens 105...

CHAPTER 4. PLANFORM DYNAM ICS.....coiiiiiiiiii e 107
4.1 (O gF=T o] (ST S]] 0 1S PP 107...
4.2 Quantifying planformvariation..............cccccuiiiiiiiiiiee e 10z7.

4.2.1 Scales of plaform variation .............cccccovveeeiiiiiiii e 107
4.2.2 Determination of a suitablsanpling interval...................ccooeeee el 108
4.3 Identification of planfornreaches...........ccccceiiiiiiiii 113
431 Developnent of zonatioimethodolog using the 880 direction
ChANQE SEIES.... i e ceeeeee e e 113...
4.3.2 Determining he nost appropriate winde size and nutwer of
LaT0T 010 F= 1 1= 119..
4.3.3 Planformreach dynarmiCs..........ccovvviiiiiii i 121.
4.3.4 The statistical significance of identifidburdaries..............cceeeeeeenn. 125
4.4 Variation of channel [ength.............ccouviiii e 126.
4.4.1 1Y =71 o Lo S PRSP 126....
4.4.2 ANAlYSIS Of FESUILS......cviveeiiieeiee 129..
4.5 Variation of channel Width................oouveiiiiiiiii 136..
4.6 Variation of the proCesSgame.............ooovvviiiiiiiiiiiiiiieees 137
4.7 Integrating morphalgicaland process variation: urgtreampower............... 140
4.8 Variation of radius Of CURBUIE............cccuiiiiiiiiiee e 143.
4.9 Variation of meandewavelength andraplitude.............ccccccoooiiiiiiiiiennnnenn. 152
4.9.1 Autocorrelation angbartial autocorrelation...........ccccoeeeevveiiiiiiineeeenns 152
4.9.2 Second-order autoregressivedelling...............cccccieeeeee, 154
4.9.3 SPECHAl ANGISIS. ... 161..
494 Meander bend StatiStiCS............oooviiiiiiiiiieeeeee s 167.
4.9.5 Meander waglength estination: conparability between techniques.....175
4.9.6 Empirical relations between eande wavelength, cannel width and
channel diSChArge..........oovviiiiiiiiii s 185..
4.10 Reach Hstory. The inmportance of longeterm controls...........cccccceeeeeeveennnn, 190
4.101  Magnitude ad rates of planfornchanges duringhe Holocene period...190
4.102  Planformdynamnics at the 200@ear timescale.............ccccceeeeeeiiiiiiinnnn. 194
4.103  Linking the 2 000/ear and 16%5ear tineSCabs..........uevvvvvrrrnrnrennnnnnnnnnns 200
.11 DISCUSSION....cciiuiiitiiieitee e e e e ettt ettt e e e e e e s sttt e e e e e e e s s sbbb e e e e e e eeeeesannnnes 204....



CHAPTER 5. THE REGIONAL-SCALE LO NG PROFILE ...........cccevvnnne 209

5.1 (O =T 1 (=] g v (0] 0 1S £ 209...
5.2 Obtaining a consistent data SEIES........coouviiiiiiiiiiieeee e 209,
5.3 Detecting vaitation inprofile slope at theegional, reach, and sub-reach
S .. 215.....
5.4 Variation in profile slope at the regional-scale............cccceeeeeiieiiiiiiiiniennnnn. 216
5.5 Variation in profile slope at the reachale..............cccoooiii 222
55.1 L€1=To] (oo o= 1 I o0 ] 011 {0 L= 223..
5.5.2 TrDULArY CONTIOIS.....eviiiiieieiiee e 225..
55.3 [N[=To](=Tox o] a1 ol od0] 1 i £ ] =R 225..
554 ENgINEering ONtrolS...........cceuiiiiiiiiiee e 2217..
5.6 Variation in profile slope at the sub-réascale...............cccceevveiiiiieieriinnnnnnn. 230
5.7 Variation in pol and crossig anplitude and wavelength........................... 232
5.7.1 Downstrean trend renoval byregression...........cccceeeeeeeeee e 232
5.7.2 Second-order autoregressivedelling............ccccceeiviiiiiiiiiiin e, 234
5.7.3 Spectral aNGSIS. ....coooeeiii i 234..
5.7.4 Pool and crasing parametgsation byregreSsion.........ccceeeevveiivvvvennen. 239
575 Pool and crasing parameterisatiorylthe cunulative elevation change
EECANIQUE......ceiiiiee e 248...

5.7.6 Pool and crasing classificationcomparability of regression and the
cumulative ekvation change techniqure relation tomeander lenip

L] 0= x| T 251....
5.9 DISCUSSION ...ttt e ettt ettt e e e e e et e e e e e e e e e bbb e e ees 260....
5.9.1 Explaining the concave long profile...........ccceeevviiiiiiieee 260
5.9.2 Downstrean trends in large-scalbedfom resstance................c.cc........ 263
CHAPTER 6. REACH-SCAL E LONG PROFILE DYNAMICS ................. 265
6.1 (O gF=T o] (ST ES) v [0 0 1S PP 265...
6.2 Obtaining representative BaSEriS. ...........ooiiiiriiiiiieeeee e 265
6.3 Discharge variation in relian tothe da& collection................ccccceeeeeeiinnnes 266
6.4 Refereming longprofiles to a common channel distance.......................... 268
6.5 Temporal varation in long profile slopat the reacheale............cccccceeeene 275
6.6 Tenyporal variation inlte anplitude and wavelength of pools andssings...281
6.6.1 Removal of regression trends..........ooovvvveiiiii e 281
6.6.2 Serial analgiS........coooeeiiiie 281...
6.6.3 Pool and crasing parametgsation byregreSsion.........ccceeevvveievvvnnnnen. 282
6.6.4 Pool and crasing parameterisatiorylihe cunulative elevation change
EECNNIQUE......eeiiieee e 286...
6.6.5 Relating changes in the pool-crossing cgafation to changes in
ProOfile SIOPE. ... e 289...
6.7 Spatio-tenporal variation in cross-sectomorphologcal and process
PAIAINMBLENS. ...ttt e e e e et r e e e rb e e 292....
6.7.1 Obtaining awater surface profile...........cccovvvviiiieiees 292
6.7.2 Variation of the roughness coefficiem) (...........ccccceveevviieriieiiiiieeee, 298
6.7.3 Computationof morphologcal parameters..........coceeevveevieeiiieeiieieeeeenn. 301

6.7.4 Comparability of conputed bankfull width to masued bankfull width... 305
6.7.5 Analysis of morphological and ydraulic relations in the 18489 ime

6.8 DT o 0 1] (0] TR 320....



CHAPTER 7. SUB-REACH SCALE DYNAMICS ... 324

7.1 (O =T 01 (=] g v (0] 0 1S L 324...
7.2 Pool-crossinglynamcsat annual tirescales...........ccccccevvvvvvvvvvvieviiivivinninnn, 325
7.2.1 Method of stadardising cannel distanCe.........cccccccovvviiiiiiiiiieeeeennnnns 325
7.2.2 Thalweg elevation changes betn Decetner 1991 and Februaf001 325
7.2.3 Thalweg eleation changes at 1y&ar intervals.........cccccceveveevveeiivnnnnnn. 326
7.2.3 Significance for longer-terrand larger-scale ayamcs..............ooeeeenenn. 332
7.3 Bed neterial movementat sub-annuaimescales.............cccooevvvivviieeiieeene, 333
7.3.1 Studies of bé material movement on smallerscak dluvial rivers........... 333

7.3.2 MELNOM. ....ciiiieiiii e 335....
7.3.3 Bed naterial movement: multiplescales oflynamics...........cccooevvvvieee. 336
7.34 Formresistage at the sub-reachae............cccoooiiiiiiies 351
7.3.5 Estimating bed naterial movement at thesub-reach sde....................... 352
7.3.6 A re-appraisal of bed &erial movement...........ccccvveveeieeiiiiien 356
7.4 Formprocess interrelationships: velgcfield dynarmics..........cccooeeeieeeeinnnn. 358

7.4.1 1Y =1 oo PP PP 358....
7.4.2 Evaluation ofexisting thedes of pool-cossing naintenance................. 358
7.4.3 Analysis of ADCP velocity data SetS..........coovivviviiiiiiiiieeieeiiiiieee, 361

7.5 [ o U1 o o 372....
7.5.1 Multiple scales ofmorphological and ppcess dgamics..............ccvvveeeee. 372
7.5.2 Issues Of reSENtation.............coovvviiiiiiiei e 374.
CHAPTER 8. CONCLUSION ..ottt e e 376.
8.1 Understanding of geoonphological reSPONSE.........cccovvviiiiiiiiiiiieeeeeeiies 376
8.2 Significance of geowrphological reSponse..........coocovvvveiiiiiiieeeeeiicee e, 381
8.3 Representing dyaric geanorphological behaviour...........cccocoeiveeiiieniinnnnn. 382
8.4 Methodol@ical appProaches...........coooiiiiiiiiiiiiii e 386.
8.5 Recanmendations for further research.............cccoevviiiiiiiiiiiiiiiiiiee 388
8.5.1 Further reseah based on existing datds............ccccceeeveiiiieiiiienneee, 388
8.5.2 Further rese@h requiringnew data SetS.........cccceeiriiiiiiiiiiiieeeeen e 389

AP P EN DD L X A 391....

REFERENGCES ...t 392....



Chapter 1.

Figure 1.1

Figure 1.2

Chapter 2.

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.0

Figure 2.1

Figure 2.2

LIST OF FIGURES

Introduction
Interrelationshipsbetween channel form and process (Richards

1982).

Time and space scales wibrphological adjustment (after
Knighton 198)

Reseach dedgn, field area and data sts

The relationship between measd parargers and alluvial river
channel dypamics.

The scale caimuum of morphological data se@vailable to the
study.

The Lower Mississippi River within: a) its drainage basin and; b) its
alluvial valley.

Flow duratian curve for Micksburg, 938-200L water years.

The discharge record atdksburg. Discharge hasdre conputed
daily frommeasured recds at appoximatelyfortnightly intervals.

The conplexity of large aluvial rivers: fysical and bman induced
controls andtie role of gemorpholog.

Neotectonic and geogjical controls intie Lower Mississippi
alluvial valley (adapted fromutin et al,, 191).

A timeline of channel enggering on thé.ower Mississippi River
considered within the context ofykadvances in geoonphological
understandig, socio-poliical influences and extrenexents.

Cutoffs on tke Lower Mississippi River between 19268d 192: a)
adapted fronStanleyConsultants (199) and; b) adajet! from
Winkley (1977).

Increase in levee height844-1978 (nodified from Snith and
Winkley, 1996).

a) Application of an artidated concretenattress to aid bank
stabilisation and b) a stomkke field (Biedenharn, ZiD).

Bank revetrent and die field construction inne USACE

Vicksburg District (confluence of Arkansas River to Old River
distributay) in the periodl860-1980 (Wnkley, 1977)

Vi

19

20

23

25

25

28

31

36

42

44

44

45



Figure 2.13

Figure 2.14

Figure 2.15

Figure 2.16

Figure 2.17

Figure 2.18
Figure 2.9

Figure 2.D

Chapter 3.

Figure3.1

Figure 3.2

Figure 3.3

Figure3.4

Figure3.5

Figure3.6

Figure3.7

Figure3.8

Number of ciossings dredged in the USACE Vicksg District
(confluence of Arkansas f®er to Old River distributg) in the
period B96-1975(Winkley, 1977).

The space-the danain of each controlling variable.

Regional-sca adjustentsto the longprofile in the period 1950-
94, as propsed ly Biederharn and Wabn (199).

a) Aerial photograph psac of the ‘Cat-Fish Poihtbend sub-reach
of the Lower Mississippi Rer, collecte by the USACE Vicksburg
District in 1999 at an original scale of 1:20 00f). A tean

undertaking subsurface borings e talluvial vally (Moore, 1972)

The relation between the original USACE decadal-interval
hydrographicsurveymaps and the digised data.

The locatiorof the local-scale studyeaches.
The densit of observed velocities in each flow cross-section.

The nmorphology of the Red Ee crossing and Missoilbend sub-
reach.

Methodological framewark and analytical techniques
Summary of initial processingto allow quantitative anatis of
planform
Digitising and initial datgrocessing frontmistoric planforrmaps.

Digitising and initial déa processing frorabandoned channel
maps.

Hydrographic survey data sets following reaval of ‘problerri
cross-sections. In a), 18®4 survg overlays the194851 suney
and in b) the197375 overlays the 062-64 and1948-51 survgs.

Summaryof the autorated dda processing procedure developed to

sort an unstrctured table of(x,y,z) coordinates ito delineated
cross-gctions.

Initial data pocessing péormeal on the hgrographic surveylata
sets.

The decomosition of a series intoits constituent coponents
(adapted fronRichards, 1979).

Hypothetical boudaries identified using the Iapal zonation
method.

vii

45

51

55

67

70

73

75

77

81

82

83

84

88

90

94



Figure3.9

Figure3.10

Chapter 4.

Figure4.1

Figure4.2

Figure 4.3

Figure4.4

Figure4.5

Figure4.6

Figure4.7

Figure4.8

Figure4.9

Figure4.10

Figure4.11

Identification of pol and riffle bedforms based othe bedform
differencing technique (odified from Robinson 2003).

Computation of the channel centreline using the flogvoss-
sections.

Planform dynamics

a) The direction seriegor the 188 planform of the Lower
Mississippi Rver betwen Cairo and theHead of Pases, baed on
a sanpling interval of 2km. b) The correspondinplanformwith
the five ‘direction reachestentified.

a) Direction and directiochange serig from Cairoto the Head of
Passes for the 1880 planioseriesb) the selected reach fro730
1200km and; c) the selected series.

The direction and directiothange sergfor reaches) in the
vicinity of the Greenvilldbends and; b)mmediaely downstream
from New Oteans.

Experimenting with samplingntervals in the range 0.5-4 km)
direction change series foretlieach 200-400 krdownstream frm
Cairo and bYyepresentatio of planbrm for the se¢cted reach 250-
290km downstreanirom Cairo.

Spectral desity plots for the 1930 planform series at sampling
intervals of a) 1 knand b)2 km

Direction clange andmoving standed deviation for the 1880
planform series. Moving standard deviation has beerculateal
using winaw sizes of 4km, 80 kmand 12 km.

Boundaries identified inthe 1880 standard eviation series
generated using a windasize of 80 channel km

a) A box pbt illustrating thedistribution of standard deviation
within the six reachesidentified by five boundariesand b)
identified baindaries superiposed on th 1880planfam.

Percentage of total variaticexplained against nlar of zonation
bourdaries for the a) 176&nd b) D30planformseries.

Boundaries dentified in the 180 stamdard deviabn series for
window sizes of 6&m, 80 kmand 10Ckm.

Boundaries dentified ty appling the zonation procedure to he

moving standard deviation of éiction change series in the period
176541975.

viii

102

104

109

110

111

114

115

116

118

118

120

122

124



Figure4.12

Figure4.13

Figure4.14

Figure4.15

Figure4.16

Figure4.17

Figure4.18

Figure4.19

Figure4.20

Figure4.21

Figure4.22

Figure 4.23

Figure4.24

Figure4.25

Figure4.26

Statisticalsignificance ofadding addibnal boundaristo the 8Ckm
moving standrd deviation of the 1930 direction change series. In
a) the p-value is plotted anlinear yaxis and in b) a logarithia y-
axis is used.

Statistical sigificance of ading additional boundaries to the: a) 40
km and; b) 20 kmmoving standard deation ofthe 193 directbn
change seriesLogarithnic y-axes are used.

Histogranms of the distribution of reach length for: a) 20; b) 40; c)
60; d)80; ard; ) 100bouwndaries.

A summary of the processingoutine used to delineatsub-reehes
based on equal valladistance.

Channel length changestimeen Cairo and Baton Rouge in the
period 765 1975: a) tdal lengh change; b) pearentagemean
annual rates of channel length change.

Channel length changes tine period 1765-1930 based division
of the vallgy axis into 2006sub-reachesfeequal length.

Average perentage ratesfdength chage per knfor the pre-cutdf
period 165-193Q Ratedn a) are presented asveodulus ofgross
length changewheras etes in b) are msented anetchanges over
the period.

a) Mean top-bank channelidth and P standardised rates of top-
bank channelidth change in th period 1830-1978ased on dat
collected bywinkley, 1977).

Trends in nean annual disharge at Vicksburg ithe period B17-
1975 based on data frovdinkley (1977).

The inplications of channel length and width varialyilitor unit
strean power.

Plots of average length aigst width in the period8304197 for:
a) the LoweMississippi River from Cairo to Old Rév and; b) the
individual planform reaches identified ifigure 411.

Detemination of radiusof curvature at each swling point.

Median radius of curvaturim relation to surve reach and survey
year.

Median radius of curvature against reach sinydsit each reach
and planform survey irhé period ¥65-1975

The relationship betweemeander waslength, neander arplitude
and sinuosit.

127

127

128

130

133

134

135

138

138

141

141

145

145

146

148



Figure4.27

Figure4.28

Figure4.29

Figure4.30

Figure4.31

Figure4.32

Figure4.33

Figure4.34

Figure 4.3

Figure4.36

Figure4.37

Figure4.38

Figure4.39

Figure4.40

Figure4.41

Figure4.42

Figure4.43

Mean radiuf curvature gainst the redtive sizeof meander beufs,
measured byproportional increases in bbt wavelength and
anplitude.

Spatial and teporal variability of the median radius of
curvature/width R/w) relationship.

The definition of meandeanplitude and wavelegth parameters
according tornglis (1947) ad Leopold ad Wolman (1960).

a) The ACF and b) th®ACF for the Lower Mississippi River
between Cairo and BatdRouge in 930.

PACFs of the 1930 directiachange series for the reaches identified
in Figure 4.11

Modelled direction change irelation to observed direction change
for the 193(Mlanformseres.

Predicted direction changagainst observed direction change for
the 1930 planfornseries.

a) Meanwavelength clasdied by bothreach and swey year; b)
mean vavelength for each surveyear and; ¢) mean wavelength for
each reeh.

Variation explained (B against: a) surveyear andp) reach.

Spectral densityplots fa the Lower Mississippi River between
Cairo and Baton Rae, in1930and B75.

Spectral densityplots for the six planform reached the Lower
Mississippi River fron Cairo to Baton Rouge (Figei4.11) for the
1930and B75 planformseries.

Plots of pealspectral densy against wavelength for the six reaches
identified inFigure 4.11.

a) Peakspedral densityand b) peak wavelength for each syrv
year for the Lower Migssippi River betweerCaro and Baton
Rouge.

Number of identified inflexion points against orighal sanpling
interval for tre 1930planfam survey

Identification of inflexon poirts in he 1930planform survey by
applying a tolerance valugpecifying aminimum distance betwen
inflexion points.

Identification of inflexon points in he 1930planform surveyby
specifying an additional tolerance leson angle change.

The final set of identifié inflexion generated by specifyg a
minimum distance tolerance of 1 kamd an anglehange tolerace
value of 0.5 radians.

148

151

153

155

155

157

157

159

160

163

164

165

166

169

169

170

170



Figure4.44

Figure4.45

Figure4.46

Figure4.47

Figure 4.48

Figure4.49

Figure 4.9

Figure4.51

Figure4.52

Figure4.53

Figure4.54

Figure4.55

Figure4.56

Figure 4.57

Figure4.53

Figure4.59

Identifying parameters fro ‘unpaired’ meander bea (afterBrice,
1983).

Plots of nean bendanplitude againsimean bendvavelength for
the six reacheidentified in Figure 4.11.

a) Mean bed amplitude and b)mean bend waveaingth for each
survey year for the Lowr Mississipp River between Cairo and
Baton Rouge.

Comparison of meander walangths estimated bspectral, second-
order autoregressive and inflexion pdethniques.

Hypothetical spectra for direction change serie

The relationship betwedpend armplitude and benavavelength for
first order wints of inflexion identifiel from the B30 planform
series.

Hypothetical superimposition of neander bends.

Generation of a hierarchy mmeanders and ginerorder undulatons
in the 180 planformseries i the nverse renormlisation nethod.

The distributdon of wavelenghs conputed between identified pus
of inflexion in the first and second order hierarcfor the 1930
planformseres.

The distribution of wavelengs for bends with a sirosity greater
than 1.5in camparison to all bends fohé 1930planfam series.

Spatial and @mporal varability of the channel wavelength/widt
( /w) relationship.

Wavelength-width ratioor each ead identified byspectral ad
inflexion point techniqueplotted onto the regressn relationship
identified by Leopold anl Wolman (195).

The classifietion of channkpattern based on sediment load, ltota
sinuosiy andrelative stability (nodified fromSchumm 1985).

Abandoned kbannel data processing and asayouine.

The distribuion of abandned channslin the alluvial valleyin
relation to: a) the broad stribution of Late Wisconsin vallg train
deposits; b)wo areas of active neotectonic uplifica c) tributay
inputs and rgor settlements.

The range of channel lengéxperienced in each dig 200valley

reachs in the pre-cutoff (1763:930) periodin relation to the
distribution of Late Holocene abandonetiannels.

Xi

172

173

174

176

178

178

179

181

181

184

187

188

193

195

197

202



Chapter 5.

Figure5.1

Figureb.2

Figureb5.3

Figure5.4

Figure5.5

Figure5.6

Figure5.7

Figure5.8

Figure5.9

Figure5.10

Figureb5.11

Figure 5.12

Figure5.13

Figureb5.14

Figureb5.15

Figure5.16

Regional-scale long profié

The variability of cros-sectional spacing in the 19745
hydrographicsurveyfrom Cairo to theHead of Pass.

Representatio of the 1974-75 longorofile using a varietyof
sanpling intervals.

Spectral plots for the detrended long profile in reach 7 raplgag
intervals of: a) 1.0 kimb) 0.5 kmand; c) 0.2%m.

The fitting of a second order pghomial trend and hear trends to
the 1974-5 long profie of he channel thiweg.

Daily dischage trends fosewen gaugig stations inhe 198 water
year.

a) Camposition of bed mateal in 189 thalweg surwe and b)
comparison of median grain dissters for the 1989 and932
thalweg survey (nodified fromQueen, 1994).

a) Snoothing the 1974-5 long profile using a40 km moving
average. bAn 80 kmmoving averag applied to the long pfile
plotted alongide the coefficient obtained/ tappling equation 2
using a 160 knsplit windowing procedure.

The five Holocene delta cqitexes recognised in éhmost receh
interpretation of delta chronolggmodified from Frazier, 1967; in
Saucier, 1991

a) Reach sinuositin reldion to the 1974-% long profile and;b)
temporal trends in reachraiosiy in theperiod 1765t975.

Moving standard deviation plottedilongside the coefficient
obtained bygpplying equdbn 5.2using a 160 knsplit windowing
procedure.

Definition of pool and crossing aplitude, length and spacing
(pool-topoolwavelength) based on a regular sine wave.

Comparison of the ACFs and PACFs for: a) reach 4 and; b) reach 7.

Spectral plots of the detrended lopmpfile in each of the elg
reachs.

Variation in wavelengt downstream estiated by second-oed
autoregressive and specttathniques.

Downstrean trends in reach-aveaged pool-to-pool wavelength
using the regression tediques at thre sanpling intervals: 0.25;
0.5 and;1.0km.

Downstreantrends in reaclaveraged: a) aplitude; b) length angd
¢) anplitude/length ratio; sidentified by the regression technique.

Xii

211

213

214

219

219

221

224

226

229

231

233

235

237

238

240

242



Figure5.17

Figure5.18

Figure5.19

Figure5.20

Figure5.21

Figure5.22

Figure5.23

Figure5.24

Figure5.25

Figure5.26

Figure5.27

Figure5.28

Chapter 6.

Figure6.1

Variation inbedformshag between the upstregmeaches 1-5) and
downstrean reachegreaches 6-8) of the Lower Missippi River in
1975

Roughness due to triangulblocks ora plane bed (odified from
Richards, 198).

Contrasting bdform shapesand their inplications for reroval of
regression trends (@dified fromRobinson, 2003).

Identification of both sigificant and insignificant bedforgin the
reach 1260-134Rm downstreanfrom Cairo (reaclv).

The identification of poks and crossigs between 220 and 320
km downstrem from Cairo (reach 7) using tolerance values of: a) 8
m; b) 6 m ¢c)4 mand; d) 2n.

The increase in gan pool-v-pool spacing as tolerance valuge i
increased foeach reeh.

Comparison of wavelegths estimated fro second-order
autoregressivemodelling with mean pool-to-pool spacing at
tolerances o4 m, 6 m and 8 m using the cuulative elevatim
change technique.

Defining the length of a pool and crossing usingd4moint
elevations.

Trends in pol and crossing: a) amplitude; blength and;c)
amplitude/length ratio for the eight reached ¢he Lower
Mississippi Rver.

The distribtion of pod-to-pool wavelength btained by: a)
regression classifation and;b) the emulative ekvation change
technique inrelation to the disibution of meander bend length
defined ly paints of inflexion.

Mean crosing to crossing spacing agat mean disance beteen
identified points of inflexion for the eight reaches the Lowe
Mississippi Rver.

Cross-correlation of detrded thalweg elevation with theodulus
of direction ¢vange for: ayeach 4 and; b) reach 7.

Reach-scale long profile ginamics

Dischargeagainst percentf time exeeded at the Vtksburg gauge
for two timescales: a) &n water yarsprior to each hgrographic
surveyand; b) two water years prior to each hydrpgie surve.

Xiii

246

246

247

247

251

252

254

255

256

258

261

261

269



Figure6.2

Figure 6.3

Figure6.4

Figure6.5

Figure6.6

Figure6.7

Figure6.8

Figure 6.9

Figure6.10

Figure6.11

Figure6.12

Figure6.13

Figure6.14

Figure6.15

Figure6.16

Figure6.17

Percent of time exceeding 100 nts® and 30 000 nvs’ in eah 270
water year during the 940-2001period.

Longitudinal thalweg profiles for the fauhydrographtc surve in 272
the 194-89period.

Deep pools at the apex of hightinuous bends in the 1949989 274
period.

The develoment of poo$ in the 194989 period i the sub-reach 274
labelledc) in Figure 6.3

Linear regression of alvnstreamelevation change in the pedo 276
1949 -1989 within the reach 570 — 10Z®n downstream frm
Cairo.

a) Cumulative elevation change frorB70 km downstreamfrom 277
Cairo in theperiod 194-1989; and brumulative elevation change

within three sub-periodglictated by the dates of inteedliate
hydrographic survey.

Comparing long profilesin the 194-89 periodthat have been 279
snoothed ly appling an & km moving average.

Spectral plots in the perid4841988 for reaches 4 drb. 284

Temporal trends in reach-araged: a) amplitude; b) length and)c 287
amplitude/length ratio as identified byegression for the four
hydrographicsurveys inthe period D49-1989

The increasen average poelo-pool spacing as tolerance value is  5gg
increased forthe four hydrographi surveys in the period 1949-
1989

Temporal trends in reachageraged: a)length and; b) direction 290
change as identified bthe cunulative elevation change technique
for the 1919-89 peria.

Derivation of the equatiofor gradualy varied flow (after Richarsl 203
1982).

Stage against discharge relationships: a) Flow stage again3297
computed dailydischargefor the Vicksburg gaugen the peria

1983 — 1993 and; b) flow stage against dischargeeasured
intermittently in the periodl967-1998.

Longitudinalthalweg profile and coputed water sudce profile for 209
a discharge of 100D nv's™.

The roughnss cefficient (n-value) entered into the 1-D eqt- 302
backwatermodel in oder to calibrate the cqmited water surface
with average flow stages aach gauging station.

Determination of: a) charel width (v) and; b) the asypmetryratio 303
(a) paraneters.

XV



Figure6.18

Figure6.19

Figure 6.2

Figure6.21

Figure 6.22
Figure 6.23

Figure6.24

Figure6.25

Chapter 7.

Figure7.1

Figure7.2

Figure 7.3
Figure 7.4
Figure 7.5
Figure 7.6

Figure7.7

Figure7.8

Figure7.9

Detemination of channeblreabased o verticalsof equal chang
width.

Obtaining a bhannel widthseres. In a) the top-banks are digitised

from aerial photogrdps d the river h 1999andin b) a centre-line
is digitised baed on these bank lines.

Variation in channel widtlwith distance downstream

Histogramof channel widts: i) measured from aerial phayoaphs
and; ii) conputed usinghe 1-D step backwatenodel.

Average depth against width for pootsdecrossings in reach 4.
Average depth against width for pootsdacrossings in reach 5.

Average depth against asymimyeratio for pools amd crossingsn
reach 4.

Average depth against asymimyeratio for pools ard crossingsn
reach 5.

Sub-reach scale dynamics

a) The locatn of the annual dyanics studyreach of the Lower
Mississippi River andb) thalweg elevation against distaac
downstreamn Decenber 1991and Febuary2001.

Changes in thalweg elevation in relation to vaoiatin discharge
for seven sub-periods between Debem1991and Féruary 2001.

Thalweg dymamics between Decelper 1991and Navermber 1994.
Thalweg dymamcs between Nvenber 1992and Naowenber 1996.
Elevation change of thédlweg throug Red Eye crosing.

Flow stage at Baton Rou@®m October 198 to Apri 2002.

Surfaces of difference for four tenperiods between the 12
Januaryl999and 7' August 2001.

a) Dune heigt and lengthdynanics identified by the cumulative
elevation change technigwsing a tol@ance value of 0.1 rand )

crossing elevation against flow stage at Baton Rouge in thé 20

and 20Q water yars.

Tenporal variations in: ajlune lengt as a multiple of flow depth
and; b) dineheight as a percentage of flow depth.

XV

304

309

311

311

314

315

318

319

327

328

330

331

338

339

340

343

343



Figure 7.10

Figure7.11

Figure 7.2

Figure 7.8

Figure 7.1

Figure7.15

Figure 7.5

Figure7.17

Figure7.18

Figure 7.19

Figure 7.20

Figure7.21

Figure7.22

Figure7.23

Figure7.24

Multi-beam sonarsurvey of Red Eye crossing and/lissouri Bend
on the & March 2001

1-D profile of the chanel thalweg showingthe crossing and
downstreanpool.

a) Area A of Figure 7.1lenlarged to show mega-dunes within the
crossing redt and; b) arenlargedarea of a) showinthe nigration

of smaller-scale dune bedfosmover an eighthour periad,
superinposed upo the largr dune forra.

Area B of Figure 7.11 darged to she the movement of dues
over an eighhour perial.

Area C of Figure 711 enbrged to sbw the variation m bedbrm
superinpositionwithin the pool.

The length of bedfom undulatims in the thalweg profile
disaggregated at three scales usingctireulative elevation change
technique.

Area D of Figure 7.11 elarged tocompare dune caracteristics
obtainedfrom multi-beamsonarwith dune characteristics obtained
from single beansonar.

Typical bem and crosisig sectionsin a large alluvial river
(modified formLane and Borland, B3).

Change in area o$ele¢ed velocity sections through the pbo
crossing sub-reach.

TIN surface of resolved dernstreanmvelocities (pardél to the
channel centre-line) at daselectedlow cross-gction for low flow
stage.

TIN surface of resolved darnstreanmvelocities (pardél to the
channel centre-line) at éaselected flow crossestion forhigh
flow stage.

TIN surfaes of resolved avss-steam velocities (pependicular to
the channel centre-line) at eachestedflow cross-gction for low
flow stage.

TIN surfaes of resolved avss-steam velocities (pependicular to
the channel entre-line) ateach slected flow cross-gction for high
flow stage.

Comparison of asypnmety in the resolved dowtrean velocity
distribution between channel loaatis within the sub-reach at low
and hidn flow stage

Percentagearea of crosssection lessthan a serie of threshold

velocities for four selectecross-setions at a lowand high flow
stage.

XVi

345

346

346

347

347

349

354

360

360

362

363

364

365

366

368



Figure7.25

Figure7.26

Figure7.27

Chapter 8.

Figure 8.1

Chapter 1.

Table 1.1

Tablel.2

Tablel.3

Chapter 2.

Table2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Change in mean bed velty with flow stage, calulated as the
average between 0.7 ahd multiples of the depth.

The distributon of near-bedvelocities over the wetted peweter at
a) low flow stage and b) high flow stage.

Comparison of the velaty distribution coefficient () of resolvel

downstreamvelocity betweenchannel locations within the sub-
reach, and at low and higlow stage.

Conclusion

Representing spatialgistributed formprocess fedback
mechanims in a scale-hiarchical franework

LIST OF TABLES

Introduction

Research approaches in geopholog.

The status olvariables inthe alluvial channel sgem at diffeent
time scales (after Schumamd Lichy, 1965).

Scale and mod®f geomophological explanation &fter Church,
1996).

Field study and available data sets
Hydrological characteristics of thenajor tributary basins of the
Mississippi Basin.
The variability of nean discharge on thewer Missgsippi River.
A process-responseadelshowing reginal responses of the Lower
Mississippi River to glacial/interglacial ches (nodified from
Autin et al, 1991).

Base da seb available to the study

Techniques used to measuaiepth on the Lower Misssippi River.

Xvii

368

369

371

384

14

14

24

24

34

62

64



Table 2.6

Table 2.7

Table 2.8

Chapter 4.

Table4.1

Table4.2

Table 4.3

Table 4.4

Table4.5

Chapter 5.

Tableb5.1

Tableb.2

Table 5.3

Chapter 6.

Table6.1

Techniques to easure horizontal posith an the Lowver
Mississippi Rver.

Historic planformmaps of the Lower Mississippi River, published
in the periodl7654192.

The sub-redt scalemorphological data sets in relati todata sets
employed inother recent case-intensiirerestigations

Planform dynamics

Autoregressie coefficiets, R, and estnhated mean wavelendt
based on fithg secondorder autoregressivenodek to direction
change series with sgiting intervals inthe range 0.%.0 km

Detection of pseudo-periatify and mearwavelength estimtion
using second-order autoregressiwedels for eachsurvey year for
the Lower Mississippi River between Cairo and Ba&anige.

Detection of pseudo-pedeity and nean wavelength estiation ky
fitting second order autoregressiviedels to each reach.

Published reander waelength-widthrelationships.

Calculation of meander walength according to published meander
wavelength-discharge relationships.

Regional-scale long profié

Differences n data colleton between the three SACE Districts
for the 194-1975hydrographic survey.

Comparing he variationin sanpling spacing between the three
USACE Districts using ANOVA.

Renoving the trend fronthe longiudinal thalweg profile of each
reach bylinear and second order ppbmial regressin and
detection of pseudo-periaiy by second order autegressive
modelling.

Reach-scale long profile gnamics

Differences in data collectiobetween the 1951, 196264, 1975
and 188-8 hydrographc survey in the USACE Vicksburg
District (reaches 4 and 5).

Xvili

65

67

75

115

154

158

185

189

212

212

236

267



Table6.2

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Table 6.7

Table 6.8

Chapter 7.

Table7.1

The behaviour of seleaepool/crossing reachesitiin the 1949-
1989period.

Vertical trends in longprofile gradient inthe periodl949 —1989.

Renoving the trend fronthe longiudinal thalweg profile in reaches
4 and Soy linear and secahorder polynomal regresion and
detection of pseudo-periaity by second order autegressive
modelling.

Gauge locations, flow agje and values dflannings roughness
coefficient (n) used in the flow odel canputation.

Standard rarphological and process pareters.

Percent of time exxaded, mean charineidth, andnunber of
cross-sections where thaeasued elevation extendseyondthe
computed left and righbarks in the $88-89 hydrographic survey.
Comparison of norphologcal and lydraulic characteristics of po®l

and crossings in reaches 4 and 5 based on independghtsé
tests.

Sub-reach scale dynamics

Height, lengh, H/L ratio and k. chaecteristics of dunesneasured
by the weeklyinterval sigle beamsmar and the houwtintenal
multi-beamsonar surwes of Red Ee crossing.

XiX

273

277

283

300

302

307

316

353



ACKNOWLEDGEMENTS

This research was undertaken whilst in reicefpa studentship frorthe University
of Nottingham and the thesis was writtenhilst enployed as a postdoatl

reseachea at the Univerigy of Nottingham

The research would not have been possilithout support fromthe U.S. Army
Corps of Engineers. At the EngineeriRgsearch and Design Center in Vicksburg,
Mississippi, David Biedenharn helped tievelop initial ideas and provided a
network of contacts ith whom| could discuss the search. Lisa Hubbard provided
great logistical support whildtased in Vicksburg. My thanks also go to Donald
Williams and Terem Pice & the Missisippi Valley Division Ofices, Glenda Hill
and Jack Sith at the Vicksburg DistricOffices and Donald Rawson in the We
Orleans Ditrict Office for providirg access t@ range of data sets used within the

research.

At Nottingham my thanks go to the any menbers of staff and postgraduate
students in the School of Ggraphy who provided help afarious stages of the
research. In particular, | would like toethk three people:dlin Thorne for creating
the opportaity to enbark on suckan anbitious project and for providgcontinied
support gnce initially arrivhg in Ndtingham Nick Clifford for providing countless
suggestions, corrections, and stimulatidgscussions; and Gary Priestnall for

providing support on early reseérvisits to Vicksburg.

Most of all, | would like to thank snfamily and friends for the treendous support

they have given m particularly in theinal stages of writing the thesis.

XX



ABSTRACT

This thess uses data s® at a rang of spatial and teporal scales to exame the
geonvorphological response of the Lower ddissippi River to engineering and
management. During the twentieth cémry the georarphology of the Lower
Mississipp River has been transfoeth by aseaies of engineering otifications to
improve flood control and aid navigatioriThese have included steepening of the
longitudinal profile by reraval of the nest sinuous bends, fixing the river to a
constah planfom through exterige bank &ahlisation, aml regulating sedinent
moveament through the channel systelny dike field construction. Prior to these
modifications, the Lower Mississippi Rivadjusted its planfon morphology to
satisfy lage-scale flow resigne requirenments. However, this nde of adjustrent
has been effectively rammed and adjustemts are now restricted to the long profile

and cross-sectional form.

Morphological analysis reveals thatethriver has respondeto engineering
intervention at two principal scales: byriteal changes in thedevaion of the
channel bedat the reach-scale; afy increasing large-scale bedforrasistance at
the sub-reach scale througbngitudinal and cross-sectial adjustrents. These
mutual chages are constert with the changes in water sacke eleation in the post-
modification period noted by BiedenhamdaWatson (1997). However, analysis of
morphological and process dynias1 at shorter tinescales shows that
geonorphological response reams difficult to explain.  This is because
geonorphological behaviour at any scale,dam any location within an alluvial
channel, is a product of cqex spatiallydistributed feedbacks between operating
processes ahmultiple scalesof channelmorphology. Thishas general significance
in terms of research design because clitg the conplexity at each scale of
adjustnent, and fornmg linkages between ales of adjustent, is dependent on
taking into account all possible degreet freedom and applying a range of

conplementary analytical techniques.

KEYWORDS: geormorphological response; gimeering intervention; large-scale
behaviour; forrprocess feedback; multivariate dyriam
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CHAPTER 1. INTRODUCTION

1.1 Rationale and principal research questions

Large alluvial rivers are coptex and hghly dynanic geonorphological systemsthat
have imnense socio-econoim and political ggnificance. Yet, owing to large spatia
and often long teporal scales of chang@nd the associated problerof reliable
data collection, they have remed reldively understudied in the gearphological
community. Instead, ge@rphological reseah since the ma-twentieth century has
been dommated by stdies at smll spdio-temporal scales. Froman applied
perspective, this trend reggents soething of aparadoxpecause the sustainable use
of water resources and flood control in ladyainage basins have bea®priorities
on the global political agendiuring a period of rapid sm-econont change (Petts,
1995; Newson, 1995). Fortunatelyanked technological developents in both data
monitoring and comuterised analytical poedures over th pastdecade provide the
opportunity to re-addressrige-scale geoorphological bhaviour with a range of

more rigorous quantitativend visual techniques.

This thesis addresses the extent toictvhmorphological and process data sets
gathered at a range of sphdad temporal scalesay beused to investigate process-
response dyamnics on the Lower MississipfRiver. At each scaleGGeographic
Information System(GIS) software-based rtnes are usd in conjuction with
custonmised data processinggalrithms to derive a seried indicative morphological
and process indices. A series of bdthditional and more novel analytical
techniqes are themusedto chaacterisethe smtial and terporal vaiation in these

indices.

The Lower MississippRiver is ore of theworld’'s larged alluvial rivers, flowing
southwards through the central USA fapproxinately 1550 kmto the Gulf of
Mexico. During the twatieth centuy, theactively meandering planfan of the river
has been stabilised throughsuite of engineering inteentions to provide flood
control and navigation benefite the Lower Missisppi Valley. At the large-sale,

this has effectively confined any long+te morphological response to adjussnts



within the vertical dmension and bnce,attention nust foaus on adjustrents to the
long profile and cross-sectional form. rék specific research questions are posed

regarding the nature of pre and posidification geororphological behaviour:

1. In the pre-modification period, how didetthower Mississippi River adjust its
planform characteristics and to what extent did these vary both spatially and
temporally according to variations ithe process regime and other physical
controls?

2. In the post-modification period, howas te Lower Mississippi River
adjusted its geomorphologypy accommodate a steeper long profile and a
stable planform imposed by engineering interventions?

3. At the sub-reach scale, how does th@nnel morphology adjust at shorter
timescales in response to variatiomsdischarge and bed material supply,
and how can these be used to infolarger-scale and longer-term

behaviour?

Three further reeach questims are addressed regarding the nature of
geonorphological behaviour at each spagorporal scale and the value of adopting

a multi-scaled resarch design:

4. To what extent can the Lower Mssppi River be considered a dynamic-
process response system with fgpracess feedback mechanisms operating
at a variety of scales?

5. To what extent can theulti-variate and multi-scaled nature of alluvial
channel dynamics be revealed by atilup a AS-based methodology and by
utilising a range of novel and moteaditiona analytical techniques?

6. To what extent can data sets collegbednarily from routine data monitoring
programmes be used to inform mploological and process dynamics?

These questions lead onto a set of reseabjectives listed in section 2.7.4. Itis
hoped that this research will contitb sgnificantly to understanidg hav the Lower
Mississippi River has responded gewmphologically to inposed engineering
intervention and illustrat¢he benefits of adopting a ae integrated approach in

order to understand large-seddehaviour. The resmmder ofthis clapte reviews the



history of large-scale stugb in georarphology ad justifies the dtical need to
improve understanding at thégale. The problesmassoated with representing the
conplexity of the fluvial systemare thendiscussed and theenits of adopting a
multi-scaledapproach i@ staed. Firally, an ouline of the regarch is preented.

1.2  History of large-scal e studies in geomorphology

Although large-scale studies in geomorpholsgce the nd-twentieth century hay
becone relatively rare, geonrphological resarch fromits early origins as a sub-
discipline ofgeology was primrily interestedn large-scale behaviour. In the early
twentieth century, geomorphological thoughés strongly influenced by ideas of
large-scale landfon evolution introducedby William Morris Davis. Davis’s (1899)
most fanous paper, titled ‘the geographl cycle,” was basean the concept of a
sequence of landfor changes evolag through tine following uplift of the
landsurface. This model nay never hae been accepted by @hngjority of
geonorphologists (Summrfield, 1991). However, it led to the proposition of
alternative models of landfor evoluion (Penck, 1924; King, 1950) and film
established geoomphology as a disciplineoncerned with the description and

classification of landscapé€oates and Viteck, 1980).

From the md-twentieth century onards, nany geomorphalgists distanced
thenselves fromsuch ‘historical eglaration’ and becamn increasinly concerned
with the quantitative analysis of laiedm morphology (e.g. Leopold and Maddock,
1953) and the field emsurenent of geororphological processes. This followed
publication of influential papers irhydrology (e.g. Horton, 1945) and civil
engineering (e.g. Bagnold, 1941, 1960). Thiarge of focus reflected increasing
doubts that qualitative Davisian geomhology could advance understanding as to
the nature and rate ofandscape change through ém(Summerfield, 1991;
Beckinsale and Chorley, 1991). Stral{&950; 210) epitomed this thought:

‘Geomorphology is not a simple, pleasant,uratlovers hobby, but a geophysical science of

almost terrifyng complexity.’



Strahler (1952) perceived georphology as lagging behind develommts in the
core sciences of chaestry, physics andiology, and therefore reconanded that
geonorphologists turn to physal and enginearg sciences to research into the
fundamental principles andaws of earth science. Thus, increasing emphasis on
quantification repreented an attept to align geororphology nore closely with
scientific thought and sthod, and therefore be one pesuasive to the scientific
community at large. The changingcis of georarphological research also
represented an att@tto develop a more pctical agendfor the discipline at a tim

of increasing recognition ofhe negative environemtal inpacts of large-scale
enginee@ng intervention in river sysénms, and the increasing requirem for

sustainable water resourceamagenent (Worster, 1985; Reisner, 1986; Graf, 2001).

Emphasis on the quantification of foramnd pocess has inevitably led to a decline in
the space and tieascales at which gewrphological research is conducted.
Although this has greatly enhanced our knalgke of process-formelationships at
small spatio-terporal scales, geomorploglists have increasingly questioned its
relevance to improving understanding of larger-scale and longer-term
geonorphological behaviour (Douglas, 198&ardner, 1983; Sumarfield, 1991;
Sugden et al, 1997; Lane and Richards, 1997).The snall-scale bias in
contenporary geororphology is paradoxicdbecause, as the following discussion
denonstrate with spedic referene tolarge alluvial rivers, the deand for large-
scale geomorphological understanding cisntinually increasing (Goudie, 1990;
Gregory, 2000).

1.3 The renewed significan ce of large-scale studies

There is a pressing need for better uni@iding of the geomorphological behaviour
of large allwial rivers forfour principal reasons. Firsclimate change predictisn
suggest a likelihood of more dynamic rivarannels in this century (Newson, 1992;
IPCC, 1996). Because largduaial rivers drain large catchents that ray cover
several physiographic and chatic regions it remains difficult to predict likely
changes in geoamphological behaviour assated directly with climate change.

However, since large alludiaivers are ofimmense ecomuic, political and socia



importance (section 2.4) inddition to their @vironmental sigificane, the likely
effect of climate change deands furtheresearch. Second, ihe developing world,
denographic explosions have led to diam increags in gople living in areas of
high flood risk. The floodplains of largdlwvial rivers such as the Yangtze, the
Ganges-Brahaputra, and the Ne are already soenof the nost densely populated
regions of the world. During the twentietientury, the flooding of large alluvial
rivers has often had catastrophic consegestior huran life and livelihoods (Jones,
1997). Thus, in the twenty first century, haimpopulations in such areas are likely
to becore even nore susceptible to éeme flood events linked to large-scale
geonorphological changes. Trd, but related to the send, although large alluvial
rivers have played an important roletime history of humankind ever since early
civilisations settld along the banks of the Njldndus, Yellow and Euphrates
(Schumm and \ivikley, 1994), it is probablynly in the modern era that ham
impact has becoensuficiently large toexert a significaninterfererce with respect
to large-scale geoonphologich dynamics. For example, the effects of largecde
vegetation clearance, floodplain recktion and siltation havéoeen linked to the
increased incidence of flooding in th@angtze River Basin in China (Chex 4d.,
2001; Yin and Li, 2001). Increasing damd for water resources in s@counties is
being addressed throughrdar-scale and ome innovdive engineering designs.
Hence, larg-scale interference ay well increase drther during thetwenty-first
century. Fourth, in the developed wiyria philosophy stressinipe need to work
with rather than against the natural dymes of the environent has risen as a
backlash to over two centuries of erggning regulation and control s, 1995).
Although the overwhelimg policy driver renains flood control, water supply and
navigational requireents, this moreenvironnental philosophy deamds an
improved understamay of what constittes ratural geomorphological dymaics on
large rivers, and related to this, how thdgmve been adified through engineering

intervention and @nagement.

1.4  Technolog ical developments

Almost all studiesthat have adassed th large-scke character of alluvial rars

have been either ramed largely descriptive and qualitative (e.g. Schumm and



Galay, 1994), or if quditative, generalising fronthe ug of relatively sparse spatial
and tenporal data sets (e.g. Biedenhaghal., 2000). However, technological
developnents over the past de@din both data omitoring and cmputerised
analytical procedures, provide the oppnity to readdess large-sale
geonorphological behaviour with range of rare rigorous aalytical techniques. In
terms of data collection, advances satdlite remote sensig (Curranet al, 1998),
remote hydrographicaltechniques (Gilvearet al, 1995; Dinehart; 2002) and
photogrammetric techniques (Dixe al, 1998; Westawayet al, 2000) now allow
relatively rapid and fully three-diensiond representations of anphology. This is
particularly the case for laggrivers which, because ofelin physical scale, areare
easily nonitored fromrenote sources than by directeasurenent in the field.
Developnents in nenitoring technology havenabled research take place at a
spatial andenporal scale tat coud nothave been enwged several decades ago
(Summerfield, 1991; G&gory, 2000). Analyti@l procedures have advanced through
increases in coputer processing power parallel with the advent of ane powerful
GIS software. Such software has beedely used in fluvial geowrphology since
the md-1990s as a platfor to handle a w@ety of different data types and aid
parangtisation of large data te(Milne and Sear, 1997; Gurnell d., 1998; Wish

et al, 1998; Sear and Milne, 200Dpwns and Priestnall, 1999).

1.5 The complexity of alluvial channel systems

To readdress large-scale gemphological behaviour in alluvial channels, it is
necessary t@onsider tk conplexity of the relationship between forand process
and explore how geomorpholstg have attepted to unérstand the dynaits of

alluvial channel systemsare generally.

The relationship between forand process ialluvial chanels can le consideredn
terms of the balance doween force and redsance. Allwial chanmls are open
physical systes in which the energyavailable to performhydraulic and
geonorphological work is balanced byetenergy expended overcimg resistance
to flow. The rate of potential energypenditure per unit bed area is represented by
the streanpower per unit width:

WgQs /w (1.1)



where:
Q = discharge
s = channel slope
w = width
g = acceleation due to graty (constant)

ly= bulk wunit weight of water

Resistance to flow can be divided intogl&major sourcesskin resstarce, which is
dependent on the size dibution of the sedimnts which form the channle
boundary; érm resistance, which arises fraime shape of channelanphology in its
three dinensions (longitudinal, cross-semtial and planiretric) and spill resistare,
where local flow acceleration or deceleratien rapid (Leopoldet al, 1960).
Morphological changes can ocdhrough sediment transport, when excess energy is
available toentrain naterial from the channel bed and erodeatarial from the
channel banks. However, channel ptwlogy also determes friction losses and
hence, controls total resistance to flow. Thugnnel norphology controls, and is

controlled by, the preving process regim

Characterimg adjusments between fan andprocess in Buvial channels reqtes a
large nunber of variables whose interdegiemce is nb always clear. TiB is
illustrated ly Richards’s(1982) representatiorf the alluvial channel sysm (Figure
1.1). Because of the large nben of inteacting feedbacks between variab, the
specific respnse of the systeto a changén any single variablés very dffi cult to
predic. As a result of this conplexity, the behaviour of luvial channels is
essentially indetermate over eververy short tine and space scales (Maddock,
1969). At larger time andpace scales, characterisiagljustnent is furthe
conplicated by the multi-saled nature of fluvial morphology (Figure 1)2
Measurable mrphological varbles adjust over a range of spatial andpteal
scales to tb instantaneous processgime. Hence, process-formelations are
conplicated by lags or hysterisis effectstlween changes ithe pocessregine and
changes in channel arphology. Adjustrents in the alluvial channel systeoan
therefore be considered the producttioé relationship between the ‘inament’
ahistorical process daam and historical ‘configurational’ poperties of fluvial
morphology (Sirpson, 1963).
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1.6 Geomorphological approaches

Faced with this coplexity, researcarsin fluvial geonorphology have taken to the
challenge ofdeveloping the st rigorousexplanations of river channel dynams
with the technology available to themOwer the last twenty years, the general
approach has been cited as having wmlee a transforation (Richards, 1990;
Lane, 1995), mving from a classic ‘blackbox’ approach, where fluvial forrvas
typically explained from operating proesgs by a sries of uwidirectional
relationships, to a ‘grey box’ approagthere the comlex interrelations between
processand form are identiled. This epreents a broadr ortological shift from

functionalism towards realismlrhetwo approaches are summarised in Table 1.1.

Approach/Ontoloy Realist Functionalist
Resarch Deaign Intensive Extensive
Epistenology Rational Empirical
Explanation Causal Explanation Descriptive Generalisation
Typical Method Small scale case study Large-scale sitistical analgis
Direction Bottom-up Top-down
Limitations May not be reresentative o Limited explanator power
generalisable

Table 1.1 Research approaches in gawpholog/ (modified fromSayer, 192)

Embedded within the unctionalist approachs general systesntheory (Chorley,
1962) which encourages identification of @levant variables i defined system
All physical changes can besigibed by changes to theriables which describe the
systemand hence, a degree ekplamatay closureis obtained. A qualitave
exanple of this approach is provided IBchumn's (1969) qualitéive relationships
denonstrating how channel arphology adjsts to increase®or decreases in
discharge and bedaterial load, the domart controls of channel formadjusment
(Knighton, 1998).

Q' =w,d, s (1.2)
Q=w,d, s 1.3)
L'=w',d, s, P F (1.4)
L'=w,d, s, P, F (1.5)



where:
d = average ltannel depth
= meander wavelength
P = sinuosiy
F = width-depth ratio

According to these relationships, arcrease or decreasn discharg@ changes th
dimensions of the channel and its gradjebtit an increase or decrease in bed-
material load at constant @an annua discharge changes not only channel
dimensions, but also the shape of the chaifwidth-deph ratio) andits sinuaity.
These relationships are aatable for theirsimplicity; however, changes in discharge
and sedirent load rarely occur alone. Mrethis is tre cas, it is often not cler in
what manner norphological variables willchange because cplax variations in
process can be accommodated by a seriesubfial adjstments between different
morphological variables. This is illuated by considering a scenario where both
discharge and bedaterial load increase:

QL L'=w',d, s, P,F (1.6)

Channel depth and channel gradient shohlhge in opposite directions, however, it
is not clear whether gradient should stse@mnd depth decrea or conversely,
gradient flatten, and depth increasd-or more comlex scenarios,Schumm’s
qualitative relationships therefore denstate that cause and effect in the fluvial
systemare difficult to distinguish (Chorlegt al, 1984). Quantitative exapies d
classical functional relationships areopided by hydraulic geoetry (Leopold and
Maddock, 1953) and regertheory (Blench, 1969) which describe a stable channel
morphological configuration as a functiohthe prevailing process regime.

The functional approachmplicitly assunes that the causes of long-term and large-
scale geomrphological behaviour may be dmered from repeated observations of
events. However, ths assurption has leen criticised by more realisresarcters
who suggest that the linketween mpirical observatios and the fundaental
generating rachanisis is, at best, weak.Instead, realist thep recognises three
levels of reality at which a phenenon can be structured; the fumakntal
generating rachanism the evets that poduced thes mechanism and the
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experinental observations of these eveffayer, 1992). These are teunthe real,
the actual and the empirical by Richares al (1996). Hence, ealist theory
advocates that in open physical sysethe action of a pécular mechanismmay
not alwaysproduce the saerevent because i dependent on the intetgoon with a
wider set of rechanisms andn the particular contingemonditions. In practical
terms, instead of viewing orphology as theutcome of process, realist approaches
recognise their inteebendence and interpréhe interrelationsips in terns of a
series of spatially distributed feedbacketween process and rfowvariables (e.g.
Figure 1.1). This has been recognised dayeral researchers at aimspatio-
tenmporal scales (Ashwortlnd Ferguson, 1986; Cliffordt al, 1993; Laneet d.,
1996) but las never been applied at largeales of enquiry. This is partly because
the realist approach typified by intensive, casewsly research which is not often

feasible to pply at larger scales of analysis.

1.7  Considering large-scale behaviour

Neither functiondist nar redist appoachesare alone db to satisfactorily eX@ain
large-scale geoarphologichd behaviour. Tis is illustrated by considenn
conventional approaches to studying adjestis to the long profile of rivers. Most
previous attemts have either odelled the shape of the gemdical profile using
trend fitting procedures and cqrared theoutpu to the clasic concave equilibrium
profile identified by (Hack, 1960); or, anuch snaller spatio-temporal scales,
exanined the fomation of the pool-riffle sguence and the associated mechasisin
adjustnent (Clifford, 1993). However, fewif any, studies have attempted to link
these two scales of alysis through an investigation lairge-scale adjustments of the
long profile at a tinescale caresponding to the design lité the typical engineering
project (Richardet d., 1987).

To improve understang of large-scalgeonorphological lehaviour, it is necessary
to consider how relationships beten praess and fon change at different spatio-
tenporal scales. Schumm andchty (1965)state that the status of controlling
varialdes, and the natu of their interrelaionshps, change with the tiemand space

scale adopted (Table 1.2). Over geolobiraescales, Schumm and Lichty consider
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channel marphological variables to be indetamate in relation to instantaneous flow
and sedirent transport characteristics wheredighe shded ‘present’ timescale they
are considered indepdent. At anintermediateor ‘graced’ timescalehowever, &
which stedy stae condtions persist, ‘equlibrium channel orms’ are onsideredo
adjust to the prevailing process nmegi (Brunsden and Thornes, 1979). By
recognising discrete spatio-tporal sales of behaviour, Schumm and Lichty
therefore inply that an understanding @feomorphological behaviour at any one
spatio-terporal scale can be gained ldentifying the dependd and independent
variables operating at thatale and considering theirtémaction. Vith regard to
large-scale behaviour, this thereforeggests that understanding can be gained

through repeated observationidarge-scale dynaits.

More recenresearchdiffersfrom Schummand Lichty bystressinghe importance ©
reconding linkages baéween sckesin the uncerstanthg d largescde behaviou.
Laneet al, (1996) and Lane and Richards (Ip@nvisage morphological dyn&rs
at a single scale as bgironditioned by, and involved in, the conditioning of both
larger and maller spatio-terporal £ales. Vieved in this catext, agustments to the
channel sytens may be categiszed as eiter ‘bottomup’ or ‘top-down’. In the
former, changes to the incong discharg and sedimnt regime may result in
changes to the operation of spatially disited fom-proces feedback mchanism
at the local scale. Ovex defined period of tie the cumulative action of these
mechanisis may be sufficient to causa larger-scale orphological change. For
exanple, an increase isedinent load nay initially lead to crossediond scde
changes but through longer-terpnocess-forminteractions, ray be sufficient to
initiate regional planform and long profianges. Such morphological adjuatin
higher up the hierarchy ay then diredy modify morphology at sraller spatio
temporal scales in a tegown rmanner. For exaple, a neander cutdf will locally
exert a change in long profile and chancrelss-sections as Wes locally changing
the nature of spatially distributed forpnocess feedbackeunhanisrs.

Despite tle assured importane of both ‘botton-up’ and ‘top-down’ onditionng,
neitheg a functiondist nor a rebst resarch g@proach hasbeen able to & a
rigorous insight into the nate of scale relations.mproving understanding of scale

relaions is onsideredoy Petts (199) to beone of the greateshallenges for studies
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of river chaanel adjusment in the twenty4fst century. In this thes, the importance
of scale linkages to developing understagdiarge-scale behaviour is exaed by
adopting amulti-layered approabh and by tilisation o a range ofanalyticd
techniges at each spatiahd tenporal scale dected. The concept of reality being
observed trough ‘nultiple layers of ex@nation’ has been discusseg Church
(1996) with specific reference tbe variation of velocity imivers (Table 1.3) but it
has never been examd by quantitative means. Asthe scale ofenquiry is
increased, Church envisagéise level of contingencyto increase and hence,
enpirical regularity to therefre decress Hawvever, atany scale of analis the
importance of contingency ayp vary and hence, different reachesymexhibit
different geororphological behaviour. Wh this in mnd, an initial question
regardng the multi-layered approach is ¢hexent to which dynames at any single
scale canbe adequately identifiecand r@resented. Examation of the nature of
variation at each scalean highlight boththe relative inportance of external and

internal cortrols, and thestrength and direction of scalatkages within the system

1.8  Multiple scales of dynamics: The Lower M ississip pi River

The Lower Missgssipg River provides an ieal feld site to study large-sale
geonorphological behaviour for two reasonBirst, in the twentieth century, a suite
of engineering interventions and othenthropogenic driven changes have
transforned the georarphology of the river.Interventions include steepening of the
long profile by removal of the nost sinuousbends, fixing the river to constant
alignment through extensive bank stabitisa, and regulating sedint movement
through the channel systeby dike field construction (chapteR). Second, the
Lower Mississippi River has higioally beenone of the most intensely studied large
alluvial rivers in the world. Congquently, a comprehensive record of
geonorphological response todke changes is provided bysuite of observed data
sets extending back to 1765, and reconstdudtga sets covering the Late Holocene

period.
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River Variables Geologic Modern Present
(10° + yrs.) (10" to 10 + yrs.) (1to 10 yrs.)

Geology Independent Irrelevant Irrelevant
Climate Independent Independent Independent
V egetation Dependent Independent Independent
Relief Dependent Independent Independent
Palaeohygrology Dependent Independent Independent
Valley Dimensions Dependent I ndependent Independent
Mean dischage of water Indeterninate Independent Independent
and sediment
Channel rorpholagy Indeterninate Dependent Independent
Observed discharge of Indeterninate Indeterminate Dependent
water and seadhent
Observed flow Indeterninate Indeterminate Dependent

charactestics

Table 1.2

(after Schmmand Lichty,1965).

Spatio-termporal scales

Mode of exphnation

The status of variables in thewllal channel sstemat different time sales

Very small Stochastic Increasin
Small Deterministic ; J
Medium Deterministic chaos contingeny
Large Descriptive

Table 1.3 Scale andanode of georrpholagjical explanation (aétr Church, 196).
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To investigate large-scale geomphologcal behaviour, mrphological and process
data sts have been ompiled from a range of U.S. Amy Corps of Engineer
(USACE) archival sources. The actual ds¢éstogethe with all prevous resegah
into the log-term and largescde gemorphological behaviour of the Lower
Mississipp River are dscussed in chapter An general, previous researchers have
been restricted to using process-based deta at spatial d@ntenporal resoltions
which are too coarse to detecethull complexity of change (Grebawers conn
This thesis advances previous resbaby taking advantage of technological
developnents in both data amitoring eaqiipment and data processing operations
which have transfored the way in whichresearch can be conducted. Older data
sources including historic aps of iver planform and hydrgraphic surveys are re-
exanmned using a plethora of new and oft@ore consistent analytical techniques.
In parallel with this a variety of new high resoloth morphological and process data
sets, ctlected over the last decade, are gsetl for shorter sub-reaches of the Lower

Mississipp River.

1.9 Research outline

The princi@ aim of the thes andthe keyresarch gestions are explored itne
following seven chapters. Chapter 2 introduitesfomal research dégn, considers
the Lower MississippRiver as a field siteand evaluates preaus research into
large-scale geoarphological response tengineering and amagenent. This is
followed by a description of the range @dita sources available to the study. The
methodological frarework and range of analgal techniques are then presented in

chapter 3.

The analyical results ofthe thes are peseted in four chapters.In chapter 4, a
series of compleemtary anaftical techniqes are used to exame how the Lower
Mississippi River adjusteds planformmorphology in the pre-wdification 1765-
1930 tine period. The spatial and temporatdbution of adjustrents is considered
against changes in the process-regiand other physical contl® operating over
much longer temoral intervals. Chapter &pplies a sintar analytical approach to

the contemporary long pitd. The profile is cosidered a mrphological
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configuration which can be disaggregatedhate pringpal sales. At the regional-
scale, an aessment is nade of the extent to which downstreararidions in the
form of the long profile can be explamhdy the conteorary flow and sedient
regime of the Lower Mississippi River, asiagined in Mackin’g1948) concept of a
graded state. At the inteadiate reach-scale, the imp@nce of long-term
geological, neotectonic and tritawmy contrds in deternming the reactscale profile
is established. Finallyat the sub-reach cale, dowstream trerds in the
characteristics of pool-crossing foations inthe long prafe are assessed to see the
extent to which they are adjesl to largereach and regional-seatharacteristics.
Hence, in chapters, 4 and 5, analyticahteques are usetb exanmne the extento
which a range of wrphological properties associated with the comenary
planformand long profile are adjusted taetprevailing process regenor reflect the
operation of longer-terraontingent controls.

Chapter 6 exames the nature of georphological response to engineering
intervention. Because drnsive bankstahlisationhas effectiely restricted response

to the planform attention is focused onedhongitudinal and cross-sectional rfor
Fourteen artificial cutoffs constructe®n the river between 1932 and 1942 steepened
the long profile and removed the mashuous bends (WWkley, 1977). These
changes are consistenitlivan increase istream power. Thus,is hypothised that
the river nay have responded by increagi large-scale bedfor resistance by
increasing the apiitude and/or the figuency of pool-crossing undulations in the
long profile. In chafer 7, a detailed study of a singleb-reach usingelatively new
high resolution data sets at sub-annualktioales, is coupledith annual-interval
hydrographic surveys of arer reach to exploréhe dynancs of pools and
crossings at shorter timescales. This is undertaken to examine whether changes in
morphological configuration can be iddd at annual and sub-annual éstales
that are consistent with the longer-teamdlarger-scale changes identified in chapter
6. The conclusions to the tlesre presented in chapter 8.

16



CHAPTER 2. RESEARCH DESIGN, FIELD AREA, AND DATA
SETS

2.1 Chapter synopsis

This chapter introduces the foal reseach design, considers the Lower Mississippi
River as a field site, and evaluatgsrevious regarch irto largescde
geonorphological response to engineergugd nanagement. This is followed by a
description of the range oflata sources availabl® the study. The Lower
Mississippi River represents challenging case study besa it encompasses great
physical and husan-induced comlexity at such a large scale. Although
geonorphological behaviour has been wideljudied, most previous research has
relied upon the use of relatively sparsatsd and terporal déa sets and hence,
significant gaps in understanding r@m The® gaps are addressed in this thesis by

exploring geororphological behaviour at\ariety of spatio-teqoral scales.

2.2 Research design

The research design couples analysis @&csigle morphological data with analysis of
selective process data setsorder to identify dynane geomorphological behaviour.
This behaviour is explained in tesnof the relationship beteen energy availability
and energy expendite, as shown irFigure 2.1. Because alluviaiver channels can
adjust their morphologies throughultiple degees of freedm, a nuniber of parallel
investigations are undertaken into diffiet conponents of adjustemt. Each
component is examed by corputation ofa series of appropriate pareters and

then analysing their atual adjwstment in time and space.

The time and space scales selected for analysis are deeelnm part by the
coverage and resolution of available ptowlogical and process data sets. Figure 2.2
shows that in tersof total data set cokage, the available onphological data sets
are clusered at two predomant scales. These claters can be d@ineated most
clearly at a spatialcale of appraimately 1d m and each data set isetiefore
referred to as either regional-scale (51 or local-scale (<10m). However, the
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regional-sale data setsare of an excdnal spatial and teporal resolution and
hence, the data sets together allow anuatadn of the scale continuupresented in
Figure 1.2. Planforndynamcs are examed at a raximum 210 year timescale
using historic planform aps and tydrographic surveys for the period 1765-1975;
and at a longer (2000 year) ®#atale using reconstructed aps of abandoned
channels. Te regional-scale longitudingkofile is exanmed based upon the 1974-
75 hydrographic survey froBairo to the Glfi of Mexico. Approxinately decadal-
interval hydrographic surveyfor the USACE Vicksburg District are used to stud
the reach-scale onphological chanes in tre post-ctoff channel from1949 to 1989.
Finally, shorter-termmorphological dynaics are studied at the reach-scale using
annual-interval hydrographic surveys, aatl the smaller sub-reach scale using
seleted sngle-beam sonar and miti-beamsonar surgys d the channe Analyss

of process data sets indes long-ternroutine neasuements of flov stage ad
discharge, and shorter-teracoustic dop@r current profiler (ADCP) data sets,

collected at both high and low flow stage.

The range of observed data sets incluégasarerants collected as part of long4ter
routine monitoring programes, undertaken primarily to meet statutory
responsibilities, and localised data setsspgcific reaches, collected as part of
programnes commissioned by local USACE Distis. Thusjn addition to acadeim
consideation, an inportant queson in this thesis concerns theamagenent value of
observed data sets that have not bedieated prinmarily to undertake regional-scale
geonorphological research. rém an apjed perspective, this issue has wider
applicability in geororphology because thavestigation of lege-scale and long-
term behaviour often requires the use of dsgts which ray have been collected for
either a different primary purpose, orcieasingly, a range of interdisciplinary

purposes.
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2.2  Geographic, physiographi c and hydrological setting

2.2.1 The Mississippi Drainage Basin

The Mississippi River, toge¢n with the Missouri Riverits longest tributary, flows
for 6 260 kilonetres through the central US# the Gulf of Mexico (lgure 2.3a).
The total dainage area of the MississipRiver and its tributaries is 3.2 ilion
square Kometres which constities brty one per cent othe continenta USA
(Biedenharret al, 2000). In comparisonto other large riverghe Mississippi River
and its tribsanes rank third in ters of channé length (from the outlé to thesoure
of the longest tributary), fourth in tegof basin area, and eleventh in terai mean
annual discharge (Schumand Wnkley, 1994).

The Lower Mississippi River flows downeam fromthe confluence of the Ohio
River at Cairo, lllinois, to the Gulf oMexico. The input flow and sedent
dischar@ to the Lower Missssippi River can be consded the product of three
major tributary basins which together dnabver 98 percent of the total basin area
upstreamfrom Cairo. The rellve size ad hydrological characteristics of these
three basins, plus agor downstream sub-@ (the Arkansas Basin), is presented
in Table 2.1. Each tributary basin hasir@que physiography iterms of climate,
geology and topography and consequentlynajue flow and sediemt transport
regime. The largest tributary basin, tiMissoui Basin, dains irto the Mississipp
River near St. Louis, Missour The Missou River drans the relatively dry inner
plain datesand the easternide d the senrarid and geologically active Rocky
Mountain range, contributing an average 4f percent of the discharge and 80
percent of the sedient reginme to the Middle Mississippi River (tttle, 1998;
Changnon, 1996). The raming discharge and sedemt load is supplied by the
wetter, but geographically unh snaller, Upper Mississippi Basin. e third large
basin, the @io Basin, drains part ahe nmore humd eastern Unite®Gtatesand the
western fringe of the geologically abre Appalachian mwuntain range. It is
therefore chracterised by a laively high discharge andwosedinent load (Ttle,
1998). The Ohio Basin contributes an averafj54 percent of the discharge to the

Lower Mississipp River. Ths is greater tharthe canbined contribution of the
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Upper Mississipp and Missoui Basins (which form the flow of the Middle

Mississipp River) desjie regesnting just 16 percent oféhtotal drainage basin.

2.3.2 The Lower Mississippi River

The Lower Mississippi River floasthrough its alluvial vallegnd deltaiglain to the
Gulf of Mexico, a channdllistance of approxiately 1 550 km(Figure 2.3b). The
alluvial valley is bounded tthe east by a distinctive ffline separating the valley
from the loess uplands of Tiery age. To the est, theboundary is rare difficult to
define because of the enging of valleysof principd tributaries with the nan
Mississippi alluvial valley(Saucier, 1994). The present course tioé Lower
Mississipp River gererally flows close tothe eastern |bff line except between
Memphis and Vicksburg where it flowsacross the central alliai valley.
Historically, the entire wdth of the alluval valley, ranging fron48 kilometres to 200
kilometres, was inundated during period$ high flow. However, today it is
protected by levees which confine theddl flows to a floodplain with an average
width of only eight kilonetres (Biedenharmand Thorne, 1994). The alluvial valley
eventudy merges with the déaic plan where the degsition of sediment has
histoiically been the rost important process. Previouwmithors have consistently
estalished the head of theast upstreandistributary, the Atchafalaya River, aseth
boundary between the alluvial valley asheltaic plain (Hudson and Kesel, 2000).

The mean discharg characteristics of ¢hLower MississippRiver are presented in
Table 2.2. The long-terr{ii938-2001) raan discharge at Vicksburg was 17 140
m’s®. According to kgure 2.4, this is qualled or exceeded approxiely 40
percent of the tim. Ove the sare peaiod, the mean annualaximum discharge was
43 500 nis* and the mean annualimmum discharge was 5 700%. Over a
shorter 15 year period (1983-97) thean discharge was over 2 008sihgreater
than the long-ternmean, suggesting that ¢hrecord ray display significant shorter-
term variation Winkley, 1977). The hydrogph is strongly seasonal with a peak
discharge typically occurringn early Sprirg and a nmima occurring in early
Autumn.  Figure 2.5 shows that thewrmual hydrograph was characterised by a
relatively regular formthroughout the 1990sith the exceptiomf the 1992 and 1993
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Figure 2.3 The Lower Mississippi River within: a) idrainage basin and; b) éduvial valley.



Major Drainage area as a Average Minimum Maximum
Tributary percent of tatal contribution monthly monthly
Basins drainage area contribution” contribution
Upper 13.8
Mississippi
Missouri 42.4 44 35 (Januay) 52 (Jui)
Ohio 16.4 54 34 (Juy) 76 (Januay)
Arkansas/ 14.6 14 11 17
White (July/August) | (June/October)
*percert to existing flow at the tribuary canfluernce
Table 2.1 Hydrological characterists of themgjor tributary basins of th#lississipp
Basin.

Channel distance Mean Discharge (ms”)
Gauging Station downstream from
Cairo’ 19382001* 198397*
Hickman 61 14 955
Memphis 351 16 135
Arkansas Cit 642 16 471 18 656
Vicksburg 827 17 140 19 272
Natchez 944 17 122 19 170
Tarbert Landing 1025 16 142
*water year
"basedon 1975 distarce
Table2.2 The mean discharge ofhe Lower Mississippi River at gauging stations

between Cao and Head of Passes. Chdrdistance is the 1978istance downstreafnom
Cairo.
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Figure 2.4 Flow duratio curve for \icksburg, 938-2001 water \ears.
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Figure2.5 The discharge record aticksburg. Discharge ha been coputed daily
from measura records at approxiaely fortnighty intervals.
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water years when a sustained period ghHlow was observed. In these two years,
conputed daily discharge exceedE8l 000 nis* for over 620 consecutive days. The
geonorphological significance of annual atmhger-termvariationin discharge is
investigated further in @pters four, six and seven.

The nean discharg is relatiely stabledownstreambecause there are noajor
discharge contributing tributais downstreanfrom Cairo. The largest tributaries of
the Lower MississippRiver are tie Arkanss and Wite Rivers which confluences
just upstream from Arkansas City. Togaththese tributaries contribute an averag
of approximately 2 350 Ps*. This accounts for the ajority of the difference in
mean discharge between Helena and Aska City during the period 1983-97. The
remaining increase is attributable to inpuom the St. Francidasin, a sub-basin of
the dluvial valley. Smilarly, the rdatively small increase in rean disclarge
between Arkansas City andicksburg is caused by the flow input frotime Yazoo

tributary just upstrearfrom the Vicksburg gauging station.

Further dowstream the decline in man discharge by approxitely 3 000 nis*
between Natchez and Tarbert Landingeiplained by the loss of flow to the
Atchafalaya distributary. The flow in é¢h Atchafalap distribdary is further
supplenented by input discharge frothe Re River, an historic tributary of the
Lower Mississippi River. At highléws, the discharge of flow between the Lower
Mississipp and Atchafalaya distributargystens is regulated by the Old River
control structure so that aaimum of 33 percent of the flow at high discharges is

diverted to the Atchafaya distributary.

2.4  Geomorphological complexity

The Lower MississippRiver isone of the rst challengig case studies for fluvial
geonorphologists because it encpasse great physical and hwaminduced
conplexity at sucha large-scale. This cqiexity is typicd of large dluvial rivers
which, owing to their physical scale asdcio-econornic and political significance,

operate, and areamaged, in unique ways.
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A generalised geoanphological caceptualisation of the cortgxity of large alluvial
rivers is provided in Figure 2.6. A rangé physical and huan controls together
determne both, the short and long-terfiow and sediment transport process
charateristics, and thenaterials in whichmorphological adjustrent can take place.
The relative importance of each pBical cortrol varies between andvithin large
drainage basins, along with the time amhce domins within which the controls
act. From a huan-modification persective, econome, political, social and
environnental condions togeher determne saietal requiements, resiting in a
range of diferent nanagenent approaches Geonorphologists are tasked with the
responsibity of observing, interpreting, rad ultimately developing theories that
explain the interactions between fluviabrmphology (forn) and operating processes.
Within the conceptusation, two types offeedback are evidentFram a purely
physical perspective, geamphological regonse my be peserved as an ‘inherited
morphology’ and thus, lead to a condifiog of future formprocess interactions
(Lane and Richards, 1997). Secondpiaved understanding of geomorphological
form-process dynams nay influence futwe engineering polic and therefore,
condition the operation of future haminducedcontrols. In practice, this second
feedback ismore of an ideal dr geomorphologists thn a reality because
management is rarely undertaken solebn the basis of geomrphological principles,
but usually in corbination with econont, political and social facts which cortrol
the desire for flood control, wateupply and navigational requirents.

The following discussion uses this model Highlight the true conplexity of the
Lower Mississipp River. A key focus ofthis thesis isto explore how a range of
observed data sets can lbetter used to formlate geonorphologicalunderstanding
that will feed into @iture management ecisons on the rier. This necessitates an
appreciation of the range of physicaldahunman-induced controlling variables, and

the likely internal adjusnents.
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2.5 Physical controlling variables

Physical controlling variabte can be divided into those at the basin scale which
affect the input discharge and sedithregime and those amaller regional and

local scales which affect the chametstics of nerphological adjustment.

2.5.1 Geological influences

The geographic setting of the Lower MisgigsiRiver is predommately deterrmed
by the regional geological fraawoik. The course of the river follows a geologic
syncline or physiographic ‘trough’ é8cier, 1994) known as the Mississippi
Embayrent which forned through the g@dual downwarping of Paleozoic rocks
(Figure 2.7. Because fothe influerte ofseveral secondary structural featuriss
north-south trending syncline follows &#gbtly sinuous route. The dmynment
widens noticeably in easteArkansas irto the eastern portion @he larger Arkora
Basin. In western Mississippi, the embayrmarrows and its axis is dted to tle
southeast as a consequence of the Mobiyaét to the west and the Jackson Dem
to the east (Saucier, 1994).

Over shorter tirascales, the caofex suricial geology of tle alluvial valley
represents an iportant ontrd on locd chamel geonetry and the direction of
planformadjustnent (Fisk, 1951; Saucier, 1994)he vast rgority of deposits date
back only to the Wsconsin glaciationrad the recent Holocene periodigl 1951).
At a regional-scale, the diliution of coarse sands agdavels, deposited during the
Late Wisconsin pegod, repesen relatively easily erodble meterids where thg
outcrop within the channel banks (Sauci€&94). These assve deposits are amly
confined to the nortlrnthird of the alluvial valley (Figure 2.7). At a much sitfer
scale, abandoned channel fileposits known as clay plugday a critical role in
constraining rates of eander bend ngration and hence, are a significant control in
deternining meander bend amphology (Hudson and Kesel, 2000).
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2.5.2 Neotectonic influences

There are two currently active rteotonic processes witim the Lower Missisppi
alluvial valley which have geoonphic sgnificance to fluvialprocesses on the
Mississipp River. Firstly, two mgjor geologic uplift feaires within the alluvial
valley have been reported by Schummnd aVatson (1982), Burnett and Schumm
(1983), and Gregory and Schumm (1987): ltia&e County Uplift in southeastern
Missouri; and the larger Monroeplift feature in western central Mississip@nd
southeastern Arkansas (Figure 2.7). Prefaselling surveys of these areas have
reported mvements of up to 4 mnyr. The significance of this rate afovement
over a tinescale of fifty years is ephmasised wén it is conpared to tle gradien of
the Lower Mississippi River which 8amm and Vetson (1982) report to be
approxinately 55 mm krit. Because it is difficult tattribute georarphological
changes at the scale of the Lower Mispisi River directly to netedonic uplift, no
study has specifically addressed this. widger, Burnett andchumm(1983) found
that snaller stream in southwest Missiggpi and southern Louisiana do exhibit a
spatial pattern of worphological respons¢éo a third uplift feature, the Wgins

antidine stiucture, whit is located to the edf the iver.

The second iportant neotectao process is seiggtity. Seisnic episodes represent
pulsed disturbances (Brunsdamd Thornes, 1979) whichaynbe sufficient to trigger
long-term changes in the system No pat of the Lower Mississippi Valley is
conpletely aseisnt but the area ofctive seimiscity is the New Madrid Seism
Zone locatd in the vicinity of the L&e County Uplift. Bur of the largd
earthqakesin higoric times in eatern North America occurred in 1811 and 1812
(Saucier 1994). Narrate accounts and subsequeesearch by Jibsast al. (1988)
suggest this series of daguakes triggered widespreaadalides and bank caving.
This in turnsurcharged localtieams withan excess of sedant and déris, and in
sone cases caused a complete reversativar flow (Saucier 1994). Hence, the

contenporary river syste may still be adjusing to this event.
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Figure2.7 Neotectonic and geajical controls in he Lower Mississippi alluvial valley
(adapted fromAutin et al, 1991).
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2.5.3 Climatic influences

During the Quaternary period, the Lowbfississippi \dley has been directly
influenced ly at leas 17 conplete glacial-inerdacial cyclesgach perstsg for an
average of 100 KA (thousangars) to 150 kA (Morrison, 1991). The events of the
most recent glacial period, theistonsin ghciation, are well ecorded within the
sedirents of the alluvial vikey. The cycle began aroud@0 kA BP (before present)
but full glacial condions were not reached tilnaround B kA BP. Stratigrapit
evidence sggests tht the early andate Wisconsin periods can in fact by separated
by an interstadial period in which tperatures and sedevd rose, but not to
interglacial levels (Saucier 1994).hd Laurentide ice sheet, which coverediah of

the North Anerican continent during the Mtonsin glaciation, decayed rapidly from
approxinately 12 kA BP following an aslioration of clinate.

Winkley (1994) has proposed thabmphologcal adjustrent to the Wsconsin glacial
period is likely to have only termated approximately 500 years ago. Other
researchers such as Biedenhgoerg com). suggest the tiescale of response is
unknown and therefore, the sy may still be adjuding. At the other end of th
timescale spectrumextrene hydrologic eents such as ¢ 1927 flood perform

significant geormrphological workat the decadal tiescale.

2.5.4 Sealevel

The elevéion of sea levk the Utimate basdevd deternines the ovell valley slope
and therefore its variation is a sifycant cortrol on fluvial processs. Fisk and
McFarlan (1955) estiate thatsea level at the last glatimaximum (18 kA. BP) was
approxinately 135 netres below present.Fisk (1944) initially suggested that the
effect of glacial sealevel lowering an the Lower Mississippi Rier was degradation
and hence, entrenclemt through the entire alluvial valley. Howeverpmarecently,
Saucier (1994) has suggested that only kbwer portion of the alluvial valley

experienced valley degradation dueaa fevel change during the Quaternary.
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2.5.5 Internal adjustments at timescales greater than 2000 years

Although this thesis is concerned with &atales extending up to only approaiety
2000 years, observed georphological dynamicsre nested withithe context of
those operating overunh longe timescales. @er the Quarnary period, the nature
of the relationship betaen the above extgal variables and channel changes on the
Lower Mississippi River havbeen considered by severattaars. Fisk (1944) first
introduced the concept of a glacial pesise mdel by prposing that a fallingea
level during glacial stages initiated em$gve degradation throughout the alluvial
valley, whereas a rgor rise in sa level duringnterglacial stagesinitiated vdley
aggradation and deltaic preglation. This relationshipetween sea level change
and alluvial valley behavior has subseqlebeen criticised by Saucier (1994) who
suggests @t it does not account for thesponse tiras and relaation times in the
system Autin et d. (1991) propose an pnoved conceptual adel of process
response for a timdimensionless glacial-iatglacial cycle (Table.3). However,
although this radel accounts for a tielag inresponse between the deltaic plain and
the alluvial valley, itstill envisages geoonphological chnges in the alluvial valley
being ultiretely driven by variations inem-level at the Quaternary #scale. Yet,
the geomrphology of the alluvial valley is ane directly controlled by the discharge
and the sedient regime of the LoweMississippi River which is a product of

continertal scale dacio-climatic varability, not global glacio-eustatic variability.

Providing a nore rigorous quantitative basito the conceptual adel has proved
difficult because establishing regiorsdale correlations bseen stragraphic
sedimentary sequences in the alluvial vallapd deltaic plain is extremely difficult
(Saucier, 1994). At shorter tescales, at kst two distict spatietenporal scalesfo
geonorphological dynanmes can be recognisedrirst, at timescales in the order of
magnitude 16 years, corresponaj to the Holocene period, dyna®s are
characterised by abrupt shifts inacimel ourse within the alluvial valley and the
developnent of new neander belts. Sindbe adoption of a sandering planformat
approxinately 9.8 kA. BP (Guccionest d., 1988), six meander belts have been
recognised in the ast receh interpretatio of alluval valley history(Autin et al,
1991), eactextending up to several hundredles in length. Second, at 4g@ear

timescales, dynaios are characterised byeander bend growth and eventual cutoff
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Glacial Cycle Sea Level Coastal/Deltaic Alluvial Vall ey
Response Response Response
Interglacial Highstand Deltaic plains Aggradation
minor Meander belt formation
oscillations
Delta lobes on shelf Minor degradtion
Rapid shoreline
transgression
Waning | Rising Valley train
glaciation developnent
Trench filling
Maximum aggradation
Glacial
Glacial | Lowstand | Broad exposed shelf Outwash deposition and
maximum initial aggradation
Shelf margin deltas
Degradation
Entrenchment
Waxing | Falling
glaciation
Rapid shoreline Planformchange
regression (meandering to braided)
Table2.3 A process-esponse model showing regional responses of the Lower

Mississippi River to glacial/interglacial ckes (nodified fromAutin et al, 199).
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cycles (Fisk, 1944; Autiet al, 1991), indicating that thever was hidly active in

its planform

2.6 Human-induced controls

The following discussion analyses the bigt of hunan-induced rodifications on
the Lower MississippRiver. Theg nodificaions have been authorised by political
decisions driven by a variety of factareluding broad socio-econam changes,
developnents in scientit understandingnd the occurrence of extrerflood events
(Figure 2.8). The discussion is diviento three key periods which, although
defined by key events in e¢hhistory of Mississippi Rier management, are also
sonewhat arbitrary early nodifications (pre-1927); sustained channel engineering

(1928 to late 1960s); and enviroantal ajproaches (late 1960s to the present).

2.6.1 Early modifications (pre-1927)

The earliest docuented channel odlification was the construction of a levee-based
flood protection schembetween 1717 and 1726 New Oreans. Subsequent levee
constructions along the Lower Missisdi@piver during the ghteenth and early
nineteenth centuries were the responsibiityiparian landowners. Hence, a levee
systemdeveloped which was highly fragmted, built to a widevariety of design
specificatios, and was consequently frequently breaclisthbore, 1972). This
localised and non-coordinate approach was typical of widespread channel
management in the United States folaing settlenent throughout most of the
nineteenth century (Brookes, 1988; Graf, 2001).

The creation of the Mississippi Riv€lommission by an act of Congress in 1879
symbolised the beginning of a dimime of comprehensive, integrated and unified
river basin planning and developnt withinthe United States (Brookes, 1988). The
Comnission was established as a centralisgghnisation in response to dards for
improved fbod control, following tk flood 0f1874 which breached the levee system
in several paces, and to addresstimodsto improve navigtion as the river becagn

recognised as a key tradi route (Moore, 1972). “Ehprioritisation of water
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resources developnt was later rééctedon a national scale by the creation of the
Bureau of Reclaation out of the 1902 Ndands Act. Alongside the U.S. Awy
Corps of Engineers, the agency was resiptm$or the planning and construction of
large engneering pojects to dam riversaand effectively contiotheir couses.
Engineeing expetise developed raidly, pemitting the castrudgion of increasngly
sophisticated structures, but thiwas done largely without concern for

geonorphological response.

Flood control policies initially adoptedy the Mississippi River Comission
generally followed the earlier publication tfo influential reports by Ellet (1851)
and Hunphreys and Abbot (1861 Both reports supported the construction of levees
as the primary policy for flood defence, albeit for different reasons. Humphreys and
Abbott went as far as disssing the ondruction of atificial cutoffs as a
management strategy on the prese of beng both too dangerous and too costly.
Following these recomendations, the Comission based their flood control policy
on a continous levee sstembuilt to a standardesign spatication andextending
from Cairo, lllinois to the Gulf ofMexico. Between 1882 and 1914 several
legidatay acts were pasd to increaséhe degyn height of the levees (Eli01932)
with the result that uil 1927, no levee, built to the standards adiga by the

Mississippi River Comigsion, hacever failed (Changnon, 1996).

From a geomrphological standpoint, the ee systemeffectively isolated the
channel fromits floodplain and therefore, sicted flow and sediemt transport to
within the confines ofite channel. Following the ®er and Harbors Act of 1896,
other engineering odifications undertakeincluded the first hydraulic dredging to
maintain a channel at least 2.75etne ceep for navigational requiremts, and
localised bank protection aen at reducingates of bank erosion and consequently,
maintaining a nore stable alignment (Moore, 1972; Whkley, 1977) This latter
modification was part of the ‘no-cutoffiolicy adopted by the Comssion between
1884 and 1929. Gearphologically thereforehoth the planfan alignment of the
Lower Mississippi River, and the dal cross-sectional onphology were

significantly nodified by human activities prior to 1928.
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In addtion to chanel modifications asoc¢ated with the Misdgssippi Rive
Comnission, riparian vegetatiotiearance and extensive land use change in parts of
the Mississippi basin ay have had aramatic influence on the hydrology and
geonorphology of the bwer Mississippi Rivebefore 1927. According to Mkley
(1977), clearance of riparian vegetatitogether with land clearance along the
natural levees for the purposes ofriagitural developrant was commonplace
throughout the nineteenth century. Thigynhave increased river bank instability
and consequently sediment input, in tereating a rare dynanc channel system
Prince (1997) provides an intricate accouwdt artificial drainage practices for
agricultural purposes following settlent of the wet prairiesin the Uppr
Mississipp basin. In the statesf oOhio, Indiana, lllinois, lowa and southwest
Minnesota, tile drainage and ditching reenost active betwen 1870 and 1920.
Gleick (1993) suggests that in the natioraaghole, nearly halbf the wetland areas

have been drained for agricultural devel@mtnsince 1780.

2.6.2 Sustained channel engineering (1927 to late 1960s)

)] The 1927 flood event

The catastrophic flooding of the Lower Missppi Alluvial Vdley in 1927 led to
dramatic shift in flood contrbpolicy in the pst-flood era. Close tone nillion
people, in a nation of 120ilion, were made honeless asthe levee ystemwas
breached (Barry, 1997). AdjacentVicksburg, Mississipp an area up to 8files
(128 km in width was flooded in the evewhich changed Awmrica (Barry, 1997).
The flooding led to an alost immediate reappraisal of tHeveesonly’ policy and
subsequently the adoption of thadwin Planin legislationpassed in 1928 (Ellip
1932). This plan, later becang known as théMississippi River and Tributaries
(MR & T) Project marked the beginning one of éhnost intense ad sustained

programne of engineering on any laegalluvial river in the wrld.

1)) Changes in river engineering policy

Although the 1927 flood triggered the dratic policy shift, the decision to proceed
with the Jadwin Plan cannot be divorcé&dm the socio-econom and political
conditions in the United States in the 1&a820s and early 19304n the period of the
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Great Depression, the goveremtis priority to develop and imprve water resources
stemned from not only a desire tox@and public agencies and consequently
enmployment opportunities, butlso a politicalmission to publicly demonstrate the
high standard of engineering capabiliynd associated teoological progress in
society at large (Reisner, 1986). This vaabkieved through a piferation of large-
scale engineering projectypified by dambuilding and widespread channelisation,
combined with ingitutional changesvhich led to a nore integrated and basin wide
approach to river channel enginegrinDuring the period from935 to about 1970,
dans dramatically changed the hydrology @he Mississippi bsin. Dambuilding
reached its peak only tme 1960s when a quarter of the 80 000 exgstiams in the
USA were constructed (Graf, 2001). itV specific reference to dam building,

Reisner (1986; 154) suggests how:

‘The GreatDepression and the Roosdt adnnistration, tagetrer with the pyramid
scheme ecamics of theriver-basin accountswere more than enough to launch the

federal dam hilding program on &forty year binge.’

The creation of powerful, regionalised bagistitutionis typfied by tle Tennessee
Valley Authority (TVA). Charged wh both land developent and water
management and following vast sumof public funding, the TVA constructed nine
dans on the Tennessee River, itsalftributary of the Ohio, and forty two onaur
tributaries of the Tennessee River. Thyrological inpact was the creation of a
total lake shoreline longghan on the Great Lakes (Newson, 1992). The approach
nurtured a widespread publlzelief that large-scale @hned engineering projects
would trigger econom growth and consequéyntpoverty alleviation. At this tim,

hydrology and geonrphology weretdl relatively undeveloped and:

‘Science emerged as thendmailen of public paty with theaim of controlling
rivers at a variety of scales for the exmic and social benefit of the natio(Graf,
1992 9).

iii) Protection from thke maximum possible flood

The Jadwin Plan on the Lower Mississippv&iwas not based on a desire to control
flooding up to a flow event of a pre-definedum interval but rdner symbolised the

then prevailingman against naturephilosophy by being designed to protect against
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the maximum possibléood event. Based on investiipns by both the Mississipp
River Comnission and the National ¥athe Bureau, design calculations used the
maximum possible Ohio River flood, cdmming with the naximum possible flood
from the Middle Mississippi Rier to ente the Lower Mississipp River a Cairo
(Moore, 1972). Not only did this reme the extrera flood events to occur
simultaneously in eachbasin, but each calculation was in turn based on the
probability that extreme flood events waubccur $smultaneouslyin eachof the
major sub-tributary basins such as thppér Mississippi and Missouri basins. Thus,
the pojed is desgned to allevige tre maximum flood event which isdeened
climatically possible. The original project Ibod from 1928 was subsequently
recalculatedn 1941 and 1956 to take accowftreservoirs on the triliary basins
(Moore, 1972).

Engineeing interventians incorpeated inthe aigina planincluded the construction

of three emergency floodways outlets, gteengthening of the levee systethe
revetnent of mgrating banklines andoatinued dredging where it was desin
necessary. Although these irventions all have geowmnphological inplications, an
intervention incorpaated only within laer plans has commanded greatest attention

regarding regional-scale g@orphological response: tlatificial cutoff program

iv) The artificial cutoff programme

Between 1932 and 1942, fourteen artificautoffs were rmade dong an 805
kilometre reach ofthe Lower Missssippg River from Memphis to Old River. fe
location of each cutoff is illdgated in Figure 2.9a. Theutoff programme was
undertaken: firstly, as aethod of flood contol, to reduce flood stages by increasing
slope and consequently velocity; arsgcondly, for navigational purposes by
shortening its length (Wkley, 1977). In total, including two natural cutoffs
occurring between 1929 and 1932e river was shortened by 243 kilometres. This
distance was later increased by a furt® kilometres between 1935 and 1955 whe
380 million cubic netres of material was ddged to facilitate # developrant of
chute cutoffs (Moore, 1972). Figure 2.8hows the Greenville Bends, theosh
sinuous reach of the Lower Mississippi Ripeior to the artificihcutoff programre.

The constration of three cutofs in this reach led to over aB0 percent reduction in
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channel legth. At the time, the cutdf programne represented a considerable
engineering feat. Accoiy to Winkley (1977; 13)

‘The laws ofphysics as pertain tovers and sediment movement are not well defined

today, andm 1932, the knowledge waertainly evemnore incomplete.’

Indeed, General Ferguson, who approvesl ¢btoff programmemmediately after
beconing president of the Mississippi River Conssion in 1932 \(Vinkley, 1977),

viewed the project as a short-teftachnical fix’ without consideration of longer
termimplications. According to \ikley (1977; 17), Stewart (1945) stated:

'Ferguson fied the rive, transforming it intoa quite different seam, in the face of

longstandingprecedent and vigorous opposition.’

This resonates once again with the pikwg technological posophy within the
river engineering community during this pedj a philosophy of being able to control

nature without exactingng negative responses.

The predicted immediate reduction of fl@tage for any defined discharge has since
been confirred by exanmation of the chnge in relationship between stage and
discharge in the post-cutoff period i@@enharn and &son, 1997). However,
although a regional-scale geomhological reponse has been identified (Figure
2.15) a nore scale-integrated approach nsquired to validate these suggestions.
Further, in any geoorphologtcd investication it is almost impossible to isolatthe
impacts of the cutéf programne from the impacts of other engineering
modificatiors to the fuvial system

V) Leveesand floodways

Figure 2.10 illugrates tle tenporal increas in levee heights between 1844 and 1978.
Heights were gradually raised to &tnes by 1928, 10 sres by the mid 1940s dn

12 nretres following the 1973 flood (Sth and Winkley, 1996). The confineemt d

water between the levees at flood stages has led to an increase in stage for a specific
high discharge (\mkley, 1994). This is likg to have had a gnificant inpact on

channel hydraulics and hence, interatsidoetween channel process and channel
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1933 1975

Greenville Bends, 1933-75

Figure2.9 Cutoffs on the Lower Mississipftiver between 1929a 1942: a) adapted
from StanleyConsultants (1990) dnb)adapted from Winkle (1977).
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form. The levee systemow confinesflow in a floodplain varying from2 to 24
kilometres (Snith and Wnkley, 1996).

To reduce the potential for high flow stages and consequently relieve pressure on the
levee sytem, the Jadwin plan also imded the construction of three ergency
floodway outlets on the Lower MississipRiver. These have been used during
extrerme high stagesthe Birds Point to N& Madrid floodway was used during the
flood of 1937; the Morganza floodway wasedsduring the flood of 1973; and the
Bonnet Carre Spillway has been opened fouresirsince its coptetion in 1936
(Moore, 1972).

Vi) Revetmets, dikes and dredging

The artificial cutoff programm significartly increased valley slope and hence,
initiated a @riod of instability in thefluvial sygem Over a certain tiescale, a river
would expect to regaindgtoiginal lengh and herce, channel slope following a
cutoff, a process which Wkley (1977) esmates would take between 30 and 80
years on th Lower Missisppi River. Henceto nmaintain the cutdf alignment,
attention focused on preventing plamfomigration by extesive stalilisation works

in unstable reaches, wly at meander beds. Stabilisatim has beerachievedby
lining suscetible bankswith an articulatedonaete mattress (Fgure 2.11a) to form

a strong and ipemeable barrier to laterarosion tendencies (Mo®r1972). Figure
2.12 shows that rates of bastabilisation were highesh the period immediately
following the artificial cutoff programmebetween 1940 and 1960. Howeveany
local problens of channel Bgnment resultedrbm not being able to stabilise long
reaches ira short enougtime peria. Indeed, Srith and Wnkley (1996) reported
that by 1989, the Lower Mississippi Rivesas only 160 kiloretres shorter than it
was in 1930, even though up 380 kilonetres had beepliminated by cutoffs and
chute dedlopment. Geororphologically, bankstabilisationis important becase it
essentially restricts anphological respores to two dimensions. The planform
morphology is effectively fixed and thusgethiver can only adjust its sinuosity, and
therefore slope, within the canés of the channel boundaries.
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Figure2.10 Increase in levee heights #4978 (modified from Smith and Winklg,
1996).

Figure 2.1 a) Application of an articatedconcretemattress to aid bank stalsgition
and b) a stondike field (Biedenharn, 200).
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Figure2.12 Bank revetment and dike fikl construction in th USACE Vicksburg
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Figure2.13 Number of crossings dredd in the USACE Vickslrg District (confluence
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In reaches where widening and seéhation were being @erierced after the doff
programne, extensive dredgingnd the construction of dikeelds (since 1956) have
been used to amtain a navigation agmnel 2.75 min depth. During, and in the
decade immediately following the ped of cutoff construction, over 1.3 bilho
cubic metres of sedirant were dredged in agffort to maintain ths depth (Whkley,
1977). Rates of dredging remed high urit the late 1960s andarly 1970s (Figure
2.13). Both permable and ipermeable stone dikes igure 2.11b) have been
instdled at various angles with resgt tothe prinary flow thread of the channel,
encouraging sediemtation either upsélam or downstream (Sith and Wnkley,
1996). Between 1956 and 1972, 83 dike systewvare constructed on the Lower

Mississippi River between Cairo, lllinois@ Old River, Louisiana (Moore, 1972).

vii)  Wider basin-scalechanges

In addition to the channeladifications tothe Lower MississippiRiver, appreciating
channel andtatchnent changes in the widéributary basins ismportant to gairing

an understanding of the cptax geomorphology of the system.

Extensive dm building in the tribuary basns and assodied reserviv storage has
had the cumulative effect of reducingaximum flow stages andaugnented low
flows on the Lower Mississippi River i(#th and Wnkley, 1996). Flooding on the
Missouri River is significatly reduced by six dasthat control runoff fom 715 000
square Kometres of the Upper Missouri River Basi Meanwhile, on the Upper
Mississipp River, 29 najor lock ard damsystens werebuilt in the 1930s between
St. Louis and Minneapolis to allow opematiof comnercial trdfic (Koellner, 1996).
In the Ohio River Basin, 74 daformed lakes mpound the Ohio River’s tributary

waters, including those associated with Work of the Tennessee Valley Authority.

As well as dam structes, the tows in themajor tributary basins have been confined
by levees and other ahnelisation structures. Appimately 20 500 kilonatres of
leveesexig in the Uppe Mississppi and Missouri Basin (Koellner, 1996). Hence,
without the opposing effects of damthe isolating of channel and floodplain
processes in the aor tributary basins wodl increase the rate of delivery of flow
and sedirant to the Lower Mississippi River systgivright, 1996).
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2.6.3 Environmental approaches (late 1960s to present)

Although bank stabilisation works and dilfield construction has continued, the
general rate of new engaaring construction as paof the MR & T Project bs
gradually delined since the latel9@s. Thisreflects tle increasingnea conpletion
of the programme and the gealdranskr of reources fom constrution towards the

continued ronitoring and raintenance oéxisting engineering features.

Official appaisal reportspublished by the Mississippi River Commission and the

U.S. Amy Corps of Engineers reflect the view that:

‘The flood ontrol and ravigation prgect within tle LowerMississippi Valley is a
great accomplishment and is now actually a realitt,an idea inthe planning stage’
(Ferringa, 1952; 25)

This is supported by the publication &vourable benefit-to-cost ratios. For
exanple, by taking account of thelimination of flood loss to crops and
infrastructure, and the savings to navigatiMoore (1972) calculatl the ratio to be
approxinately six to one. Moore (1972) goes further to state tharteraffective

flood control has brought any other intangiblédenefits to the regh and the nation.

Unquestionably, the MR T project hasdelivered a raltitude of socio-econoin
benefits, but it has not been without itstice and the trueswccess of the project
remains a matteof public debate. This debateshintendied over the lat 30 years
as geororphologists have exerted incraggicontrol on river basin anagenent, a
field traditionally donmated by engieers (Black, 1987). During the 1960s, the
ability of geonorphology to explain rivebehaviour inproved through a series of
influential publications, pedps nost notably by Leopole@t al (1964). Since then,
research programes hae diversified and th true conplexity and inegated ature

of the fluvial systerm has becom more apparent (Graf, 1992). On the Lower
Mississipp River, increasing recogqition of continuity inthe fuvial systemhas led
researchers such as Kesel (1988990 rdate acceleratedates of lad loss inthe
Mississippi River deltan Louisiana to rates of danent supply from the Lower
Mississipp River. Researchsrhave attrituted the decline in ediment loads to a

variety of factors including increasjly conservation mded land ranagenent
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practices throughout the Mississippi Badimcreasing reservoir storage relating to
dam constration, and a reduction in the raté lbank caving because afhproved

bank stabilisation (Keowat al, 1981; Dardeau and Causey, 1990).

A second criticisnis that the project hasifad to totally elimnate severe flooding.
The 1973 flood inundated approxaraly 16.5 nillion hectaresof land although it
was not all confined to the Lower Mississigtiuvial valley. Inresponse, engineers
did estinate that flood control woskin 1973 secessfullyprevented a further 14.5
million acres frominundation. Moe recatly, the catastqohic flood of 1993 has
further exacerbated the mgral concern of placing such a reliance on hard
engineering structures as saiccessful flood alleviatiostrategy (Tigell, 1993).
Although the 1993 flood did ndead to abnormlly high stages on the Lower
Mississipp River, the flooding of over20 million acres of land in the Upper
Mississipp and Missou Basins resulted ém frequent breaches of the exiges
systemof levees whichhad been Wlt to a spedic desgn sandard. Researchers
such as Denning (1994) have since sugge#tat by confining flow, levee system
cause flow levels to rise to abnaityg high levels, leading to catastrophic flooding
in the event of failure. In responsett® flooding, Leopold1994) has called for a
broader cosideration & utilising the natural storage fation of floodplains to
decrease downstreaow magnitude, in onjunction with engineering works such as
levees and dasn Other authors havenvestigated the comibutory hydrological
impact of wetland destruction over the |&80 years. However, Pitlick (1997)
concluded that the cumulative loss obrsfge was too small to have prevented the

levee system fromvettopping.

The continuing critique of the MR & T pm®gt is replicated oa national scale by the
changing nature of river channelanagenent projects. Since the peak in dam
building in 1968 (Graf, 2001), there has beegeneral reductioin the nunter of
new channel engineering projects. SaVeesearchers (Brookes, 1988; Newson,
1992; Tickell, 1993; Graf, 2001, Haltinet al., 1996) have attributed this shift to
increasing recognition of the adverse eonimental inpacts of land drainage and
largescde river chanmlisation works and thecatatrophc falure of sone high
profile engineering schesa such as th&eton Dan failure (Worster, 1985). At a

policy meking level, the increasing eneinmental awareess was ragsented by a
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series of legislatory actsn the late 1960s. Mossignificantly, the National
Environnmental Act of 1969 necessitated anvironnmental impact assessnt to be
included within any proposals stipulatire;y engineering odification to a river
(Brookes, 1988; Moore, 1972). More recgnthe benefits of igoring or at least
rehabilitating rivers has increasingly beshown. This more radical change in
philosophy is perhaps mostfausly epitonised in the U.S. by the Kissimmee River
Restoration Project in soutentral Florida, created out of the 1992t#/ Resources
Developnent Act. This represented one tbke world’s largstrestoration projects
and ained to re-establish natural hymyeonorphic processes while amtaining
existing flood protection to over 100 sgeakilometres of river and floodplain
ecosystemincluding reinstating 69 kilostres of meanderig river from a straigh
drainage canal (Toth, 1996).

Despite the increasing enviroemtal awareess in rier channeland wider drainage
basin nanagenent, future trends are stilikely to be governed by issues of flood

alleviation and water supply. okster (1985; 326) states how:

‘The party of preservation since ti#970s has had more success in stopping the

expansion ofhe hydraulicsociety than in dismantling it.’

General interest ipublic policy for river nanagenent increased ever since the 1950s
when rapid econoim expansion began t@ress the lints of available water
resources particularly in the western @ditSates (Graf, 1992). Wster (1985)
claims that between 1900 and 1975mw#ed for water increased by a factor of ten
even though the population ortlypled in size. In 1971, thBureau of Reclaation
released a plan to transfer water resoubgediverting a proportion of the flow from
the Lower MississippRiver to the high plains of st Texas and New Mexico to
help sustain the irrigation dependentdb agricultural econoyn (Moore, 1972).
Although tre plan was later glived because the cost-ledit ratio was deered
unfavourable (Moore, 1972), éhpossibility of such a Bene in the twenty first
century renains beausewater resorces poblens are nore severe tharver before.
Indeed, the plan acts as a rader that,in the present era of rapid technological
evolution, there remins the possibility of fcther dranatic (and potentially presently

unforeseen) engineering modificatidnshe Lover Mississppi River.
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2.6.4 Geomorphological implications

The nodern engineering history dhe Lower Mississippi River ray represent a
magnitude of disturbance greater than &xperienced durgnpthe entire Quaternary
period andhas therefore, copticated analready corplex fluvial system In
hydrological terms, the corhined effect ofengineering radifications in the tributary
basins has been a reduction iaxamum flows and an augemtation of low flows.
The likely reduction in the frequency ambgnitude of extrema flood events in
particular has hydraulicnal related geoorphological inplications through changes
to sedinent dynamics. This pattern i€nhanced by the floodway structures but
further conplicated by the leges which rais flow levels for a given discharge.
Meanwhile, extensive bank stabilisatiorsheffectively confined any anphological
response to two diensions. In essee, the conteporary geororphology of the
Lower Mississippi River reains a produt of the spatio-temmoral and scale-
dependent process-form dyni@s but isconditioned by the engineering history of
the river channel and wider drainage baditerce, the Lover Mississipi River is a

‘complex geographical space’ (Graf, 20049th physically and histiagphically.

The operation of each physical and famrmduced contrting variable in the tire-
space domin is summarised conceptuallpy Figure 2.14. All parts of the systerare
responding to basin scaleriables which are geologicallgnd climatically driven
over long tinescales and land use and @egiing intavention driven at shoter
timescales. Superposed on tee changs, different partsof the systemare
responding to both regional and more losedle variables acting over a range of
timescales. These external variablestmdnthe discharge and sedint process
regime and constrain the nature of intarnmorphological adjustrents (Figures 1.1
and 1.2).

2.7  Geomorphological understanding

Previous studies of large-scale amed-termgeonorphological behaviour on the
Lower Mississippi River have adoptediactionalist approach by prianily using
long-term process-based data sets tdelinaverage changes in the relationship
between formand process. The followingstitssion classifiesnevious studies into

three of the approaches outlined bycliirds (1982) tomonitor systerrscale
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stability; those concerd with changein the behaviour of channel for those
concerned with change in sedimh trangort, and those concerned with change in
channel efficiency. These approastare themtegrated to consider the curtetate

of understanding of large-scale anddetermgeomorphological behaviour.

2.7.1 Investigation of spatial and temporal variation in channel form

Studies of largeeale channel form cinges on the Lower Mississippi River can be
divided into those investigating vation in chan®l planform, and tlose

investigating variation imongitudinal profile.

)] Planform variation

Prior to extensive wdification as part othe MR & T Project, the rgjor avalable
data sets illustrating anphological dynancs are historic @ps of channel planform
Planformchanges in the preadification perod can tlerefae be sed as a bas to
exanine the spatial and teporal variaion in channé stablity in the pre-
modification period. This understanding isicial because it provides an idea of the
nature of geomrphological behaviour pricto extensive engeering nodification,
which may condition georarphological respase in the post-odification period.
Despite thisneed, premus studes of planformvariablity on the Lower Mississipp
River have typically been eithentirely qualitative, orif quantitative, lgen weak in

their mutual consideration of ggial and terporal variation.

One of the earliest acants of planfom variation is provigd by Friedin’s (1945
qualitative discussion ofneandering onthe Lower Misgssipg River following
pioneering flune experinents. Friedkin {945) was the first author to observe the
apparent geoorphological paradox that threeandering process isamne rapid in the
downstream part of the allwlivalley, despite the presee of nore easily eroithle
sedirents in the upper valley. Friedkid945) explained this paradox by observing
that cross-sections tendeal be wider and shallower ithhe upper valley and hence,
there was greater enertpyss to channel regarce. In a rore rigorous quantitative
investigation, Hudson and Kesel (2000)seitved a siifar patern of spatial

planform stability by inwestigating historicrates of channel igration and patterns of

52



meander bed curvature. Howevein contast to the earliethoughts of Friedkin
(1945), Hudson and Kesel (2000) expldims pattern in ters of geological
variations in the floodplain gesits, particularly the preses of cohesive clay plug
deposits. Ahough the inportance of geologal influences on # pre-modification
planformis supported by several other lamts (Fisk, 1944; Sauciet994) this later
study rmay be criticised by itgeliance on planforndata sets over a relatively short
time period. Only twoets of planformdata from the periods 1879-89 and 1911-21
were usedin the andysis, dlowing a maximum time interval of just 42 years.
Consideringhe nmeander bend cutbtycle on large allua riversis likely to take &
least one hundred yearthe ideas fromHudson ad Kesel (2000) should be

considered only prelimary.

A longer-term planform investigation, icorporating four mnform surveys and
extending back to 1765, is provided byat¥rs and Snons (977). However, this is
limited by the spatial aragingof paranetersand hence, only reveals general trends
in the alluval valley. Nonethelessetincreags in channelidth, meander length,
meander mplitude and sinuosity werebserved over the total period although
decreases imeander wavelerlh, meander mplitude and sinuosity were reped
between 1820 and 1874. diérs and Sirans attribute this decrease to a sudden
increase in the nuber of meander cutifs following the series of New Madrid
earthquakes in 1811-1812.

i) Longitudinal profile variation

Following extensive bank stabilisationgrenal-scale geomorphagical response to

the seres ofengineeng modifications is conihed to adjusnents to the longituichd
profile. Revious researchers have inferiadjustnents fromtemporal variations in
specific gauge records at key gauging steti Specific gauge records are plots of
flow stage through tie for a specific discharge. The discharge chosen is usually
near bank-fli becawse ths has beent®wn to consistety apgoximate the dormant
discharge (Wahan and Miller, 1960; Hey1982). Wnkley (1977) concludes from
this form of analysis thiathe Lower Msgsissipp River was a stable system between
Cairo, llinois andNatchez, Missssippi in the pre-cutoff periodSubsequent analysis

of specific @guge recods between 180 and1994 in the cutoff reach hasén used to
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propose a pattern of regiorsdale response in the longiinal profile (Biedenharn
and Watson, 1997; Figure 2.15).

Upstreamfrom Arkansas City, specific gge records suggest a degradational trend
whilst downstreanfrom Vicksburg the recosdsuggest an aggradational trend. In
the reach between Arkansas City and glmkrg, the absence of a significant trend
has been used to propose a zone of weattability. Hence, this model presents
evidence to suggest that at the regionalescthe river is responding to restore an
equilibrium condition in the sammanner ashe norphological reponse to a single
cutoff outlined by Lane (1947). Such sub-reach slope admssmhave rore
recertly been used by Biedenhagt al (2000) to suggest th#te river presently has
a much greatertseampower than prior téhe cuoffs. This is perhaps mnurprsing
considering bank stabilisation has effectwaligned the river at steeper slope.
Most significantly, tie largest increases havecarred in approxi@tely the reach
reported as undergoing degradation althoingineases in slope and stregmower
upstreamand downstreanmave also occurce Hence, it isproposed that excess
stream power in the reaches directly efted by cutoffs resulted in scour that
consequently increased bedatsrial load aml increasedrates of aggradatio
downstream (Biedenhaet al, 2000).

The proposed pdel of response is attraatisbecause of its conceptual pliity.
However, it can be criticised on a nben of grounds. Most iportantly, using
regression analysis to identipatio-terporal trends overelatively long (> 100 km
reaches of river igrres potentially inportantchanges atrsaller spatial scales. In
addition to the reach-scale changes iderttiby Biedenharn and &éon (1997), an
increase in the amlitude and/o decreae inthe tequeng of the pml-crossing
undulations in the longitudingirofile would be consistentith the idea tht the river
has responded to artificial @hnel steepening and planfogmabilisation by adjusting
its longtudinal profle in order to gert grester form resistace. Ifthis has been the
case, higher rates of beda@rial trarsportmay not necessily be experienced in the
post-nodification channel becausadditional energy would be expended in
overconing additional form resigance and énce, tle energy available for bed
material transport may remain reldively unchanged. If the pool-crossing

configuration has adjusted &xert a greater formesistance, this poses a second,
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Figure2.15  Regional-sca adjustents to the longudinal profilein the period 1950-94,
as proposedybBiedenharn and Watsoh997).
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related problenwith inferring norphologica changes directly fronspecific gauge
records. This is because observed vertibangs in flow stage ray reflect change
in velocity, driven by changein flow resistance, rathehan vertical aggradation or
degradation tendencies in the channel bed.

A third prodem is tha the concefual modd is based on analyssf specific gauge
records at nly six gauging statiors alongan 8@ kilometre reach of ta river from
New Madrid to Natchz and therefore, ¢hchance of inclusion of a systatic
sanpling bias should be considered. elimportance of sapling bias has been
denonstrated over the tieninterval of a single flood event by LanedaBorland
(1953) but not over longer tienintenals. A fourth issue concermgplaining how
the comstruction of gxteen indvidual cuoffs can produe a cosistent patern of
morphological response at thgi@nal-scale. The idea thdéegradation is occurring
as much as 320 channel kilogtres downstreanfrom a zone of cutoffsniplies a
spatial nemory or high degree of connegty in the fuvial sydem However,
accordng toRichards (299; 5):

‘The river has no knowledge of any condition to Wwhicshould restore itself.’

Hence, if such a pattern does @&xdstheregioral-scale, it is urear how it could be
formed and raintained by form-process iteractions at much snaller spatial and

tenporal scales.

The issue of explanation introduces thedanental question of whether the Lower
Mississippi River acts as a highly connecsgdtemwhich displays a systemide or
regional georarphological regonse signal, or whetheresponse is fragented
throughout the systenand therefore, ore dificult to detect. This has been partly
addressed by Biedenharn and Thorne (19849 have suggested that, in the post-
cutoff period (1950-1982), the elevation mafd-channel bars have beceradjusted
to a single ‘dorimant’ discharge of approxiaely 30 000 ns®. Similar results have
been obtained fronother largealluvial rivers (e.g. Thorneet al, 1993); thereby
supporting the classical functionalist tenarat taverage channelrfo can be directly
related to the prevailing pcess regim in large alluval rivers. Conversely, other
authors have attgoted to illustrate the orphological diversity of the Lower
Mississipp River. Schumnet al (1994) use a qualitative ethodology to identify
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twenty four ‘norphological reaoks’ on the pre-radification 17651930 river
between Cairo and Old River. These wieased on planform variability as well as
geological, tectonic andributary influences. Qowski and Schumm (1995)
undertake a wre rigorous quantitative afysis of the pre-modification 1880-1915
river based on the variablesdih, depth, width-deth ratio and crossectiond area.
Although the cormuted reach hadaries & significanly differert to those
identified by Schummet al (1994) both techniques daiggest that considerable

reachscale variation @y exist.

2.7.2 Investigation of spatial and temporal patterns of sediment transport

On the Lower Nissisippi River, resarchers amparing recent cdimuous neasured
sedirent transport reords to older and wre intermttent hstorical ecords have all
reported a large decreas sedinent loadsat selected wnitoring stations over the
last 70 to 150 years. Based on the Tarbertding record, Keowret al. (1981)
suggests that the total annual suspergbtiment load declined from 427ilion
tonnes prior to 1963 t@51 million tonnes by1981. Meanwhile Rabins (1977
conmpared measured suspended sedinrecords for the periods 1921 to 1931 and
1967 to 1974 and found that total suspehdedinent loads had decreased since
1931 by roughly 40 percent at both Arkan€zisy and Vicksburg. Eending the
historical analysis further by using datam the Hunphreys and Abbot (1861)
report, Kesel (1988, 193 suggests that total suspeddedinent loads on the Lower
Mississippi River have déned by approxirately 80 percent in the period 1851 to
1982. Thedecline in total suspended loathce the pre-cutoff period has been
associatedwith more conservatiorminded land practice in the tributary basins
(Keown et al.,, 1981) and the construction lafge dams in the tributary basins,
particularly the Missouri and Arkansdsasins, and the largest contributors of
sedirent load (Keown et al, 1981; Kesel, 1989). However, frona
geonorphological standpoint, the results ardy for total measured suspended load,
of which gproximetely 70 percent is wash load (Biedenhagh al, 2000).
Consequently, the results do not providedirect indication of how the aore

geonorphologically significant bed aterial load nay have changed.

57



Recent studies of the temporal teninthe composition of the bed material kav
generally noted either no trend or lalst fining trend since 1932 (Robbins, 1977;
Keownet al, 1981). In perhaps the most thorough study, Nordin and Queen (1992)
analysed changes in bedaterial gractions by comaring a 1932 survey of the
channel thalweg with a rephte a srvey of the channel Hiweg in 198. In each
survey, bed mterial samples were collectedery 1.6 km(one nile) between Cairo,
lllinois and Head of Passes, Louisiandrom this investigation, the 1989 bed
material was found to contain arginally less coarse sand ancagel than the 1932
bed naterial, suggesting a slight finingeind. Nordin and Queen (1992) attribute the
observed decreadn carser bed materiab bank stabilisation works which prevent
the river from gaining access to coarsatemal deposits in the floodplain, rather than

a decrease in coarsea@rial supplied fronthe tributary basins.

2.7.3 Investigation of the spatial and temporal variation of the efficiency of
channel form (flow resistance)

Stanley Consultants (1990) conducted a dsdaglssessemt of flow resistance in the
Vicksburg District for the period 1950 1988 using a series of eight hydrographic
surveys. The results of that study showleat, when computed water surfaces were
fitted to krown stage-tschar@ rdationshps, no discergble spatial or teyporal
trend in aerage Manimg’s n values was noted within the VickgiguDistrict.
However, when water surfaces were poiad to natch nmeasured water surfaces, a
slight increase in Mannings from 0.026 to 0.029 with dtance upstrearm the
Vicksburg district was noted. In a lessmprehensive investigation, Robbins (1977)
also repated no discernable trenth chainel resistance for this reach of river.
However, the use of ean Manning’sn values to represt large reachesf river for

a specific discharge can be savhat msleading. As both reports have suggested,
channel reistance varies with disetge and planfom as well as with formand skin
roughness controlled by bedfodevelopnentand grain size respectively. Hence, to
explain spatial andenporal variations in Manning’s, the relativecontribution of
each of these cgmonents and their associated sp&tioporal dynancs needs to be
further inwestigated.
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2.7.4 Understand ing of regional-scale geomorphological response t o]
engineering intervention

Biedenharnet al (2000) have noted that applg the results of previous
investigations of regionaicale geomorphological respento Lane’s (1955) short
term equilibrium model of channel behaviour reveals eogorphological paradox.
The nodel specifies thahe water discharg€)) and chand slope (S covary with
the sediment discharge@s) and the redian particle sizeds):

QuwS ~ Qdso (2.1)

On the Lower Misssipi River thereported icreag in steam power (Biedenha

et al, 2000) along vth no discernable trel in channel resistance (Stanley
Consultants, 1990) providegeater energy for sedamt entrainnent and transport
and hence, would be expected to yield aitfor both) an increase in bedierial
load, or an increa&sin the nedian size of the dal material. However, authors hav
reported a decreasetiotal suspended sedamt loads (Robbins, 1977, Keovet al,
1981, Kesel; 1988) and either no trend alight fining of bed raterial (Robbins,
1977; Nordin and Queen, 1992). In response to this paradox, Biedesthaln
(2000) suggests that the reduction in totadig@rinmarily represents changes in wash
load and thg, the decreaseam in fact nask an increase in bedaterial load. This is
supported by Whkley (1977) who proposesahthe novement of coase sedimnts

is more pronounced on the stexpslopes of the cutoff reach because ltlars offe
only a short temorary storage location Wkt the levee systenhas effectively
removed the opportunity for long-termaver-bank storage. These sedis are
consequently transported downstream to theeft slogs ofthe lower alluviavalley
below the artificial ctoff reach whee the reduction in streamower favours
deposition.  Although this theory wallsupport the downstrearaggradation
tendency inferred by iBdenharn and ¥son (1997), the problesof defining and

measuring trends in bedaterial loadhas prohibited further investigation.

The inconsistent findings discussed abgvevide the basis for the examation of
the key research questiopgsed in section 1.1. To prove understanding of large-
scale geomrphological behaviour within & context of response to engineering

intervention,there isa critical need to:

59



1) Undertake a more comprehensive exariima of the pre-modification planfm
dynamics in order to provide the longerm ‘top-down’ context to geomorplogicd

response.

2) Readdress # conceptual model proposduy Biedenharn and Watson (1997) of
adjustment d the bngitudinal profile usirg by analysing reach and sub-reach scale
morphologi@ adjustments. This will also reveal changes in large-scale form

resistance.

3) Re-examine Biedenhamnd Thorne’s (1994) assertion thahé mid-channebars, or
crossing reaches, have systematic aggraded in the post-aff period and hence,

represent the active contemporary morphologiealure of the LoweMississippi River.

4) Improve understanding &fub-reach scale formrpcess interactins in orderto assess
the value of ‘bottom-up’ explanatory power to observed largescale and dnger-term

behaviour.

These objectives arrgy from previous resarch are investigated using the range of
data sets outled in the following discuson. A discussio of the nethodological

framework and analytical technigsiés presented in chapter 3.

2.8 Available data sets

A summary of the key data sets availalite this study is presented in Table 3.2.
Data sés resulting from direct obsevationsextend as & back as lieutenant Ross
planform map of the Lower Missigspi River published in 1765. This is
supplenented by a reconstructed datasethef distribution of abandoned channels at
a Late Hol@ene tinescale.

Data sets can be divided into thosenitoring morphological change of the river
channel and the wider alluvial valley, atibse nonitoring change in hydraulic and
hydrological processes withinglriver channel. Morpholaecpl data sets range in
timescale fromhourly surveys (16 years) to Late Holocene aps of abandoned
channels (1Dyears). Pocess-based data setaga fromdetailed measurerants of

instantaneous velocity to dischargepwl stage and sed&nt transport records
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extending as far back as the 1930s. Edatia set can be claBsd on the basis of

both total cwerage and resolutian space and tim(Figure 2.2).

2.8.1 Data set coverage and resolution

In terrs of emporal coverage, ost of the data sets postdate the introduction of the
Mississippi River and fibutaries Projecin 1928 although histar planfom maps
and early hydrographic surveys do extetnl the period before extensive
modification. Since 1928, aore coordnated programm of data collection and
monitoring has been established inchglicontinuous flow stage and discharge
measurerants, aerial surveys and more deth mapping of the duvial valley. In
the las 10 years, techotogicd innovation has revolutionised data collection and
enabled the collection ehorphological and mcess data sets at significantlyadier

spatietenporal scales.

The spatibcoverage ofthe data 98 togeher reflects the institutional history of
engineering and amagenent of the Lower Mssissippi River. Early data sets, such
as the first hydrographic surveys, wergdertaken by the thgmowerful Mississippi
River Comnission along the entire reachtbie Lower River MississipfRiver from
the Cairo to the Gulf of Mexico. Hower, since the 1950¢he Mississippi River
Comnmission has becoen largely synonyraus with UWBACE (Moore, 1972).
Consequently, the responsibility for datalection has increasgly been devolved to
the thre USACE Districts witm the Lower Mississippi Valley, Memhis,
Vicksburg and New Qeans. Althoughall are directed by the USACE Lower
Division Office based in Vicksburg, Msissippi, coordinated onitoring and
sanpling programnes and the adoption okimilar data processing and reporting
procedures is difficult because eachstict manages its own data collection
programnes. As a consequence, anhuaydrographic surveys have only been
undertaken by the Vicksburg District ameeekly thalweg surveys have only been
undertalen by the New Orleans District. Slarly, the nost recehseries of decadal
scale hydrographic surveys were undertakame years aparty the Vicksburg
District in 1988-89 and New Orleans Dist in 1992. Both the coverage and
resoluion of each data set availalitethis study are listed in Table 2.4.
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Base Dah Sds Method of Collection Time Interval Spatial Resolution Spatial Coverage
Abandoned From Saucief(19%) Floodplain feaures aremostly late Cortinuous coerage Cairo toBaton Rouge
10° chaand maps Holoceneage
A PlanformMaps | Scannedmages fron Planformmaps fran 1765 1821, 1861, | Cortinuous coerage Cairo toBaton Rouge
| Elliot (1932) 1880, ard 1917 and 1930
E Decada Leadlinespre 1964, Surveys urdetakenover the following Cross-sectinsat 250 —400
' Hydrograplic | singe-beamecho- periads: metre intevals Cairoto the Headof
| Surveys sourding post 1964 1879-98, 1911-21, 18B7-3B, 1H48-41, 15 — 50 eleation points per Passes
E 1962-64, 197375, 188-8, 194 cross-sectin
Annud Hardcaqpy, mid 1960s © present Cross-sectinsat 300 to 400
Morphdogical | Hydrograplic | Single-beamsonar Digital, 1992— 2001 excluding 1998 metre interals with15—-50 Vickshurg District
(years) Surveys points per cres-sectia
| Weekly Weekly surveys alongthe Seleced crosieg
E Surveys Single-beam sonar Every 1-4 weeks from 1998 to 2002 chand thaweg reaches whin the New
! Orleans Distigt
| Hourly 7-8 March 2001, 13 suneys ower a24 Seleced crosieg
¢ Surveys Multi-beamSonar hour perbd Spatélly Distributed reaches whin the New
5 Orleans Distigt
10 Aerial Light Aircraft Noverber 199 Cortinuous Vickshurg District
Phobgragphy
Pre md 1990s Computeddally records fronthe 1930s | Gauging staions a
107 Discharge Velocity-area nethod to 202 appoximately 240 km intevals | Cairoto Head of PassH
A Post nid 199Ds:
, ADCP' method Seleced, nfrequent measured remds
: Flow stgie surveyedto From 1930sto 2002 Gauging stdions & Cairoto Head of Pass¢
Process Stage NGVD* 1929 Measued daly appoximately 80 km intervds
(years) Cross-sectinsat 50 — 20 metre | Seleced crosisg
i Up to 4 surveys betveen Januaryand intervals Approximately 7 000 | reaches wiiin theNew
v Velodty ADCP'" methods May 2002 — 10 000 velocity measurerants | Orleans Distigt
10° per cross-seion
*National Geoetic Vertical Datum
TAcoustic Doppler CurrerProfiler
Table 2.4 Base dad ses available to the study



2.8.2 Reliability of data sets

An important issue regarding any seconddata sources is reliability. This is
especially the case in this study coesidg the long tirescale over which data
collection has been conducted. Uncertastiges fromboth primary and secondary
data acquisition errors. [prary erros are caused by both the measwein
technique adopted and the kkil the observer undertakirige measurement. Tables
2.5 and 2.6 deonstrate the range of techniguthat have been used to monitor in-
channel morphology both vertically and hiaontally. In geneal, measureent
techniqes have becoenboth nore accuate and rmare precig through time and
consequently, data reliability has pmved. Perhaps more purtantly, due d
improvements in data processing, datarstge and mtadata recording, ane is
known about the relative relialiyfi of data sets collectedver the last 20 years.
Secondary aa acqusition errors radting from data processg are also a particular
concern for older data sefisat have been digitised. Therefore, geguhological
interpretations from the olderdatasets nust be viewed witlreasonable caution. The
series of analytical tecigues (see section 3.2plied to tle data ets in each results

chapter have been chosen with the rdiigdof the initial data sources inimd.

2.8.3 Historic maps of river planform

Six historic naps of river planformere aailable to study the s@ences of planform
change on the Lower Mississippi River prim the period of sustained channel
engineering (Table 2.7). Mapping shabeen undertaken by four different
organisations and the finalagws publishedat a range of scalesThe hree mog
recert maps can be asmed to be the mst accurate beause thy were initially
publishedat significantly largr scales thn previous @ps and by a single unitary
organisation, the Mississiptiver Comnmssion. Howeverall maps, especially the
earlier versions, ay have only been desloped using relatively roughetimods in
comparison to current cartographic standardHence, longerm interpretaions of
channel panform change rost be treted with a degree of caution because the
reliability of each nap, particularly tlese poduced prior to 1881js largely

unknown.
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Method Period Description Uncertainties Resolution Reliability
Mechanical Measurement x At high velocities, sounding line will
X Heavy lead weight attached to & not hang vertically, causing
1880 — suitable length of stretch overmeasuremeht 1.8 min depths of 30
Lead Line | mid 1960s| resistant cord. x At depths greater than 5 metres, Manual collection| metre$
X Weight is lowered into the water  accuracy significantly degrades
and depth measured from
gradations marked on the cord.
Acoustic Measurement x Uncertainty increases as transducer
x Depth can be calculated by beam width, bed irregularity and slope
timing the interval between the of channel bed increases Permits the Precision will degrade a
Single- Mid transmission of a pulse of sound x Vessel heave, pitch and roll motidns| collection of depth a function of water
beam sonar| 1960s to energy from the boat and its | x Variations of the velocity of sound in| data at 5-20 depth:
(Echo- present reception after reflection at the water due to water temperature and | soundings per 0.03 m plus 0.1 % to 0.5
sounding) channel bed. suspended sedimént second % of the depth
x Relies on knowing the velocity | x Dependent on accuracy of initial
of sound. calibration
x Outer beams subject to greater
Acoustic Measurement uncertainty Number of beams
x Same principle as single-beam| x Dataset degrades at depths less than &nge from 30 to | Precision will degrade a
Multi- Late except that a single, or pair of metres 120, permitting 2 | a function of water
beam sonar| 1990s to transducers, continually x Time delay between the positioning | 000 to 3 000 depth:
present transmits numerous sonar beams system, sonar measurement and the| €levations per 0.03 m plus 0.1 % to 0.5
in a swath or fan-shaped signal  heave-pitch and roll sensor of boat | second to be % of the depth
pattern. motion must be accurately known in | measuret
the processing of the dataset
'U.S. Army Corps of Engineers (2002)
“Bannister et al(1988)
®*Hart and Downing (1977)
Table 2.5 Techniques used to measure depth on the Lower Mississippi River.
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Method Period of Use Description Uncertainties Reliability

Visual Pre 1950 Visually aligning survey boats between range Increases with distance between range | Approx. = 30 m
Positioning markers located on the river banks markers

Simultaneous observation horizontal angles betwegrPrecision of sextant angles
Sextant Pre 1950 survey boat and two surveyed locations on the | x Observer synchronisation Accuracy of £ 10 m at
Positioning channel bank x Plotting errors best

x Velocity of vessel
x Fixing a wire rope line between the bank to the x Tag Line direction may not be Approx. £5to 10 m
survey boat to measure horizontal distance perpendicular to the channel alignment but dependent on
Tag Line | Approximately | x Distances marked at a desired interval, usually  in the presence of strong currents distance from river
Methods 1950s-70s every 7.5 metrés x Dependent on power of boat to maintajrbank
a taut line over a given distance

X Positioning by various types of electronic In the order of + 5 m
Range- Approximately distance measurement (EDM) devices. x Periodic calibration necessary but significantly
azimuth 1970s and x Based on the intersection of an angular a distanceReliability decreases with distance fromgreater over longer
methods | 1980s observation the EDM device distances

X Automated data acquisition possible

x Accomplished by determining the coordinates|ofk Dependent on tracking accuracy and | Accuracy of + 5 m
Range- Early 1980s to the intersection of two or more measured ranges geometric strength of the alignmént possible but depender
range 1994 from known control points. Possible over greater on distance of EDM to
methods distances than range-azimuth method survey bodt

X Automated data acquisition possible

x Used to position a point relative to a reference
Real time station whose precise location is known Errors caused by atmospheric delay at eacbapable of + 0.1 m on
kinematic Since 1994 x Does not require time consuming calibrations | station effectively cancel each other out | a moving survey boat
DGPS and not so dependent on geometrical and

distance consideratiohs
'U.S. Army Corps of Engineers (2002)

Table 2.6 Techniques to measure haorizontal position on the Lower Mississippi River.
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Elliot (1932 reconciledthe scale issueassociated with coparing between the
historic maps by overlaying thenonto a single sheet at a common scale and
projection. The final sheet is publishedeight plates extendg from Cairo to the

Gulf of Mexico, providing a resource on which to base a study of planform change.
However, the rhodology used in this procedure in not doemted and so it

represents a further sa@earof unknown spatial error.

2.8.4 Late Holocene maps of abandoned channels

Maps of abandoned channels provideoagkr-termindication of the relationship
between the Lower Mississippi River and dlluvial floodplain. Maps have been
reconstructed using evidence freaveralsources. Aerial lpotography provides the
best neans of landfan identification anddelineation because of the large size of
most landforrs in the alluvial valley (Satier, 1994). The first coptete coverage
was obtained by the U.S. Soil Consdiwma Service in the late 1930s and
subsequently, aerial ptography ks been underta@h at approxiraely decadal
intervalsat scale®f up to 1:2000Q0 Through these nitiple coveragesit has been
possible to observe abandoned channels snagge of differentegetation and soil
moisture conditions, enabling reliablgeomorphological intpretation (Figure
2.16a). Topographic inforation, soils mps and field reconnaissance have been
used toprovide verificationwhere necessa Accordingto Saucier (1994), ane
than 90 percent of abandoned channelsidestifiable from aeal photographs, in
the field, or on maps because of their atacteristic cainag, topograpl, soils and

configuration.

Where surface evider is ambiguous, the presen of all, @ a rermant, of a buried
abandoned channel has been detected bpdmthat encountered a large thickss
of fine grained deposits interpreted as aygblug (Saucier, 1994). ir®e the early
1930s, the undertalg of over 250 000 subsurface borings hasvped an
opportunity to locate amdoned channels netident fromthe surface investagion
(Figure 2.16). Pioneering surface and sulface investigations by Fiql944) led
to the compilion of the frst maps of Holocene deposits in the alluvial Iksy.
These have been redrafted following ateyatic large-scale (1: 62 500)apping
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Period Undetaken/ Organisation Scale Initially Published
Date Published

Published 1765 Expedition led byLieutenant | 1 inch: 14 niles (Elliot, 1932)
Ross (Elliot, 1932) (Approximately 1:10million)

1821 - 1830 Expedition led byCaptain 1 inch:1 nile (Elliot, 1932)
Young, U.SArmy Corpsof | (Approximately 1:73) 000)
Engineers

Published 861 Humphrey’sand Abbot Unknown
(1861) nvestgation

1881— 1893 Mississippi Rver Ranging from1:20000to 1:63

1913- 1921 Commission 360

1930- 1932

Table2.7 Historic planformmaps of the Lower Mississippi River, pulbled in he

period I765-1932

Figure2.16  a) Aerial photograph osaic of the Cat-Fish Point’bend reach athe Lower
Mississippi River, collected bthe USACE Vicksburg District in 1999 at an original scale of
1:20000. b) A teamundertaking subsurfadmrings in the alluviavalley (Moore, 1972).
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programne from the early 1960s to theid31980s of geowrphological surfaces in
the alluvial valley. The large-scaleaps have been reproduced by Saucier (1994) as
a series of eleven ehts at a scale of 1:250 000. This most recenmpilation
provides asfficiently cetailed sé to use within this thes.

Surprisingly, no attept has been atle todate abandoned channdksspite extensive
radiocarbon dating in the alluvial vyl and deltaic plain. Deteming the
approxinate date of a meander cuto$ problematic beauseit is charateristically
followed by a long period of gradualfiling (Bravard and Bethemont, 1989).
However, such an investigation wouldpide a long-ternthronology of planfan
dynanics. In the absence of a chronologlye abrupt shifting of eander belts
through the Holocene period provides a leegn tenporal control. Thus, the
cutoffs of abandoned channels withire thost recent mander Blt have occured
within approxinately the last 2 000 years (Saucier, 1994).

2.8.5 Hydrograp hic surve y data sets

At the decadal timscale, the wst conplete record of Lower Mississippi River
channel mrphology and its change througime is provided by a series of
approxinately decadl-interval hydrographic sueys of the entire Lower Mississipp
River, dating back to 1879. Therkest two surveys were comssioned by the
Mississipp River Comnission and collectedver a perid of years prior to the
introduction of the MR & T Project. Hwever, these surveysndertaken between
1879 and 1894, and 1911 and 1914 in the \lakg and Memhis Districts, and
between 1921 and 1924 in theew Orleans District, haveot keen referenced ta
consistent vertical daturand therefore, are not used evaluate mrphologica
changes in this thesis. Later hydrmagic surveys, undertaken between, 1949 and
1951, between 1962 and 1964, in 1975 antlyden 1988 and 1989, are consistently
referenced to the Natial Geodetic Vdical Datum (NGVD) of 1929 and hence,
together provide information on river atmel morphology at increasing stages of

engineering intervention.
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Each decaal hydrogaphic suvey was origirally publisked as aseries of sheets
within a survey book, at a scale of 1: @00. However, over th last decade, the
USACE Districts have undertaken the tagkdigitising the hydrographic surveys.
Although this procedure introduces a furtilseurce of positionalreor, for the first
time it allows rigorousanalysis ofthe entire dataseraher than basg studies o
only selective raasurerants. The digitiggon has been accqanied by the storage
of each survey as a catalogue of digitahgres, each repsenting a sig mapping
sheet. Thus, it is nopwossible to croseeference thedigitised datasets with the
original map images on a staadt per®nal conputer (Figire 2.17). The decadal-
interval surveys are complemted by annual hydrographic surveys of the 434-
kilometre reach ofthe Lower Missssipg River lying within the jurisdction of the
Vicksburg District. These surveys do endeback to the nd 1960s but are available
in a digital format only between 1992 ara01. Consequently, ontiis later period

is avalable to this tlesis.

The decadal and annual hydrogripbkurveys represémn inportant dataset at the
regional-scale because the spatial resmtutdf neasured elevations is extreip
high in relation to data covage, and furthermore, thresolution does not degrade
with time. This isa tibute tothe early days & the Missisgppi River Comnission
when conducting hydgraphic suveys was a highly abitious task cosidering the
limitations inmposed by available techmgly and communicationnfrastructure.
Since these early days, thethod of data collection hasvolved surveying channel
depths at 30 — 40 metre intervals along-geternmed range lines. These lines are
positiored approxinately perpendialar to the channel cémine and are thefore
analogous to cross-sectiond.ongitudinally, range lines are spaced at 250 — 400
metre intervals along the entif