
1 INTRODUCTION  

Worldwide flooding is the most damaging natural 
hazard and the number of people impacted by floods 
will continue to increase in the future (Bates et al., 
2008). Increases in flood risk are occurring because 
of continued urban developments in low-lying areas, 
increased runoff related to land use changes, in-
creased extreme weather events and sea level rise. 
Besides the threats to communities for the Missis-
sippi River there is also a rising risk of disruption of 
navigation, of flooding of roads, rails and increased 
severity of bridge scour (Posey, 2012). Wobus et al. 
(2014) predict an increase in monetary damages 
from flooding in nearly all regions of the United 
States and a total increase in damages by the end of 
century of approximately 30% (assuming no change 
in built infrastructure or values). However, despite 
increasing flood losses, pressure to develop on 
floodplain land continues (Pinter, 2005).  

By disconnecting or interrupting existing fluvial 
zones, flood control infrastructures such as levees 
and floodwalls diminish natural flood storage ca-
pacity. Navigation-aiding structures such as locks 
and dams disrupt the sediment balance in the river, 
change river hydrology during drought conditions 

and, together, these interventions impact the pro-
cesses that once created fertile and dynamic flood-
plains that sustain healthy riparian forests and wet-
lands. As a result, leveed areas remain under flood 
threat, are vulnerable to droughts and have become 
one of the most threatened ecosystems. 

Strategic fluvial reconnection is one way to 
achieve a more sustainable management of these re-
gions. Broadly defined, strategic fluvial reconnec-
tion is the restoration of the hydrologic and morpho-
dynamics linkages for the purpose of flood 
mitigation, drought management and restoration of 
natural river processes and ecologies. This can be 
accomplished by opening up floodplains via levee 
removal or levee setbacks, or engineered over-flow 
structures that increase a river’s floodwater carrying 
capacity. The increase in floodwater carrying capaci-
ty would lower flood heights locally and also allevi-
ate flood threat in areas further upstream along the 
river. Fluvial reconnection would also be of benefit 
during drought conditions, as the potential retaining 
of water can be utilized for groundwater re-charge, 
thereby functioning as a buffer in times of water 
shortage. 

A recent example of large-scale fluvial reconnec-
tion is the Dutch ‘Room for the River’ program 
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given to flood risk and drought impacts under climate change projections, demonstrating the need to recon-
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where a shift was made in river management from 
dike strengthening to regional discharge accommo-
dation and restoration of available flow areas to mit-
igate flood threat (RWS, 2006). The program in-
cludes 30+ measures to restore natural functioning 
of the river, including retention areas, lowering of 
flood plains, reconnecting side channels, removing 
hydraulic obstacles and dike relocation (Silva et al. 
2001). As part of this strategy a spatially variable 
Flood-Level Lowering Target (FLLT) was defined 
to quantify the required reduction in water levels to 
meet flood safety levels along the Dutch rivers under 
climate change projections. Besides the “safety-first 
approach” the Room for the River program also con-
sidered aspects related to nature values, spatial quali-
ty, benefits to local communities and industries, riv-
er navigation and cultural heritage. The crucial 
starting point herein was the widespread apprecia-
tion and acceptance among regional and national 
water authorities and policy makers of a new design 
condition as a result of changing climate and pro-
jected increased potential (flood) damages in case of 
a disaster.   

In contrast, in the U.S. design conditions are not 
that clearly defined and, arguably, are also less for-
ward looking. Riverine interventions usually either 
focus on existing flood probabilities, navigability 
targets or on ecological benefits. Only rarely are all 
these aspects considered in an integrative holistic 
way, and rarely are potential consequences and fu-
ture (climate) scenarios weighed in the design pro-
cess. Flood protection standards in the US are rather 
subjective as they are only loosely based on the eco-
nomic assets that are present in a flood-prone area 
and do not explicitly account for protection costs 
versus potential damage. In general, rural areas have 
a 100yr protection level and more urban or industrial 
areas have a 500yr protection level. This means that 
for a home in a 100yr floodplain there is a 26% 
chance of flooding over a period of 30 years, for a 
500yr floodplain this chance is still 6%. These are 
quite high probabilities that people in flood-prone 
areas are facing and of which they are usually not 
aware. It is important to note that these protection 
standards are based on historical river flood records 
and do not incorporate the possibility of more regu-
lar and higher flood events in the future. 

We propose to reconsider current design condi-
tions of US floodplains and adjacent areas by incor-
porating climate change projections and their impact 
on extreme river discharges and to extend the de-
sign-evaluation process beyond one aspect alone.  

2 A HOLISTIC APPROACH TO RIVER 
INTERVENTIONS 

For spatial planning in riverine settings water man-
agement should be an underlying guiding principle 
to assure a truly sustainable approach with regards to 
safety, livability, economic impacts and ecology. In 
line with the proposition by Swart et al. (2014) addi-
tional important characteristics of such an integrative 
approach are (i) looking at a long design timeframe 
(looking beyond the near future, from 40 to 100 
years ahead), (ii) broadening the spatial context (tak-
ing a larger area into account in the project design), 
(iii) participation of multiple stakeholders (iv) identi-
fying new opportunities and (v) cost effectiveness.  

In the Netherlands such an approach has gradually 
evolved in recent years and is still being refined as a 
result of lessons learned. Beside a forward-looking 
Flood Level Lowering Target also a multi-objective 
River Intervention Assessment Framework (RIAF) 
was set up to evaluate potential river interventions, 
that includes multiple water-related criteria that must 
be met to allow implementation of a project 
(Kroekenstoel, 2014). The main assessment criteria 
are related to flood risk (such as estimated water 
level impacts and influence on discharge distribu-
tions at river junctions), but also drought impacts 
and possible disruption or damage to other river 
functions are explicitly considered, including navi-
gation, socio-economic and ecological aspects. In 
order to allow consistent quantitative evaluations, 
RIAF prescribes specific technical tools and meth-
ods to be used in the procedure. In the US, none 
such integral general guidelines for spatial planning 
or river interventions exist. In particular in these 
times of accelerated changing climate and potential-
ly associated increase of hydrologic extreme events, 
a new holistic integrative design condition is re-
quired for spatial planning of Fluvial Morphological 
Zones. 



As a working example, here we evaluate several 
spatial planning scenarios on their water-related and 
possible socio-economic impacts (during high and 
low river conditions) to demonstrate how definition 
of a new design condition could help in guiding 
well-balanced and sustainable interventions in Flu-
vial Morphological Zones. We quantitatively con-
sidered flood and drought water-level impacts and 
qualitatively considered consequences for safety, na-
ture values, robustness (climate adaptation) and im-
pacts on economies and communities as part of the 
multi-disciplinary workshop “MISI-ZIIBI: Living 
with the Great Rivers”. The current paper focuses on 
river-hydrological aspects of the planning exercise. 
Additional planning consideration discussed with 
multiple stakeholders can be found in Hoal et al. 
(2013).  

3 PLANNING SCENARIOS 

To demonstrate the need for a new design condition 
we used a scenario modelling approach of a leveed 
floodplain along the Middle Mississippi River. A 
particular topic of concern in this region is that just 
south of the confluence of the Missouri, Illinois and 
Mississippi rivers, a narrowing of the Mississippi 
channel causes a “bottleneck”, leading to higher 
flood levels locally, and through the backwater ef-
fect, also to higher flood levels further upstream. 

The narrowing is a result of constructed levees that 
have detached the existing floodplains from the riv-
er. The Metro East Sanitary District (MESD) across 
the river from St Louis is an example of such a de-
tached floodplain. High river discharges are now en-
tirely being forced through the river’s main channel 
only. 

To evaluate options for fluvial reconnection four 
scenarios for the Metro East Sanitary District (East 
St Louis) have been considered:  

 
• Scenario 1: “Business as usual” (REF, existing 

situation) the floodplain is entirely disconnect-
ed from the river by a 500yr flood levee.  

• Scenario 2 “Levee Set Back,” (SB) an expand-
ing floodway alleviates the bottleneck effect 
near St Louis. 

• Scenario 3 “Managed and Staged Flood” (BY-
PASS1) temporary inundation of agricultural 
lands is used as flood buffer zone.  

• Scenario 4 “Blue Green By-Pass,” (BY-
PASS2) a flood channel zone with permanent-
ly wet central channel carries excess river dis-
charge in times of floods. 

 
The three new scenarios (scenarios 2, 3 and 4) are 
shown in Figure 1. In this study, the available hybrid 
1D2D flood inundation model from the study by 
Huthoff et al. (2015) is used, in which the different 

Figure 1. The investigated planning scenarios of the Metro East Sanitary District along the Middle Mississippi River across the 
river from St Louis. 



planning scenarios have been implemented for eval-
uation of water-related impacts. 

4 ASSESMENT CRITERIA 

As example of water-related assessment criteria we 
defined anticipated high and low flow conditions 
that the planning scenarios should be able to sustain.   

4.1 High flows 

A study by the National Oceanic and Atmospheric 
Administration (NOAA, 2013) revealed that in re-
cent decades the frequency and intensity of extreme 
precipitation has increased and that, while there is 
great uncertainty associated with future precipitation 
changes, there is a clear trend towards higher annual 
precipitation towards the northern United States.  

Based on these projections we assume an increase 
in magnitude of future high flows and assume as a 
starting point in the second half of this century 500yr 
floods will carry 10% more water than they do to-
day. This is in line with the estimate of Qiao et al. 
(2013) who state that streamflow and flooding 
events on the Missouri river basin may increase by 
approximately 10% in discharge.  

4.2 Low flows 

The study by NOAA (2013) indicated statistically 
significant decreases in the number of consecutive 
days with less than 0.1 inches of precipitation for the 
northern states in the US midwest. Elsewhere chang-
es are not statistically significant. We conclude that 
based on these findings future low flows in the Mid-
dle Mississippi River (MMR) will remain quite simi-
lar to existing conditions. 

Figure 2. Yearly minimum flows at St Louis (Mississippi Riv-
er), Hermann (Missouri River) and Valley City (Illinois River). 

 
To define suitable low flow scenarios on the 

MMR we analyzed  recent occurrences of low flows 
in St. Louis. Figure 2 shows the lowest daily dis-
charges measured in every year from 1938 to 2014. 

Significant differences in low-water levels and flows 
are observed at St Louis from the 1970s onwards, 
which is the result of the completion of dams and  
controlled releases from the Missouri River to main-
tain navigation depth on the lower Missouri and 
Middle Mississippi rivers. Because of this inhomo-
geneity of the data we only used the data from 1970 
to 2014 for statistical analysis of low flows. The 
subsequent frequencies of low flows since the 
1970’s are shown in Figure 3. It shows that on aver-
age every year a one-day low flow below 90,000 cfs 
(=2548.5 m

3
/s) will occur. Every ten years (frequen-

cy equal to 0.1/year) low flows will drop for one day 
below a discharge of approximately 55,000 cfs 
(=1557.4 m

3
/s). The existing data does not show a 

clear trend that may be extrapolated for future cli-
mate scenarios. Therefore, we adopted these two 
discharge levels as ‘normal low flows’ and ‘extreme 
low flows’ in our analysis for existing and future 
drought conditions.  

 

Figure 3. Probability of yearly flow minima for Mississippi 
River at St. Louis since 1970. 

5 RESULTS 

Results from the modelling exercise are presented 
here. High and low flow impacts for the four scenar-
ios are compared and discussed in the context of an 
integrative design condition for spatial planning, 
making use of findings from the multi-disciplinary 
workshop “MISI-ZIIBI: Living with the Great Riv-
ers, Climate Adaptation in the Midwest River Ba-
sins” (Hoal et al. 2013).  

We use a 10% discharge increase for high flow 
events to define a ‘Flood Level Lowering Target’ 
(FLLT), that is the basis for evaluation effectively of 
flood mitigation and protection measures. Our simu-
lations show that such a 10% discharge increase 
yields a rise in flood levels of approximately 1m 
near St Louis. Therefore, to maintain existing flood 
safety standards either the levees should be height-



ened by ~1m or river interventions should lower 
flood water levels by a similar amount (or a combi-
nation of the two). For low flow events no change in 
river discharges is anticipated, but as a ‘Low Flow 
Target’ we adopt that the planning scenarios should 
not reduce navigation depth in the river.  

Figure 4 shows a flood depth map of our hydro-
dynamic simulation during high flows for scenario 
BYPASS1. The impact on water level in the main 
river for this and the other planning scenarios are 
listed in Table 1. The results in Table 1 shows that a 
levee set back as considered in scenario ‘SB’ has 
practically no flood-lowering impact near St Louis 
(River Mile 179.6), but the levee setback does re-
duce water levels near the Missouri confluence by 
about  0.4m. The two bypass-scenarios are much 
more effective in lowering flood levels, achieving 
about half of the defined FLLT (~1m) at St Louis 
(0.45m lowering of flood water level) and nearly all 
of the FLLT at the confluence (River Mile 190.4).  

For the low flow conditions, our hydrodynamic 
simulations showed that only Scenario 4 “Blue 
Green By-Pass,” (BYPASS2) draws water away 
from the river during the normal and extreme low 
flows. The water in the small side-channel will be 
practically stagnant in these situations, making the 
impact on water levels in the main river negligible.  
 
Figure 4. Flood simulation result for planning scenario “Man-
aged and Staged Flood” (BYPASS1). The confluence with the 
Missouri River is just visible at the northern end of the image.  

 
Table 1. Water level impacts with respect to the existing situa-
tion (REF) for the considered planning scenarios. 

Scenario 

High flows 

(water level impacts) 

Low flows 

(water level impacts) 

St Louis 

(RM179.6) 

Confluence 

(RM195.5) 

Normal 

(90,000cfs) 

Extreme 

(55,000cfs) 

1 REF - - - - 

2 SB 0 -0.40 m 0 m 0 m 

3 BYPASS1 -0.45 m -0.85 m 0 m 0 m 

4 BYPASS2 -0.45 m -1.1 m <0.01m <0.01m 

 
Our simulations have shown that a relatively small 

levee set-back at St Louis has only small positive 
impacts on local flood safety. Nature values and spa-
tial quality could be improved, but overall this sce-
nario gives only relatively small benefits to the exist-
ing situation. One could consider to increase flood-
mitigation impacts of the Setback-scenario by com-
bining the levee setback with lowering of the banks 
and parts of the (unleveed) floodplains. However, 
such a measure would also impact less extreme 
flows on the river, potentially  leading to lower sed-
iment transport rates and, hence, increased local sed-
iment depositions that could harm navigation. There-
fore, creation of additional flow space for flood 
relieve is better achieved by giving floodplains addi-
tional “flow width” as opposed to “flow depth”. 
Scenario ‘BYPASS1’ achieves such an effect: above 
a certain river stage threshold (related to the height 
of the overflow-levee at connection points of the by-
pass) extra flow width is added to the river. In gen-
eral, broadening of the floodplain is preferable to 
floodplain lowering because it restores historical 
conditions (Kleinhans et al. 2013): during floods 
sediment may deposited over a larger area of flood-
plain, by which the height difference between inside 
and outside the levees grows less rapidly. Therefore, 
the levees require less maintenance and can be con-
sidered to be more durable.  

A continually wet bypass as proposed in ‘BY-
PASS2’ has comparable flood-safety impacts as 
‘BYPASS1’ but may reduce navigation depth in the 
main river and may lead to much higher mainte-
nance costs of the navigation channel. Also, side 
channels are in general not stable: either they grow, 
or they dry up, due to water and sediment processes 
at play at the connection points with the main chan-
nel (Kleinhans et al. 2012, 2013). This means that 
regular maintenance to the side channel itself is nec-
essary if the side channel is to be kept in place. 

In relation to maintaining navigation depth in the 
Missisippi River recent engineering developments, 
and their associated morphological changes, are also 
important to consider. The number of days that the 
water levels were below critical stages (0 feet on the 
St. Louis Gauge) were higher in 2012/2013 than in 
1988/1989 (Gordon and Rodgers, 2015). This is due 
to significant changes in river characteristics in the 



interim period. Following the drought of 1988/89 the 
USACE St. Louis District embarked upon an aggres-
sive river engineering strategy including new train-
ing works as wing dikes, bendway weirs and chev-
rons with the aim to maintain navigable depth and to 
reduce dredging efforts (Gordon and Rodgers, 
2015). Because of the resulting enhanced scouring of 
the river bed, the water levels at St Louis during low 
flows were 2 feet lower in 2012 than in 1988 (for 
equal river discharges). In effect, greater depths of 
the navigation channel were achieved, but the lower 
stage in the river could  have harmful impacts for 
surrounding lands in times of drought, as more 
groundwater will be drawn towards the river. There-
fore, recent river interventions may have already led 
to a less drought-robust system. 

 
Table 2. Qualitative multi-objective evaluation of the consid-
ered planning scenarios. 

Factor Reference Setback Bypass1 Bypass2 

Safety 

River flood levels 

Flood damage  

- + ++ ++ 

Nature values 

Restoration 

Variability 

- 0 + ++ 

Climate adaption 

Robust design 

Drought buffer 

- 0 + + 

Economy 

Maintenance 

Navigation 

+ 0 0 - 

Communities 

Recreation 

Cultural heritage 

- 0 + + 

 
Table 2 gives a quantitative evaluation of the dif-

ferent planning scenarios with respect to safety, na-
ture values, robustness (climate adaptation), econo-
my and communities. These qualities were discussed 
with multiple stakeholders as part of the multi-
disciplinary workshop “MISI-ZIIBI: Living with the 
Great Rivers”. While the individual entries may be 
contested and require further analysis, it shows that 
not one scenario is a clear favorite and that all sce-
narios have their own advantages and drawbacks. In-
tegrative spatial planning designs thus come with 
compromises, requiring close and transparent col-
laboration between stakeholders to eventually reach 
consensus on and support for a most suitable way 
ahead. 

6 CONCLUSION 

We pose that there is a need for a new Design Con-
dition for spatial planning of Fluvial Morphological 
Zones that takes into account diverse water man-
agement aspects, notably during floods and 

droughts, and their impacts on various ecological 
and socio-economic factors. Our scenario-based 
modelling approach shows that a spatial plan that fits 
all needs is not easily achieved and that trade-offs 
are a reality. Clear design conditions should guide 
the spatial planning task, but designing river systems 
based upon navigation and safety issues alone is in-
sufficient today. While safety is often the initial 
provocation or motive for redesign of fluvial zones 
we emphasize that effective and sustainable planning 
of fluvial zones can only be achieved if various other 
factors relating to ecology, economy and communi-
ties are also valued and assessed, with the under-
standing that these values will differentiate among 
FMZ. The demonstrated water-guided, integrative 
and holistic planning approach as followed during 
the multi-disciplinary workshop “MISI-ZIIBI: Liv-
ing with the Great Rivers” is transferable and para-
digmatic. The example given here is intended to 
trigger new approaches to spatial planning practice 
of Fluvial Morphological Zones, in the US and 
elsewhere around the world. 
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